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THE INFLUENCE OF ELECTRIC-MAGNETIC COMPOSITE
FIELD ON WC PARTICLES DISTRIBUTION
IN LASER MELT INJECTION

LIANG WANG! 2, YONG HU"2, SHIYING SONG"2, JIANHUA YAO!?
'Research Center of Laser Processing Technology and Engineering,
Zhejiang University of Technology, Hangzhou, PR China
2Zhejiang Provincial Collaborative Innovation Center of High-end
Laser Manufacturing Equipment, Hangzhou, China

The laser melt injection method is always used to prepare a metal-matrix composite (MMC) layer on the surface of a
substrate. In the LMI process, the laser beam melts the surface layer of substrate locally while simultaneously injecting
particles of additional material. In order to control the distribution of reinforced particles in laser melt injection layer,
an electric-magnetic composite field can be applied to assist the laser melt injection process. The effect of electric-
magnetic synergistic on the reinforced particles distribution in laser melt injection was investigated using experimental
and numerical method. The spherical WC particles were used as the reinforced particles, because the regular shape was
most close to the simulation conditions and good tracer performance in the melt flow. The distribution state of WC
particles in longitudinal section was observed by SEM and calculated by computer graphics processing. Meanwhile,
The trajectory of WC particles in the melt pool were simulated by a 2D model coupled the equations of heat transfer,
fluid dynamics, drag force, Lorenz force and phase transition. The simulation results are compared with experimental
data and show good agreement. The results indicated that, the effect of electric-magnetic synergistic on the reinforced
particles distribution in laser melt injection was verified. The distribution of WC particles in LMI layer was influenced
by the direction of Lorenz force induced by electric-magnetic composite field. When the Lorenz force and gravity force
are in the same direction, the vast majority of particles are trapped in the upper region of laser melt injection layer,
and when the Lorenz force and gravity force are in the opposite direction, most particles are concentrated in the lower

region.

Metal matrix composites (MMCs) reinforced with
ceramic particles exhibit a number of advantages over
monolithic alloys and have been used extensively in
industry [1]. The laser melt injection (LMI) method
is a always used to prepare a MMC layer on the
surface of a substrate, which exhibits the characters
including low particle dissolution rate, high surface
performance and low cracking tendency [2-5]. LMI
has been mainly applied for improving the surface
hardness and wear resistance of the metallic substrate,
such as stainless steels [4, 6], aluminum alloys [7,
8], titanium alloys [1, 2, 9-11], low carbon steels
[12-16] and tool steels [3, 5, 17]. Different from
laser cladding, the reinforcement particles (usually
ceramics) that are injected in the molten pool without
any other metal-matrix powder and moved with the
melt flow preserve solid state or micro melt state due
to the rapid solidification during LMI process [7].
Graded materials can be designed at a
microstructural level to tailor specific materials
for their functional performance in particular
applications [18, 19]. The controlled gradients in
mechanical properties offer attractive challenges
for the design of surfaces with resistance to contact
deformation and damage [9]. In order to optimize
the particle utilization ratio, the machinable property

© LIANG WANG, YONG HU, SHIYING SONG, JIANHUA YAO, 2015

and the gradient distribution performance of LMI
layers, it is necessary to control the distribution of
reinforcement particles. The previous LMI process
usually chose the special designed lateral nozzle as
a powder delivery nozzle for avoiding the excessive
dissolution of reinforcement particles [16]. Therefore,
the injection angle with respect to the surface normal
[20], the relative position between the powder spot
and laser spot [21] and powder injection velocityy
[7, 22] are the key process parameters during powder
injection, which influence the distribution status of
reinforcement particles sensitively. Consequently, it is
difficult and time-consuming to adjust the distribution
of reinforcement particles because the processing
parameters window of LMI using lateral nozzle
powder delivery system is very narrow [6, 7].

In this research, a common coaxial nozzle was
chose to replace the special designed lateral nozzle to
simplify the adjusting process of the powder delivery
system. However, both the injection angle with
respect to the surface normal and the relative position
between the powder spot and laser spot and are fixed
during coaxial LMI process. In order to control the
distribution of WC particles using coaxial nozzle, an
external force was introduced during LMI process,
which applies an electric-magnetic composite field
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Tablel. Chemical composition of ANSI 316 as mass percentage

C Si Mn P

Ni Cr Mo Fe

0.02 0.55 1.55 0.03

0.03

10.0 16.5 2.08 Bal.

to the melt pool. The application of electromagnetic
field is a positive practice in laser welding and
laser alloying to influence the distribution of added
elements. Effect of electromagnetic stirring on the
element distribution in laser welding was investigated
numerical and experimental methods. It is shown that
the change of the distribution of the filler material
results from a modulation of the melt flow due to the
periodic induced electromagnetic volume forces [23].
The frequency is a main parameter to determine the
spatial distribution of elements, whereas the magnetic
flux density is the main parameter determining the
overall scale of the magnetic manipulation [24, 25]. A
numerical model is built to investigate a laser molten
aluminum pool under the influence of static magnetic
field. The damped Row situation in the melt results
in a variation of the solute distribution in the solid
and in shallower all alloyed layers depending upon
the applied magnetic induction [26]. The other effects
of electromagnetic field include suppressing surface
undulation of laser remelting, damping the velocity
of molten pool [27], reducing the defects of laser
welding [28, 29], preventing gravity dropout of the
melt during laser full-penetration welding [30] et al.
The previous investigations in electromagnetic
fields were mostly focused on the influences of
the elements, temperature, velocity and defects
distribution on the melt pool during laser processing,
which are all induced through an AC magnetic field
or the melt flow in a steady magnetic field. In this
paper, both an external steady electric field and a
steady magnetic field were added in the molten pool
during LMI process synchronously. The Lorenz force
generated by the electric-magnetic synergistic effect,
which is a sort of directional volume force in the melt
pool of LMI, similar to gravity. This Lorenz force
can function as an additional volume force acting on

the melt flow with variable direction. Consequently,
the positions of WC particles trapped in the melting
pool will be changed without changing LMI process
parameters.

In this research, a 2D transient multi-physics
numerical model, concerning heat transfer, fluid
dynamics, phase transition, drag force acted on the
particles and electromagnetic field, was employed to
study the distribution mechanism of reinforcement
particles during LMI under an electric-magnetic
composite field. The partial differential equations were
solved with the finite element differential equation
solver COMSOL Multiphysics. The simulation results
were verified by experimental measurements and the
gradient distribution of particles, microstructure,
elements and hardness were investigated by scanning
electron microscopy (SEM), Energy Dispersive
Spectrometer (EDS) and microhardness tester.

Experimental methods. AISI 316L austenitic
stainless steel was used as the substrate because of
its paramagnetic property. The chemical composition
of AISI 316L is listed in Table 1. Spherical
monocrystalline WC particles (without W,C) WC
particles were chosen as the reinforcement particles,
because this shape was used for the particles in the
simulation study due to good tracing performance
in the melt flow. The size of the WC particles was
75 ~ 150 um, as shown in Figure 1. The substrate
specimens were machined to long strips with the
dimensions of 200x20x10 mm. Figure 2 shows the
schematic diagram of the LMI process with an electric-
magnetic composite field applied. The electromagnet
were used to provide a steady magnetic field (Max
magnetic flux density is 2.0 T) and large capacity
lead-acid batteries(2 V, 500 Ah) were used to provide
high current (steady electric field) for the melt pool.
In the melt pool zone, the magnetic flux density was
about 0.4 ~ 2.0 T and the average current density was
about 5 A/mm?,

TOP view
Coold water
LMI layer
T ry ¥ r L ' .//
(' i B A e A T ‘->Suh.~;tralt‘
+ Magnets S —

Positive S Current Negtive

electrode Coold water] electrode

Figure 1. SEM image of spherical monocrystalline WC particles

6

Figure 2. Schematic diagram of LMI process with an electric-
magnetic composite field
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LMI was conducted using a 2 kW Laserline diode
laser, self-made powder feeder and coaxial nozzle.
Argon was used as a shielding gas to reduce oxidation
of the specimen and WC particles. The laser beam
diameter, optimized laser power, scanning speed and
powder feeding ratio in this experiment were 4 mm,
1.6 kW, 5 mm/s and 10 g/min, respectively. The
distribution of WC particles and elements in the melt
pool were observed using SEM (Carl Zeiss SIGMA
HV-01-043) and EDS (Bruker Nano Xflash Detector
5010). The gradient distribution of microhardness was
test by the Vicker microhardness tester(SHIMADZU
HMV-FA2).

Numerical simulation. Governing equations. The
numerical simulation of the LMI process involves
a classical computational fluid dynamics approach
that concerns fluid flow field and pressure as well
as temperature. The movement of injected particles
was calculated by the Lagrangian approach with
fluid—particle coupling [18, 19]. The influence of
Lorenz force induced by an electric-magnetic field
was added in the source term of momentum equations
as the volume force. The computational domain was
initially composed of a rectangle of 30 x 5 mm. The
surrounding gas phase was not taken into account
because of the large differences in density and dynamic
viscosity between the liquid metal and gas phase. The
basic assumptions made on the fluid flow, temperature
field, particles injecting and electromagnetic field in
the simulation are described as follows.

e [aminar flow pattern is assumed. The main
reason for this choice is that the velocities outside the
shear layers at the surfaces are significantly reduced
and the Reynolds number inside the molten pool turn
out to be far less than turbulent critical value (10%)
[30]. Furthermore, laminar flow assumption makes
the numerical solution easier to be convergence and
reduce the computational effort [31].

eThe material properties are
dependent up to evaporation temperature.

e Joule heat induced by high current is neglected
due to the short action time and the strong heating of
the laser source up to evaporation temperature of the
metal.

e The buoyancy of molten pool is determined
using Boussinesq approximation, because the density
variation caused by the temperature difference is
sufficiently small.

e The thermal conductivity is adjusted properly
according to the actual situation, since the convective
motion in the transverse plane (z-direction) is
neglected in 2D models, which may result in heat
redistribution due to the fluid flow [32].

temperature

e The distribution of magnetic flux density in the
active area is uniform.

e The injection direction of particles is
perpendicular to the substrate of molten pool. The
particles are spherical and uniformly distributed in the
powder stream.

e In the LMI process, the injection particles
maintain non-melting state and the shape of the
injection particles is spherical regularly. Therefore,
the drag force (Stoke’s force) acting on the particles is
only related to the velocity of melt flow [7].

e The heat and convection in the molten pool are
not influenced by the injection of particles.

oThe effect of gravity and the drag exerted by the
surrounding gas on particle movement are negligible
and all particles have the same velocity.

The governing equations for mass conservation,
energy conservation, momentum conservation
including Darcy source and Lorenz force source are
solved using the finite element package COMSOL

Multiphysics.
Mass conservation is expressed as
v( pu) =0. Q)
Momentum conservation is given as
ou T
pﬁ +puVu=V[-pl +N(Vu+(Vu) )]+ @

+F

Buoyancy l:Dar(:y Lorenz'’

where p is the density; p is the pressure; n is the
viscosity and Fesoyaney Mparey Florenz &T€ SOUTCE terms.
The last three terms in (2) represent the buoyancy
force, Darcy term, and Lorenz force, respectively.
The buoyancy force comes from density gradients,
which is related to the expansion of the liquid metal
and is usually expressed using the Boussinesq

approximation, as follows:

=p(1-B(T'-T )sg. 3)
where P is thermal expansion coefficient; g is
gravivational constant; 7' is temperature and 7 is
melting point. The role of Darcy term is to dampen
the velocity at the phase-change interface, therefore
it becomes the velocity of the solidified phase after
the transition. This term is assumed to vary with the
liquid fraction and can be expressed according to the
Kozeny—Carman equation [33], as

(1_ fL)2

- Amush fL3 +e u, “)
where F, is the volume fraction of the liquid phase,
Amush and c arearbitrary constants(A_ . should be
a large-valued constant accounting for damping the

Buoyancy

Darcy
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velocity of the mushy region and c is a small constant
to avoid division by zero inthe solid region).

The liquid fraction f, is assumed to vary linearly
with temperature in the mushy zone, which is delimited
by the solidus 7 and liquidus 7, temperatures. It is
defined as

0 T<TS,
T—TS 1
hsvr = Lst=l. 5 )
L s
1 T>T.

The term F . represents the Lorenz force
induced by the external steady magnetic field, the
steady electric field and the conductive fluid motion,
which is described by the following equation:

5 =jxB=c(E+uxB)x
orenz

xB=0(ExB+tuxBxB),

where j is current density; B is magnetic flux
intensity; E is external electric field, and o is
electric conductivity. The interaction of the external
magnetic field with the external electric field builds
up a directional Lorentz force contribution(c(E*B)).
Simultaneously, the movement of conducting melt
flow in the external magnetic field generates the
induced electric current. This induced current in the
same external magnetic field forms the nondirectional
Lorenz force(o(uxB*B)) , which has a component
directed against the original melt velocity thus
decelerating the melt.
Energy conservation is given as:

(6)

+0

source’

T
pC, = +pCuVT =V (kVT) ™)

where C, is heat capacity; k is thermal conductivity
and Q_ _is the heat source from laser beam.

source

Laser beam

The movement of particles in the molten
obeys Newton’s second law:

pool

d(mpv) s

dt - I:D + Fg + Fbuoyancy; )

— . 9
FD—mp{T—}(u—v), ©)

p

F =mg; 10)

buoyancy = Vppfg’ (1
where F_ is drag force; F, is gravity; F is

buoyancy force; m ) is particle mass; U is fluid velocity;
v is particle velocity; p; is fluid density; V| is the
volume of one particle, and g is gravity acceleration.
The relative Reynolds number is from 1to 100 and the
drag coefficient C; based on Schiller-Naumann Drag
Mode is calculated as follows:

R _Prld, (12)
r M ’
_ 24 0.637 \. 13
CD—R—er(HO.lSRer ) (13)
4p d?
T =A, (14)
p 3;,1CDRer

where Re_ is relative Reynolds number; dp is the
diameter of particle; p is dynamic viscosity, and p, is
particle density.

Boundary conditions. The temperature of the
substrate is assumed to be the same as ambient
temperature 7, initially. The energy distribution
of laser beam is considered uniform because of the
nature of diode laser. Surface tension is added on
the top surface as the boundary condition, which
is relevant to the surface temperature of molten

Velocity bounrady condition

oy oT .
Top boundary N = %‘&}’ =1, 2:k=13)
Left boundary un =10
Particles Bottom boundary ¢ un=10
. i Right boundary un =10
Scanning direction
Heat bounrady condition
Molten pool
Top boundary Go=MTe—T)
Top boundary Lt Gomiary 40=WTe= 1)
Left Bottom boundary ~n(-kVT) =0
boundary boundary o
Bottom boundary Right boundary Go =T —T)

Figure 3. Boundary conditions of numerical model

8
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Table 2. Physical properties of the material

Table 3. Processing parameters

Property Value Unit
Melting temperature 1700 K
Fluid density 7800 kg'm™
Particles density 15600 kg'm™
Heat capacity 746 Jkg!-K!
Latent heat of fusion 30 J'kg!
Heat conductivity 30 W-m-1-K™
Dynamic viscosity 0.006 Pa's
Surface tension coefficient -0.52x10* N-m!-K!
Diameter of particles 80 um

pool. In this model, surface tension is expressed by
Marangoni shear stresses using the test function of the
computation software.

ou &y oT vy T 15)
Me=ara e -da
o

is the temperature

where n is the viscosity, &
derivative of the surface tension.
The injection velocity of the WC particles is
calculated as follows [34]:
_ 3D2V§ @
32v. R’
where D is the nozzle hydraulic diameter; V is the
carrier gas velocity at the nozzle; v is kinematic
viscosity; 0 is divergence angle of particle, and R is
the distance between nozzle and sample. The particle
injection velocity was calculated about 1.1 m/s and
powder spot center was coincided with laser spot
center.
The other necessary boundary conditions are
illustrated together in Figure 3.
The physical properties of the material are
summarized in Table 2 and processing parameters are
listed in Table 3.

(16)

Processing parameters Value Unit
Diameter of laser spot 4 mm
Laser scanning speed 4 mm-s™
Laser power 1700 w
Powder feeding rate 15 g-min!
Shielding gas flow rate 10 L-min!

Results and discussion. Temperature and velocity
distribution. The temperature distribution along the
surface of the molten pool (x direction, y = 0 mm)
is plotted in Figure 4, a. The temperature distribution
along the depth of the molten pool at the center of
laser spot (y direction, x = 33.6 mm) is plotted in
Figure 4, b. It is seen that the high temperature zone
of the molten pool with Lorenz force are suppressed.
No matter the Lorenz force is upward or downward,
the temperature distribution with electric-magnetic
composite field is always lower than that without
electric-magnetic composite field. Different from the
temperature distribution, the fluid velocity distribution
is influenced by the electric-magnetic composite field
more significantly, as shown in Figure 5. Figure 5,
a shows the velocity distribution along the surface
of molten pool and Figure 5, b shows the velocity
distribution along the surface of molten pool. The
maximum fluid velocity of molten pool is about
0.08 mm/s without the electric-magnetic composite
field. With the influence of the directional Lorenz force
induced by the electric-magnetic composite field, the
maximum fluid velocity of molten pool is decreased to
less than 0.02 mm/s, whether the direction of Lorenz
force is upward or downward. The double peaks of
velocity distribution depict the difference in maximum
velocity because of the heat accumulation effect and
Marangoni effect during laser remelting process. On

T.K K
2000
1900 By
1800
I 700 - an en e e e [ -
T = 1700 K 1600 T=1700 K
1500
1400
1300
1200
1100
1000
900
800
700 Y. 600
500k Diameter of molten poo Depth of molten pool (x = 33.6)
. L 1 L L =l 400lL l 1 I L L
15 20 25 30 35 x,mm 0 1 2 3 4 5 6  ymm

a

Figure 4. Temperature distribution of molten pool: a— along the surface of molten pool; b — along the depth of molten pool: 1 — B =

=0;2—06;3—12T

9
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v, m/s v, m/s
0.10
0.08} o4
0.06 1 33.6 mm 0.03

0.04

0.02

20

36
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0.01

Figure 5. Velocity distribution of molten pool: a — along the surface of molten pool; b — along the depth of molten pool : 1 — B =

=0;2—0.6;,3— 12T
each side of the peak temperature location, thermal
gradients are of opposite sign, leading to a fluid flow
velocity equal to zero at that point due to Marangoni
effect. The thermal gradients become maximal at the
edge of the laser beam, which explains the velocity
peaks observed [32].

Particles distribution. Figure 6, a and Figure 6,
b show the longitudinal sections of the LMI layers
with particle distribution prepared with different
directions of Lorenz force induced by the electric-
magnetic composite field. The direction of Lorenz
force in Figure 6, a is upward and in Figure 6, b is
downward. Figure 6, ¢ show the longitudinal section
of the LMI layer prepared without external Lorenz
force. Due to the same LMI process parameters
conducted, the thickness of the LMI layers and the
fraction of injected particles in the LMI layer are
almost the same for the three specimens. In order
to investigate the quantitative difference of particles
between the three distributions in Figure 6, all the
LMI layers were divided into two regions (upper
region and lower region) equally. The proportions
of WC particles in both regions were computed via
computer graphics processing. The WC particles were

" Uppcrcon

e v

—

— g S

B [ ower region

marked as red through the gray-scale transformation
of the images. The calculating results are attached to
the corresponding LMI layers in Figure 6.

Under the upward Lorenz force, most particles are
concentrated in the lower region. The proportion of in
the lower region is more than 50 % that in the upper
region. Only a small number of WC particles were
trapped in the near-surface of LMI layer. Contrarily,
the majority of particles are trapped in the upper region
when the direction of Lorenz force is downward, as
shown in Figure 6, b. The particles could hardly be
sunk into the lower region of molten pool. From the
comparison between the particle distributions with
and without an electric-magnetic composite field
applied, the particles are distributed uniformly in the
LMI layer produced without the electric-magnetic
composite field applied (Figure 6, ¢).The Lorenz
force generated by the steady magnetic and electric
field is a sort of directional steady volume force in the
melt pool, as expressed in Eq. (1). The direction of
the Lorenz force acting on the fluid is in the opposite
direction of the corresponding force acting on the
particles (Eq. (2)).

Li = (jx BV, amn

. i ; | P
0 2 4 6 8 10 12 14
Proportion, %

1
16 18

Figure 6. Distributions of WC patrticles in the longitudinal sections of the LMI layers: a — Lorenz force upward; b — Lorenz force

downward; ¢ — without Lorenz force
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where L, is Lorenz force; j is current density; B Is
magnetic flux density and V is the volume of displaced
fluid by one particle.

F =F - L +F -G (18)
iy B p dy 4

where L is the counteracting force of Lorenz force
acting on the particle. Because the WC particles are
nonconducting and non-magnetic, the Lorenz force is
not acting on the particle directly.

Figure 3 is the diagram of the forces acting on one
particle and the surrounding fluid. When the Lorenz
force acting on the fluid is assumed as upward, the
balance equation is established to express the force
(in the y direction) acting on the particle as follows:

_Fljy :FB _Lp +F;1y _Gp' (19)

where Fiy, F. Lp, F o and G_ represent the inertia
force, Buoyancy, Lorenz force, drag force and gravity
respectively. The F,, F, and G are assumed to be
constant. Thus, Fy and L_are positively proportional.
Consequently, when the direction of the Lorenz force
acting on the fluid is upward, the sinking velocity of
the particle will be increased. During the continuous
powder injecting process, the particles are easier sunk
into the lower region of the melt pool (Figure 3, a).
In the similar principle, the particles will be trapped
in the upper region when the direction of the Lorenz
force acting on the fluid is downward (Figure 3, b).
The exact trapped positions of particles are
described by the simulation model in Figure 8. The
particle distributions in the longitudinal sections of
the LMI layers are shown in Figure 8, a and Figure 8,
b.The red dots represent the injected particles, the
orientation of the tails indicates the motion direction
of particles and the length of the tails indicates the
magnitude of the motion velocity of particles. With the
same LMI process parameters, the number of injected
particles, the depth of melt pool and the solidification
duration are all the same. During the continuous LMI

Figure 7. Diagram of the forces acting on the particle and the
surrounding fluid

process, the particles are homogeneously distributed
in the melt pool, as shown in Figure 8, b. Figure 8, a
shows that the sinking velocity of particles is damped
with the effect of downward Lorenz force. Within
the same time period of solidification, the particles
injected into the melt pool can hardly be sunk to the
bottom of the melt pool before the solidification of
the melt pool, and they are concentrated in the upper
region of the melt pool. In fact, the particles in the
melt pool are not sunk along a straight line; the sinking
trajectories were calculated by the simulation model,
and are presented in Figure 8, ¢ (note that the sinking
trajectories are different for the particles in different
injected positions, the particles shown in Figure 8,
c are taken from the central zone of the laser spot).
When the particles penetrate the surface of the melt
pool, they are transmitted along with the fluid motion
due to the strong Marangoni convection at the surface.
The resulted sinking trajectories of particles become
different mainly because of the electric-magnetic
synergistic effect. The resultant buoyancy acting on
the particles is increased with the downward Lorenz
force. As a result, the sinking depth of the particles is
reduced more obviously. Meanwhile the particles near
the surface of the melt pool are influenced more by the
Marangoni convection; they are easier dragged to the
edge of the melt pool, where the melt pool is prone to
solidify.

=C> Laser scanning direction

Region, mm

W s Lh b W o LR W 4 LA

18 22 32 34

I — Without Lorenz force
4.9 2 — Downward Lorenz force
3 — Upward Lorenz force
4.7}
4.5
543
)]
&
4.1+
3.9
3.7 L L L |

29.7
C

X, mm 30.0 30.3 30.6 X, mm

Figure 8. Simulated trapped position of particles in LMI layer: a — Lorenz force upward; b — Lorenz force downward; ¢ — without

Lorenz force; d — sinking trajectories of injected particles
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Eq. 18 is obtained from Eq. 16 through expanding
the forces of F, and L, The equivalent gravity
acceleration is assumed to be the synthesis of local
gravity acceleration and Lorenz force related to the
density of fluid. According to the above equations,
when the Lorenz force and gravity force are in the
same direction, the particles in the melt pool are just in
hypergravity status, while when the Lorenz force and
gravity force are in the opposite direction, the particles
in the melt pool can be regarded in hypogravity status.
In summary, the direction of the Lorenz force can be
easily adjusted by changing the directions of electric
and magnetic fields thus to control the movement of
the reinforcement particles in LMI process.

g8 (20)

V+F -G +F =0
pf pf + dy p + iy ’
where p; is fluid density and g is local acceleration of
gravity.

Conclusion

The electric-magnetic synergistic effect on the
reinforcement particle distribution in laser melt
injection was studied experimentally and using
simulation. The Lorenz force induced by the electric-
magnetic composite field can change the gradient
distribution of WC particles The distributions of WC
particles in the LMI layers were influenced by the
electric-magnetic composite field without adjusting
the original LMI parameters. When the Lorenz
force and gravity force are in the same direction, the
majority of particles are trapped in the upper region,
while when the Lorenz force and gravity force are in
the opposite direction, most particles are concentrated
in the lower region. With the assistance of an electric-
magnetic composite field, the sinking velocity and
trajectory of WC particles were changed due to the
additional volume force acted on the fluid of the melt
pool during the LMI process.
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IMPOIrHO3UPOBAHUE CBAPOUHBIX JE®OPMAILIUH

PABOYEI'O KOJIECA PAIMAJIBHOI'O HATHETATEJISA HP-7500

MPU 1YTOBOM U JIABEPHOM TEXHOJIOI'MU CBAPKU

A.C. TABPWJIOB, O.B. MAXHEHKO
WuctutyT 2nexrpocapku uM. E.O. Tlarona HAH Ykpaunsl, Kues, Ykpanna

Omnpenenenne CBApOYHBIX IepopManuii KPyMHOraOapUTHBIX KOHCTPYKLHUH ¢ OONBIINM KOJMYECTBOM CBapHBIX COE-
JVHEHUH pacdeTHBIMH METOAAaMH, OCHOBAaHHBIMH Ha OOIIHMX MOAXOAAX TEOPHH TEPMOITACTUYHOCTH, TpedyeT OOoib-
IIMX BBIYHMCIUTENBHBIX 3aTpar. B naHHOI paboTe mpemiokeHo YCOBEPIIEHCTBOBAHNE H3BECTHOTO MOAXO0AA KOMOUHH-
POBaHHOTO HCIIONB30BAaHMS OOMINX METOIOB TEPMOILUIACTHYHOCTH W MPHOIMKEHHOTO METoAa (DYHKIUH yCaaKH Ul
MIPOTHO3MPOBAHMA 00X Aedopmaluii koHCTpyKIui. C epio peanu3anuy MeToaa GyHKIUH YCAIKH ISl CBApHBIX
COGIMHEHMH CIOKHOM MPOCTPAHCTBEHHON KOH(UTypaly HCIOIb30BAJICS METOA KOHEUHBIX 3JIEMEHTOB U yCOBep-
IIEHCTBOBAHHAsA METOJMKA (QUKTUBHBIX TEMIIEPATyp IJIs OMHCAHMS JOIMOMHUTEIBHBIX YCaJOUHbIX AedopManuii B 30He
CBApHBIX COCMHEHUH C MOMOIIBIO MOAEIUPOBAHUS COEAUHAEMBIX JIEMEHTOB KOHCTPYKIINHU KaK KOMITO3UTHOTO JIBYX-
CIIOHOTO MaTepHhaja ¢ aHH30TPOIHBIM TEPMHUYECKHM pacliupeHneM. Takoe MpeacTaBlIeHHe MO3BONSET NPHUMEHATh
B KOHEYHO-3IEMEHTHON MOJIENTN 3KOHOMUYHBIE 000JI0UETHBIE IIEMEHTHI U JIETKO 33/1aBaTh KaK MPOIOIbHYIO U MOMe-
PEUHYIO YCaIKH, TaK U yIVIOBbIe Ae(OPMAIIIH AT CBAPHBIX COSUHEHUH JI000T0 MPOCTPAHCTBEHHOTO PACIIONOKEHHS
1 KOHOHTypanuu. YCOBEPIIEHCTBOBAHHBIN MOAXO0A KOMOWHHPOBAHHOTO HCIIOIB30BAHMS OOIIMX METOIOB T€PMOILIa-
CTHYHOCTH W MPUOIIDKEHHOTO MeToAa (PyHKIUH yCaaAKu ObUT MPHUMEHEH JUIA MIPOTHO3MPOBAHMS 00MHKX AedopMariii
HOBOI1 CBapHOH KOHCTPYKIMH padodero Koieca paauansHoro HarHerareast HP-7500 B cirygae npuMeHeHHs TyrOBOH U

Ja3epHOI TEXHOJIOTUI CBAPKU.

Ha w™etammypruyeckux mNpeanpusATHIX YKpauHbI
JUI. OTKAQYMBAaHUSI TMPOAYKTOB CTOPaHUS MapTEHOB-
CKHX Ieueil, arioMepalMOHHBIX 1 KOHBEPTEPHBIX Ta-
30B HCIIOJIB3YIOTCS paJualibHble HarHeTarenu (ycra-
peBIliee Ha3BaHHE — HKCTAYCTEPhI) IIECTH OCHOBHBIX
tunopa3MepoB. Haruerarenu tuna H7500 cocrasins-
IOT TIOYTH TIOJIOBHHY MX OOIIEro KOJIMYecTBa M UMe-
10T KJICTIAaHHYI0 KOHCTPYKIHIO. B cBSI3U ¢ KOpOTKUM
CPOKOM JKCIUTyaTallud ¥ HEOOXOJMMOCTBIO 4acTOro
IUTAHOBOTO peMoHTa pabouero komeca H7500 B nHa-
CTOsIIEE BpeMs C IpuBIeueHueM crenunanucto UDC
um. E.O. Ilarona HAH VYkpaunsl paspabaTeiBaercs
MPUHIHUIHATEHO HOBAsi CBapHask KOHCTPYKIMs pabo-
4ero Koseca paguaibHoro HarHeTarens HP-7500.

Omnpenenenne cBapovYHbIX AedopMaluil U Hamps-
JKEHUU NTaHHOM KOHCTPYKLMH SKCIEPUMEHTAIbHBIM
MyTeM CBSI3aHO C BBICOKMMH 3arparamu. [lostomy,
YHCIICHHOE MOJETUPOBAHUE CBAPOYHBIX Aedopmannii
W HampsDKeHHH W y4eT MOoJy4YeHHOH HH]opmanun
npu pa3paboTKe TEXHOJOTWH HM3TOTOBJIECHUS Koleca
HarHeTaTelnsl SBIsETCS Hauboliee Menecoo0pa3HbIM
peleHneM.

Omnpenenennie CBApOUHBIX AeopManuii Juist KpyTi-
HorabapUTHBIX KOHCTPYKIUH pacueTHHIMHA METOJJAMH,
OCHOBAaHHBIMH Ha TEOPHU TEPMOILIACTUYHOCTH, Tpe-
OyIOT OOJNBLINX BEIYUCIUTEIBHBIX MOLITHOCTEH, a TaK-
K€ 3HAYUTEIBHOTO KOJIWYeCTBa BPEMEHHU JJIsl pacue-
Ta. B nmanHOW pabore wucmonbp3yercs KOMOWHAIUSA
HanOosee OOLIMX METOJOB TEPMOIIACTUYHOCTH
OIIpeJICTICHNs] CBAPOYHBIX JedopManuii W Hamps-
© J1.C. TABPUJIOB, O.B. MAXHEHKO, 2015
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JKEHUH, a TakKe NPUOIMKEHHOTO MeTofa (YHKIHMU
yCaJIK¥ JJIs MPOTHO3MPOBaHUs 00muX aedopmaruit
KOHCTpYKUMHU. KoMOMHMpOBaHHOE MpUMEHEHHE YKa-
3aHHBIX METOJIOB PEATU3YeTCs C IOMOIIBI0 COBpe-
MEHHOTI'0 TTaKeTa KOHEYHO-JIEMEHTHOTO aHaJIN3a.

B pabote [1] ycamounsle nedopmannu B TaBpo-
BOM COEIMHEHUH MOJEJIHPYIOTCA IMyTEM CO3JaHMs
MPOMEKYTOUHBIX HHTEP(EHCHBIX DIIEMEHTOB B 30HE
KOHTaKTa pebpa smctoM. [Ipu 3TOM HMHTEpQeElicHBIN
3NIEMEHT MPENCTaBIsAeT COOOH MPYKHUHY C HElUHEH-
HBIMH MEXaHUYECKUMH CBOMCTBAMH KaK B IIJIOCKOCTH
3NIEMEHTa, TaK U OTHOCHUTEIBHO BpAIlaTENIbHBIX Iepe-
MeneHui. Takoe npeacrasiieHue NO3BOJISAET 3a1aBaTh
MIPOZIOJIBHYIO U TIOMIEPEYHYIO YCAKy B 30HE CBAPHOTO
COGIMHEHHS, a TaKXKe MOMEepeUHbIe YIIoBkIie aedop-
Maruu. OHaKo, pacCCMOTPEHHAs! METOMKA HE IT03BO-
JsieT MOJCTHPOBATh MPOAOIBHEIE YIIOBBIE Aeopma-
IIMY, a TAaKKe OHA He MPUMEHUMa B CIIyyae CBapHBIX
IIIBOB, UMEIOIINX NMPOAOIBbHYIO KPUBU3HY.

Wnest ucnonbp3oBaHUs ABYXCIIOMHOTrO MaTepuaa
JUIST MOJEJIMPOBAaHUS 30HBI CBApHOIO IIBa IpeJIo-
’)keHa B [2]. Kaxknaplit u3 3TUX CIOEB UMEET Ompee-
JICHHBIA KOA(PPHUINEHT TEPMHUYECKOTO PACLIIUPEHNUS B
MOTIEPEYHOM K JIMHUM CBApHOTO IIIBAa HAIIPABIEHHH.
Bnosnb nuHMM cBapKu 3HAYCHUS KOA(D(DUIIUCHTOB 3a-
JTaBaJINCh OJJMTHAKOBBIMHU.

OUKTHUBHOE OXJIAXJECHUE 30HBI C MPEIOKEH-
HBIM MaTepHajoM BbI3bIBAET pa3lUyHbIE MO TOJIIH-
He 2eMeHTa AedopMannu CKatusi, YTO MPUBOAUT K
TIOSIBJICHUIO M3rH0a B MOMEPEYHOM K JIMHUY 1IBa Ha-
npasieHun. [lomydeHHbIH N3rHO MO3BOJISIET MOJENH-




LTWMP’15

pOBaTh MONEpEYHbIE YIIOBBIE AepopMannu, Ipu TOM
HE3aBUCHMO OT BEJTMYMH MPOAOJILHON U MONEepeuHOR
ycagoK. AHAJIOTUYHO padoTe, pACCMOTPEHHOM BBILIIE,
JaHHAs METOIUKA HE MO3BOJIIET MOAEIUPOBATH MPO-
JONBHBIC YITIOBBIE AeopMmannu, a TaKke IPUMEHATh
€€ K CBapHBIM ILIBaM C MPOAOJILHON KPUBU3HOM.

Lenbio HacTosiel paboThl SABIsSETCS 3ajJada pe-
anu3ald WA NPEACTABICHHUS 30HBI YCaIKH Kak
JBYXCIIOWHOTO MaTrepuaia ¢ OPTOTPOIHBIM TePMUYe-
CKUM pacIIMpeHHEM Ha COCIUHEHUsI, UMEIOIUE MPOo-
W3BOJIBHYIO KPHBHM3HY CBapHOTo mBa. Kpome Toro,
BIIEpBbIE pa3pabdOTaHa METOOMKAa MOICIUPOBAHUS
YIJIOBBIX YCaIOYHbIX Ae(OpMaIid B TPOIOIHHOM Ha-
npasienun. [lpennoxkeHHas MeToAMKa B paMKax JaH-
HOW pabOoThI MPUMEHSUIACH AJISl OLIEHKH Aedopmannii
KOHCTPYKIMHK paboyero Koieca paauaibHOTO HAarHe-
tarensa HP-7500 B ciydae mpuMeHeHHUs AyroBod U
JIa36pHOM TEXHOJIOTUN CBAapKHU.

Onucanne momenan. Obujee onucanue memooa
¢yuxyuu ycaoxu. OOOOIICHHOE MPEICTaBICHUE Me-
TOAOB (PYHKIMH YCaAKH BBIMOTHEHO B pabote [3].

[TapameTpsl TeH30pHON GYHKIMH YCATKH T KaXK-
JIOTO CBAapHOTO COEIUHEHUS Ui COOTBETCTBYIOIIMX
Marepuana, TONIIMHBL U PEXKHUMOB CBapKH MOTYT
OBITH OmpereNieHbl Ha MPOCTBIX CBapHBIX 0oOpasmax
OTpaHMYEHHOTO pa3Mmepa (cxemsl Ha puc. 1). Bonee
TOTO, TMOHATHE MONEpeyHas ycaaka A (x) W yIIoBble
nedopmaruu By(x), B.(x) mocTaro4yHo 0OIIENPUHATEIE
TEPMHHBI B HHXEHEPHOH MpakTuke [4, 5]. Bennuuna
A (X) — IpomoNbHOE YKOPOUEHHE JUIs PACCMOTPEH-
HOTO ClTy4asi CBsi3aHa MPOCTON 3aBUCHMOCTBIO C 00b-
€MOM NpPOI0JILHOTO ykopouenus V = A (x)h.

OnauM u3 crnabblX MECT OMMCAHHOTO MOAXOna
GyHKIMH ycaAKHu SBIAeTCS WHGOpPMAIHs OTHOCH-
TENbHO TapaMeTpoB 3Tol ¢pyHkuuu. Mcnonap3oBaHue
YHCTO HKCIIEPUMEHTAIBHBIX TOJXO0I0B, THUIIA OMTUCAH-
HBIX BbIle (puc. 1), TpebyeT B KaKIOM KOHKPETHOM
cllyyae COYEeTaHUsl MaTepuaia, TOJIIUHEI, crocooda,
PEKMUMOB H YCIIOBHI CBapOYHOTO HarpeBa J0CTaTod-
HO OOBEMHBIX JKCIIEPUMEHTAJIBHBIX HCCIICIOBAHHA.
B 37T0i1 cBsi3u 3acmyXMBaeT BHUMaHUS NPEAIOKEHHE,
YTO pa3BUBaeTCs B padorax [3, 6—8], MO HCIOIB30-
BaHHIO TOXOJ0B, OCHOBAHHBIX Ha METOAAaX TEOPUHU
TEPMOIIIACTUYHOCTH, AJISl OTpENieICHHs apaMeTPOB
(GyHKIMH ycankd B cly4ae KOHKPETHOIO CBapHOTO
COCAMHEHHS U YCIOBUI CBapKH I JaHHOW KPYITHO-
rabapuTHOM CBaApHOI KOHCTPYKLMH C OOJIBIINM KOJIH-
YeCTBOM CBAapHBIX IIBOB. Takoe pacmapasieluBaHue
mpolecca MPOTHO3UPOBAHHUS MOXET OBITH B LEJIOM
pszae ciydaeB I1OCTaTOYHO APQEKTUBHBIM, C yUETOM
JOCTaTOYHO OONBLIOrO HAKOIIEHHOTO OMBITA MO MPO-
THO3UPOBAHUIO CBAPOYHBIX Ae(OpPMALMi U HAIIPSIKE-
HUI B CBapHBIX y3/1aX (KOHCTPYKLUSIX) C OTpaHUYEH-
HBIM KOJIMYE€CTBOM CBapHBIX IIIBOB.

[Tonepeynyro ycaaKy OT CBapHOTO IIBa KOTOPBIi
PacCIiOJIOKEH BAOJbL OCHU Z, MOXHO OIPEACIIATh KakK
MaKCUMAJIbHBIC MEPEMCIUICHUA B IMONCPECUYHOM OTHO-
CUTCJIbHO CBAPHOTI'O IIBAa HAITPABJICHUU!

Anon :U;;x' (M

I[IpononsHas nedopMalys 1 KPHBU3HBI B ILIOCKO-
CTAX zX U zy SABJIAIOTCA BEJIMYMHAMKU OJHO3HAYHBIMH
IJI1 BCETO MNOIIEPEYHOI0 CECYCHUA ITNIACTHUHBI. TOFI[a
00BEM TIPOIOTEHOTO YKOPOUEHHS OT CBAPHOTO IIBA:

POJL

v = [e dxdy. @
S

[MpononbHas yrinoBas qeopMaiys OnpeaeisieTcs
yepe3 KPUBU3HY B MJIOCKOCTH Z):

Broox = ! Ay, dz. 3)

[Tomepeunyro ymioBylo zAedopMmanuio MOXKHO
ONpENENUTh 4Yepe3 mnepememenus U, IacTuHbI
U3 TUIOCKOCTU zZX HAa HEKOTOPOM PACCTOSIHUM X OT
CBapHOTIO IIBa WM Ha CBOOOJHON KPOMKE:

B = UYY(X,J/). )

11011 X
Mooenuposanue cmuvikoso2o coedunenus. B nan-
HOW paboTe TMpeIaraeTcss YCOBEPUICHCTBOBAHHE
W3BECTHOTO TOAXOJa Ul TPOTHO3UPOBAHUST OOLIHX
CBapOYHBIX JedopMaluii KpyImHOraOapUTHBIX KOH-
CTPYKIUH C OOJBIINM KOJHYECTBOM CBApHBIX COe-
JTUHEHHWH, OCHOBAHHOTO Ha KOMOMHHPOBAHHOM IIpH-

A
Z
» l
———————— -“
s 1
t, N P IR AN
v \J -~ "
i
A
X Jlunun usmepenuit €%, €],
N
ann
N
db
N
™
\
™
N
N
/'\
T
0 Y,

Puc. 1. Cxema o0Opasua ajisi onpeaesieHus MPOAOILHON U ToTe-
PEYHO# yCaJKH, YIIOBBIX Ae()OpMaIliil B OCTATOYHBIX HOPMAJTb-
o r
=+
HBIX Aedopmanuit € 1€, Ha MOBEPXHOCTAX 2 +h/2
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MEHEHHWH OOILIMX METOAOB TEPMOIUIACTUYHOCTH M
MPUOIIKEHHOTO MeToAa QYHKIUH yCaIKH.

C wmenplo peanuzauuy MeToaa (YHKIUH yCaaKd
IUISl CBApHBIX COCIMHEHHH CIIOKHON IPOCTPAHCTBEH-
HOW KOH(UTypaluy NpeAaraeTcs UCIolb30BaTh Me-
TOJ, KOHEUHBIX DJIEMEHTOB M yCOBEPILEHCTBOBAHHYIO
METOIUKY (PUKTHUBHBIX TEMIIEpaTyp Ajsl ONMUCAHUS
JOTIOJTHUTENBHBIX YCaAOuHbIX AedopMmanuii B 30HE
CBapHBIX COCAMHEHHH C MOMOLIBIO MOJETMPOBAHUS
COCAMHSEMBIX JJIEMEHTOB KOHCTPYKLIHMH KaK KOMIIO-
3UTHOTO JBYXCJIOWHOTO Marepuaia ¢ aHM30TPOITHBIM
TEPMUYECKUM paciiupeHueM. Takoe mpeacTaBlieHHe
MO3BOJISIET MPUMEHSTH B KOHEUHO-3JIEMEHTHOM MOIe-
T SKOHOMHUYHBIE 00O0JIOYEYHBIE SJIEMEHTHI U JIETKO
3aJaBaTh KaK MPONOJBHYIO M IOMEPEUHYI0 YCalKH,
TaK ¥ yrioBble AedopManuu Uis CBapHBIX COEANHE-
HUI JI000T0 MPOCTPAHCTBEHHOI'O DPACHONIOKEHUS U
KOH(UTypaLyy.

Jnst MopenupoBaHHs JIOKAJbHBIX CBApOYHBIX Je-
(dbopManuii ycaaKu MCIOIb3YeTCS METOA (PUKTUBHBIX
TeMIeparyp, Ipu KOTOPOM B 30HE CBapPHBIX COEANHE-
HUI 3aJaroTcs onpeneeHHbBIM 00pa3oM BbIOpaHHBIE
Temneparypa U Ko3(pQUIHEHTH TEPMUYECKOTO pac-
LIMPEHUS MaTepHaa.

30Ha CBapHOTO IIBa pacCMaTPUBAETCS KaK OBYX-
CIIOMHBI KOMITO3UTHBIH Marepual ¢ aHU30TPOIHBIM
TEPMHUYECKUM paciuperueM (puc. 2). Hepopmanmn
B NPOJOJBGHOM OTHOCHTEIBHO OCH IIBa HaIpaBie-
HUM 1 ompenensioT MponoibHYIO CBApOYHYIO YyCaj-
Ky, a B TIONIEPEYHOM HAIpaBJICHUHU 2 — TMOMNEPEUHYIO
yCaJaKy ¥ COOTBETCTBYIOLIYIO YIJIOBYIO Ae(OpMAIIHIO.
OmnpeneneHHble UX BETUYMHBI 331aBATHChH IIyTEM HC-
MOJIB30BAaHMS PA3TUYHBIX KOI(D(DUIIMEHTOB TepMUYe-
CKOTO PaCIIMPEHUs U JaHHBIX HApaBICHHUH.

Ilpooonvras ycaoka u npodonvHble yenogvie Oe-
gopmayuu. PaccMoTpuM olipefieNieHre MPOAOIBLHON
yCaJKH B CTHIKOBOM COeAMHEHHH. [1Ji paccMOTpeHust
neopManMii MPOJOIBHOTO YKOPOYEHHUS 3aMEHUM
JEeCTBUE paclpelelieHHbIX BHYTPEHHHX HampsiKe-
HUI CTaTHYECKU SKBUBAICHTHBIMU COCPEAOTOYCHHBI-
MU CHJIaMH, HA3bIBAEMBIMH yCaJOYHBIMU.

[ponosnbHas ycajouHas cuia Pyr(l:p OT TIPOZIOJTb-
HBIX OCTaTOYHBIX Ae(popManuii yKOpoueHUs paBHa:

L
/
/ ’/h

Puc. 2. O6paser] CTHIKOBOTO CBapHOTo coequHeHus (h— romnmuHa,
L — nnuna) ¢ BeIeNeHHOI 30HOH yca09HBIX Ae(hOpMaIii ApH-
Hoit b (1 — HampaBieHue MPOIONBHON YCaaKU; 2 — HONEPEYHO)
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np
PP :Vﬂ ®)

ve I

rae V'’ — o0beM NMpoRoibHOro ykopodenns; £ —
monyiib FOHra; L — [inHa CBapHOTO COCAUHEHHUSL.

Jns MonenupoBaHusl IEUCTBUS MOJYYEHHOH yca-
JIOYHO¥ CHITBI HEOOXOIMMO 33/1aTh COOTBETCTBYIOIIY O
NPOIOJIbHYIO 1e(POPMAIIHIO 30HBI YCAIKH CBapHOTO
coenunenus ¢,. CormacHo 3akony I'yka cuna, HEOO-
XOIMMast TSl PACTSHKEHHS 30HbI YCAIKH MHpHHON D’
¥ TOJIIIMHOM N Ha BenmnunHy 8? =g - S;E ,rne g —
OTHOCHTEIIBHOE MPOJ0JILHOE YKOPOUCHUE 30HBI clf;ap-
HOT'O COEIMHEHUSI, TO €CTh, COOCTBEHHO, MPOIOIbHAS
ycajka, paBHa

P™ = Ehb"€. (6)
yc 1
Takum o6pazom
VP
s = 8r[p + YK (7)

KosdduureHT TepMUIECKOro paciinpeHust B Ipo-
JIOIBHOM HampaBleHUH 1 ompenensercs U3 ypaBHe-
HUS

g = OL“AT. (8)

Ero BenmmuuHa myis 000MX CJIOEB IO TOJIITHMHE pe-
Opa MOXKET 3a/1aBaThCs OJUHAKOBOM

1 _ 2 _ 9
o =%, =0 ©

HO MOXKET OBITh U Pa3IMYHON, YTO MPHUBEIET K MOSB-
JICHHIO TPOJOIHHOTO M3TH0Aa B TNIOCKOCTH JIHCTA.
[IpomonsHBIN M3rud B IUIOCKOCTH JIMCTAa C TIOMO-
IIpI0 TIPEIOKEHHOTO METOoa Pealu3yercsl IMyTeM
3aIaHus I KaXI0TO M3 CII0EB KOMITO3UTHOTO Mare-
pHuasia B 30HE YCaJKH CBAPHOTO COCIAMHEHUS pa3iind-
HBIX KO9()(OUIINEHTOB TEMIEPATyPHOTO PACIIHPEHUS
B IIPOJONBHOM HampasieHuu (puc. 2). Tak kak mpu
9TOM CpemHsAs BeNMWYnHA KOA()(HIIMEHTOB MOJDKHA

OBITH paBHA O, TO OyIET MoJaraTh:
2 _ d
=% T %

11°

1 _ d

o, =0, to o (10)
3aBHUCHMOCTb BEJTMYHHBI oc?l OT KPHMBH3HBI MPO-

IONBHOW yrimoBod aedopmanuu C  onpeaenseTcs

W3BECTHOM (popMyIoil Assi KpUBU3HBI OMMeTaInye-

CKOM IJIACTUHBI:
1 2
6E,E, (h +h)hh (o —of AT

C= L (11)
274 3 272 3 214
EXh' +4E E Ih +6E E P2 + 4E E ISh + E. b

B namem cay4ae —F, _h _h/,
Y El EZ h1 - h2 _é
! > . d - TakuM 06pasom
O =0y =29y, )
_ 3OL”AT (12)
h
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Y COOTBETCTBEHHO
da _ Ch
% T 3AT

Tonepeunvie ycaoxa u yenosas oegpopmayusi. Ilo-
nepeunas ycagku Ab=b’ —b' u yriosas nepopma-
IMsI Y TUIOCKOTO CTBIKOBOTO COCIMHEHHUSI MOJICIHPY-
eTCsl MyTeM 3a/IaHus Pa3IHYHbIX JedopManuii 1ByX
CJIOEB KOMITO3MUTHOTO Marepuajia B MOMEPEYHOM Ha-
npasieHud (puc. 3).

3HaueHHs KOAPPHUINESHTOB TEPMUUECKOTO PACIIH-
PEHHSI MaTepPHaJIOB CIOEB 33JJAI0TCSl TAKUM 00pa3oM,
94TOOBI BBIMOIHSIIACH CIICIYIOLINE YCIOBUSL:

® Cpe/Hss BEJIMYHMHA TONEPEYHBIX YCAJ0K JBYX
CJIOCB paBHSUIACH aOCOJIIOTHOMY 3HAYEHHIO TIOTIepey-
HOH yCaJIKi CBAPHOTO COCIMHCHUS;

® pa3HOCTh JaHHBIX AedopMallnii 3a1aBajia MOBO-
POT Ha yroJj, paBHbBIl 3HAUCHHUIO YIIIOBOW nedopma-
A,

BeimosHeHHE TIEPBOTO  YCJIOBHS 00ECIeunBaeT

CIIEYIOIIEE TIPETION0KEHNE:
1 d 1 .
Oy =0y + Oy MOy =0y =0y,

(13)

(14)

3nauenne Kkod(pdunuenta o,, onpenenAETCS U3
YpaBHEHUSL:

o oAb
2 AT

(15)

d
Bennunna 0.,, 33/1a€TCs aHATOTHYHO YPABHEHHUIO
(13):
d _-(jHOHh

%2 TBAT

(16)

HonepeqHaﬂ y1iioBas yCcaaka CBA3BIBACTCA C KpU-

BU3HOHI CICAYIOIHUM YyCIIOBHUEM!
y=bpC"", (17)

Taxum oOpazom

=t 18
2 pOAT  3KOAT a®

B et e

Puc.4.MozensTaBpoBOIo COeIMHEHUS IO UITOCIe e hOPMHUPOBAHHUS

Puc. 3. Cxema MozenupoBaHus MONEPEYHON yCaJKu U yIJIOBOH
nedopManny CTHIKOBOTO COEIMHEHUS C TOMOIIBIO IOMEPEUHbIX
nedopmannii cl10eB KOMIIO3UTHOTO MaTepHaia

B APy sy
b"AT 3b°AT
Mooenuposanue magpogozo coedurenus. TaBpo-
BOE CBApHOE COETUHEHHE C TIOMOIIBIO JaHHOW MO-
JIeTd MOKHO paccMaTpHBaTh KaK KOMOWHAIIMIO yKe
PaccMOTPEHHOTO CTHIKOBOTO COEIWHEHHWS W JOIO-
HUTEIHHOTO pedpa.
[Tonepeunsie yrmoBsie AehopMaliiy B pedpe 3a1a-
FOTCS C YIETOM CXEMBI, M300paXeHHOU Ha puc. 4.
3HaueHus K0d(PPHUITMECHTOB TEPMHICCKOTO PACIITH-
pEeHHSI MaTepHaliOB KOMITO3UTHBIX CJIIOEB B 30HE cOe-
TUHEHHUs pedpa ONpenessioch aHAIOTUYHO ypaBHe-
ausiM (18):

(19)

ol = Abs +£ (20)
25 pIAT 3b§AT’
2 AbS hSB

@n

%28 TYOAT T BOAT
s s

B cnyuae orcyTcTBHs nedopManuil IpogoIbHOTO
n3ruba TaBPOBOTO COCAMHEHHSI IPOOIbHAS yCalKa B
pebpe € MODKHA 3a1aBaThCsl COOTBETCTBEHHO PaB-
HOM MPOJIOJILHOM YCa/IKe B CTBIKOBOM COE/IMHEHHH &, .
Pesyabrarel pacueroB. Pacuemnasi mooens. Ha
OCHOBAHUU KOHCTPYKTOPCKOM JOKyMEHTaluH Oblia
CO3[aHa TPEXMEpHas TreoMeTpHhdecKas MOJeNb KO-
Jjeca HarHeTarelss, BBINOJHEHHass B 000JOYEUHOM
Buze. BBuay cumMMeTpun KOHCTPYKIMH OTHOCHTEIb-
HO TJIOCKOCTHU LEHTPAIBHOTO TUCKa MOACIMPOBAIAChH

Puc. 5. FeOMeTquecxaﬂ MOICIb YaCTHu pa60qer0 KoJIeca
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¥

Z*X

Puc. 6. KoneuHo-311€MeHTHAS CEeTKa

moJjioBrHAa pabouero kojieca (puc. 5). Ha ocHoBe nan-
HOW Mojenu ObUIa MOCTpOEHA KOHEYHO-3JIeMEHTHAs
CCTKa M3 YCTHIPEXYTOJIbHBIX O6OHO‘-IC‘IHI)IX JJICMCH-
ToB (puc. 6). OOlIee KOIUYECTBO Y3JIOB COCTABHIIO
86 586. O0mIee KOMUIECTBO 37eMEeHTOB — 86 420.

s MomenupoBaHMs YCaao4HbIX aedopMaruii B
MOJICTIH BBIJEIISUTACH 00JIACTH 30H ycauku. B aTux 30-
Hax 3aJ]aBaJINCh CBOMCTBA pacCMOTPEHHOTO B Pazzene
2 KOMITO3UTHOTO MaTepHaa.

HanpaBnenuss aHW30TPONIMH CIIOEB 30H YCalKh
MCHAJIHNCH B COOTBETCTBUU C KpI/IBPISHOﬁ JIMHUU CBap-
HOTO IIIBa W MPUJIETAIOIINX MOBEpXHOCTEH (puc. 7,
puc. 8).

Pesyromamul pacuema u anmanuz ycaooumvix Oe-
dopmayuii paboueeo rxoneca nacnemamens. Pabouee
KOJIECO M3TOTABIUBAETCS] M3 BHICOKONPOYHON HU3KO-
nerupoBanHoi crtamu S690QL (EN 10025-6:2004 +
A1:2009) c mpegenom Ttekyuectu 700 Mlla. [l
OTIpEJICTICHNsT TApaMEeTPOB YCAIKU HCIOJIB30BAJICS

Puc. 7. Har[paBneHHe AHU30TPONIUU B 30HE YCAJAKU ITOKPBIBHOI'O
JIUCKa

18

pacyer mo MeTOony TEPMOIUIACTUYHOCTH THUIIOBOTO
JUIE KOHCTPYKIIMU Kojieca TaBpPOBOIO COCAMHECHHSI.
Pa3meps! nucta cocrasmsin 200%400 mm. Pazmepst
pebpa 200x200 mm. Tonmuaa ractud 12 MM,

MopenupoBaiuch Cirydau MIPUMEHEHHUS JyTOBOH 1
Ja3epHON TEXHOJIOTHU CBAPKH.

[Ipu MonmenupoBaHWU AYTOBOTO HpoLEcca CBApKU
WCIIONIB30BAJINCH CIIENyIONIe mapaMeTphl. Pasnenka
OZIHOCTOPOHHSIS, yroi 45°, Ha Bcio TomuuHy pedpa. B
KauecTBEe MaTeMaTH4eCKOd MOAEIH UCTOUYHHMKA TeIlia
UCTIoNb30Bajiack Mozaenb [onmaka. CKOpOCTb CBapKU
cocraBmsia 3 Mwm/c, Hampsokenue 25 B, cuma Toka
360 A. Koaddumment s¢pdextuBHOCTH OBLIT MPUHAT
0,85. Iloronnas sueprust 2550 [x/mm.

[lony4yeHHble 3HaYEHUS] MAPaMETPOB YCAAKH CO-

CTaBJIAIOT:
mp_ 0,3MM

= = -3.
o pozIONbHAs yeamka Sy ~ 500y 20 10
e fjonepeuHas ycaaka peopa Ab=0,55Mm ;

e [onepedHas yriaosas AeopMmanus JUCTa Y <

~siny= —O’SMI\SI:O,OHSpaﬂ;
e nonepeydHas yriosas aedopmarus pedpa (c yue-
MM
OM CXE apuc.4)p=-—>——— 0,0125 =
TOM CXeMbI Ha pHc. 4) 200t 3 pan

=0,03 pax;
e 00bEM MPOJOIBEHOIO YKOPOUCHHUS
=2,16107 m.
3Ha4eHUs COOTBETCTBYIOIUX KO3(D(UIIMEHTOB
TEPMUYECKOTO PACIIMPEHUS CJIOEB KOMIIO3UTHOTO
MarepHaia 30H yCaJKH COOTBETCTBYIOT HOIyYESHHBIM
B 3TOM CJIy4ae M COCTABIISIOT:

V1P =
YK

1 _ 2
118

O(.l =(X.2 =0

11 11 a

- - 1073
2 =0, =52510"

Puc. 8. HampaBnenue aHN30TpONINHY B 30HE YCAAKU JIOMATKH
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WL oo

coooo o ——

Puc.9.MonynunepeMeneHuiTy310B MO IeT paboderokosueca, MM: d—IIPH {yTOBOW TEXHOJIOT UM CBAPKH; 6—ITIPU CBAPKEIa3ePHBIMITYI0M

a122=4,17-10‘5, ol =-4,17-107,

2
1 4 2 4
0 =5,58-107", 0 =3,58-107".

Pesynbrarel pacuera mois gedopManuii B Ciy-
yae MPUMEHEHUS JyroBOM CBAPKU MPEACTABIEHBI HA
puc. 9, a.

[Ipu MopnenupoBaHUM Ipoliecca CBapKU Ja3ep-
HBIM JY4OM HCIIOJIb30BaNach MOAETb OOBEMHO- U
[IOBEPXHOCTHO-PACIIPEICIIEHHOTO MCTOYHMKA TeIa.
MomHoctn nazepHoro uctounuka 4500 Bt, xoag-
¢unuent >¢pdexruBHocTr — 0,85, CKOPOCTH CBAapKH
3 mMMm/c, moronHas sueprust 1275 JIx/MM AOCTaTo4HO
it GOPMUPOBAHUS OHOCTOPOHHETO CBAPHOTO COE-
OUHEHUs peOpa TONMIMHONW 12 MM ¢ JIMCTOM TOH ke
TOJILIUHBI (IIMPUHA 30HBI porasneHus 3 mm). Co-
[JJaCHO MOJIEJM JIa3€pHOro MCTOYHUKA Terta, 20 %
SHEPrUM BKJIAJBIBAJIOCh Ha IMOBEPXHOCTU. Paamyc
[TOBEPXHOCTHOTO MCTOYHMKA cocTaBisul 3 MM. Pac-
MIpeJIeIEHNE SHEPTUH 110 MTOBEPXHOCTHU MIPOUCXOIMIIO
no ¢pynkuuu Iaycca, 80 % Teruia BBLAETSIIOCH PaBHO-
MEpHO B HWJIMHAPUYECKOM 00beMe paanycoM 1,5 Mm
U TITyOMHOM PaBHOM TOJIIIMHE TJIaCTHUHBI.

[TomyueHHble 3HaUEHUS MapaMETPOB YCATKU CO-
CTaBJIAIOT: o 0,22 MM

® NPOJI0JIbHALA ycauka “yx 200 MM

e noniepevHas ycajaka peopa Ab = 0,15 mm;

e [ollepedHas yrioBas AeopManus JUCTa y =

0,7MM
~siny= m=0,0034paa ;

e roriepeyvHas yriosas nedopmarus pedpa (c yae-
TOM cxeMbl Ha puc. 4) = 1,56MM 10,0034 pax =
=0,0061 pan; 200MMm 2

e 00BeM MPOMOIBHOTO YKOPOUYECHUS
=6,6:10"7 m.

3HaueHNsl COOTBETCTBYIONIMX KOI((DUIHEHTOB
TEPMUYECKOTO PACHIMPEHHS CII0EB KOMIIO3HUTHOTO
MaTepuaa 30H yCaJlKd COOTBETCTBYIOT TOITYYECHHBIM
B 9TOM CITy4ae W COCTABIISIOT:

=1,1-1073;

VP =
YK

1 2

1 _ 2 _ _ _
a =a = —OL“S—

_ 1073
11 11 118 (111_2’75 10 '

1 _ A0S a2 105
(x22—6,78 10 ,(x22—1,55 10

1 BT 10t
ol =136-10" ol =114-10"

Pesynbrarel pacuera mons aeopmanuii B CIy-
Yyae MPUMEHEHUS JIyTOBOW CBapKU NPEACTABICHBI Ha
puc. 9, 6.

B citydae npuMeHeHus yroBoii TEXHOJIOTHU CBap-
KM HauOOJIbIINE 3HAYCHUS TICPEMEIICHUN Y3JI0B MO-
nenu pabodyero Kojeca HaXOAWINCh HA TOKPHIBHOM
JIUCKE B 30HAX MEXK]Yy KOKIBIMU JABYMS JIOTIATKAMU U
nocturanu 1,2 mMm. Kpome Toro, 3HauuTensHbIC -
(dopmarru HaOMIOIAIMCH Ha CBOOOHBIX BHYTPEHHUX
Kpasix JOMAaToK, gocturasmiue 1o 1,0 M.

B cnyyae npuMmeHeHMs 1a3epHOW TEXHOJOTHH
CBapKH HAWOOJIBIINE 3HAUCHUS MEPEeMEIICHUN JI0-
cruranu He Oonee 0,5 MM B 30HaX MEXIY KaxkIbIMH
JByMsi JioniatkamMu. Ha cBOOOIHBIX BHYTPEHHHX Kpa-
X Jonarok gaedopmanuii 6onee 0,1 MM He HabmONA-
JIOCh.

3akirouenne. CymiecTBYIOMNAE TTOIXOIBI pacdeT-
HOTO TIPOTHO3UPOBAHUS O0MUX AePopManuil Kpyn-
HOTAO0APUTHBIX TPOCTPAHCTBEHHBIX KOHCTPYKIHH C
0OJIBIINX KOJIMYECTBOM CBAPHBIX COCTUHEHHUN HA OC-
HOBE KOMOWHUPOBAaHHOTO PUMEHEHHS METOJIOB TEP-
MOIUTACTUYHOCTH M TPUOIMKEHHOTO MeToaa (yHK-
MU yCaJIKA TTO3BOJISAIOT JOCTATOYHO JIETKO MTOTydYaTh
pellleHust JUIsl CIIydaeB MPSIMOJIMHEHHBIX CBapHBIX
IIIBOB, PACIOJIOKEHHBIX BJIOJIb OCHOBHBIX MPOCTPaH-
CTBEHHBIX OCel. B citydae cBapHBIX IIBOB, HMEIOIIMX
MPOU3BOJIEHOE IPOCTPAHCTBEHHOE PACIIOJIOKEHHE
U KOH(UTrypaluio, peaau3aius METONOB (QYHKIMH
yCaJIK¥, HalIpUMeD, 3a CYET MOJIEITUPOBAHUS (PUKTUB-
HBIX TEMIIeparyp M aHU30TPONHH KOA(PPHUIMEHTOB
JUHEHHOTO PaCHIMPEHHsI B MPOIOJIHLHOM U IOTIeped-
HOM HArpaBJICHUU SBJISICTCS 3aTPYAHUTEIBHOM.
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B ciyuae co3maHMs KOHEYHO-3IIEMEHTHBIX MO-
Jene mo mMerony (QyHKIMH YCaAKH CIIOXKHBIX IPO-
CTPAaHCTBEHHBIX CBapHBIX KOHCTPYKIHMH HCHONB30-
BaHHE 00O0JOYEUHBIX JIEMEHTOB SABJSIETCS Hanbonee
1enecoo0pa3HbIM PEIICHUEM C TOYKH 3pSHHS TpeOy-
€MbIX BBIYMCIUTENBHBIX 3arpaTr. OnHAKO IpU 3TOM
BO3HHMKAET MpOOJIeMa MOAEITUPOBAHHS YIJIOBBIX Je-
(dbopmaruii n3-3a HEBO3MOKHOCTH HANPSMYIO 331aTh
HEPaBHOMEPHOCTH YCAJKH 1O TOJIIMHE DIIEMEHTA.

[IpennoxeHn MmeTon MOAEIMPOBAHHS YCAIOYHBIX
neopMalmii ¢ IpeICTaBICHUEM 30HbI YCaIKu CBap-
HOTO COEOWHEHMs B BUIE IBYXCIOHHOTO KOMIIO3HT-
HOTO MaTepHuaja C AaHHU30TPOIHBIM TEPMUYECKUM
pacuperneM. PazpaboTaHbl TEOPETUYECKH 3aBUCH-
MOCTH, CBS3BIBAIOIUE MapaMeTpPhbl YCaaKu M KO-
(UIMEHTH TEPMUUYECKOTO PACIIUPEHUS CIIOEB 30HBI
YCaJIKH JUIS CTBIKOBOTO M TABPOBOTO COCAMHEHHS.

B pabote OblIn pOBEACHBI pacyeThl OOIINX CBa-
pouHBIX Aedopmannii pabodero kojeca paauaibHO-
ro Har”erarens HP-7500 mpu ayroBoi u nasepHOit
CBapKe, KOTOpBIE TMOKa3ajid 3HAYUTENLHOE BIHMSHUE
TEXHOJIOTMU CBapKW Ha OCTaTo4Hoe (OpMOHM3MEHe-
HHUE KOHCTPYKLUH.
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BBenenue.
THOPUAHBIMU  JIa3€PHO-TYTOBBIMU

BJIUAHUE COOKYCHPOBAHHOI'O JIABEPHOI'O
U3JTYUYEHUSI HA XAPAKTEPUCTHUKHU JJYTOBOM IJIA3MBbI
B KAHAJIE COIUVIA IIVIASBMOTPOHA

A. UITHATOB!, U. KPUBIIYH', U. CEMEHOB?, Y. PANCTEH?, A. 3ABUPOB?
"Mucruryt snekrpocsapku uM. E.O. Ilarona HAH Vkpaunsi, Kues, Ykpanna
“Hemerkuii aspokocmuueckuii nentp (DLR). Mionxen, I'epmanms
SUHCTUTYT CBapKH U COEOMHEHHS, AaXeHCKUM yHUBEpCHTET. AaxeH, [ epManus

Pa3paboraHa MareMaTH4ecKasi MOZCIb MIPOLIECCOB NIEPEHOCA SHEPTUH, HMITYJIbCa, MAcChl M 3apsijia B HEPABHOBECHOM
u1a3Me KOMOMHHPOBAHHOTO JIa3¢PHO-AyTOBOTO Pas3psia, BOSHUKAOIIETO PH BO3IEHCTBUU Ha SIEKTPUUECKYIO IYTY B
IUIMHAPIYECKOM KaHajle, IPOIyBaeMOM HHEPTHBIM Ta3oM, coxycuposanHoro usnydenus CO, -masepa, pacnpocTpa-
HSIOIIEroCst BIOJb OCH KaHaia. B 0CHOBY MoJeNin OJIOXKEeHBI 3alMCaHHbIe B IpelioBo-audhy3nOHHOM MPUOIHKEHUN
MHOTOXKH/IKOCTHBIC YPaBHEHUS ISl HEM30TEPMUYECKO, HOHU3ALMOHHO-HEPAaBHOBECHOH yTrOBOW IUIa3MBbl, C Y4E€TOM
NPUCYTCTBUS B HEil IBYX3apsTHBIX HOHOB I1J1a3M000pa3yoIIero rasa, a TakyKe JOMOMHUTEIBHOTO Harpesa IIa3Mel 3a
c4yeT 00paTHOTOPMO3HOTO TOIIOLICHHUS JIa3ePHOTO M3ITy4eHHs. TaKol MOAXO0/ MO3BOJSET ¢ €UHBIX ITO3UINHA OMHCHI-
BaTh MPOIIECCHI, MPOTEKAIOIIIE KaK B IEHTPAILHON 00JacTH KaHana (B Iia3Me cToin0a KOMOMHUPOBAHHOTO pas3psiaa),
TaK W B NPUCTEHOYHON 0OJIACTH (B MOHM3AL[MOHHOM CJIO€ IUIa3Mbl) BIUIOTH JI0 TPAHHIIBI CJIOS MPOCTPAHCTBEHHOTO
3apsizia, HEMOCPEACTBEHHO IPUMBIKAIOLIETO K CTEHKE KaHaja. Y4eT POLeCCOB, NPOTEKAIONIHMX B CIIOE IPOCTPAHCTBEH-
HOTO 3aps/ia, MPEeIoIaraeMoM 6eCcCTOIKHOBUTEIILHBIM, U ONPE/IeIeHNE XapaKTEPUCTHK TEIIOBOTO U SJIEKTPHYECKOTO
B3aMMOJICHCTBHS TIJTa3Mbl CO CTEHKOH KaHalla OCYIISCTBILSUICS IyTeM HCHOIb30BAaHUS COOTBETCTBYIOIIMX IPAHUYHBIX
YCIIOBHI Ha TpaHHIE yKa3aHHOTO ciosi. IIpeanoxkeHHas MOZAENb JaeT BO3MOXKHOCTh NMPOBOUTH PAaCUET XapaKTepH-
CTHK IIa3MBbl JIA3€PHO-AYTOBOTO paspsja B IIHPOKOM JAHAIa30HE 3HAYCHMI TOKa AyrH, pajnyca KaHajla, MOIIHOCTH
U ycioBuii (POKYCHPOBKH JIa3epHOTO Myuka. UHCIEHHOE pellieHne YPaBHEHHH MOJIENH MPOBOAMIOCH METOZIOM KOHEY-
HBIX 00BEMOB, JUISl KOMIIBIOTEPHOH pean3aliii KOTOPOTro CO3JaHO COOTBETCTBYIOILIEE IPOrpaMMHOE obecIeueHHe.
ITpoBeeH YHCIICHHbBIH aHAIU3 PaJMalbHBIX PaclpeieeHH XapaKTepUCTHK I1a3Mbl KOMOMHMPOBAHHOTO paspsiga B
KaHaJie, IIPOJyBaeMOM ITIOTOKOM aproHa, HalpsHKEHHOCTH MPOAOIBHOTO EKTPHYECKOTo MO B pa3psie U TEIJIOBOTO
MOTOKA M3 TJIa3Mbl Ha CTEHKY KaHaJla MPH Pa3InyYHbIX 3HAYCHUSIX TOKa IyTH, paJuyca KaHanua, pacxoza miasmMooopa-
3YIOIETO0 ra3a ¥ MOIIHOCTH JIa3epHOTO My4Ka. [Ioka3aHo, 4To B pe3ysbTare JIOKaJIbHOTO JIA3ePHOTO HArpeBa Iia3Mbl
9NIEKTPUYECKON Iyrd B KaHaje B HEil BOBHMKAET OTHOCUTENILHO BBICOKOTEMIIEpATypHas 001acTh, JOKAJIN30BaHHAS B
30HE BO3JEHCTBHS Ha IUIa3My Jla3epHOTO Iyuka. OTHOCHTENBbHBIH MPUPOCT OCEBBIX 3HAYCHMIT TeMIepaTyphl IIa3Mbl
3a CYeT MOMIOIICHHS Ja3ePHOTO U3JIYyYCHHUS YBEIUUMBAETCS C POCTOM €r0 MOIIHOCTH U CHIIKAETCS NPH YBEIHYCHUH
OTHOLICHHUH TOKa pa3psi/ia M pajnyca Ja3epHOro Myyka K paauycy kaHana. Takoe U3MEHeHHUE paJHaIbHbIX pacipeesne-
HHH TeMIepaTypbl IJ1a3Mbl TPH IOCTOSIHHOM PAcXo/ie MI1a3M000pa3yoIero ra3a MpUBOAUT K 3aMETHOMY YBEITHYCHUIO
ee CKopoCTH. UTO KacaeTcst INIOTHOCTH JIEKTPHYECKOTO TOKa, TO €€ N3MEHEHHUE MO ISHCTBHEM JIa3€PHOTO U3ITYUCHUS
OKa3bIBACTCSI MEHEE CYIIECTBEHHBIM.

Hapsiny ¢ mupoko uCHoib3yeMbIMU
TEXHOJIOTUSIMU

TUIa Ta30BOr0 paspsiia — KOMOMHHPOBAHHOTO Ja-
3epHO-IYTOBOTO pa3psia, CBOMCTBAa KOTOPOTO OTIH-

CBapKH, Bce Oobliiee BHUMaHUE HCCIIEl0BaTeNei
MIPUBJIEKAIOT JIa3€pPHO-TJIA3MEHHbIE TEXHOJIOTHH, 3a-
KJIIOYAIOIIMECS B COBMECTHOM BO3AEWCTBUHU Ha CBa-
pUBaeMbIif METAJUI JIa3epHOr0 MyYyKa U cxKaTo (T1as3-
MeHHoW) nyru [1, 2]. 3BeCTHBI pa3iuyHble CIIOCOObI
peanu3anyuy THOPUAHBIX JIa3epPHO-TUTa3MEHHBIX MPO-
LIECCOB CBAapKH, TPUMEPHI KOTOPHIX MOKa3aHbl Ha
puc. 1.

[Ipu ocymiecTBICHNN THOPUAHOTO JIA3EPHO-TLIA3-
MEHHOTO Mpolecca MO cXeme, H300pakeHHOH Ha
puc. 1, 6, BaxHyI poib B (popMHUpOBaHUM IjIa3-
MEHHOW Jyr'H MOXET WIpaTh HEMOCPEACTBEHHOE
B3aMMOZCUCTBHE CPOKYCHPOBAHHOTO JIA3€PHOTO H3-
JIy4eHHs C JyTOBOM ILIasMoil. Pe3ynprarom Takoro
B3alMOJICHCTBUS B ClIy4ae HCIOJIb30BAHUSA H3ITyye-
nust CO-naszepa sABIAETCS BO3HUKHOBEHHE 0COOOTO

YarTCs KaK OT CBOMCTB OOBIUHOM IJIa3MEHHOMN JYTH,
TaKk U OT CBOMCTB ONTHYECKOTO pa3psja, HOAJEPKHU-
BaeMOT0 JIA3EPHBIM U3IyueHueM [6].

JlanbHeliniee pa3BUTHE TUOPUIHBIX TEXHOJOTHIA,
peanu3yeMbIX IMyTeM KOaKCHaJbHOTO OOBEeINHEHUs
cokycupopannoro myuka usiaydenus CO,-nmasepa
Y TUIa3MEHHOW YT C MTOMOIIBIO MHTErPUPOBAHHBIX
Ja3epHO-IYrOBEIX IUIa3MOTPOHOB TpeOyeT JI0CTo-
BepHOW WHpOpManuu 00 MHTErpasibHBIX M pacipe-
JICJIEHHBIX XapaKTepUCTHKaX FeHepUpyeMOoil TaKuMu
YCTPOMCTBaMH ILIA3MBI, a TaKKE€ B3aUMOJECHCTBYIO-
IIero ¢ HeH Ja3epHOro Mydka. TH XapaKTePUCTUKH
BO MHOTOM OIIpENENIOTCS B3aUMOJIEHCTBHEM ILIa3-
MBI JIA3€PHO-AYTOBOTO pa3psiga cO CTEHKOH ILIa3Mo-
(dopmupyromero kanana rasMorpoHa. Kpome Ttoro,
yKa3aHHOE B3aMMOJICHCTBHE ONpEAEISeT yCIOBHS Te-

© A. UITHATOB, 1. KPUBIIYH, 1. CEMEHOB, V. PATICTEH, A. 3ABUPOB, 2015
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Puc. 1. CxeMBI IpakTHYIECKOH peann3aniy J1a3epHO-IUIa3MEHHON CBapKU: @ — C UCIIOIb30BaHHEM OOBIYHOTO JYTOBOTO MJIa3MOTPOHA
[3, 4]; 6 — c ucnonp30BaHNEM HHTETPUPOBAHHOTO JIA3EPHO-IYTOBOTO IIa3MOTpoHa [5]; 1 — TpyOuaTsIif TyroImiaBkuii Katox; 2 — BO-
J0OXJIaXKIaeMOoe INTa3MO(pOpMHpYIOLIee COILIIo; 3 — c(OKYCHPOBAHHEIH JTa3epHBI TydoK; 4, 5 — m1a3Moobpa3yronui ra3; 6 — cBa-
puBaeMoe u3ernue (aHom); 7 — 3amUTHEIN Ta3; 8 — cOoIuIo AJIs IOAaYH 3aIUTHOTO ra3a; 9 — KOMOHMHUPOBAHHBIH JTa3epHO-IyroBOH

paspsn
IJIOBOTO M 3JIEKTPUYECKOTO BO3AECUCTBUS IJIa3Mbl Ha
CTeHKY KaHaJla, 3HaHHE KOTOPBIX JAaeT BO3MOXXHOCTb
ONITUMH3HUPOBATh KOHCTPYKLHWIO WHTEIPHPOBAHHOTO
TUIa3MOTPOHA U TOBBICUTH PECypC €ro padoThl. DKc-
MepUMEHTAIbHOE ONpeieNIeHIe XapaKTepUCTHK IIa3-
MbI KOMOMHHPOBAaHHOTO pa3psijia B KaHale 3aTpyIHe-
HO B CBSI3M C MaJIBIMU T€OMETPUIECKUMH Pa3MepamMu
KaHaja, BBICOKHUMHU 3HAYEHUSIMHU TeMIIepaTyphl Iia3-
MBI, a TaK)X€ PaclpOCTpaHEHHEM B HEW JIa3e€pHOTO
MyYyKa 3HAYUTENbHON MommHOocTH. [loaToMy 1enbio
JaHHOW Pa0oTHI siBIsieTcs pa3paboTka MaTeMarnyde-
CKOM MOJIENTH M IeTaIbHOE YHUCICHHOE HCCIeI0BaHNue
MIPOLIECCOB MEPEHOCA SHEPTHH, UMITYJIbCA, MACCHl U
3apsifa B HEPAaBHOBECHOH IUIa3Me Ja3epHO-TyTrOBOTO
paspsiia B HIMIMHIPUYECKOM KaHale, a TakkKe Oompe-
JIeJIEHUE TETUIOBBIX U ANEKTPUYECKUX XapaKTePUCTUK
€€ B3aMMOJCHCTBUS CO CTEHKOM KaHaJIa.

Jl1 TeOpeTHYeCKOro ONMMCAaHUs MPOLIECCOB dHEP-
r0-, Macco- M 3JIEKTpoIepeHoca B 00beMe paccMarpu-
BaeMOM IUIa3MBbl, COAEpXKAIlel 3JIEKTPOHBI, OJHO- U
IByX3apsiIHbIE MOHBI, a TaK)Ke HEUTPaJbHbBIE aTOMBI
1a3M000pa3yIomEero MHEPTHOTO Ta3a, MOXKHO WC-
10JIb30BaTh MOJIENh, 0a3UPYIONIYIOCS HA OCHOBE MHO-
TOXKUAJKOCTHBIX YPaBHEHHH U TEPMUYECKU U MOHU-
3aIlIOHHO HEPAaBHOBECHOM IIA3MEI [7], ¢ ydeToM ee
HarpeBa MpOTEKAIOIUM TOKOM M TOIIOIIAEMBIM Jia-
3€pHBIM H3iayuyeHueM [5, 6]. Ilpu paccMoTpenuu mpo-
[IECCOB B3aWMOJEHCTBHS IIa3Mbl KOMOMHUPOBAHHO-
rO pa3psaja co CTEHKON KaHajla MO)KHO HCIIOJIb30BaTh
MTOJIXO0J], AHAIOTUYHBIN MPEeNIoKeHHOMY B paboTrax
[8—12] mmst mccnmenoBaHUs KaTOMHBIX M AHOMHBIX SIB-
JICHUH B JIEKTPUYECKHUX IYyTrax, B T.4. U IPU HATUYUH

22

B IYTOBOH MJ1a3Me MHOT03apsAHBIX HOHOB. [Tomo0HbIE
MOJIeNM OB paHee MCIIONB30BaHBI ISl YUCIIEHHOTO
aHaJIM3a pacIlpeleIeHHbIX XapaKTepPUCTUK IUIa3Mbl B
KaHaJjle coIljia JyroBOro IUIa3MOTpPOHA MPSIMOro Jei-
ctBus [13, 14], ogHAKO HCTIONB3yEeMBIE B 3THX paboTax
TpaHUYHbIE YCIOBHS HAa CTEHKE KaHaja He yYUTHIBAIH
peanbHyI0 CTPYKTYPY HPUCTEHOYHOM OONacTH Iia3-
MBI, YTO HE [TO3BOJIMJIO aJJIEKBATHO OIUCATh IIPOLIECCHI
TEIUIOBOTO M 3JIEKTPUYECKOr0 B3aUMOJIECHCTBHS AY-
TOBOM TIa3Mbl cO CTeHKOH. bonee xoppekTHbIE Ipa-
HUYIHBIC YCIIOBHUS OBLIM UCITOJIB30BaHbBI B padore [15],
MOCBSIIIIEHHONW pacyeTy XapaKTepUCTHK HepaBHOBEC-
HOW JYTOBOW IUIa3Mbl B AaCUMITOTHYECKOW O0NaCTH
1a3Mo(OPMHUPYIONIETO KaHala IUIa3MOTpoHa. Tam
JKe TIpoBefieHAa BepU(UKAIMSA MOJENU MyTEeM CpaB-
HEHUS paCUYETHBIX JAAHHBIX C PE3yJabTaTaMHU H3MeEpe-
HUW pagMalIbHBIX pacCHpeneieHUl KOHLIEHTpaluu U
TEMIIEPaTypbl JEKTPOHOB, a TAKXKe HAIPSKEHHOCTH
AIIEKTPUYECKOTO OIS IJIs1 AYTOBOM IUIa3Mbl B KaHAJIE
TP Pa3IMIHBIX 3HAYCHUSX TOKa yTH [ 14].
IlocTaHoBKa 3aJa4yu, UCHOJb3yeMble MPUOJIH-
skeHMsA. PaccMoTpuM 1utasmy CTaliOHapHOTO Jia-
3epHO-AYTOBOTO pa3psiia B aCHMITOTHYECKOW 0Oma-
CTH CEKIIMOHUPOBAHHOTO IMJIMHAPUYECKOTO KaHajia
paanyca R, TpOXyBaeMoOro JaMHHAPHBIM ITOTOKOM
HMHEPTHOTO ra3a ¢ 00beMHBIM pacxoaoM G (rmpu HOp-
MaJIbHBIX YCIIOBUAX). bynem momarars, 4To B muia3me
Te4YeT NOCTOSHHBIN TOK /, TaBJieHHE P B paccMaTpuBa-
€MOM CEYEeHHHU KaHaja — arMoc(depHoe, TeMIepary-
pa BOIOOXJIAXK1aeMO (HEUCIIapSTOIIEHCs) CTEHKH —
T,. bynem Ttakke cyuMTaTh, YTO BIOJIL OCH KaHaia
pacrpocTpansiercss cQOKyCHPOBAHHBIH TaycCOB ITy-
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4yok wu3nydenus CO,-nmazepa HENMPEPHIBHOTO IEH-
CTBHS, UMEIOIINI B BHIOPAHHOM CEUEHHUH CIIAYIOIIee
pacnpesneneHe MHTEeHCUBHOCTH

2
2W 2r
S(N=—5exp| —— |, Q)
nl‘b I‘b

rae W — MOIIIHOCTH JTa3epHOTO IyYKa B JAHHOM cede-
HuM; I, — ero s¢dexruBHbIi pamuyc. [Ipenmnonaras,
YTO UCCIIeAyeMasi CHCTEMA SIBISIETCS OCECHUMMETPHY-
HOM, BBIOEpPEM IFITMHAPHUYECKYIO CHCTEMY KOODIH-
HaT (I, z), ocb OZ KOTOPOH COBIAAACT C OCHIO KaHaIa
¥ HampapJieHa, Kak Toka3aHo Ha puc. 2. [Ipu sTom Oy-
JIEM CUHUTATh, YTO TUTa3MOOOPA3YIOIIHIA Ta3 ABIKETCS
BIIOJTh YKa3aHHOW OCH, B 3TOM JK€ HalpaBJIeHUH pac-
MIPOCTPaHsIETCA Ja3epHOe HM3IIydeHHUe, a AIeKTpHhUe-
CKHH TOK UMEET MTPOTHUBOIIOIOKHOE HAIPaBJICHNE.

PaccmarpuBaemyto miua3My MOXHO YCIOBHO pas-
nenuTh Ha Tpu obmactu [8, 15]. IlepBas u3 HUX —
CJION MPOCTPAHCTBEHHOTO 3apsi/ia, HEMOCPEICTBEHHO
MIPUMBIKAIONTNI K CTEHKe KaHaia (CM. puc. 2), Tme
HapYyIIAeTCs YCIIOBUE KBa3MHEUTPAILHOCTH ILIA3MBI
1 popMHpYETCs 3HAYUTEIbHAS YaCTh MMaIeHHsI TOTEH-
[yaxa MeXIy Mia3Moi cTonba paspsjia U MOBEPXHO-
CTBIO KaHaJIa. DTOT CJIOM MOXKHO CUMTATh OECCTOIKHO-
BUTENBHBIM, TIOCKOJIBKY TIPH aTMOC(HEPHOM JaBICHUN
Y XapaKTePHBIX 3HAYCHHUAX TEMIIEPATYPhI JJIEKTPOHOB
masmel 7, ~ 1.5-2.0 »-B TommuHa gaHHOTO CI0s R —
r, cousmepumas ¢ paauycom Jlebas ry ~ 10°-107 m,
CYIICCTBCHHO MCHBIIIE XapaKTEPHBIX JIUH CBOOOJ-
HOTO Tpobera gacTuil miasmMer | ~ 1010 m [15].

Bropas 30Ha (cM. puc. 2) — HMOHU3AIMOHHAS 00-
JIacTh HEU30TEPMHUUYECKONW KBa3MHEHUTpaIbHOM Iia3-
MBI (TIPEZCIION), TJIe MPOUCXOMUT T'eHeparus 3apsi-
JKEHHBIX YaCTHI] 32 CUYET MOHU3AIUH IIa3MEHHBIMU
3NIEKTPOHAMH aTOMOB IJ1a3MO00pa3yIoLIero rasa, ae-
COpOMPYIOIMXCS CO CTeHKHM KaHama. OOpazyromuecs
3/1eCh UOHBI YCKOPSIFOTCSI B CTOPOHY CTCHKH 3JICKTPH-
YEeCKHM TI0JIeM, CO3/1aBaeMbIM OoJiee TMOIBMKHBIMHU
JJICKTPOHAMU, U PEKOMOMHHUPYIOT Ha €€ MOBEPXHO-
ctu. TakuMm o0pas3om, B IIpeenax Mmpeciios Hapyia-
FOTCSL YCJIOBHS JIOKaJIbHOTO MOHU3AI[MOHHOTO PAaBHO-
Becusa. Kpome Toro, 3mecy GopMupyercs ocraibHast
4acTh MaJACHUS NOTCHIMAIA MEXKIY CTOJIOOM paspsiaa
Y CTEHKOW KaHaJja.

Ha paccrosnun ot creHku R — I PAaBHOM He-
CKOJIBKUM JJTHHAM CBOOOIHOTO ITpobera 4acTHIl IuIa3-
MBI, TIPOXOIWT TpaHUIla MOHW3AIMOHHON 0O0JIacTH,
KOTOPYIO OyZIeM COMOCTAaBIIATH C BHEITHEH TpaHUIIeH
MIPUCTEHOYHOTO CJIOS TUTa3MBbl, M 32 KOTOPOW HadWHa-
€TCSI TPEThsI 30Ha — CTOJI0 KOMOMHHUPOBAHHOTO pa3-
psna, comepykamuii B cede 00J1acTh B3aUMOICHCTBHS
JIa3€pHOr0 U3TYyYEHHS C TJIa3MOM, MOMepevHbld pas-

Crenka KaHaja

4

Cioit
MMPOCTPAHCTBEHHOTO
3apsiga

JlazepHbiii
Iy 4OK

I'panuna cios
MIPOCTPAHCTBEHHOTO
3apsa

IIpencnoii naasmbl

Ilnasma cron6a
AyTU

Puc. 2. Crpykrypa m1a3Msl 1a3epHO-IyrOBOIO pa3psaja B KaHaje
COIlIa UHTETPUPOBAHHOTO IJIa3MOTPOHA

Mep KOTOpoH xapakrepusyercs: 3Q(EKTHBHBIM pajiv-
yCOM Iyuka I, (CM. puc. 2).

Ilockonbky B naHHOW paboTe wHccienyercs ja-
3epHO-IYTOBOH pa3ps] B aCHMITOTHYECKOW 00JIacTu
KaHaJja, IPU ONHMCAaHNH MPOIIECCOB YHEPTO-, MACCO- U
ANEKTPONIEPEHOCa B TaKoil cucreme, OyleM IpeHe-
Operarb M3MEHEHHEM XapaKTEPUCTHK IUIa3Mbl U Jia-
3epHOT0 IMyYKa B aKCHAJIbHOM HampaBlIeHUH (BIOJb
OCH KaHaja) 10 CPaBHEHUIO C MX PaJualbHBIMH H3-
MeHEeHUsIMH. YTo KacaeTcst Ja3epHOro Mydka, TO y4H-
ThIBasi, YTO XapaKTEpPHOE pPACCTOSHHE, HAa KOTOPOM
ny4ok usiny4yenus CO,-nasepa UCIBITHIBAET 3HAYHU-
TeJIbHOE OcCiablieHne 3a c4eT oOpaTHO-TOPMO3HOTO
MOIVIONICHHUSI B aprOHOBOW TIa3Me aTMOC(epHOro
JTABJICHUS TPY YKa3aHHBIX BbIIIE 3HAYEHHIX €€ TeM-
MepaTypsl, OKa3bIBAETCS CYIIECTBEHHO BBILIE IOIE-
PEUYHBIX pa3MepoB KaHaja, yKazaHHOEe MPHOIMKEHHE
MOYKHO CUHTATh OTPABAAHHBIM. YUHTHIBas TaKkKe TO
00CTOSATENBCTBO, YTO PacCMaTpUBaeMbIN paspsl SB-
JIIeTCs CTallMOHAPHBIM, H3MEHEHHEM XapaKTePUCTHUK
TUIa3Mbl BO BPEMEHH Takxke OylaeM INpeHeOperars.
OTH NPennoIoKEeHNs TO3BOJIAIOT CYUTATh, YTO aKCH-
ajJbHasg KOMIIOHEHTA 3JIEKTPUYECKOrO IO M aKCH-
aJbHBIN TPaUeHT JABJICHUS IUIa3Mbl MOCTOSHHBI MO
CEUEHHUIO KaHaja, a AEKTPUYECKUH TOK Ha CTEHKY
KaHasa paBeH Hymo. [Ipy 3armucu MHOTOKUIKOCTHBIX
YpaBHEHUH U CTON0A M MOHU3AIMOHHOHN o0iacTu
KOMOMHHMPOBAHHOTO pa3psaa B KaHaJe HCIONb3yeTCs
MOJIENIb HEH30TEPMUYECKON (IByXTeMIepaTypHOil)
MOHU3allMOHHO-HEPAaBHOBECHON IIIa3Mbl. YpaBHe-

23




LTWMP’15

HUSl JIBWKCHHUS KOMIIOHEHT IUIa3Mbl B PaJdaJbHOM
HalpaBJIeHUU 3alHCBIBAIOTCS B ApeiigoBo-auddy-
3HOHHOM TipuONMxkeHuu [11], a mpu 3amucu cOOTBET-
CTBYIOIINX YPaBHCHUU B aKCHAJIbHOM HANpPaBICHUU
MpeAnoaaracTcs PaBeHCTBO aKCHAIBHBIX CKOPOCTEH
TSDKEJIBIX KOMIIOHEHT. YUeT MPOLECCOB, MPOTEKaro-
IIMX B CJI0€ MPOCTPAHCTBEHHOTO 3apsiia W OmIpeae-
JIEHWE XapaKTePUCTUK TEIJIOBOTO U 3JIEKTPUUYECKOTO
B3aMMOCUCTBHS IIa3Mbl CO CTEHKOH KaHama ocCy-
LIECTBIISIETCS IyTEM HCIIOJIb30BAHUSI COOTBETCTBYIO-
LIMX TPAHUYHBIX YCIOBUH HA TpaHMILIE 3TOTO ciiod [9].

MaremaTuueckasi moneib. OcHogHbie ypagHe-
nus. [lpu aHanmze Qu3MYECKHX MPOLECCOB, MPOTE-
KalolMX B paccMaTprBaeMOW IJIa3MEHHOW CHCTe-
Me, Oymem momararb, 4TO IJIa3Ma XapaKTEepPHU3yeTCs
CEMYIOUIMMH [IAPAMETPaMK: N, — KOHIEHTPAIKs
3JIEKTPOHOB; N, N., N — KOHIIEHTPAllUM aTOMOB,
OIHOKPaTHO W ABYKPATHO 3apsDKEHHBIX HOHOB TLa3-
MO0Gpa3syIoIIero rasa, COOTBETCTBEHHO; Vi,V —
pamuaibHas ¥ aKCHaJbHAs KOMIIOHEHTBI CKOPOCTH

DJIEKTPOHOB; V VZ V Vlr — Viz . panu-
AJIbHBIC U aKCI/IaJIBHBIe KOMHOHGHTBI CKOPOCTECH aTo-
MOB M COOTBECTCTBYIOIIMX MOHOB; 1. — Temmeparypa
3JIEKTPOHOB; 7, — TeMIleparypa TSDKENbIX YaCTHIL
IIJ1a3Mbl, IpEAIogaraeMas OAUHAKOBOM AJIsl aTOMOB U
HOHOB, HO omyHOn oT 7. Torma cucrema ypasHe-
HUM, ONUCBIBAIOIIAS CTALMOHAPHBIE IIPOLECCHI IIEpE-
HOCa MacChl, UMIYJIbCAa ¥ DHEPTUHU B IIa3Me CTOJI0a
1 MOHU3ALMOHHOTO CJI0S Ja3€pHO-AYTOBOI0O paspsiia
B ACUMITOTHYECKOW OONACTH IMIMHIPHIECKOTO Ka-
Hajia, MOXXET OBITH 3amrcaHa CICAYIOIMHIM 00pa3oM.
YpaBHEHUS HENPEPBIBHOCTH JIJIS AIEKTPOHOB, aTO-
MOB, OJHOKPAaTHO M JBYKPAaTHO 3apsUKEHHBIX MOHOB
JyTOBOW IIJIa3MbI C YYETOM HEPABHOBECHOM MOHU3A-

LUY;
10
rar(m)=

—k_n’n +knn—knn ;
ro e i+ rl e i++

klonnne -

@

10
Fa(rnnvn)z—klonnn +k n n.; 3)

Far(ml)=

2
_krOne r]i

klonnne B

R )
-knn+knn ;
+ il i+ e rl e

i++

10 r

Fa(rni++vi++) ®)
rae K, — Ko3(pdHUUMEHTI HOHM3AMK aTOMOB (o =
0) ¥ OIHOKPAaTHO 3apsKEHHBIX HOHOB (o = 1); kK —
K03(GUIHEHTH peKOMOMHALUK OTHOKpaTHO (o = 0)
u 1BykpatHo (o = 1) 3apskeHHBIX HOHOB [10]. Cym-
Mupys ypaBHeHus (3)—(5) ¥ y4uThIBasi, 4TO YaCTUIIBI
MI1a3M000pa3yIoIIEro ra3a, NpeArnoJaraeMoro HHepT-
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kn n—k nn
rl e

ili+ e i+’

HBIM, HC HAKaIlJIMBAaIOTCs Ha CTCHKC KaHajlda, MOXCM
3anucarb

n v o+n Vv +nv =0. (6)
I+ 1+ I++ 1++ nn

Ymuoxas ypasHeHus (2), (4), (5) Ha 3apsn co-
OTBeTCTBYIOH_[eﬁ YHaCTUUbl U CKIIaJbIBas, IMPU YUCTEC
MPEATIONOKEHUsT 00 OTCYTCTBHH JIIEKTPUIECKOTO
TOKa Ha CTEHKY KaHalla, II0JIyYUM

. _ r_
J, =en, v +2en_ V' en v, =0, @)

I++ 1++
7€ j, — paauajibHas KOMIIOHEHTA IIOTHOCTH TOKa B
1a3Me; € — BJIEMEHTapHBIN 3apsa. Takum oOpa3om,
BMECTO YeThIpeX ypaBHEHHH (2)—(5) MOXKHO HCIIONb-
30BaTh TOJBKO /IBa M3 HUX, JTOOABHB K HUM YCIIOBHSA
(6) u (7).

YuureiBas T0, 4TO IJIa3Ma CTOI0a U HOHU3AIHOH-
HO# 007acTH pa3psiga SBISETCS KBA3HHEUTPATHLHOM,
JIOTIOJTHUM 3TH YpaBHEHHS YCJIOBHEM KBa3HWHEH-
TPATBHOCTH

ne = ni+ + 2ni++' ®)

Kpome Toro, OyeM HCHonb30BaTh YCIOBHE IO-
CTOAHCTBA IIOJJHOI'O OABJICHHUA IINIa3MbI 110 CCYCHUIO
KaHaja

p= k[nT+(n +n, +n|++)Th] )

rie K — mocrosiHaas bosbimana.

VpaBHEHHSI paMAILHOTO JIBMKSHUS JIEKTPOHOB,
aTOMOB, OJTHOKPAaTHO M JBYKPAaTHO 3apsHKEHHBIX HO-
HOB, 3anuiIeM B aperhoBo-audy3noHHOM TpUOITH-
KEHHH (B MpPeHEeOpEe)KEHNH KOHBEKTMBHBIMHU YJICHA-
MH), HO C Y4ETOM BSI3KOCTHBIX YICHOB!

OkTy) 2 0f %
or ror| ‘e or

20 (ng o))
3or| r or

(10)

2 r
Dele \pr o pr 4P

e+ el++

—eErne;

o(nkT) 20 oy
—_— = ']'] _
or ror| 'nor

[y Ay
ol r or

2
-3 (11

nn n r r r r.
+R1|++P +R]|+++Rn’

5(ni+k7;1) _20 r aVirJr

o “ror|l i+ or

29[, 00,
3or| r

2T'|I+ i+
ar o (12)

r r r
+Pi+n + PH—e + P|+I++ +

+Rr R|++ +eEn

r I+’
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a(niJrJrkTh) — EQ m avir++
or ror| v+ or
_2 0| Mgy 6(1’ |++ _ 2ni++vir++
3or| v or z B
+B" +P" 4P .+
i++n - Tite T i
+Ri++ + 26Er”|++

YpaBHeHHe AKCHUAJIbHOT'O ABUIKCHUSA DJICKTPOHOB
U CYMMAapHOC€ YPaBHCHHUC aKCUAJIBHOTO ABUXKXCHUA THA-
KCJIBIX HaCTHII 3allMIIE€EM B BUJIC:

10 2 —
rﬁ(rmnvv”)—

eee

10 GW
ror Me 5 ar

+PZ +PZ +P2 —eEn

ei+ ' eit++ :e

6ZnakT o
ol +=
0z r

x[eranavﬁv&}

r&(Z%a
+RL+PZ +P% _+
1+€ 1++€
),  o=N,i+,i++.

(14)

10,
or

(15)

+eF L +2n.
I++

B ypaBHeHI/I}IX (10)—(15) mcronp30BaHBI ClEdy-
e 0003HAYCHUA: nm, — k03 puneHTH 1H-
HAMHYECKOM BS3KOCTU M MACChl YAacTHUI] KOMIIOHEHT
miasMmel (o = e, n, i+, i++); Pr PZ — paauanb-
Hble H AKCUAIIbHbIE KOMIIOHEHTD O6M6HHBIX YJICHOB
(o #B = e, n, i+, i++), COOTBETCTBYIOIIUX YIIPYTHM
CTOJIKHOBEHUSIM 4YacTHil [7]; — paauaibHbIe
KOMIIOHEHTHI OOMEHHBIX 4JIeHOB (a=n, i+, i++), co-
OTBETCTBYIOIIMX HEYNPYTUM CTOJIKHOBeHUsM [7]; E,,
E_— pajuanbHas M aKCHallbHasi KOMIIOHEHTHI JJICK-
TPUYECKOTO TOJIS B IJIa3Me.

VYpaBHEHHS ABMKEHUS CIELyeT JONOJIHUTH YCIIO-
BHEM COXPAHEHUS IIOJIHOTO TOKa pa3psiaa

R
I:ZRﬂjz‘rdr, (16)
0

e j =en v +2en V. —enyv. — aKcuaib-
1+ I++ 1++ ee

Hasl KOMITOHEHTA IUTOTHOCTH IIEKTPHYECKOTO TOKA B
IwIa3Me, a TaKXkKe YCIOBUEM COXPAHEHUS MAaCCOBOTO
pacxoza miazMoo0pasyIoIIero ra3a uepes Mormepey-
HOE CEUeHHE KaHala

R

Z
G, =p,G= 275-[1” > mgnyvedr, (17

0 o=niTi+t

Ie p, — IUIOTHOCTH MIa3MO0OPA3yIOMIEro ra3a mpH

HOPMAJIBHBIX YCJIOBHAX.

VYpaBHEHHUE NepeHOca S3HEPTUN IEKTPOHOB 3aIH-
IIeM C Y4YETOM JOIOJIHMUTENBHOIO HarpeBa IIa3Mbl
JIa3epHBIM U3Iy4YeHUeM [5, 6], a ypaBHEHHE dHEPruu
JUTSL TSDKEJIOM KOMITOHEHTHI IJIa3Mbl — B BUJIE CyMMBI
COOTBETCTBYIOIIIMX YpPaBHEHUH Ul Ka)XJIOTro copTa
TSAKEIBIX YaCTHIL:

10
rar(EEHeij
10 or,
ry 67 +Z(Q +G

—e(EV:+EV)n —
z e re e

ror

= - (18)

—y+xS, o=ni+i++;

10 (5 1 2 )
rarz va[znakﬁﬁzmanavqj =

rar ZX& or Z

+e(EV +EV )n +
zZ 1+ roi+ 1+

(19)

+2e(EV: +EV n
z i++ roit+

i++
o=n,i+,i++.

3nech ), — K03 UIMEHTBI TEMIONPOBOIHOCTH KOM-
MMOHEHT TUIa3MEI (o = e, n, i+, i++); Quﬁ — o0OMeH-
HBIe WIeHbl (0 £ 3 = e, n, i+, i++), COOTBETCTBYIOIINE
YHPYTHM CTOJNKHOBEHMAM 4actull [7]; G, — oOMen-
HBIC WICHH (00 = n, i+, i++1), COOTBETCTBYIOIIIME HE-
YIOPYTMM CTOJIKHOBEHMSIM 4acTHl] [7]; y — moTepu
SHEPTHH JJIEKTPOHOB Ha TEIUIOBOE M3ITyYeHHUE; K —
ko3 unmenT obvemMHOTO (0OPATHO-TOPMO3HOTO)
MOTYIOIEHMS] JTA3epHOTO M3IydYeHUs ITUIa3Moil; S —
WHTEHCHBHOCTH JIa3€PHOTO H3ITyYeHUs, Ompeense-
Mas popmymoii (1).

®Dopmynbl IS pacdera TPAHCIOPTHBIX KOAPQH-
UEHTOB, BXomsamux B ypaBHeHus (10)—(15), (18),
(19), B3saTeI U3 paboTer [16]. Ilpu BRIUHCIEHUH KO-
3G GUIMEHTOB MOHM3ANNN U PEKOMOWHAIINH, YaCTOT
CTOJIKHOBEHWH, M pPagUallMOHHBIX TOTEPh JHEPTHH
JUTSL aprOHOBOW TIIa3Mbl aTMOC(EpHOrO JaBIIECHUS
WCIIOJIb30BAJIUCh JaHHbIE, npuBeAeHHble B [10, 11,
17-26]. Koa¢ddunment o6GpaTHO-TOPMO3HOTO TIOTIIO-
MIEHNUS Ja3€PHOTO M3ITyYeHHUS K PACCUUTHIBAIICS IO

dopmyre [27]:
e

\/1 wpe/m

CIIPaBEJIMBOM NPH YCIIOBUU ve/oa << 1, xoTopoe ¢
JIOCTaTOYHOW TOYHOCTBIO BBIMOJHAETCS AJIS paccMma-

TPUBAEMbIX MapaMeTpPOB IUIa3Mbl U B3aMMOJEHCTBY-
v VIS
IOLIET0 C HEH JIa3epHOro myuka. 31ech  © e ep

(B = n, i+, i++) — cymmapHas 4acToTa CTOJKHOBE-

— e

(20)
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HUN QJICKTPOHOB C TSXKCJIBIMU YaCTHULIAMH; ¢ — CKO-

4ne’n
_ e

POCTE CBeTa, COPE me — INTa3MEHHast 4acTo-
Ta AIEKTPOHOB; (O — YACTOTA JIA3€PHOT0 U3IyUYEHUSI.

I'panuunvie ycnogus. YUuTbIBasE UCHOJIB3YEMOE
MIPEANIONIOKEHHE 00 aKCHANIbHOW CHMMETPHH pac-
CMaTpUBaeMoM MJIa3MEHHON CUCTEMbI, HA OCH KaHalla
MOXHO HPUHSTH:

on
=& =0, a=i+i++ @n
or
r=0
V| =0, a=it+it++ (22)
Ar=0
a Z
Do =0, o=n,i+,i++ (23)
or
r=0
oT. oT,
el __hl _
ar = 0. (24)
r=0 r=0

[nst 3agaHus rpaHUYHBIX YCIOBHM Ha CTEHKE Ka-
Haja, TOYHEe Ha TPaHHIE MOHU3AIMOHHOW OOJIACTH
CO CIIOEM MPOCTPAHCTBEHHOTO 3apsa, MOCTYIIHM
crenytommM obpasom. Ucmonw3ys ypaBaeHus (6),
(7), (10)—(13), moTOK OTHO3APAAHBIX HOHOB Ha yKa-
3aHHOU IpaHUIE MOXKHO 3aITHCaTh B BHJIE
;AT

r=r i+i+ or

n v
I+ 1+

on.

i+
i+i+ or

+

r=r,

s (25)
RGN

i+Hi++ or

+D ani++
i+H++  Or

I':I’S

tme D ,D! | o=i+p=i+ti++ — koddduumentsr
nH(b(I)yoéHH W Tepmonnuy3un, SIBHBINA BUJ KOTOPBIX
npuBeneH B [16]. IIpu 3ToM CKOPOCTh OAHO3APSAHBIX
HMOHOB Ha TPaHMIIE CIIOS MPOCTPAHCTBEHHOTO 3apsijia
MOXKET OBITh BEIOpaHa paBHOW OOMOBCKOW CKOPOCTH,
KOTOpas B cly4ae TPEXKOMIIOHEHTHO! I1a3Mbl UMEET
Bua [28]:

(26)

IIpennonarast, 4To rpaAMEHT KOHLUEHTPALIUH JIByX-
3apsAHBIX MOHOB Ha yKa3aHHOM I'PaHUIIE PABEH HYJIIIO
on

i++

ar =0, 27

r=r.

S
HX IOTOK MOXKHO OIPEACINUTD, IMOJIOKUB, HAIIPUMED,
CKOPOCTb JIByX3apsiITHbIX MOHOB HAa BHEIIIHEH rpaHulIe
MPEJCIO0A PaBHOU

26

YTO, BMECTE C COOTHOIIEHHEM (26), COOTBETCTBYET
Kputeputro boMa B cilydae 4YeThIPEXKOMIIOHEHTHOMH
IIJIa3MBl.

[ akcuanbHBIX KOMIIOHEHT CKOPOCTEHN TSKEIIBIX
YaCTHIl TIa3MbI BOJHM3M CTEHKH KaHaja, YYUTHIBAs
YCJIOBHE «IPHWJINIIAHUSY, 3aIUILIEM

=0, a.=n,i+,i++.
r=rs
I’'pannuHOE ycioBue sl TeMIEpaTyphl IEKTPO-

HOB 3a71a71uM B Buze [9]

(28)

s or.
(Vg Enek]; + 7\«8 Tf)
r=r,

s (29)

= T QKT + eA(I)s)‘r_r ,
s

e

Ky 1 2T+ 1) (30)

i+ r=r,
najieHue IOTeHLuala B CJI0€ INPOCTPaHCTBEHHOIO
3apsna [9]. Temmeparypy TSKENbIX YaCTHI IUIa3Mbl
BONTM3M CTEHKHA C JOCTATOYHOW TOYHOCTHIO MOXKHO

IIOJIOXKHUTH paBHOfI TEMIICPATYPEC CTCHKU KaHaJla
T =T .
w

s (1)

Baxupimu XapaKTepUCTUKaMHU MPOLIECCOB TCILIO-
BOIo M OJICKTPHUYCCKOI'O B3aPIMOZIefICTBPI§I paccma-
TpHBaeMOﬁ IUIa3MBI CO CTCHKOH KaHaja COIlIa ILIa3-
MOTpOHA SABJIAIOTCSA TCIIOBOM IMOTOK W3 INIa3Mbl Ha

CTEHKY KaHana (cM., Harpumep, [9])

1
ji'+ {k(ZTh +§7; jJreAq)erE1 } +

g, ={+7 [ KQT +T)+2eA0 +E, |+(] (32)

+2/ k(T T )
r:rs

a TakKe TMaJeHue TOTEHIMala MEeXIy TUIa3MOi Ha
OCH KaHaJjla U CTEHKOW, KOTOPOE CKIIAJBIBACTCS U3 Ta-
JISHVs TIOTEHIMala B CTOI0e M MOHM3AIMOHHON 00-
JIACTH IIJIa3Mbl, @ TAKXKE MMaJCHUsI MOTCHIIMAIA B CJIOS
MPOCTPAHCTBEHHOTO 3apsa, OIMPEesieMOro BBIpa-
skernueM (30).

Pesyabrarel MonesupoBaHusi. Pacuer xapak-
TEPUCTHUK TUIa3MBbl JIA3€PHO-AYTOBOTO paspsiaa B Ka-
Haje TPOBOAUICS TpPH CICAYIONMX MapamMeTpax:
ToK pazpsana I = 50, 100, 200 A; paguyc kanama R
=1, 2 MM; 00OBEMHBIN pPacxoj MIa3MO00Pa3yIOIIEro
rasza (Ar) G = 2,5 n/muH; Temneparypa CTCHKH Ka-
Hana 7, = 1160 K, niuHa BOJHBI JIa3€PHOTO M3ITYy-
yeHust A = 10,6 MKM (CO,-nazep); ero MOIHOCTH B
BbIOpaHHOM cedenuu kanama W = 0, 1, 1,5, 2 xBr;
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T, kK

n

101

LS ]

1 1 1

0 1 ! 1 !
0 0,2 0,4 0,6 0,8

a

F, MM

09 0,5 15
6

F, MM

Puc. 3. PannanpHble pacripeneneHns TeMIIepaTyphl IIeKTPOHOB (CIUIONIHEIE KPUBEIE) U TSDKEIIBIX YacTHI] (IITPUXOBBIE KPUBBIE) IITa3-
MBI {yroBoro (kpusble 1, 3) 1 koMOMHIPOBaHHOTO (KpUBBIE 2, 4) pa3psanoB B KaHase: @ — R=1mm; G =2 /mun; 1 — /=50 A, W =
=0;2—I=50A,W=1,5kB1;3—/=100A,W=0;4—7=100A,W=15kB1; 6 —R=2M™M; G=5 n/mMun; 1 — =100 A, W =
=0;2—/=100A,W=1,5kBTr; 3—7/=200A,W=0;4—7=200A,W=1,5xBt

3¢deKTUBHBIH paauyc nazepHoro myuka ry = 0,2 M.
Pe3ynbraThl pacuera paJudalibHBIX paclpeieeHun
XapaKTEPUCTHUK TUIa3Mbl TAKOTO pa3psia MPUBEACHBI
Ha puc. 3-8.

PaccmoTpum BHavasne BIMSHUE 1a3€pPHOTO U3Ty4e-
HUS Ha pacIpeieieHns dJIeKTPOHHON TeMIIEPaTy Pl U
TEMIIEPATyPbl TSXKEIBIX KOMIIOHEHT IJIa3Mbl IIPU BBI-
OpaHHBIX 3HAYEHMIX pajnyca KaHalla, pacxo/a Iuias-
MooOpasylolero rasa u Toka paspsaa. Kak cremyer
W3 TPEACTaBICHHBIX Ha PHUC. 3 PacUETHHIX NAaHHBIX,
TEMIIEpaTyphl JCKTPOHOB U TSKEJBIX YAaCTHULL B IICH-
TpaJIbHOW 00JacTH KaHama, B TOM YWCIE W TpPU BO3-
JIEHCTBUU HA TJIa3My Ja3epHOro MyyKa, MPaKTUYECKU
cosmanaror (7, = T, = T), T.e. ma3ma cronbda paspsia
SIBISIETCSl TEPMHUUECKU paBHOBECHOH. UTo Kacaercs
3HAUEHHU ee TeMIIepaTyphbl, To, Ha (JOHE XOPOIIO U3-
BECTHOI'O BO3pACTaHUs TEMIIEpaTyphl JyroBOM Iias-
MBI B KaHaje C POCTOM TOKa IyTW U YMEHbIIEHHUEM
panuyca kanana [13, 14], Habnrogaercss 3HaUUTEIb-
HOE JIOKaJbHOE yBeaudeHue I B 30HE BO3JACHCTBUS
Ha IJ1a3My JIa3epHOro Mmydka (KpuBble 2, 4 Ha puc. 3).
O10T 3hPEKT CBA3aH C TOMOITHUTEILHEIM HAarpeBOM
ANEKTPOAYTOBOH IIa3Mbl C()OKYCHPOBAHHBIM JIa3ep-
HBIM U3TTyYeHHEM U HanOoJiee SPKO MPOSBISAETCS MPH
YMEHbILIEHUU BeIU4uH I/R u I /R.

B npucteHouHo#t 001acTH MIIa3MBI JIA3€PHO-AYTO-
BOTO pa3psifia B KaHaje, TAKKe KaK U I OOBIYHOM
nyru [14, 15], sabnromaercs CyIecTBEHHOE MPEBBI-
LIEHWE TEMIIEPATypPhl IEKTPOHOB HaJl TEMIIEPATypPOil
TSDKETIBIX YacTHI, TP 3TOM pa3Mep obiacTtu Tep-
MUYECKH HEPaBHOBECHOH IIIa3Mbl, ONPEAEIIAIOLIMII
TOJNIIUHY TIPEICIIOsN, 4 TAKXKE CaMU 3HAUYCHUS 7; ul .
B 3TOM cIIo€ C1a00 3aBHCAT OT MOITHOCTH BO3JEH-
CTBYIOLIETO Ha IUIa3My JIA3€PHOTO HM3Iy4YEHHS (CM.

puc. 3, a, 6).

Ponp na3epHOro HarpeBa B HEpreTudeckoM Oa-
JIaHCEe TUTa3Mbl KOMOMHUPOBAHHOTO pa3psijia MOXKET
OBITH MPOMIITIOCTPUPOBAHA C MOMOIIBIO pUC. 4, Tae
NIPUBE/ICHBI PaualibHbIe pacTpeesieHHsT 0ObEeMHBIX
WCTOYHHKOB U TIOTEPh SHEpPruu B mia3me. Kak cieny-
€T U3 CpaBHEHUS KpUBBIX 1, 3, mpu BEIOpaHHKIX Mapa-
MeTpax paspsjia HarpeB IIa3Mbl c(HOKYCHPOBAHHBIM
uzmyuennem CO -nasepa sBisercs 6omee dQpPexTus-
HbIM (K = 50 M™") IO CPaBHEHHIO € €€ HArPEBOM MPOTe-
KaloIM TOKOM U COCPEIOTOYEH B 001acTu, 3aHATOH
JIa3epHBIM ITYYKOM. DTHM U OOBSCHSICTCS 3HAYUTEIb-
HOE TIOBBIIICHUE TEeMIeparypbl NYrOBOH IUIa3Mbl B
IPUOCEBOIl 30HE paspsza, KOTOPOE E€CTECTBEHHBIM
00pa3oM yCcUIHUBaeTCs C pOCTOM MOIIHOCTH JIa3epHO-
ro IIy4Ka, KaK MOKa3aHo Ha puc. 5.

0,10" Brv™

1
0,6 0.8

r, MM

Puc. 4. PacnipesieneHnsi NCTOYHHKOB M CTOKOB SHEPTHH B IUIa3Me
KOMOWHHPOBAHHOTO (CILIOIIHBIE KPHUBBIE) H AYyTOBOTO (IITPHXOBEHIC
KpHBBIE) pa3psizia B KaHalie: 1 — Harpes JIa3epHbIM U3Ty4YeHUEM; 2 —
JDKOYJIEB HArpeB; 3 — IMOTEPH SHEPTHH Ha TEIUIOBOE U3Ty4eHHE MPU
R=1wmm; G =2 m/™mun; /=100 A; W = 0 (turpuxoBsie kpuBbie); W =
= 1,5 kBT (cruioniHbie KpUBbIC)
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0 I
0 0.4 0,8 1,2 1.6

r, MM

Puc. 5. PaZ[I/IaHBHBIe pacnopeacieHuss TEMIEPaTyphbl 3JIEKTPO-
HOB (CIUIOIIHBIE KPHBBIE) M TSDKEIBIX YacTHI[ (IITPUXOBBIE
KpUBBIC) ITIa3MbI pa3psiza B kaHaie npu R = 2 mM; G = 5 i1/muH;
I=100A;1—W=0;2—W=1kBr; 3—W=2kBT

Ha puc. 6 npeacraBieHbl pacyCTHBIC 3aBUCH-
MOCTH paJuajibHBIX paclpeneneHnii abCOMOTHBIX
3HAQUEHU aKCUaJbHONW KOMIIOHEHTBl IUIOTHOCTH
AIIEKTPUYECKOTO TOKa B PACCMAaTPHBAEMOM paspsife.
Hapsiny ¢ 04eBUAHBIM YBEIMYCHUEM IUIOTHOCTH TOKA
¢ poctoM / 1 yMmeHblieHUEeM R [13, 14], MoxxHO OTME-
TUTb HEKOTOPOE JIOKAILHOE MOBBIIIEHHUE/ | B 001acTH
BO3ZICWCTBUS HA TUTa3My JIA3€PHOTO My4yka, KOTOpPOE
HauOoJiee 3aMETHO MPOSBISICTCS MPH YMCHBIICHUH
otHowenus I /R (kpuBble 2 Ha puc. 6, 6). Cnenyer or-
METHUTbh, YTO MPH YBSIMYCHUU YKa3aHHON BEJIUYHUHBI
u OonmpImx 3HadeHHUAX I/R HaOmomaeTcss oOpaTHBIM
3¢ deKT, 3aKITIOYAIONIMNAC B HEKOTOPOM CHIIKECHUH
IUIOTHOCTH AIIEKTPUYECKOTO TOKA Ha OCH KaHalla ToJ
BO3/ICHCTBUEM C(POKYCHPOBAHHOTO JIa3€PHOTO H3IIy-
yeHwus (CIUIOIIHBIE KPUBBIC HA pUC. 6, a).

[, 107 Am?

PaCCMOTpI/IM BJIMSIHUEC JIa3€PHOI'0 U3JTYy4YCHUSA Ha
paznanbHOE paclpeneieHue aKCHAIbHOW KOMIIOHEH-
TBI CPEAHEMACCOBOM CKOPOCTH AYTOBOH ILIA3MBI B Ka-
Haje

v.= manavé/ D> myn,.
o=n,1+,i++ o=n,1+,i++
Kak cnemyer U3 pacueTHBIX AaHHBIX, NMPEICTABJICH-
HBIX Ha pUC. 7, CKOPOCTh IUIa3Mbl Ha OCH KaHasa
MPAaKTHYECKN IPONOPLUOHANBHO YBEIUYUBACTCS C
POCTOM OTHOLICHHUS PacxoAa IJIa3Mo00pa3yroLIero
ra3a K IJIOIIAAM MONEPEYHOIro CEYCHUs] KaHajla U B
MEHBIIEH CTENEeHN — C YBEIWYCHUEM TOKa pa3psaa.
Yro KacaeTcs BIMSIHUS JIa3€PHOTO U3IYUYEHUS, TO OT-
MEUEHHOE BBIILIE YBEJIWYECHUE TEMIIEPaTyphl IJIa3Mbl
B NIPHOCEBOM 30HE KaHasa I0J] BO3ACHCTBUEM Jla3ep-
HOTO My4ka (CM. pHC. 3) IPUBOAUT K CHIDKEHHUIO €€
IUIOTHOCTHU M, COOTBETCTBEHHO, K YBEJIIMUECHHUIO CPEll-
HEMaccoBOi ckopocTH (cp. kpuBble 1, 2 Ha puc. 7).
Ilepeiinem Teneps K pacCMOTPEHHIO paclpenese-
HUSI DJIEKTPUYECKOr0 MOTEHLMANa IIa3Mbl IO cede-
HHUIO KaHana. Kak cienyer u3 pacueTHBIX 3aBHCHMO-
CTEH, IPUBEIEHBIX Ha pHC. §, MOTEHIHAJ IUIa3Mbl Ha
OCH KaHaJla MPEBbIIIACT MOTCHINA CTEHKHU, YCIIOBHO
MPUHATHIA 32 HOJMb, HA BenuuuHy 11-13 B, npuuem
B cllydae KOMOMHMPOBAHHOTO pa3psizia 3HaY€HHs IO-
TEHIHaTa Ha OCH CTOJI0a OKAa3bIBAIOTCSI HECKOJBKO
BBIIIE, YeM U1 OOBIYHOM AYTW B KaHaJle, OAHAKO,
nmaHHoe omimuue He mpesbimaer 0,5 B. HeoOxomu-
MO OTMETHUThb, YTO YKa3aHHBIC 3HAYCHUS! PA3HOCTH
MOTEHLUAJIIOB MEXIy OCbIO U CTEHKOH KaHana SBIisi-
IOTCSI CyMMOM TMaJICHUM HamlpsDKEHUs B cToj0e Iyru
Y TIPEJICIIOE TUIa3MBbl C MTaJJeHHEM HAIPSOKEHUs B CII0€

IIPOCTPAHCTBEHHOIO 3apsAa Ad)S , COOTBETCTBYIOIIINE
3HAUEHHsI KOTOPOTO NpHUBelAeHBI B Tabmuue. Tam ke
IIPUBEACHBI 3HAYCHUS TAKOU BayKHOU € IPAKTUYECKOU

[y 107 Am?

1 Il 1 |

2

2,01

0o 02 0,4 0,6 0,8
a

r, MM

OU 0,5 1,0 1.5

o2

o

r, MM

Puc. 6. PagnansHble pacnpeneneHus IIOTHOCTH 3JIEKTPHYECKOTO TOKA B IJIa3Me TyroBoro (KpuBbie 1) 1 KOMOMHHUPOBAHHOTO (KpUBBIE
2) pa3psinoB B kaHane: @« — R =1 mm; G = 2 n/mun; = 50 A (wrpuxoBsie kpussbie); /= 100 A (cruiomHbie KpuBbie); 6 — R =2 MM,
G =5 n/mun; I=100 A (mrrpuxossie kpubie); /=200 A (crutomnsie kpusbie); 1 — W =0; 2 — W = 1,5 kBt
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v., 10° mle

0 L L L 1

0 0,2 0,4 0,6
o

0 0 0,5

r, MM

Puc. 7. PaguansHble pacmpeneneHus CpeJHEMAacCOBOH CKOPOCTH IUIAa3MbI yroBoro (KpuBble 1) M KOMOMHHPOBAHHOTO (KpHBEIE 2)
pa3psinoB B kaHaie: a — R =1 mm; G =2 n/mun; /= 50 A (rpuxossie kpussle); / = 100 A (cruromHsle kpuBEe); 6 — R =2 mm; G =
=5 n/mun; [ =100 A (turpuxossre kpusbie); / =200 A (crutomnusie kpusble); 1 —W=0; 2 — W = 1,5 kBt

6. B ¢, B
3 3= i -2-—-- 2
\/ 12 41:2:::::::-
10
!
10
1
gL
gl
61
6l
4 ! ! ] ] 4 ! ! ] 1
0 0,2 0,4 0,6 0.8 r, MM 0 0.4 0,8 1,2 1.6 r, MM

£l

a

o

]

Puc. 8. PamuanpHble pacnpeneneHus IeKTPUUeCcKoro MOTeHIMaNa B IIa3Me AyroBoro (KpuBble 1) 1 KOMOMHUPOBAHHOTO (KPUBBIE 2)
pa3psinoB B kanaie: a — R =1 mm; G =2 n/mun; /=50 A (utpuxossie kpussbie); / = 100 A (crutomnsle kpuBbie); 6 — R =2 mm; G =
=5 n/mun; [ =100 A (turpuxoBsie kpusbie); /=200 A (crutouinsie kpusbie); 1 — W =0;2 — W = 1.5 kBt

TensioBoii MOTOK U3 MJIA3MbI HA CTEHKY KaHaJ/Ia U naJJeHue NOTECHIHAaJJIa B CJI0€ NIPOCTPAHCTBEHHOI'0 3apsijaa

LA 50 100 200
R, Mmm W=0 W = 1,5 kBt W=0 W = 1,5 kBt W=0 W =1,5 kBt
q,, MBt/™? 2,184 3,147 13,14 13,13 - -
1 (G =2 n/mun)
Ao, B 4,57 4,64 5,31 5,33 - -
q,, MBt/™? - - 0,221 0,202 1,448 1,326
2 (G = 5 n/mun)
Ao, B - - 4,08 4,07 4,60 4,59

TOYKH 3pPCHHUA XAPAKTCPUCTUKU pa3psaaa, Kak TCILIO-
BOI MMOTOK M3 IJIa3MBI Ha CTCHKY KaHaJia q.

BrIiBOaBI

[IpoBeneHHbIN HAa OCHOBE MPEIOKEHHOW MaTeMaTH-
YeCKOM MOJIeNIM HEPaBHOBECHOM MIa3Mbl KOMOWHHPO-
BaHHOTO JIa3€pHO-yTOBOT'0 pa3ps/ia B KaHalle, BO3HU-
KaloIEro MpY BO3JEHCTBUU Ha JNEKTPUUECKYIO TyTy
cokycupopannoro nyuka usmydenus CO-nasepa,

PacIpoCTPaHAIOLIErOCs BAOJIb OCH KaHaja, YUCIICH-
HBbII aHAJIN3 TO3BOJIET CENIaTh CIEAYIOIINE BbIBOABL:

B pesynbrare JOKaJIBHOIO JIa3€pHOTO HArpesa
IJ1a3Mbl JIEKTPUYECKOU NyT'U B KaHAJIE B HEU BO3HU-
KaeT OTHOCUTEIILHO BBICOKOTEMIIepaTypHas 00JacTh,
JIOKaJIU30BaHHAs B 30HE BO3ACUCTBUS Ha IUIA3MY Ja-
3epHOro my4ka. OTHOCHUTEIBHBIA NPUPOCT OCEBBIX
3HAYEHUH TEMIIEPATyphl IJ1a3Mbl 33 CUET ITOITIOLEHUS
JIA3€pHOTO U3IYYEHUS YBEIUYMUBAETCS C POCTOM €ro
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MOILHOCTH M CHIJKA€TCsl MPHU YBEIMYEHUH OTHOIIE-
HUS TOKa paspsfa K paauycy kaHana. OTMe4eHHOe
M3MEHEHHE paJiaIbHBIX paclpeaeIeHni TeMuepary-
PBI IUTa3MBI IPH TIOCTOSIHHOM pacxofie Ii1azmMoo0pasy-
IOLLET0 Ta3a MPUBOJUT K 3aMETHOMY YBEJIMYEHHUIO €€
ckopocTu. YTo Kacaercs MIOTHOCTU IEKTPUUECKOTO
TOKa, TO €€ U3MEHEHHE N0/ AEUCTBUEM JIA3€PHOTO U3-
JIy4eHUs OKa3bIBAETCS MEHEE CYIECTBEHHBIM.

B otnnume ot neHTpansHBIX 0ONacTeil kaHana, rue
IasMa paspsaja ABISETCS MPaKTHYECKH paBHOBEC-
HOM, Mja3Ma B MPUCTEHOYHOH 00NacTH OKa3bIBAETCS
CYLIECTBEHHO HEPAaBHOBECHOM, MPUYEM KaK TEPMHU-
YEeCKHU, TaK ¥ MOHM3alMOHHO. Kpome Toro moreHIu-
aJl CTEHKU KaHajla OKa3bIBaeTcs CYIIECTBEHHO HUXKE
3HA4YEHHUs MOTEeHNMaja Iula3Mbl Ha ocu kaHana. Co-
OTBETCTBYIOIIAasl Pa3HOCTh MOTEHIMAJIOB COCTABISIET
11-13 B u gocraro4no cnabo 3aBUCUT OT TOKa paspsi-
J1a, MOIIIHOCTH JIa3€pHOT0 U3JIy4Y€HUs, paJuyca KaHa-
JIa ¥ pacxojia mia3Moo0pasyomulero rasa.

Hannas paboma 6vinoinena 6 pamkax cogmecm-
Hoco npoexma RE-2755/20-1 «Camocoenacosan-
Hoe Mmoldenuposanue ubpuonou (nasep-THUI) u
(nazep-niazma) ceapxu 6 menionpoBOOHOCHHOM pe-
Jrcume nponnasnenusy, unancupyemoco Hemeyrum
Hccrneoosamenvckum Obwecmeom (DFG). Asmopsi
svipaicarom ceoro onazooapuocmes DFG, 3a ¢unan-
COBYI0 NOOOEPIHCKY IMUX UCCTIe008AHUIL.
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DEVELOPMENT OF 3D ADDITIVE PROCESSING

FOR PRODUCT MANUFACTURING IN MODERN INDUSTRY

V.S. KOVALENKO!"2, JIANHUA YAQ?
"Laser Technology Research Institute of NTUU «KPI», Kiev, Ukraine
’Research Center of Laser Processing Technology and Engineering,
Zhejiang University of Technology, Hangzhou, PR China

Analyzing the situation in industrial sphere it is obvious that the largest amount of products is manufactured using up
to now the classic technologies as mostly adapted to the general level of technology development — casting, forging,
punching, stamping, mechanical machining, etc. Meanwhile the development of science and technology for the last
decades has proposed the new and entirely original technology based on the mechanism taken from Nature — 3D object
growing, now familiar under different names — 3D printing, rapid prototyping, 3D object manufacturing, 3D additive
processing, etc. At such technologies three main factors are involved — material (metal sheet or powder, polymer solid
or liquid, paper, wood powder, etc.), energy (laser or electron beam, electric discharge, plasma stream, etc.) and the
virtual model of component to be manufactured. 3D printing is quite well known in light industry for manufacturing
great varieties of goods from plastic, wood, paper, rubber, etc. , which is realized via mechanisms of stereo lithography,
plastic melting, wood or paper cutting, etc. For heavy industry, where metal components are mainly manufactured,
the most applicable technology is 3D additive processing via the mechanism of laser cladding (LC) or selective laser
sintering (SLS). The discussed technologies are already used in automotive, airspace, ship, electric power and other
industries (even in houses construction field) for components manufacturing and remanufacturing. Alongside with
already mentioned advantages of the new unique technologies their implementation into the modern industry allows to
cut down the cost and duration of the production cycle due to exclusion the waste of labor, energy, time and materials

on preparatory operations.

Today civilized societies may reach the success in
their industrial development only based on sustainable
competitive manufacturing. Such approach is justified
because of the constant danger of spreading the new
crises in economy caused by increasing lack of raw
materials, energy and water supply, strict environment
limitations, etc. Modern industry expects new materi-
als and new technologies which provide the improve-
ments in functionality of manufactured products, the
decrease in consumption of materials and energy in
production different machines and devices with high-
er productivity at minimizing cost.

For the last two (and even more) centuries the hu-
man being was using mainly the same classic scheme
of product manufacturing — cutting out of bulk ma-
terial (piece of wood, stone, ice, metal work piece,
etc.) the desired product of necessary shape and di-
mensions. The removed material was considered as
waste on separating of which from the product the
significant amount of energy, water, labor and time
had been spent in vane...

Now days, when the lack of resources is reach-
ing the critical level and environmental requirements
together with constant trend to manufacturing cost
decrease are becoming the key issue for society the
strong need is appearing for use of new approaches in
further development of production engineering.

© V.S. KOVALENKO, JIANHUA YAO, 2015

One of the solutions may be found in radical
changes of manufacturing strategy, based on the use
of advanced technologies.

Among such technologies the most universal and
which potential abilities not yet fully studied and
developed are the laser technologies known already
for more than few decades but still attracting the
attention of researchers and manufacturers.

From nature to industry. Just from the very first
steps of the human being activity in his attempt to make
some tools or primitive weaponry to protect him he
tried to do this by cutting them off from wooden stick,
piece of stone, later from piece of bronze, iron, etc.
And then for many following centuries and up to now
the main principle of creating some object of desired
shape and dimensions from the mass of material had
been and up to now is the same — to remove the
unnecessary material till the final result is achieved...
Such classic principle had been wide spread in stone
age, bronze age, iron age and is still widespread
up to now even in modern industry... To remove
the unnecessary material different conventional
technologies of material machining are usually
used — mainly mechanical machining with cutting
tools like cutter, mill, drill, reamer, grinding wheel,
etc. The productivity, precision, quality of machining,
consumption of energy, materials, etc. depend on
materials to be machined and many other factors. It is
quite natural that with the increase of material strength
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and hardness, need to improve quality and precision,
etc. the cost of product manufacturing is increased.

It is obvious that the realization of discussed
conventional approach is usually associated with the
waist of material, labor, energy, other resources and
time...

The development of new materials, techniques,
tools, different high techs, etc. has improved
significantly the conventional classic processing,
but the main principle has been left the same — the
removal of all unnecessary materials from workpiece
in reaching the desired dimensions and quality of the
component (detail).

So the problem is how to find the solution for
radical changes in improving the existing technologies
for manufacturing components with main goal to save
material, energy, other resources or, in general, to
decrease the cost of product manufacturing.

The right answer to this problem may be found as
usually in the Mother Nature.

Everything the mankind has now (mainly principal
solution) had been taken from Nature... At first that
had been very simple things — saving body’s heat
with cloth (leaves, animal skin, etc.), generating fire
(by friction), preserving food (by storing it in cold
caves or in ice, etc.), then hunting with different
weapons (arrows, knifes, etc.), then fighting with
enemies (swords, guns, machine guns, artillery, tanks,
missiles, etc.)...

Eventually the evolution had switched the human
brain to more sophisticated items — initiation and
growth of live creatures, formation of plants, flowers,
tries and other items of Nature...

Thus it had been observed that everything in the
Nature is created (grown) by adding elements to ele-
ments, layer to layer, one brick to another, one thing
to another and so on, and so on...

So the growing is the fundamental process of na-
ture. Layer by layer consuming the resources from
soil and environment the new branches, leaves and
fruits at the tree are created in accord with Law of
Nature (or using the computer language — «in accord
with algorithm» of tree growth... that at this point we
have to recollect back in ancient time in China 2D
printing characters («xylography») had been invent-
ed and has come to our time as printing devices and
later had been transformed into the advanced printing
industry.

Next step in technology evolution was the edition
of one more coordinates — Z to become the unique
3D printing technology...

The practical realization of 3D printing technology in
industry had become possible thanks to latest develop-
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ment of advanced processing technologies and informa-
tion technology and their efficient combination.

Means of technology realization. For 3D additive
processing realization three main factors had to be
considered —material, energy and software.

Materials for 3D processing. Depending on
processing principle practically any materials may
be used — metal (steel) sheets, wires, metal powder ,
composites, cloth, plastic fiber, butcher or other paper,
different organic substances (chocolate, for example),
some liquids (water, for example, or special photo
reactive solutions), sheets of wood, etc. In some cases,
for example to connect layer to layer from paper or
other materials in forming 3D object the different
types of glues are used as well.

3D processing is widely used now for
manufacturing the great variety of different products
in light industry. In this case the special plastic fiber
is used as feeding material which at the result of local
heating is able to change its shape and to be steaked
according to the program to the new layer of formed
object thus creating the desired product of given shape
and dimensions.

Plastic object may be obtained as well by using
layer by layer processing from liquid polymer
solution using scanning focused laser radiation inside
the liquid substance. The trajectory of focused spot
movement corresponds to the virtual image of the
designed object. In the focal spot under the action of
radiation of given wave length and local heating the
transformation of liquid solution into solid state takes
place via local coagulation (polymerization) of photo
reactive liquid solution.

Energy for 3D processing. To form the layer
of material it is possible to use different types of
energy. For cutting off elementary layer from metal
(steel) sheets, cloth butcher paper or wooden sheets
the mechanical cutting (machining) may be used.
Depending from the properties of such materials
nonconventional technologies may be used as well like
laser beam, electron beam, plasma stream, EDM —
electro discharge machining, ECM — electrochemical
machining, USM — ultrasonic machining, etc.

In case of using other mechanisms of layer
formation from powder, for example (sintering,
cladding, stereo lithography, etc.) laser, electron
beams, or plasma stream are used as the traditional
types of energy sources.

Software for 3D processing. Software for 3D
processing has not only to help to control the working
conditions of processing but to move in accord with
program the working unit focusing the beam and
powder (wire) feeding system.




LTWMP’15

In case of laser sintering and cladding the feeding
powder (or wire) is subjected to local heating and
melting in the focal point of focused laser (electron)
beam. At focused beam scanning in coordinates
X-Y-Z the materialized copy of the virtual image of
the desired product would be grown from the material
of powder or wire. This is the specific technology
for producing the desired (designed) product from
different metal materials. And the accent on use of this
advanced technology for studying the possibilities of
product manufacturing at industrial level is done in
this paper.

Depending on the mechanism of processing,
materials used as well of used source of energy there
are different terms for description of 3D laser additive
processing:

e RP — Rapid Prototyping;

e LAM — Laser Additive Manufacturing;

e DMD — Direct Metal Deposition;

e FFF — Free Form Fabrication;

e SLS — Selective Laser Sintering;

¢ 3D SL — 3D Stereo Lithography;

e SFF — Solid Freeform Fabrication;

¢ LOM — Laminated Object Manufacturing;

e DLF — Direct Light Fabrication;

e MAP — Material Accretion Processing;

¢ 3D PG — 3D Product Growing;

e 3D P— 3D Printing;

¢ 3D AP — 3D Additive Processing, etc.

Manufacturing and remanufacturing. Laser
technology as the most bright example of recent inno-
vations has the unique universality — it may be used
almost at every stage of component’s life cycle: start-
ing from design, through material transformations,
manufacturing processes, services and maintenance,
recycling, reuse, etc.

With roller

e e 4.

a

One of the entirely new options of laser technology
is the unique possibility to use laser additive
processing both for components manufacturing and
remanufacturing. Infirstcase the wholenew component
is created using layer by layer additive technology
to achieve the desired shape and dimensions. Such
approach is used for realization of the new design
for component ordered in one or few samples or for
making the prototype for further serializations with
less expensive conventional technologies.

In the second case — remanufacturing — the
new product is created from already used products.
Manufacturer can potentially save of 60 to 90 % in
terms of energy, materials, water and air pollutant
emissions by remanufacturing an end-of-life
product (worn off, broken, damaged components or
modernized design), compared to manufacturing a
new product. In addition, the process retains more
than 80 % of the product’s original value. This makes
remanufacturing a green and high value-add industry
with enormous growth potential. At some assessment
the global remanufacturing market exceeds US$100
billion. At limited natural resources, remanufacturing
opens a new opportunity for business growth in a
rapidly expanding market.

For realization of discussed technologies two basic
schemes are usually used (Figure 1):

With development of more advanced robotic
systems and sophisticated software such scheme
is becoming more wide used. As radiation source
different types of laser may be used: CO, laser, diode
laser, fiber laser, high frequency Nd:YAG laser, etc.
Very important part of equipment is the system for
powder preparation and feeding it to the working zone.
The special attention for design and manufacturing
is paid to the feeding system nozzle (nozzles) for
injecting the gas-powder stream. For positioning the

With robot

b

Figure 1. Typical schemes of laser 3D additive processing: a — oscillator 1 to the technological laser with a supply unit 2 and cooler
3; 4 — scanning system; 5 — dosing device; 6 — device of powder preparation; 7 — work table; 8 — control system; b — 3, 4 —
technological robot with programming system; 5 — optical fiber with system oscillator 1 to the technological laser with a supply unit
2 and cooler of radiation input-output; 6 — dosing device; 7 — control system
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Figure 2. One of'the first experimental setup for Rapid Prototyping
developed in Laser Technology Research Institute of NTUU
«KPI», Kiev, Ukraine, 2003

standard manipulator with clamping device is used as
well.

For today the most widespread application of 3D
laser additive processing is used for components and
tools remanufacturing. The majority of such products
are worn off broken objects which are to be restored
up to the original dimensions and quality. In some
cases by using the techniques of surface hardening,
alloying or cladding the restored surface quality may
be improved (increase of hardness, strength, decrease
of friction coefficient, etc. Very high efficiency the

Figure 3. General view of advanced industrial robotized system
for 3D additive processing based on diode laser, developed at
Laser Center of Zhejiang University of Technology, Hangzhou,
PRC: 1 — coaxial with powder nozzle laser beam focusing
system; 2 — manipulator; 3 — feeder; 4 — robot controller; 5 —
fiber-coupled diode laser

application of such technology had been demonstrated
at the industrial level at restoration different tools —
cutters, drills, mills, stamps, dies, etc., quite wide
variety of components for power, shipbuilding,
automotive and airspace industry — turbine blades,
engine parts, valves, etc.

Prospects of production industry future
restructuring based on 3D additive processing
implementation. As it is known the existing classic
system of production industry is based on using two
stages of activity:

e Auxiliary or preparatory manufacturing (tools,
devices, stamps, jigs, dies, etc.) — around 20-30 %
of total cost manufacturing, and

e Basic manufacturing  (main  product
manufacturing) — around 80-70 % of total cost
manufacturing the radical change —to minimize cost of
first stage (or even to cancel that stage in the future) —
this may sound as fantastic or even crazy idea, but
such measure is realistic only at implementation of
principally new approach in manufacturing.

The 3D additive processing may be considered as
prospective option of such new principal approach
implementation taking into account its relative
simplicity.

Expected benefits and problems:

¢ Benefits: economy of energy, materials, labor,
time; higher intellectual culture (knowledge based
approach).

e Problems: need to transform mental stereotype;
need in local heat temperature control; need in
monitoring internal stresses; quite low quality and
precision for today; need of development new powder
compounds and increase of their variety.

Future prospects of laser 3D additive processing
are fantastic and are very far from today reality...

But as Nobel Peace Prize Laureate Dr. Muhammad
Yunus (Bengali) used to say: «Our fantasies are not
dreams, but fantasies are materialistic, e.g. are real ...»

So in future our unrealistic dreams will come true
for sure!!! Nevertheless even today we may witness
the previous statement...

Twenty years ago in one paper there had been pub-
lished the article with following sentences — «CAD
info may be created in one place and then transferred
to another one, say, for example to the future Space
Station, where the need in manufacturing the spare
part has arisen...

...the proposed technology may be considered as
fantastic or entirely unrealistic now, but in the nearest
future it may become quite usual practice...» (Volody-
myr Kovalenko, Laser synthesis of 3D objects in me-
chanical engineering, Journal «Informatization and
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New Technologies» (INT), Kiev, Ukraine, #4, 1996,
p. 37-40).

And indeed such fantastic and even «crazy» idea
had become true...In mass media on June 2015 there
had been announcement that «At International Space
Station (ISS) the first component from plastic (7.6 cm
by 3.8 cm with logo NASA) had been 3D printed just
two weeks ago...

In 2015 the European Space Agency will send their
3D printer to print spare parts and tools in space»...
(It would be cheaper than to send the spare parts made
on Earth with space shuttle...)

Problems to be solved to increase the quality
and productivity of 3D additive processing:

e Deep understanding of laser beam interaction
with powder and processed material;

e Development the specialized powders for
additive processing;

e Development full and reliable control of all
parameters involved in the process;

e Use of adequate process simulation and optimi-
zation of all working conditions;

e Development of the process monitoring devices
and fully adaptive systems for processing;

Reduction the laser industrial systems maintanace
cost;

¢ The use the efficient devices, instrumentation and
methodics for express measurement of the processing
results;

e The development more reliable and flexible
gas-powder-radiation feeding systems.

The expected progress in the future. Considering
the unique prospects and great expectations of the
society in advanced technology development the new
results may be achieved due to the further innovations
in discussed technologies:

e Further development and implementation of new
types of hybrid laser technologies;

e The development of more simple and versetile
means of laser beam transportation to the working
zone;

e The development of new type of efficient lasers
with radiation in far ultraviolet and X-ray part of the
electomagnetic spectrum;

¢ The development of new types of focusing optics
and optical systems with flexible control of all work-
ing parameters;

e The development of new techniques for laser
processing monitoring;

e The development of simple and efficient
nondestructive methodics and devices for pro cessed
material’s parameters testing;

e More intense and efficient development of laser
micro and nano manufacturing as well as remanufac-
turing;

o The design of laser industrial equipment based on
principles of development of up to date reconfigurable
manufacturing systems.

Conclusions

1. Lack of resources pushes researchers and industri-
alists to new solutions.

2. Laser technology has great varieties for reali-
zation.

3. The prospects for further development of addi-
tive manufacturing and remanufacturing are bright.

4. Remanufacturing is starting to play the signifi-
cant role in production engineering.

5. Further developments of 3D laser additive pro-
cessing and its implementation into industry may
pave the way to partial restructuring of conventional
industrial engineering.

6. The new exiting fields for additive remanufac-
turing are micro and nano objects.
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ADVANCEMENTS IN JOINT RESEARCH
OF LASER CLADDING AT COMPONENTS MANUFACTURING

V. KOVALENKO!23 JIANHUA YAO!?, QUNLI ZHANG!?, M. ANYAKIN?, XIAODONG HU!?, R. ZHUK?
'Research Center of Laser Processing Technology and Engineering,
Zhejiang University of Technology, Hangzhou, China
2Zhejiang Provincial Collaborative Innovation Center of High-end Laser Manufacturing Equipment,
Hangzhou, China
3Laser Technology Research Institute, NTUU «KPI», Kiev, Ukraine

Laser cladding is considered nowadays as a key technology of additive manufacturing in production engineering.
Properties of gas-powder mixture (gas type, feeding rate, etc.), relative positioning of workpiece, laser beam focal
spot and tilting angle of gas-powder stream symmetry axis significantly influence the results of laser processing.
Development of an efficient system for the delivery of gas-powder mixture into the processing zone is crucial for the
increase in the performance of laser-based additive manufacturing.

The collaboration activity in laser technology re-
search between two universities has started more than
ten years ago. At first it had been exchanges of vis-
its, mutual consulting on different aspects and then
the Agreement on international collaboration activity
between two research groups had been signed with
planned cooperation in studying new processes of la-
ser cladding for components manufacturing and re-
manufacturing. In the framework of that Agreement
the following tasks had been solved:

e studying the factors influencing the quality of la-
ser cladding;

e simulation of gas-powder stream feeding into the
cladded zone;

e development of laser beam focusing system co-
axial with gas-powder stream;

e development of slot nozzle feeding-focusing sys-
tem;

e experimental tests of designed and manufactured
powder feeding-focusing systems.

The main goal of joint research had been the
achievement of higher productivity and quality of
processing, the development of reliable systems to
control the parameters of cladded layers, studying the
possibilities to provide better processing versatility
which may adapt it with time to universal industrial
system for 3D laser additive processing at compo-
nents manufacturing and remanufacturing.

The results of joint research had been published in
11 papers and presented in a number of International
and National Forums, Congresses and conferences. In
conjunction with Paton Welding Institute of the Na-
tional Academy of Science of Ukraine laser experts
of two Universities from China and Ukraine had par-
ticipated in arranging three International Conferences
on Laser Technology in Welding and Material Pro-
cessing in Katsively, Crimea — LTWMP-2011, LT-
WMP-2013 and Odessa — LTWMP-2015.

State of the art in the investigation of cladding
processes. The influence of the properties of gas-powder
transportation system that form a gas-powder stream in
the zone of laser beam interaction with a workpiece sur-
face on the productivity and quality of laser sintering of
powder materials with solid base material was the scope
of interest for many researchers.

In general, only basic numerical models [ 1] were used
for the investigation of laser beam — gas-powder stream
interaction that do not explain the laws of distribution
of concentration of powder density in the gas-powder
stream depending on the distance from nozzle exit, noz-
zle configuration etc. This lack of knowledge could be
fulfilled using numerical computations.

Having known the properties of gas-powder stream
and how to manipulate it, along with the parameters
of laser irradiation it is possible to determine optimal
technological regimes that would result in the laser
sintering of parts with pre-defined level of quality and
productivity.

Technological applications of laser material pro-
cessing (TALMP) should always compromise be-
tween the productivity and processing quality in order
to reach maximum economic efficiency.

Rapid boost in the development of laser systems
(increase of laser beam efficiency and output power,
shaping of focal spot to the required configuration,
design of user-friendly laser systems, high stability of
laser beam parameters etc.) broadened the technolog-
ical application of lasers and led to the increase in the
number of scientific papers dedicated to the develop-
ment of TALMP. Pinkerton [1] gives in-depth review
of papers on coaxial laser gas-powder cladding which
state that modern computational speeds and prolifer-
ation of numerical simulation software consolidates
the efforts of scientists worldwide for in-depth inves-
tigation of TALMP.

© V. KOVALENKO, JIANHUA YAO, QUNLI ZHANG, M. ANYAKIN, XIAODONG HU, R. ZHUK, 2015
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Industrial application of technological processes
of gas-powder laser cladding significantly depends
on the following technological factors: laser beam
characteristics, thermal and physical properties of
cladding powder and processed workpiece, working
parameters of powder feeding systems, focusing of
gas-powder stream, type of assist gases and many
other. Therefore, it is very complicated to establish
science-based optimal [2] processing conditions and
to develop powder delivery systems only by means of
numerical computation.

Equipment and methodology. The following re-
search methodology and equipment were used:

a) Preliminary analysis of gas-powder streams
formed by designed powder delivery systems was
done using computational experiments. Euler-Euler
model was used at first to simulate gas-powder flow
and two software packages — Ansys CFX and COM-
SOL Multiphysics [3, 4].

b) Appropriate nozzles (in terms of gas-powder
stream shape at given distance from the nozzle exit)
were printed using STL machine. These printed noz-
zles were connected to the focusing units manufac-
tured by LaserMech (focal distance F — 200 mm)
and LaserLine (focal distance F — 450 mm). These
two were connected (via optical fiber) to 2 KW laser
LDF400-2000. Metal powder (average diameter of
particles — from 20 to 40 microns) was delivered into
the nozzles (through designed channel splitters) us-
ing Sulzer Metco 9MP powder feeder and B1 powder
feeder [S] with powder flow rates ranging from 5 g/
min up to 40 g/min. Gas-powder stream propagation
was recorded using high-speed digital camera. Expo-
sition, brightness and density of powder were evaluat-
ed during the analysis of images. The most promising
ones were manufactured.

In order to evaluate the efficiency of transforma-
tion of gas-powder jet (from the designed nozzles)
into clads, the 3Cr13 steel plates were placed in the
focal plane of LDF400-2000 laser. In all cases, pow-
der mass flow rate varied from 5 g/min to 40 g/min,
workpiece travel speed varied in a range from 120
mm/min to 360 mm/min. Obtained clads were investi-
gated with metallographic equipment and the dimen-
sions of clads were measured in order to determine its
height (HOC) and width (WCL).

Results and discussion. As it was mentioned ear-
lier, at direct introduction of gas-powder stream into
the inner cavity of the nozzle there is a rapid change
in the dimensions of the space where the gas-pow-
der stream propagates. Therefore, when powder flow
rate increases the shape of gas-powder stream distorts
(Figure 1). It is possible to level this distortion (apart
from the use of multi-channel nozzles) by elongating
the nozzle body. However, this approach have strong
limitations because of the dimensions and character-
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Figure 1. Gas powder stream velocity profile (m/s) from the
powder supply channel, where: a — gas powder stream normal
flow from the cylindrical powder-supply channel (tube); b — gas-
powder stream from tube-in-tube assembly, gas-powder stream is
protected by a ring jet of argon

istics of focusing systems. The use of limiters — ribs
that could be manufactured on the inner walls of the
nozzle may unify the powder flow but does not solve
the problem in general.

The easiest way to deliver gas-powder streams
with coaxial systems is to use an array of powder
supply channels that are positioned at certain angle
to the workpiece. Moreover, it is possible to design
powder supply channels with a ring-shaped protec-
tive gas stream around the gas-powder stream. Since
the ring width is only 0.1-0.5 mm, this technique of
gas-powder stream shaping is more economically ef-
ficient (Figure 1).

When powder particles travel inside the cylindri-
cal channel dragged by transporting gas, they (similar
to rays of light in a light guide) propagate downstream
reflecting from the sidewalls with ever-increasing in-
cident angle. At the nozzle exit, they form a «numeri-
cal aperture» (similar to light guides) that depends on
the parameters of gas-powder stream and on the inner
diameter and length of the powder supply channel. In
Figure 2 it is shown how three gas-powder streams
with different powder mass flow rates exit cylindri-
cal gas-powder supply channels and form a «focusing
spot» at some distance from the nozzle exit. With the
increase of the number of powder supply channels of
the same inner diameter (at given values of powder
mass flow rate, carrier gas mass flow rate etc.), the

10 mm

’_1 {_'}___mm'

Figure 2. Gas powder streams leaving the cylindrical channels,
where: a — MPFR-10 g/min; b — MPFR-25 g/min; ¢ — MPFR-
25 g/min with «shielding» gas around the gas-powder stream
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Figure 3. Simulation of gas-powder stream propagation for different numbers of powder supply channels, where: a — 3-channel
nozzle; b — 6-channel nozzles; ¢ — shape of gas-powder streams formed by 6-channel nozzle. Powder mass flow rate in all cases was

set to 25 g/min
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Figure 4. Laser clads cross-section, formed with help of 3-channel
(a) and 6-channel (b) powder delivery nozzles (powder mass flow
rate — 25 g/min, gas-powder stream defocusing — 5 mm, P =
=2 KW, V =4 mm/s)

speed of gas-powder stream through each channel de-
creases, influencing the shape of gas-powder stream
and improving stability and productivity of laser clad-
ding (Figure 3).

Changes in gas-powder stream delivery methods
(at equal conditions) significantly influence the shape
and dimensions of clad layer. Cross-sections of clads
are shown in Figure 4 and dimensions of clads de-
pending on the position of the «focusing spot» of
three-channel powder nozzle regarding the workpiece
are shown in Figure 5. These findings were compared
with the results of previous research [6] and it is worth
to note that application of multi-channel nozzles guar-
antees greater productivity of technological processes
comparing to other powder delivery nozzles.

When gas-powder stream is focused both by
multi-channel nozzles and ordinary coaxial nozzles
(Figure 1), the size and shape of laser clads depends also
on the mutual position of laser beam focal spot and «fo-
cusing spot» of gas — powder stream (Figure 5).

Conclusions

It was found that:

e multi-channel nozzles for powder delivery into
the processing zone increase the productivity of tech-
nological processes of laser cladding;

e multi-channel nozzles for powder delivery into
the processing zone are used for both circular and
rectangular focusing laser spots;

e the increase in the dimensions of clad layer is
mainly connected with the increase in powder con-
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Figure 5. Laser clad geometry vs. position of «focusing spot» of
gas-powder stream for 3-channel nozzle system (powder mass
flow rate — 25 g/min, P =2 kW, V = 4 mm/s), where: 1 — width
of clad (WCL); 2 — height of clad (HOC)

centration in the zone where focused laser beam
meets «focused» gas-powder stream on the surface of
the workpiece;

e multi-channel nozzle systems provide the user
with numerous solutions on how to improve the uni-
formity of cladded layer.
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OF HYBRID WELDING ALUMINUM ALLOYS®
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(Guangzhou Research Institute of Non-ferrous Metals), China
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One of the urgent problems of modern science and technology in the field of welding of metals by melting is to create
new heat sources, which allow to control the concentration of heat energy inputted into the metal during welding. This
finally makes it possible to ensure the required welding performance, the quality of the weld joint, process stability and
reproducibility of its results. The hybrid laser-arc source is increasingly used in recent years as such controlled heat
source for welding of metallic materials, which is implemented by jointly thermal effects on the welded metal (within
the total heating zone) by focused laser beam and electric arc [1].

In addition, the patterns of mutual effects of the
components of laser-arc heat source, and their joint
effect on various metal materials are not studied
enough.

The study of physics of the processes of interaction
of components of the laser-arc heat energy source
between themselves and their combined effect on
the welded metal, the development of appropriate
mathematical models and computer simulations of
these processes are highly relevant scientific and
technical problems. These tasks include consideration
of physical characteristics of the hybrid laser-arc
welding of aluminum alloys, which allows increasing
its performance by increasing the effective efficiency,
i.e., increasing the ratio of power of the heat source,
acting in the metal during welding, to the total power
of the electric arc and the laser radiation. One of the
ways to improve the efficiency of welding is to reduce
the laser energy losses associated with the reflection
of radiation from the welded surface.

Therefore, the objective of this work is to study
the influence of concurrent heating, ensured by
electric arc on changing the conditions of absorption
of laser radiation by aluminum alloys at their laser-
arc welding, as well as the definition of welding
parameters, ensuring increasing the effective
efficiency by reducing losses of laser energy.

Laser-arc welding, as well as laser welding, is
characterized by the formation of vapor-gas channel
of penetration in the welded metal. Paper [2]
describes in detail the behavior of this channel during
welding. In particular, it was noted that in its front

wall there is a layer of molten metal which is under
constant «indignation» as the formation of curvature
in the form of a step that periodically moves along the
height of the channel. At this, the removal of material
from the front wall is carried out layer by layer while
moving downward step. This can be explained by
increasing of the molten metal layer at the front wall,
occurring due to transfer of radiation energy into the
heat energy emitted at this wall, in combination with
the hydrodynamic processes in the weld pool.

It is known that the part of radiation energy is
absorbed by the welded metal, and another part - is
reflected from it. The proportion of the absorbed
radiation is greater, the higher the temperature of
the metal. Melt formed on the front wall absorbs
radiation, but at the account of moving along the
direction of welding the front part of the laser beam
always contact the slightly heated metal, which leads
to lowering of absorption coefficient.

It is logical to assume that the local heating up
to certain temperatures of a small site of the welded
metal, located directly in front of vapor -gas channel
along the direction of welding, can significantly
increase the rate of absorption of laser radiation. In
the case of laser-arc welding, performed under the
scheme provided on Figure 1, such local heating
is carried out by electrical arc. There is a task of
achieving minimum temperatures sufficient for
maximum possible increasing the radiation absorption
coefficient, depending on the welding speed and the
geometry of the welded product.

*This work was support by the Financial Funding by Foreign Experts Program of China (No. WQ20124400119) by Innovative R&D
Team of Guangdong Province (No.201101C0104901263) and by China International Science and technology cooperation special items
«Research on High Efficient Welding Equipment and Key Technology for Special Ships of Aluminum Alloy» (No. 2013DFR70160).
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Figure 1. The scheme of hybrid laser-arc welding: 1 — focused
laser radiation; 2 — consumable electrode arc; 3 — welded
sample; 4 — weld joint; 5 — welding direction

To determine the temperature dependence of the
coefficient of absorption of laser radiation by metallic
materials A(T,) we will consider the studied metal
(aluminum) in framework of model of almost free
electrons. In this case, according to the formulas
of Drude—Zener [3], for the actual ¢ and imaginary
¢, parts of the complex dielectric permeability of

the réletal on the frequency of the laser radiation
e
==, where ¢ — light velocity, 4 — wavelength of

radiation, we get:
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here w_— the frequency of the plasma oscillations
of free electrons of the metal; w. — frequency,

numerically equal to the reverse time of relaxation
time of the conduction electrons. The value of the
plasma frequency is determined by the formula:
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Figure 2. Dependence of the relaxation frequency w (7), [s™]
from the temperature 7, [K] for aluminum under the influence on
it of the radiation of CO,-laser (4 = 10.6 pm)
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where e and m*, — charge and effective mass of
the electron in the metal [4]. The concentration of
the conduction electrons N, = V/Q is determined by
the valence V and atom volume Q. The value of the
valence for aluminum was assumed to be three. Atom
volume was obtained on the basis of experimental
data on the density of aluminum provided in [5].

In the limiting case of a constant field when ® =
= 0, the high optical conductivity ¢ turns into static
conductivity of the metal:

Ne
o(0)=—-. “

me wC

The temperature dependence of the relaxation
frequency . for the considered metals in the solid
state was taken into account using the following
formula [6]:

T 4
szWIZ&l ®)
¢ !
where & — Debye temperature, values o, and,

consequently; K” at room temperature for aluminum
were chosen in accordance with the data of paper [7].
For aluminum in the liquid state the experimental
values from papers [8, 9] were used. The design data
obtained using this way are shown in Figure 2.

The temperature dependence presented at this
figure has distinctive gap at the melting point of the
metal 7 . Under the formulas (1) and (2) with use of
(3)—(5) the temperature dependences of the actual and
imaginary parts of the complex dielectric permeability
for aluminum at the radiation frequency CO,-laser (A
=1.06 um) shown in Figure 3. (hereafter temperatures
are in Kelvin degree) were developed.

For further calculations it is convenient to
introduce the actual n and imaginary k of the complex
refractive index of the metal on the frequency of the

laser radiation
Je = e, +ie, =n+ik, 6)

using the following formulas:

’ 2 2
\ 2

[ 2 2
e +¢€E —¢€
k=411 2 1. ®)
2
The temperature dependence of the actual and
imaginary parts of the complex refractive index for

aluminum are shown in Figure 4.
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Figure 3. Dependence of the actual ¢ (7) and imaginary ¢(7)
parts of the complex dielectric permeability of aluminum from
the temperature 7, [K]

Using obtained values of n and k, we determine
the absorption coefficient of laser radiation normally
incident on a flat surface of metal (absorbability),
under the well-known formula

4n

(1+n)* +k?
In some cases, a more important parameter is the

coefficient of reflection (reflectivity), which can be
defined by the formula

©

C(1-n +k?
(1+n) +k>

Figure 5, a shows the results of calculations of
the temperature dependences of the coefficient of
absorption the radiation of CO,-laser for aluminum in
the range of temperatures from room to the boiling
temperature of the metal 7, and above. Similar
calculations were conducted for determining the
absorbability of the aluminum surface in the case
of falling on it of radiation of Nd:YAG-laser (A =
= 1.06 pm). They showed identical behavior of both
dependences with the difference that the absolute
values of the coefficient of absorption of radiation of
Nd:YAG-laser is higher than radiation of CO,-laser
(Figure 5, b).

Estimated dependences of absorbability obtained
for both types of radiation was compared with the
available experimental data [6-9], and the match
was quite satisfactory. According to the dependences
shown in Figure 5, to achieve the maximum values
of absorption coefficient the surface of the welded
aluminum alloy in the zone of action of the laser
radiation of both wavelengths (10.6 um and 1.06 pum)
should be heated up to the melting temperature 7 .
However, even heating up to the melting temperature
T, is sufficient to dramatically abrupt increase the
absorbability.

R=1-4 (10)

n, k
60
k
40
20 |
n
1 1 1 1 1
0 500 1000 1500 2000 2500 T, K

Figure 4. Dependence of the actual n(7) and imaginary k(7) parts
of the complex refraction index of aluminum from the temperature
T [K]

To determine these parameters of the mode of laser-
arc welding as power Q. of arc component and the
distance L between the point of feeding the electrode
wire and the axis of the laser radiation (Figure 1), it is
necessary to solve the corresponding equation of heat
conduction. To simplify the task, we will consider the
stationary case heating of aluminum plate thickness &
by the arc source, the heat flow of which is determined
on dependence

0,=nlU,

(1)

T Th
- 1
15 v
1
1
1
1
1
10 | H
1
1
1
1
1
5+ i
1
1
1
1
1 1
1 1
1 1l 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 T, K

b

Figure 5. Dependences of the absorption capacity 4(7), [%] of
aluminum from the temperature 7, [K]: a — for the wavelength
10.6 um; b — for the wavelength 1.06 um
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where 5 — efficiency of the consumable electrode
arc (usually taken as m = 0.8); / — welding current,
A; U — arc voltage V. Let’s assume that the spatial
distribution of the heat flow inputted into the sample
symmetrically about an axis perpendicular to its
surface (i.e., symmetrically about an axis of the laser
beam).

In this regard, we formulate a mathematical model
of heating of considered sample in axially symmetric
statement. The equation of heat conduction in a
metal can be written in the cylindrical coordinate
system taking into account the axial symmetry of the
temperature field:

T Gl I IR T

where C_(7), p, (1), A, (T) — effective heat capacity of
the metal (taking into account the latent heat of fusion),
the density and thermal conductivity coefficient,
respectively. Wherein the r axis is directed along
the sample surface, and the z axis is directed into the
sample, perpendicular to its surface.

The boundary equation (12) we put in the range
0<r<R,0<z<g,t>0, where R — radius of the
computational region, ¢ - thickness of the sample.
As the initial conditions in the entire region the
temperature 7, are given, which is equal to the
ambient temperature. At r = 0 we put the condition of
temperature field symmetry:

or
Ore=o

It is expected that during the characteristic time,
during which it is necessary to find a solution of the
problem, the thermal perturbation does not reach the
outer limits of the computational region, i.e., at these
borders the initial temperature is maintain:

T(:6,) =T(R z t) = T, (14)

On the surface of the sample affected by the pulsed
heat source, we put the following boundary condition:

. (Mp

(13)

7, K

2-103

1-103

0 1 2 3 4 X, mm

Figure 6. Temperature distribution 7, [K] on the surface of
the aluminum plate thickness 2 mm from the arc source in the
direction of welding x, [mm]: 7, — 7 =150 A, V,, = 130 m/h;
T,—1=100A,V, =120 m/h; T, — I =200 A, V= 300 m/h
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Here Q,(r, t) — the space-time distribution of the
heat flow introduced into the metal by the pulsed arc
discharge, determined according to the dependences
(11), on the average value of the welding current.
The maximum temperature 7. in the center of the
arc supply power Q. was determined by the Newton-

Richmann law @, ZOL'(TC —71)), where o — heat
transfer coefficient [W/(m*K)] found experimentally
for aluminum alloy AMg6 (o = 0.55-0.60).

The solution of the problem (12)—(15) was found
numerically by the Pismen Reckford method [10] for
aluminum plate thickness 2 mm. In carrying out of
all calculations thermal characteristics of aluminum
alloy AMg6 given in [11] have been used.

We calculated the temperature distribution
created by the arc source power Q, on the surface
of the aluminum plate along the x axis in a direction
opposite the direction of welding. Welding speed V.,
we considered in determining the exposure time of arc
source, calculated on the dependence z = d/V,, where
d — the size of the heat source on the surface of the
welded plate (we took d =2 mm).

Calculations for three cases of welding were carried
out: with the average technological parameters (Q, =
=3.1kW,I=150A,V, =130 m/h) on the eco mode
with a relatively low speed and power (Q,= 2.1 kW
I=100A,V,, =120 m/h) and high performance (Q,=
=~ 4.1 kW, I=200 A, V,, =300 m/h). For these three
cases, we determined the distribution of temperatures
along the x axis from the center of action of the arc
power source (Figure 6).

Results of calculations have showed that in case
of welding with average process data the distance L
between the point of supply of the welding wire and
the axis of the laser radiation should not exceed 2 mm.
During welding at the economy mode, the distance L
should be in the range up to 0.8 mm, and during high-
performance welding — up to 1.5 mm. The excess of
calculated distance will reduce the absorptive capacity
A(T), increase the proportion of losses of laser
radiation due to its reflection from the surface of the
welded aluminum alloy, and consequently, reduce the
productivity. It should be noted that further increasing
the performance of the hybrid welding leads to the
need of reducing the distance L. This, on reaching
certain mode parameters may lead to deterioration
of absorption capacity and getting the lack of fusion
because of problematic of ensuring the condition L <
< 1.0 mm.

Experimental verification of the predicted approach
to improve the effective efficiency of the hybrid
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welding due to selection of the distance L between
the point of supply of the welding wire and the axis
of the laser was conducted on samples of aluminum
alloy AMg6 thickness 6 = 2 mm using welding wire
Sv-AMg6 diameter 1.2 mm. At this we used the CO,-
laser LT-104 power up to 10 kW [12] and standard
equipment «Fronius TPS-2700» for GMAW. Hybrid
welding was performed in argon with consumptions
for root weld protection 8§—10 1/min, and the weld
pool — 12—14 I/min. At this the power of the radiation
incident on the sample was 2.5 kW and the welding
current was varied in the range / = 60-300 A. The
distance between the point of supply of the welding
wire and the axis of the laser beam was L = 1-2 mm
(in average 1.5 mm). An electric arc was placed first
during the welding direction, then — a focused laser
beam. During the experiments, increasing the current
I'the welding speed V,, was determined by the criteria
of formation of high quality weld joint. In the result,
the dependence shown in Figure 7 was obtained.

An analysis of the nature of this dependence
suggests the following. As long as the power of the arc
heat source acting on the surface of welded aluminum
alloy was not enough to create on this surface of the
molten pool, the length of which along the x axis
would exceed the value L, welding performance is
almost did not increased with increasing of welding
current.

At this, the substantial portion of the laser power
was lost due to reflection from the surface of the alloy.
Once the power of the heat source was sufficient to
create the desired length of the molten pool, there was
a sharp increase in welding performance, determined
by its speed. In our opinion, it is determined by
an abrupt increasing of absorption capacity and,
consequently, improving of the efficient welding
efficiency due to reducing the losses of laser energy.

Thus, during hybrid laser-arc welding of
aluminum alloys to improve the effective efficiency
of the process, the electric arc should provide such
concurrent heating, which will allow to create a
molten pool, covering the zone of action of focused
laser radiation. At this, the share of the absorbed
laser radiation abruptly increases at least twice for
the wavelength of the CO,-laser, and about in three
times for the wavelength of the Nd:YAG-laser, which
has a positive impact not only on the total energy

vw, m,/h

250 |-

200 |

150 |

50 100 150

I, A

Figure 7. Dependences of the speed V, , [m/h] of laser-arc welding
of alloy AMg6 (8 =2 mm) from current /, [A] of the arc (power of
radiation of CO,-laser 2.5 kW)

contribution, but also on the stabilization of the
electric arc.
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HOBEPXHEBE 3MIIHHEHHSA CTAJII X12M® JIASEPHOIO
TA YJIBTPA3BYKOBOIO OBPOBKOIO

JI.A. JECHK', C. MAPTIHE3? B.B. JUKEMEJIHCBKHI1',
B.M. MOPIIOK®, A. JIAMIKI3?, I.I. MIPOKOINMEHKO?
"HarfionansHuil TexHiunmii yHiBepeuter Ykpainu «KIII», Kuis, Ykpaina
*Vuisepcuter Kpainu backis, bins6ao, Icnanis
*lucturyT Meranodizuku im. I.B. Kypmomosa HAHY, Kuis, Ykpaina

3anponoHOBaHO KOMOIHOBaHHH CIIOCIO MOBEPXHEBOTO 3MIIIHEHHS 3 BUKOPHCTAaHHSAM CKaHYBAJILHOTO JIA3€PHOTO MPO-
MEHS Ta YIBTPa3BYKOBOro 0araTo0OMKOBOTO HAKOHEYHHKA JUIsl MOJIIMIIEHHS SKOCTI IIOBEPXHEBOTO Iapy CTaleBHX
JeTajeld Ta MiIBUILEHHS MPOAYKTUBHOCTI TepMoaedopmaliitHoro mpouecy 3MiHeHHs Ta 03100moBaHHs. [IpoBene-
HUMH TEOPETHYHHMH Ta €KCIIEPHUMEHTAIBHUMHE JOCTIDKEHHSIMH BCTAHOBJIECH] ONTHMANIbHI PeXXKUMH TepMidHOI Iii BO-
JIOKOHHOTO JIa3epa 3 CKaHAaTOPOM Ta AeopMamiiHoi Aii 6araTo00MKOBUM yIABTPa3ByKOBHM HAKOHEYHHKOM 3 OTJISILY Ha
MOKPAIEHHS MOPCTKOCTI MiKpopensedy, IMTMOMHN 3MIITHEHHS Ta TBEPIOCTI MOBEPXHEBOTO MIAPY CTAIBHHUX JETaleH.
OTpumMaHi pe3ynbTaTH IOCTiIKEeHb TOKa3yloTh, II0 KOMOIHOBaHA Ja3epHO-YIBTPa3BYKOBA 3MIIIHIOBAIBbHO-03100T0-
BaJibHA 00poOKa € e(heKTHBHOIO /ISl TIOMIMIIEHHS MiKpopenbedy MOBEpXHi Ta MiABUIICHHS (i3UKO-MEXaHIYHHUX BIIa-

CTHBOCTEH MMOBEPXHEBOTO APy IHCTPYMEHTAIBHUX CTaJeH.

[MominmieHHsT SKICHUX TIOKa3HHUKIB TOBEPXHEBOTO
hIapy Aetaiiei, 30KkpeMa siKi pamorTh B eKCTPEMallb-
HUX YMOBaX, € OJHIEI0 i3 BaXIMBHX 3aj[a4 B Malllu-
HOOynyBaHHi. Taki yMOBU XapaKTepHi JUisl JeTajel,
SIKi TPaLOIOTh NPU BUCOKUX IIBHIKOCTSIX PYXY, BH-
COKHMX KOHTaKTHUX IMHUTOMHX THUCKIiB, Iii aOpa3suBHHUX
1 arpeCUBHUX CEPEOBHIIL, [IUKIIYHO 3MIHHUX TEMIIC-
paryp. BukopucTaHHS BUCOKOMIIIHUX Ta 3HOCOCTIM-
KHX MarepianiB, B TOMY YHCIi 1 BHCOKOJIETOBaHMX
CTaJIeH, IUTsl MiJIBUIIEHHS peCcypcy poOOTH 00IaIHaH-
Hsl 1 BUPOOHUIITBA MaTepiaiiB HE 3aBXKIHM 3aJ0BOJIb-
HsI€ eKCILTyaTalliliHi BIACTUBOCTI Ta €KOHOMIYHO He-
BurinHi. [lepcriekTBHUME € po3poOKa Ta peaizaris
HAyKOEMHUX TEXHOJIOTIYHUX MpOILECiB MOBEPXHEBOT
3MIIHIOBAJILHO-03/100,TF0BAIBHOT 00pOOKH JieTalieH.
Jlazepne mosepxHese 3MitHeHHs (JIO) € ogHuM 13
e(eKTHBHUX 3 BUKOPHCTaHHSM BHCOKOKOHLIEHTPOBA-
HUX JPKepeJ eHeprii JUisl NOMIMIIeHHS TeOMETPHYHIX
Ta (hi3UKO-MEXaHIYHUX XapaKTEPUCTUK IOBEPXHEBOTO
apy crajieBuX BUPOOIB, 30KpeMa NNIMOMHU 3MillHEH-
H$l, TUCTIEPCHOCTI CTPYKTYPH Ta TBEPIOCTI, L0 CIIPH-
si€ TIIBUIIICHHIO 3HOCOCTIMKOCTI MOBEPXHEBOTO MIApy
[1, 2]. TexHoMOTis JIa3€PHOTO TEPMIYHOTO 3MilHEHHS
MoJIsITa€ B Tepeavi Ta MOTMHAHHI CHeprii BUCOKOL
KOHIICHTPAIlii TOHKOMY TTOBEPXHEBOMY IIapi BUPOOY.
EdextuBHUM MeTOOOM 3MiITHEHHS Ta 031000~
BaHHS MMOBEPXOHb METAJICBHX MarepiaiiB cepes Me-
TOIIB TMOBEPXHEBO-IUIACTUYHOI nedopmalii € yib-
Tpa3BykoBa ymapHa o0OpoOka (Y30) 3a paxyHOK
nedopMaliifHoOro moapiOGHEHHs PO3MipiB 3epeH [ 3, 4].
PazoMm 3 TuM, BHKOpPHCTaHHS BHUIIE MPUBEACHUX
METOZIB MOBEPXHEBOI OOPOOKM  BIAMOBITAIBHUX
JeTaJlell He 3aBXIU J03BOJIIE OTPUMATH SIKICHI ma-

paMeTpH MOBEPXHEBOTO IIapy, a came: HeoOXiTHy
JUCIIEPCHICTD CTPYKTYpPH, BHCOKY TBEPHAICTh, rapaH-
TOBaHi 3aJIMIIKOBI HAPYKEHHsI CTHCKY, a TAKOX MiHi-
MaJIbHY HIOPCTKICTb.

VY 3B’s3Ky 3 UM PO3BUTOK HOBUX MPOMHCIOBUX
TEXHOJIOTI B aBTOMOOLIBbHIN, aBiamiliHil, aepOKOC-
MIYHIH, CyTHOOYIIBHIH rairy3sX IPOMHCIOBOCTI BiJI0-
YBA€ETHCS B HAMIPSMKY KOMILICKCYBaHHS BIJOMHUX TEX-
HOJIOTi# B riOpuaHi 1 koMOiHOBaHI Tporiecu. OaHIM
3 e(DeKTUBHUX KOMOIHOBaHHX METO/IB ITIOBEPXHEBOTO
3MIIHEHHS CTATBHUX JieTaNel € BUKOPUCTAHHS JIa3ep-
HOTO TEPMIYHOTO 3MIIIHEHHSI Ta HACTYITHOTO YJIBTpPa3-
ByKoBoOTrO nedopmariiinoro 3miraeHHs (JIO + Y30).

MerToro nanoi poOOTH € BCTAHOBJICHHSI ONITUMATTh-
HUX PEXKHUMIB JIa3€PHOTO TEPMIYHOTO 3MIITHEHHS CKa-
HYBaJIBHUM JIa3€PHUM IPOMEHEM Ta YIITPa3BYKO-
BOTO Je(opMaIlifHOro 3MillHEHHSI 0aratoOOWKOBHM
HAaKOHEYHHWKOM 3 OISy Ha TIOKpAlleHHs TapaMe-
TpiB Mikpopenbedy, MIKpOCTPYKTYpH Ta TBEPIAOCTI
cram X12M®.

MeTtoauka ekcmepuMeHTy. MarepiaioM It
MIPOBENCHHS EKCIIEPUMEHTATBHUX TOCHIKEHEL OYyiI0
BHKOPHCTAHO I1HCTPYMEHTAIBHY CcTanb X12M® B
MTOYaTKOBOMY BiJIATIOBAIFHOMY CTaHIi, BUXOISIYH 13
MITUPOKOTO BUKOPHUCTAHHS B MalTHHOOY/TyBaHHI Ta He-
00X1THOCTI TIABUIICHHS SIKOCTI MTOBEPXHEBOTO IMIAPY
JieTalei, sKi MpaIiolTh B eKCTPEMAIbHUX YMOBaX.
Buxopucramm 3pasku posmipamMu 69x9x69 mm, ski
Yy BHXITHOMY CTaHI MaJid reTepo (asHy CTPYKTy-
py, CKJIaJIeHy 3 JICTOBAHOTO O-pepHUTy Ta KapOiaHUX
daz. Ximiuawii cknag marepiany, %: 1,55 C, 11,3 Cr,
0,8 Mo, 0,3 Si, 0,4 Mn, mo 0,4 Ni, o 0,03 S, 5o

© JI.A. JIECHK, C. MAPTIHE3, B.B. JUKEMEJITHCHKHWI, 5.M. MOPIIIOK, A. JIAMIKI3, I'.I. TIPOKOITEHKO, 2015
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0,03 P, no 0,03 Cu. Mesxa MIIHOCTI Ha PO3TAT G, =
= 710-1260 MIla, a mexa Texy4ocTi 6. > 320 MIla.

KombiHOBaHy J1a3epHO-yNBTPa3BYKOBY 3MIIIHIO-
BaJIbHO-03/I00IOBANIEHY O0OpOOKY 3JiHCHIOBAIM 32
PO3IUIBHOIO cXeMOlo [ 5] mpu KiMHATHIN TeMIepaTypi.

Jnsi mpoBeneHHS EKCIEpPUMEHTANbHUX JOCHia-
KEHb JIA3ePHOTO TEPMIYHOTO 3MIilTHEHHS 3pa3KiB BH-
KOPHCTANX CIEeiabHUK TEXHOJIOTIYHUN KOMILIEKCY
3 yncnoBuM nporpamHuM kepyBanusMm (UIIK), 2D
ckanatop «Scanlab Hurryscan25», BonokoHHuH Ja-
3ep «Rofin Sinar FLO10» 3 MakcuManbHOKO BUXiTHOO
noTyxHicTio 1 KBT Ta JOBXHWHOIO XBHIII BUITPOMiHIO-
BaHHs A = 1,07 MM [6, 7]. BumiproBanus temmepa-
TypH B 30Hi il CKaHYBaJbHOTO Ja3epHOTO MPOMEHS
3OIMCHIOBANM JBOXKOJIpHUM mipomeTpoMm «Impac
Igar 12LO», a miaTpumanHs ii cTabiTbHOCTI B 30HI
00pOOKH 3a TOTIOMOTOI0 CIIEIiadbHOI aBTOMAaTH30Ba-
HOI cucteMu KoHTpomo. Pexxumu JIO: temneparypa
HarpiBanHs 1200—1340 °C, mBUAKICTh IepeMillicHHS
3pa3ka 40-140 MM/XB, HIBHIKICTb CKaHyBaHHS IpO-
mens V= 1000 mm/c, mupuna nopikku 10 M.

Jnst yasTpa3ByKoOBOro AedopmaniiHOro 3MilHEeH-
Hs1 Bukopuctanu ycraHoBky 3 UIIK, Ha sikiii Oyio
3MOHTOBAHO YJBTPa3ByKOBHH I€HEPaToOp 3 MOTYXHi-

100+~
0 ¥

[nubuna smiuxHeHns, f, MEM
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.\‘ ".‘
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81340 °C
6]
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ctio 0,3 kBt Ta gactororo 21,6 kI'1, ynbTpa3ByKoBY
KOJIMBAJIbHY CHUCTEMY 3 I’ €30KepaMiyHHM IEepeTBO-
proBadeM Ta CTYHIHYACTUM KOHLIEHTPATOPOM Ha SKO-
My PO3MIllyBalyl yOapHUH HAaKOHEYHHK i3 ciMOMa
MWIHIPUYHUME OOMKaMH, KWW MPUMYCOBO 00ep-
TaBCs 3 YaCTOTOIO 0OepTanus N =76 067! [6, 8]. Pexu-
MH Y30: craTHyHe HaBaHTAXEHHS aKyCTHYHOI CUCTe-
mu F = 50 H, ammityna yneTpasByKOBUX KOJMBaHb
TOpLs KOHLIEHTPATopa Ang = 15-18 MKM, TpHUBaIiCTh
00podku T = 60-240 ¢ mpu WBHIKOCTI MEepeMilIeH-
HS 3pa3Ka B3HOBXK nmoBepxHi S = 600 MM/xB, mupuHa
JOPIKKH 15 MM.

HocaimkenHss Mikpopenbedy MOBEpXHI Ta 30HU
TEPMIYHOTO BIUTUBY B MOIMEPEYHOMY Iepepi3i mpo-
Bogunu Ha mpodinomerpi Leica DCM3D, anani3z
MIKpPOCTPYKTYpH TOBEPXHEBOTO LIapy 3AiHCHIOBAIN
Ha omntuuHoMy Mikpockoni Nikon Optiphot-100, a
MOBEPXHEBA TBEPAICTh Ta MIKPOTBEPAICTh TIOBEPXHE-
BUX IIapiB BUMIPIOBAJIH 32 JOIIOMOTO0 I (pOBUX Te-
crepiB «Computest SC» i «FM800», BiamoBiaHoO, Mpu
HaBaHTaxeHHI ingentopa 10 H i 0,5 H. Intencus-
HICTh 3MII[HCHHSI IIOBEPXHI OIIHIOBAJIU 32 BiJHOIICH-
HSIM Pi3HUI MiX 3HaYEHHSIMH TBEPAOCTI 3MIIIHEHOTO
HIapy i BUXiTHOTO CTaHy MaTepiaiy 3riiHO GopMynu:
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Puc. 1. BrutuB Temiieparypy HarpiBaHHs Ta MIBUAKOCTI IEPEMIILICHHS 3pa3ka Ha 3MiHy NTMOWHH (&) Ta IUpUHH (6) 3MILHEHHS, TIOBEpPX-

HEBOI TBEPIOCTI (8), MIKPOTBEPAOCTI MOBEPXHEBOTO APy (2)
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Lo = (H:ard —H:L”)/H:L” -100%. 1)

Pesynbrarn gocaimxkenb. Bpaxosyroun [10], mo
B YMOBax IMBHUIKICHOTO HArpiBaHHSI ab00 OXOJOKCH-
Hs $a30Bi i CTPYKTYPHI TIEPETBOPCHHS TTOUYNHAIOTHCS
1 3aKiIHUYIOTHCS BUIIE 200 HIDKYEC PIBHOBKHHUX TEM-
neparyp TMOMepeHbO BU3HAYAIM IHTEpPBA TEMIIe-
paTyp TOBHOI ayCTeHi3aIlii 3a JTOMOMOTOIO JliarpamMu
crany Fe—C—Cr, a Takok — TepMOo(Di3UIHOI MOaeTi
[9, 10] Ta TepmokineTHaHOT Mozmemi [11].

A nianazoH texHonoriyHux pexxumis JIO ta Y30
JIOCIIKYBaHUX 3pa3KiB OTPHMAaHO Ha OCHOBI aHalli-
3y Pe3yJIbTaTiB MPOBECHOIO Oararo)akTOPHOTro eKC-
nepuMeHTy. JlucrepciifHui aHami3 JOCTiIKyBaHUX
napametpi npu JIO (puc. 1) Ta Y30 (puc. 2) crami
X12M® 3 BUKOpUCTaHHIM TOOYIOBH KBaApaTHIHOL
MOJIETII.

Ha ocHOBI npoBeieHNX TEOPETHYHHX Ta MOIIYKO-
BHX CKCIICPUMEHTAJILHUX JOCIIKEHb OYJI0 BU3HAUE-
HO Aiana3oH Temneparypu HarpiBanas 1200-1340 °C
Ta MBUAKOCTI mepeMimieHHs 3pa3ka 40—140 Mm/xB
JUIS JTA3EPHOTO TEPMIUHOTO 3MilHEeHH cTai X12M®.
A OoTpuMaHi pe3yabTaTH EKCIePUMEHTAIBHUX J0-
ciimkens JIO, y monepeHb0 BU3HAYEHOMY iHTEpBai
TEeMIIEPaTyp HAarpiBaHHS Ta MIBUIKOCTI MEPEMIICHHS
3paska, J03BOJIMJIM BU3HAYUTH TEOMETPHUHI PO3MipH
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[IMOWHY 1 IIUPUHY 30HU TepMiuHOTO BIUMBY (3TB), a
TaKOX TIOBEPXHEBY TBEPAICTH TA MiKPOTBEPAICTh 3Mi-
IIHEHOTO TOBEPXHEBOTO Iapy (puc. 1).

[Mpu JIO pocnimkyBanoro matepiany 3TB He Bu-
SBJICHO TIpH TeMIleparypi HarpiBanHs Hipkae 1200 °C,
a moziasblie 301bIICHHS TEMITIEPaTyPH HAarpiBaHHS 10
1270 °C npuBe3:10 /10 301IbIICHHS TIUOUHH Ta IIHPH-
HU 30HU 3MinHeHHA (puc. 1, a, 6). [Ipu Temneparypi
HarpiBanHs 1340 °C crioctepiraeTscsi He3HaUHE 3MEH-
IICHHS K TIMOWHY, TaK 1 IIUPUHYU 30HU 3MII[HCHHS, a
TaKOX OHOYACHE HE3HAUHE IMiJBUILIECHHS SK MTOBEPX-
HEBOI TBEPAOCTI, TAK 1 MIKPOTBEPIOCTI MOBEPXHEBOTO
nrapy B IOTEpEYHOMY Iepepisi 3pa3KiB B MOPiBHAHHI
3 Temmneparyporo HarpiBanHs 1270 °C. [TosepxHeBa
TBEpAIcTh (pHc. 1, 8) Ta MIKpOTBEPAICTH B MOMEPEY-
HOMY mepepisi (puc. 1, 2) 3MIITHEHOTO MOBEPXHEBO-
rO Mapy MOKPAIIy€EThCS MPU 30UIBIICHHI IIBUIKOCTI
00poOKH Ta TeMIlepaTypy HarpiBy MOBEpXHi B Jiarna-
30H1 1200-1340 °C, BianosingHo, Ha 2,6-2,8 pa3u Ta
1,8-2,2 pa3u y nopiBHSIHHI 3 BUXiTHUM cTaHOM. [Ipu
301IbIIEHH] IBUKOCTI MEPEMIICHHS 3pa3Ka CHep-
roBkiag ta mmbuHa 3TB oO0pobmroBaHoi moBepxHi
3MEHIIYETHCS, MIKPOTBEPIICTh MOBEPXHEBOTO MIAPY
301IBIIYETHCS.

BpaxoByloun pe3ynbTaTd NPOBEACHUX EKCIIEPH-
MEHTaJbHUX AOCHIKeHb (puc. 1), ONTUMaTbLHUMHU
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Puc. 2. BiuB aMIiiTyu ynsTpa3ByKOBHX KOJIMBaHb Ta TPUBAJIOCTI 0OPOOKH Ha 3MiHY HIOPCTKOCTI (@), XBUIISICTOCTI (6), BUCOTH MPO-
binro (6) Mikpopenbedy MOBEPXHI Ta OBEPXHEBOT TBEPAOCTI (2) (* mo3HaueHO He HUTI(OBAHY BHXIIHY TIOBEPXHIO)
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pPEeXMMaMU TOBEPXHEBOIO 3MILHEHHS MpH Aii cKa-
HYBaJBHOTO JIa3€PHOTO MPOMEHS CJIiJl BBAXKATH TEM-
neparypy 3araptyBanss 7= 1270 °C Ta mWBUAKICTh
MepeMileHHs 3aroToBkd 90 MM/XB TIpH HIBUJKOCTI
CKaHyBaHH$ Ja3epHoro npomens 1000 mm/c Ta mmu-
puHH MopikKK 10 MM.

[ToBepxHeBo-mnactuuna nedopmatis Y30 crpu-
si€ YTBOPEHHIO PEryJSIPHOTO MiKpopenbedy Ha 00po-
OJIeHIl MOBEpXHIi, a TAKOXK 3MEHILICHHIO IapaMmeTrpy
wWopceTKoCTi R, (puc. 2, @) Ta 30UILIIEHHIO Mapame-
tpiB xBunsacrocti W, (puc. 2, 6) i Bucotu npodisro
S, (puc. 2, 6) mikpopenbedy MOBEPXHi B MOPIBHSIH-
Hi 3 BUXiTHMMHU NapameTrpaMu noBepxHi. HaitOinb-
1€ 3MEHIIEHHs mapaMeTpy mopctrocti (R, = 0,13~
0,18MKM) BinOyBaeThCsi MPH TPHBAIOCTI OOPOOKH
60 ta 120 c. Y30 nuridoBaHoi MOBEPXHI JO3BOJISIE
3MEHILIUTH MapamMeTp MOPCTKOCTI R, B 3,5 pasu, ane
OIIHOYACHO 30iMbmMTH napameTp xpuiscrocti W, Ta
MapamMeTp BUCOTH NPODITIO MiKDOHEPIBHOCTEH S, Mi-
Kpopenbedy moBepxHi B 3,5 Ta 5 pasiB, BiIMOBIIHO, y
MOPIBHSHHI 3 BUXITHUM cTaHOM. Y Bumnaaky Y30 He
1uTihoBaHOT IOBEPXHI 3MEHIIYIOTHCS BC1 TEOMETPUY-
Hi TmapaMmeTpu Opodimo MiKpopensedy MOBEpXHI,
30KpeMa MapameTp mopceTkocTi R, B 8,5 pasis, mapa-
metp xBuisictocti W, B 3 pasis Ta mapamMeTp BUCOTH
npodinto S, B 2 pasu.

Haii0inpme 3pocTtaHHsS TOBEpXHEBOI TBEPAOCTI
(29,5 HRC) BinOyBaeThCs MPH aMILIITYAl YIBTpa3By-
KOBOT'O MEPETBOPIOBaYa Ang = 18 MKM i TpUBaJIOCTI
06pobku 180 ¢ (puc. 2, 2). B npbomy Bunanaky iHTeH-
CHUBHICTB 3MII[HEHHS cTaHOBUTE 40 %. OgHak, 30115-
IICHHS TPUBajIoCcTi 00poOku st Y30 npu3BOAUTSE 110
3HMKEHHSI TTOBEPXHEBOI TBEPAOCTI BHACHIZAOK IMepe-
Hakieny (3HeMilHEeHHs) MOBepXHEBOro mapy. Haii-
MEHII1 3Ha4eHHsI OBEPXHEBOI TBEPAOCTI OTPUMAaHO
pu 06po0ui 60 c.

BpaxoBytoun pesynbTaTé MpPOBEACHUX EKCIIEepH-
MEHTaJIbHUX JOCIIIXKEHb (pHC. 2), ONTUMAIBHUM pe-
xuMoM Y30 citif BBaXKaTd aMILTITYy YIbTPa3BYKO-
BUX KOJMBaHb 18 MKM Ta TpuBajicTh 00poOku 120 ¢
MIPY HABAaHTAKCHHI YIBTPAa3BYKOBOi KOJIMBAJILHOI CH-
cremu 50 H Ta mBuakocti o0epTaHHs HAKOHEYHUKA
76 06”'. B npoMy BHUNaAKy MOBEpXHEBa TBEPHICThH
30inpmmarcs B 1,5 pasu, a muToMa KinbKicTh yaapiB
craHoBuiia 400 yn/mMM? ipu TOBXKHHI TOPIKKH 60 MM.

3MEHIIEHHs] T€OMETPUYHUX MapaMeTpiB MiKpo-
penbedy MOBEpXHi, 30KpeMa MapaMeTpy IOPCTKOCTI
R, (puc. 3), n03BOJIsI€ CTBEPIKYBATH, LIO YJILTPA3BY-
KOBa ynapHa o0poOKa, sIK OKpeMo, TaK 1 micis Ja3ep-
HOi TepMOOOPOOKHM I03BOJISIE TIOKPALIUTH MApaMeTp
IOPCTKOCTI B 6 Ta 8,5 pasiB, BIAMOBITHO, a TaKOX
3MEHIIUTH MapaMeTpu XBHJSICTOCTI T4 BUCOTH NPO-
(inro MIKpOHEpiBHOCTEW y TIOPIBHSHHI 3 BUXiIHUM CTa-
HOM 32 PaxyHOK OIHOYacCHOI IPHMYCOBOI 00epTaIbHOT

3,0

25

1.0

[opeTKicTs, R, MKM

0,5

. l |

Buxigna JIO JIO + VY30

Puc. 3. lllopctkicTs Mikpopenbsedy noepxHi cram X12MO mic-
s JIO, Y30 i kom6GinoBanoi JIO + Y30

Ta Oaratopa3oBoi BUCOKOYACTOTHOI yAapHOI aii Gararo-
0OMKOBOTO YIBETPa3BYKOBOTO HAKOHEYHUKA, SIKa CYIPO-
BOJIKY€ETBCSI IHTEHCHBHHM TEPTSM 3 MPOKOB3YBAHHSIM
0OoiikiB Ha ToBepxHi [6]. Kpim Toro, orpumani amrmtiTy-
Hi Ta BHCOTHI MapaMeTpyd MiKpOreoMeTpii MOBEpPXOHb
micst komOiHoBanoi JIO + Y30 Takox 3a0e3reuyroTh
CTIPUSTIIMBI YMOBH ISl YTBOPEHHSI MAcCIIOEMHOCTI I10-
BEPXOHb JIeTaJli PY TPAHMIHOMY TEPTI SIK B CTATUYHUX,
TaK i JUHAMIYHUX YMOBaX.

B mopiBHSHHI 3 BHUXITHUM CTaHOM BCi 3aCTOCO-
BaHI METOIU OOPOOKM MPHUBOAATH J0 3MII[HEHHS I10-
BEPXHEBUX MIApiB JOCTIHKyBaHoi cTaii (puc. 4). fAx
Oyio ckazaHo BUINE, TepMiuHe 3arapryBanHs JIO
nijBHIIye TBepAicTh noBepxHi HRC B 2,5 pa3u Ta
MIKpPOTBEPIICTh MPUIIOBEPXHEBUX LIAPIB H B2 pazu
3a PaxyHOK YTBOPEHHS MapTEHCHUTHOI CTPYKTYpH 3
JUCTIEPCHUMH YaCTUHKaMHU KapOiliB XpoMy Ta 3aii-
3a (puc. 5, @). A NOBEpXHEBO-IJIACTUYHA JeopMallis
3a noromoror Y30 npu3BOaUTh 0 MOMIMIICHHS 10-
BepxHeBoi TBepaocti Ha 40—50 % Ta MikpoTBepAOCTI
MmoBepXxHeBoro mapy Ha 40 % 3a paxyHOK i IBUIICHHS
TYCTUHH JUCJIOKAId Ta MOApPIOHEHHS 3epeH/OMOKIB,
aje B JIOCHTh TOHKOMY ITOBEPXHEBOMY Iapi TOBIIU-
Hoto Omu3bko 60 MxM (puc. 5, 6). B pesynbrari koMm-

il

JIO + Y30

w N
I T

MIiKpoTBEpPAICTD, HH 0,05 ITla
IS
T

3
2
1
0

Buxigna

Puc. 4. MikporBepaicts noBepxHeBoro mapy craini X12M® na
nbuni 50 Mxwm micist JIO, Y30 i kombinosanoi JIO + Y30

47




LTWMP’15

- ey S
alf s &)

Puc. 5. MikpocTtpykrypa moBepxHeBoro mapy crami X12M® micns JIO (@), Y30 (6) i xombGinoanoi JIO + Y30 ()

6inoBanoi 06podku JIO + Y30 (micns JIO mpu tem-
neparypi BruiuBy 1270 °C i MIBUAKOCTI MEPEMILIICHHS
3pazka 90 Mm/xB Ta noxanbmoi Y30 npu aMIutiTy/i
VABTPA3BYKOBUX KOJIMBaHb KOHIIEHTpaTopa 18 MKM
i TpuBasiocTi 00poOKK 120 ¢) OTpUMaHO MOBEpXHE-
By TBepicTh Onusbko 58,5 HRC, a MiKpOTBEpAiCTh
7,8 I'Tla, TOOTO MiABUIIMIKCS 11l MapaMeTpH Maiike B
3 ta 2,5 pa3u, BiANOBIHO, y TIOPIBHSAHHI 3 BUXIIHUM
CTaHOM. YIIBTpa3ByKOBa Jisl Ha MOTIePEIHBO 3MIITHEHY
JIO moBepXHIO CIpHSE MIBUIICHHIO SK MOBEPXHEBOT
TBEPIOCTI, TaK i MIKPOTBEPAOCTI TIOBEPXHEBOTO LIAPY
10 25 % 3a paxyHOK Ae(OopMaIiifHOTO MOAPiOHEHHS
3epeH MapTEHCHTY Ta KapOi/liB y MOBEPXHEBOMY LIapi
(puc. 5, 8).

BusiBiieHO, 110 TOBIIMHA 30HH ACPOPMALIHHOTO
BriuBy (3/IB) 3anmexuth Bim BuxigHoro crany. 3/IB
micisi KOMOIHOBaHOT 00poOKH (puc. 5, 8) € MPUPOITHO
TOHILIOK B MOPIBHHHI 13 okpemoro Y30 (puc. 5, )
BHACJI1I0K BUCOKOT TBEPIOCTI 1 HU3bKOT TNIACTUYHOCTI
noBepxHi mics JIO.

BucHoBkn

[IpoBeseHO CUCTEMHI JOCIIIPKEHHS BIUIUBY PEKUMIB
JIO Ta Y30 Ha mapameTpu MiKpopenbedy MoBepX-
Hi Ta MIKPOCTPYKTYpy pa3oM i3 TBEPHICTIO CTali
X12M®. BusiBneni onTUMallbHI PEXMMH BKa3aHHX
00pO0OOK 3 OISy HA MAKCUMAJILHE 3MIITHEHHSI, TIPHIi-
HSTHI pO3MipH TIOBEPXHEBOI 30HU TEPMIYHOTO BILTUBY
mpu JIO Ta MiHIMaIBHUX TapaMETPiB MiKpopenbedy
npu ¥Y30. [TokazaHa MOXKIIMBICTh BUKOPHCTAHHS KOM-
01HOBaHOTO BIUIMBY BOJIOKOHHHMM JazepoMm 3 2D cka-
HaTOpPOM Ta CIENiaJbHUX IPUCTPOIB B TOCIiZOBHOCTI
3 yABTPa3ByKOBHM yAapHUM JaedOopMyBaHHsM Oara-
TOOOWKOBUM HAKOHEYHUKOM JJIsl KOHTPOJIBOBAHOTO
TepMoneOpMaIlifHOTO MMOBEPXHEBOTO  3MIIHEHHS
JeTaneu, ska J03BOJIsE:

® aBTOMAaTU3yBaTW Ta MiJABUIIMTH TPOLYKTHUB-
HICTh mpolecy TepMoaedopManiiHOro 3MIilIHEHHS B
5 pasis;
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® CTBOPHUTH PETYISIPHUI MiKpopenbed Ha MmoBepx-
Hi 3 MiHIMAQJILHOIO HIOPCTKICTIO;

e TOJIMIIMTH TBEPAICTH IOBEPXHEBOTO IHApy
iHcTpyMeHTanbpHOi cram X12M® B 2,5-3 pazu y
MOPIBHSHHI 3 BUXiTHAM CTaHOM.
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MICROSTRUCTURE AND WEAR-RESISTANT PROPERTIES
OF WC/SS316L COMPOSITE COATINGS PREPARED
BY SUPERSONIC LASER DEPOSITION

BO LI'2, ZHIHONG LI"2, LIJING YANG"?, JIANHUA YAQ"?
'Research Center of Laser Processing Technology and Engineering,
Zhejiang University of Technology, Hangzhou, P.R. China
2Zhejiang Provincial Collaborative Innovation Center
of High-end Laser Manufacturing Equipment, Hangzhou, P.R. China

Supersonic laser deposition (SLD) is a newly developed coating method which combines the supersonic powder stream
found in cold spray (CS) with synchronous laser heating of the deposition zone. The addition of laser heat energy into
CS enables a change in the thermodynamic state of impacting particles and substrate, thereby significantly lowering
the critical deposition velocities required for effective coating formation and allowing the range of materials deposited
to expand to higher strength materials which are of considerable engineering interest. The work reported in this paper
presents the ability of SLD technique to deposit hard metal matrix composite (MMC) coatings, such as WC/SS316L.
The focus of this research is on the comparison between composite coatings produced with conventional CS and
those produced with SLD. The microstructure evolution, mechanical deformation mechanisms, correlation between
functional properties and process parameters were elaborated in detail. The experimental results show that with the
assistance of laser irradiation, WC/SS316L composite coatings can be successfully deposited using SLD. The obtained
coatings are superior to that processed with CS, because SLD can improve the deposition efficiency, coating density,
interface bonding as compared to CS due to the softening of particle and substrate by laser irradiation. It can be found
that SLD is capable of depositing high strength MMC coatings with good quality, thus exhibiting great potential in the

field of metal three-dimensional printing.

Introduction. Cold spray (CS) is a rapidly emerging
coating technology in which small powder particles
in a solid state are deposited on a substrate via high-
velocity impact at temperatures lower than the melting
point of the powder material [1-3]. In the CS process,
small powder particles (5—50 pm) are accelerated to
a high velocity in a supersonic gas stream and then
imping onto the substrate or already deposited coating
to build up a coating. The main advantage of CS is
the lower heat input as compared to traditional high
temperature coating methods such as thermal spray
and laser cladding. The only thermal input in CS is
optional gas heating, which can be used to increase
the local speed of sound of the process gas, and its
positive drag force on particles. As a consequence,
the deleterious effects of high-temperature oxidation,
evaporation, melting, crystallization, residual stress,
debonding, gas release, and other common problems
for traditional thermal spray and laser cladding
methods are minimized or eliminated. Eliminating
the adverse effects of high temperature on coatings
and substrates offers significant advantages and new
possibilities and makes cold spray promising for
many industrial applications. However, to achieve the
high particle velocities that CS requires for successful
deposition, helium is often used as the process gas-
which is an expensive, limited resource. Moreover,
a gas heater is often employed to heat the process

© BO LI, ZHIHONG LI, LIJING YANG, JIANHUA YAO, 2015

gas as high as 900 °C to increase gas and particle
velocity. The need for hot helium gas results in high
operating costs arising from the power consumption
for heating the gas and the high price of the gas itself.
Additionally, it is challenging to deposit hard material
coatings with high bonding strength and coating
density solely using CS.

It has become clear that there would be distinct
advantages in developing a process that could retain
the non-melting deposition mechanism of cold spray,
but reduce deposition costs and improve coating
functionality. Such a process, known as supersonic
laser deposition (SLD), has been proposed by O’Neill
et al. which combine cold spray with laser heating [4—
6]. In SLD, a laser is employed to heat the deposition
zone of CS in order to soften both substrate and
powder particles, allowing the particles to deform and
build up a coating at impact velocities around half of
that in CS. Eliminating the need for high impacting
velocities permits cold or slightly heated nitrogen
to be used instead of high temperature helium as the
process gas, thus reducing operating costs by over an
order of magnitude. Furthermore, the SLD technique
greatly expands the material range of particle and
substrate which can be processed due to the reduction
of critical deposition velocity. SLD has been applied
to fabricate a variety of material coatings such as Cu,
Ti, Stellite 6, Ni60, Al-Cu alloy, Al-Si alloy and so
on [7-12].
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Figure 1. Microscopic images of feed stock materials: a —
SS316L; b —WC

Metal matrix composites (MMCs), which are
generally composed of a hard reinforcing non-metallic
material and a metallic matrix, are a useful class of
materials for surface coating that enable physical
properties such as density and thermal/electrical
conductivity to be tailored, along with mechanical
properties such as strength and wear resistance.
Currently, laser cladding, thermal spray and cold spray
are the most widely used methods for preparing MMC
coatings. The high temperature involved in laser
cladding and thermal spray would lead to porosity,
micro-cracks, dilution, phase transformation, high
thermal stress, etc. The main problem for cold sprayed
MMC coatings is the bonding strength, because the
metallic matrix is often soft materials such as Al,
Cu, Ni, which results in weak holding force between
the metallic matrixes and reinforcing particles. As a
result, the reinforcing particles are prone to spall off
from the coating in the subsequent real applications,
which would degrade the coating’s performance.

Based on the characteristics of SLD, it is expected
to deposit hard material coatings by this process at a
lower impact velocity with high coating density and
strong interfacial boding. Meanwhile, the deleterious
effects of high temperature coating methods could
be effectively avoided due to the relatively low
temperature deposition feature of SLD. Currently,
most of the research reported in literature about
SLD technique focused on single material coatings
and seldom involved MMC coatings. Therefore, in
this study, the SLD process was adopted to deposit
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tungsten carbide reinforced stainless steel (WC/
SS316L) composite coatings onto carbon steel
substrate in order to demonstrate the feasibility
of SLD technique to prepare hard metallic matrix
composite coatings. For comparison, the cold sprayed
composite coatings were also produced under the same
conditions except that laser heating was not involved.
The microstructure, composition, interface bonding,
coating density and wear-resistant properties of the
as-deposited composite coatings were investigated
using scanning electron microscopy (SEM), optical
microscopy (OM), X-ray diffraction (XRD) and pin-
on-disc wear tester.

Experimental section. Feedstock materials.
Commercially available stainless steel (SS316L)
powder and tungsten carbide (WC) powder were used
in the as-received conditions as feedstock materials.
The particles’ shapes of SS316L and WC powder
are spherical and irregular respectively as shown
in Figure 1. The composite powder consisting of
30 vol.% WC and 70 vol.% SS316L was mechanically
milled in a cylinder rotating at a speed of 200 rpm
for 2 h. The ball milling process was used to obtain
evenly mixed composite powder, which would be
beneficial for depositing composite coatings with
uniformly distributed reinforcing particles. The
substrate material was carbon steel and the substrate
specimens had a dimension of 100x60x10 mm.
Before the coating process, the substrate surface was
grit-blasted using 24 mesh alumina and ultrasonic
cleaned in alcohol.

SLD System and coating process. The schematic
diagram of the SLD system used in this study is
illustrated in Figure 2, a. High pressure gas was supplied
to a converging-diverging nozzle in two different
imports: one was through the gas heater; the other was
via a powder feeder where feedstock powders were
held. The feedstock powder stream and high pressure
gas were mixed and passed through the nozzle where
the particles were accelerated to supersonic speed.
The high-velocity particles impacted a region of
the substrate which was synchronously heated by a
diode laser (Laserline LDF 400-1000, Germany) with
960-980 nm wavelengths and 4 kW maximum power.
Combined lenses were used to focus the laser beam
onto the substrate surface and the diameter of the laser
spot was 5 mm. A high-speed infrared pyrometer was
used to obtain real-time temperature measurements
and control the temperature of the deposition zone
(referring to as «deposition temperature» hereafter)
during the SLD process. Data from the pyrometer
was fed through a closed-loop feedback system
which altered laser power as necessary to maintain
the desired temperature. The nozzle, laser head and
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Table 1. Optimal process parameters for WC/SS316L
composite coatings

Laser

Gas Gas Powder Spray
traverse - :
pressure,  temperature, feeding distance,
. speed, .
MPa C rate, g/min mm
mm/s
2.5 400 30 40 30

pyrometer were assembled on a robot (STAUBLI
TX 90, Switzerland). The spraying nozzle was
perpendicular to the substrate surface. The laser beam
was at an angle of 30° to the surface normal. The laser
energy and powder distribution are schematically
illustrated in Figure 2, b. In the deposition process,
the substrate was stationary and the nozzle, laser
head and pyrometer were moveable, controlled by
the robot. The process gas was nitrogen. The process
parameters except deposition temperature were kept
constant at the optimal values as presented in Table 1.

Coating characterization. The coating specimens
were cross-sectioned perpendicular to the coating
surface with electric discharge wire cutting,
followed by conventional metallography preparation
procedures. An aqueous solution consisting of 45 mL
of HCI, 15 mL of HNO,, and 20 mL of methanol was
used for etching. A field emission scanning electron
microscopy (SEM, SIGMA HV-01-043, Carl Zeiss)
and optical microscopy (OM, Axio Scope, Al, Zeiss)
were used to analyse the coating’s microstructure
and interface bonding. Backscatter scanning
electron microscope images were taken to maximize
contrast between the WC particles and stainless steel
matrix. The phase of the composite coatings were
investigated using X-ray diffractometer (XRD, D8
Advance, Brucker) with Cu-K radiation, 45 kV,
40 mA, at a scanning rate of 0.02 °/s. Pin-on-disc
wear test was conducted on the composite coatings at
room temperature under a dry-lubricating condition.
The pin was a 4 mm diameter Si,N, ceramic ball,
having the hardness of 2200 HV (90 HRC). The disc
was the tested specimen which was polished, cleaned
in a ultrasonic bath, and finally dried. The test was
performed under a normal load of 500 g at a rotational
speed of 500 rpm of the tested specimen between the
contacting surfaces; the sliding duration was 60 min.

Results and discussion. Deposition efficiency.
The deposition efficiencies (DE) of the WC/SS316L
composite coatings deposited at different deposition
temperature were compared with respect to coating
layer thickness. Shown in Figure 3 are the OM images
of cross section of the coating specimens. As can be
seen from Figure 3, the central peak heights of the
as-deposited coatings are gradually increased with
elevating the deposition temperature. The peak height
of the WC/SS316L coating deposited without laser

Powder
feeder

N P 1.
}ﬂn: r Substrate

a I
Powder jet

30e Laser beam

Spraying
distance

w

Substrate |

Track 1 Coating track

height
A 4 A

b

Figure 2. Schematic illustration of (a) SLD system, (b) laser
energy and powder distribution in the SLD process

assistance is 734.04 um while it is increased by 43 %
to 1050.91 um as a deposition temperature of 800 °C
was employed, indicating that deposition efficiency
can be improved with increasing the deposition
temperature.

The improvement of DE should be ascribed to the
reduction of critical deposition velocity due to the
softening of spraying particles by laser irradiation.
One of the most important parameter in the CS process
is the critical deposition velocity. For a given material,
there exists a critical deposition velocity that must be
achieved. Only particles whose velocities exceed this
value can be effectively deposited, in turn producing
the desired coating. Conversely, particles that have
not reached this threshold velocity contribute to the
erosion of the substrate. Theoretical modelling of
critical deposition velocity (V_ in m/s) proposed by
Assadi et al. can be expressed as following formula
[13]:

V_ =667-14p+0.087 +0.l5 —0.4T, 1)
where pis the density of the material in g/cm?; T _is the
melting temperature in °C; o, is the ultimate strength
in MPa, and 7 is the initial particle temperature in °C.
According to the formula (1), particle preheating will
decrease the critical deposition velocity because as
the temperature (7)) is increased, the ultimate strength
of the materials (o) is reduced. Both the increase
of 7 and the reduction of 6, would contribute to the
decrease of V_
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Figure 3. Comparison of coating thickness prepared at different deposition temperature: a — ambient temperature; b — 400 °C; ¢ —

600 °C; d — 800 °C

In this study, the spraying nozzle was perpendicular
to the substrate surface and laser beam was at an angle
of 30° to the surface normal as shown in Figure 2, b.
The powder jet and laser beam partially overlapped
with each other. Although the spraying particles were
travelling at high velocities and had limited time of
exposure to the laser, it is expected that the particles
would be significantly heated in flight by laser prior to
hitting the substrate because of the high laser power
density and small particle size, which could bring
down the critical deposition velocity of spraying
particles. As a consequence, the proportion of particles
exceeding this velocity would increase, leading to the
improvement in DE as shown in Figure 3.

Distribution and content of reinforcing particles in
the composite coatings. It can be seen from Figure 2
that WC particles are evenly distributed in all the
coating specimens. Therefore, we randomly selected
one area in each coating and calculated the WC area
fraction in these selected areas using image analysis
software to evaluate the dependence of WC content
on the deposition temperature. The calculated results
are illustrated in Figure 4. It is shown that the area
fraction of WC particles in the CS coating is about
22.55 % and it increases slightly to 24.42 % when the
deposition temperature of 400 °C is adopted. As the
deposition temperature is further increased to 600 °C,
the area fraction of WC particles increases greatly to
28.55 %. The coating deposited at 800 °C has about
29.29 % area fraction of WC particles, which is very
close to the volume fraction (30 %) of WC particles
in the original composite powder. This indicates that
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laser heating benefits the effective deposition of WC
particles in the composite coatings.

Cold sprayed MMC coatings generally consist of
pure metallic matrix and ceramic reinforcing particles,
such as AI/AIN, Ni/Al,O,, Cu/Al O, etc. During the
CS process, the reinforcing particles cannot deform
due to high hardness and they need to be embedded
in the deformable metallic matrix to form composite
coating. Therefore, the plastic deformation ability of
metallic matrix plays a decisive role in the formation
of MMC coatings. In this study, without laser
assistance or with less laser heating, the SS316L
powder wasn’t softened enough to accommodate the
hard particles, resulting in relatively low WC content.
In the case of more laser heating, the SS316L powder
easily deformed to take in WC particles owing to
sufficient softening, resulting in higher WC particle
concentration as demonstrated in Figure 4.

Coating density. According to the previous
results, it can be found that the composite coating
deposited at 800 °C has relatively high deposition
efficiency and WC content. Therefore, the following
comparative studies mainly focus on this sample and
CS sample. Shown in Figure 5 is the comparison of
coating density between these two samples. It can be
seen from Figure 5, a that there are lots of gaps and
pores in the CS coating, which indicates poor bonding
strength between powder particles and low density
of this coating. Moreover, evident holes can also
be clearly observed in the CS coating, as marked in
Figure 5, a. The appearance of these holes arises from
the debonding of the fractured WC particles. With the
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28.55%

2442 %

d

Figure 4. Comparison of WC distribution and content in the as-deposited coatings prepared at different deposition temperatures: a —

ambient temperature; b — 400 °C; ¢ — 600 °C; d — 800 °C
assistance of laser heating, improved coating density
can be obtained for the as-deposited coating. Gaps and
pores are hardly observed in the SLD coating, along
with the disappearance of the holes. These results
imply that laser irradiation has beneficial effects on
the coating density. Bray et al. compared the porosity
of Ti coating prepared by CS, high-velocity oxygen
fuel spray (HVOF) and SLD respectively [4]. Their
results revealed that the porosity level of the CS and
HVOF coatings were 3.1 % and 5.4 % respectively,
while that of the SLD coating was only about 0.5 %,
suggesting that the coating density of SLD coating is
superior to that of CS and HVOF coatings.

The poor coating density of CS coating are
mainly attributed to the limited plastic deformation
of the spraying particles. In the SLD process, the
synchronous laser irradiation can effectively soften
the spraying particles which would in turn result in
sufficient deformation of spraying particles. The
sufficiently deformed particles would interlock with
each other to form intimate contact, thus showing high
coating density. Furthermore, due to the softening
of the metallic matrix, hard WC particles wouldn’t
fracture and spall off from the composite coating as
embedding into the metallic matrix, which ensures no
holes formed in the SLD coating.

Phase analysis. The influence of laser heating on
the phases of the WC/SS316L composite coatings
was analysed using XRD. The XRD results for the
composite coatings prepared with CS and SLD are

presented in Figure 6. It is found that the coating
specimens with and without laser irradiation have
identical phases that are composed of SS316L and
WC, implying that SLD still remains solid state
deposition mechanism as CS does although laser
heating is introduced in this process. In SLD process,
the laser power is elaborately controlled to only

Figure 5. Comparison of coating density prepared by CS (a) and
SLD (b)
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Figure 6. XRD patterns of the composite coatings prepared by
CSand SLD
soften both the spraying particles and the substrate,
not melting them. The particles remained solid
during flight and deposition and were subject to laser
irradiation for only a limited period of time. Thus, the
chemical composition and phases did not transform in
the SLD coatings as compared to the CS coating, even
for the low melting temperature materials such as Cu
and Al. It was found in our previous study that the
oxidation of SLD-Cu coating was trivial and can be
neglected with comparison to the CS-Cu coating[9].
The relatively low temperature deposition feature
of SLD can effectively avoid high thermal stress,
oxidation, phase transformation and grain growth in
the as-deposited coatings, making it a superior coating
technology over thermal spray and laser cladding.
Wear-resistant performance. The evolution of
friction coefficient of the test samples were recorded
during the wear processes and the variations of
friction coefficient with sliding time are plotted in
Figure 7. It is shown that the friction coefficient of the
SLD sample is smaller and more stable than that of
the CS sample. The average friction coefficient of the
SLD sample is around 0.65 after 60 min sliding, while
that of the CS specimen is about 0.8 at the same time.
To further investigate the wear-resistant
performance of the WC/SS316L composite coatings,
the worn surfaces of the tested samples were examined

3
2
=
2 —— (S coating
: 0.4 —— SLD coating
3
=02

0 = i 1 i 1 L L L L i 1 i 1

0 10 20 30 40 50 1. min

Table 2. The EDS results of worn surfaces of the WC/
SS316L composite coatings prepared by CS and SLD

O Si Cr Fe Ni W
1 11.68 1.49 1295  57.05 7.76 9.07
2 39.38 8.76 5.87 24.55 3.53 17.91
3 7.32 3.63 3.71 12.8 2.5 70.04
4 36.36  10.65 5.44 23.42 4.27 19.86

using SEM, the results are shown in Figure 8. It can
be seen that in both the worn surfaces, there are two
distinct areas, dark and light. The dark area is more
extensive in the CS coating than in the SLD coating.
Table 2 are the EDS results of the dark and light areas
in the wear track of CS and SLD coatings. It is shown
that the dark areas (2 and 4) contain a high content of
O element; in contrast, a lower content of O element
is detected in the light areas (1 and 3). This suggests
that oxidation had occurred in the worn track when
the coating samples were under the sliding wear
tests, and the dark areas were oxidation scales formed
during the wear tests. The more oxidation scales in the
worn surface of the CS coating indicate more friction
heat was generated in its surface during wear, which
should be ascribed to the relatively high friction
coefficient as shown in Figure 7.

It can be summarized from the wear test results
that the WC/SS316Lcomposite coating produced by
SLD has better wear-resistant performance than the
CS coating. It is believed that the friction between

Figure 7. Variations of friction coefficient with sliding time of Figure 8. SEM images of worn surfaces of the WC/SS316L

WC/SS316L composite coatings prepared by CS and SLD

composite coatings prepared by CS (a) and SLD (b)
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the contact surfaces was reduced due to the abrasion
resistance of hard irregular WC particles. The better
wear-resistant properties of the WC/SS316L coating
produced by SLD are resulted from the relatively
high content of WC particles in the composite coating
and the strong interfacial bonding between the WC
particles and SS316L matrix due to the beneficial
effects of laser irradiation.

Conclusion

The WC/SS316L composite coatings on carbon
steel are successfully prepared in a range of
deposition temperatures with the SLD technique,
which combines cold spray with laser irradiation.
The deposition efficiencies of the SLD coatings are
increased with elevating the deposition temperature
due to the reduction of critical deposition velocity
which results from the softening of spraying particles
by laser heating. The WC content and interfacial
bonding strength of the coatings are also improved
with increasing the deposition temperature, which
would in turn significantly improve the wear-resistant
performance of the SLD coating. The introduction
of laser irradiation into CS doesn’t induce phase
transformation in the SLD process due to the relatively
low temperature deposition feature.
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CTPYKTYPA, MPOYHOCTHh U TPEHIUHOCTOMUKOCTH
COEJJMHEHUH CTAJIM 14XT'H2MJA®EB
INPU TUBPUJTHOM JIABEPHO JYTI'OBOM CBAPKE

JLA. MAPKAILIOBA, B.1. IO3HSAKOB, B.J1. IHEJISATUH, E.H. BEPTHUKOBA, T.A. AJJEKCEEHKO
WuctutyT snexrpocapku uM. E.O. Ilarona HAH Ykpaunsi, Kues, Ykpanna

B paboTe mpencTaBieHbl pe3yabTaThl 3KCIIEPUMEHTANIBHBIX HCCIIE0BaHIH 0coOOeHHOCTEH YOPMHUPOBaHUS CTPYKTYPBI
1 (azoBoro cocraBa CBapHBIX coequMHEHHH BbICOKOMpouHOW ctanu 14XTH2MJIA®DB B ycnoBHAX pa3aMyHBIX CKO-
pocreit (V_ =72, 90, 110 M/9) TuOpHAHON Ja3epHO-TyTroBOH cBapkH. Ha ocHoBe nHdopManum, NoTyveHHOH Ha pas-
JIMYHBIX CTPYKTYPHBIX YPOBHSX (OT 3€pEHHOTIO /10 AUCIOKAIIMOHHOTO), BBHIOIHEHBI aHATUTHYECKUE OLICHKH BITHSHUS
CTPYKTYPHBIX TapaMeTpoB ((ha30BOro cocCTaBa, 3€pEHHOH, Cy03epeHHON M JUCIOKAMOHHON CTPYKTyp) Ha MEXaHU-
UECKHE CBONCTBA (G,,) ¥ BAKOCTh paspyuienus (K| ) CBAPHBIX COCAMHEHNUI B 3aBUCUMOCTH OT PEXHUMOB THOPHHON
cBapky. [okasaHa ponb CTPYKTYPHBIX (paKTOPOB B M3MEHEHHH YPOBHS JIOKAJIbHBIX BHYTPEHHUX HANPsKeHui (T, ) —
HCTOYHUKOB 3apOXKACHUS M PACIIPOCTPAHEHHUSI TPELIHH B METAJLIC CBAPHBIX COCAMHEHUH. YCTAaHOBJICHBI ONITHMAJIbHBIC
TEXHOJIOTHYECKUE PEKUMbI THOPHHOM J1a3epHO-IyTOBOil CBapKH, 00eCIeUMBAOIINe, ¢ TOUKH 3PEHHUS. CTPYKTYphI U
(azoBoro cocrasa, BHICOKHE ITOKA3aTENIH MEXaHHYECKHX CBOWCTB U TPEIIMHOCTOHKOCTh METaJLIA.

B Hacrosimee BpeMsi IS OTBETCTBEHHBIX MAIllMH H
MEXaHU3MOB, Pa0OTAIOLIUX B CIOXKHBIX YCIOBHSX HC-
TIOJTB3YIOTCSI, KaK MPAaBHJIO, BBHICOKONPOYHBIE CTAlM C
npenenioM tekydectu 6onee 700 MIla, uto B coueTanuu
¢ HanOoIee ONTUMAJIbHBIMU TEXHOJIOTUYECKIMH Tapa-
METpaMH CBapKH TaKUX MaTepHaioB, JOJDKHO obecrie-
YMBaTh HEOOXOMUMBI KOMIUIEKC HKCILTyaTaI[iOHHBIX
XapaKTEPUCTUK KOHCTPYKLMH TaKoro THIIA, U MPEKIE
BCET0 — WX MPOYHOCTH, INIACTUYHOCTh M TPEHIMHO-
cToikocTb. [Ipr HCoNB3yeMBIX K HaCTOSIILIEMY Bpeme-
HH KJIACCUYECKHUX TEXHOJIOTHSX JTYTOBOW CBAPKH TAKUX
CcTajiedl nuanason ckopocteid ceapku (V) cocrasiser
ropsiaka ot 18 mM/4 o 50 M/9 TIpH CKOPOCTSIX OXJTaXKIe-
must W, = 22-38 °C/c. OnHako B HACTOSIIEE BPEMS BCE
Oorpliee MpUMEHEHHEe HaXOSAT TEXHOJIOTHH JIA3epHOM,
B TOM YHCJIE U TUOPUAHOM (J1a3epHO-IyrOBON) CBApKH,
TTO3BOJISIFOIIHE TIOMyYaTh Ka9eCTBEHHBIE CBApHBIE COe-
JMHEHHS C UCTIONB30BaHNEM 0o0Jiee BBICOKHX CKOPOCTEH
ceapku (V_ = o 110 M/9) 1 CKOpOCTEH OXJIaxKIeHHUs
(W, 5 = 30-100 °C/c), uto B 3HAYUTEIILHON CTENEHU HE
TOJIGKO TIOBBIIIAET TTPOU3BOAUTENHFHOCTH Tporiecca (B
2 u OoJiee pa3a 1o CPaBHEHUIO C JIyTOBOM CBapKOii), HO
1 o0ecriedrBaeT TOBBIIICHHE TOKa3aTeeld MPOYHOCTH
(na 8-15 %) u mnactuunocty (B 1,5-2 paza) cBapHBIX
COEAMHEHUH.

[Ipu 5TOM criegyeT OTMETHTh 3aMETHOE W3MEHEHHE
TeOMETPHYECKHX TapaMeTPOB 30HBI CBApKH: B 3—5 pa3
YMEHBIIAETCS IIMPHUHA IIBOB U 30HBI TEPMHYECKOTO
Bimsians (3TB) cBapHBIX COeMMHEHHH TaKoTo TUTIA.

VYuuThIBas CyIIeCTBEHHbIE M3MEHEHHS TEXHOJO-
THYECKUX PEKUMOB U, COOTBETCTBEHHO, T€OMETPH-
YECKHX pa3MepOB 30HBI CBAapKH, CIEAYEeT OXHIATh
3aMETHBIX U3MEHEHUH W B CTPYKTypax, GopMupyro-
IIUXCS B CBAPHBIX COCJMHEHUSX HOBOTO THIIA, KOTO-

pBIe, KaK H3BECTHO, BO MHOTOM OIIPEJIEIISIFOT CBOHCTBA
CBapHBIX KOHCTpYKIui [1—4].

Hean pa6orwl. JleTanbHble HUCCIETOBAaHUS Ha
BCEX CTPYKTYPHBIX YPOBHSAX (OT 3€pEHHOrO 10 AMC-
JIOKaIIHOHHOTO0) 0COOEHHOCTEH (Pa30BBIX U CTPYKTYP-
HBIX M3MEHEHMH B METaJlle CBAPHBIX COCAMHEHHH,
MOJTY4YEeHHBIX THOPUIHON JIa3ePHO-AYTOBOI CBapKOH,
B 3aBUCHMOCTH OT HCIOJb3yEMBbIX TEXHOJIOTHYE-
CKHX TapaMeTpoB Takoro Bujaa cBapku. Kpome toro
aKTyaJIbHOM 3aJadeil ImpeacTaBIsieTCsl OLEHKA poJu
KOHKPETHBIX CTPYKTYpHO-()a30BBIX COCTAaBIISIFOLINX,
(bopMHUPYIOIIMXCS P Pa3JIMYHBIX PEKUMAaX paccMa-
TPUBAaEMOT0 TUIa CBapKH B ONTHMHU3ALMH Haubojee
3HAUUMBIX JUISI 3KCIUIyaTallMOHHBIX YCJIOBUI Mexa-
HUYECKUX XapaKTePUCTUK CBAapHBIX COCAMHEHHH, a
MMEHHO — IMOKAa3aTeNed IIPOYHOCTH (G, ), MIIaCTHIHO-
cru (K| ) ¥ TpEIMHOCTORKOCTH.

Marepuajbl 1 MeTOAMKH HccJienoBanuid. Pa-
00Ty BBINOJHAIM Ha 00pa3nax BBICOKOMPOYHON
cranmu 14XT'H2MJIA®E (0,183 % C; 1,19 % Cr;
0,98 % Mn; 2,07 % Ni; 0,22 % Mo 0,08 % V;
0,33 % Si; me 6omee 0,018 % P u 0,005 % S) Ton-
muHOoM 10 10 MM ¢ HCITOIB30BaHUEM CBapOYHOU MPO-
Bosiokn CB-10XH2I'CM®THO (£0,1 % C; 0,7 % Cr;
0,4 % Mn; 0,22 % Mo; 0,15 % V; 0,24 % Si; "He Ooaee
0,007 % S) Ha cienyronmx peKuMax J1a3epHO-TyTo-
BOM cBapku: 1-i pesxum — V =72 m/a, [ ~ 125 A,
Ua ~23 B; 2-ii pexxum — V_ =90 m/u, [~ 150 A, Ua ~
~ 25 B; 3-ii pesxum — V_ =110 m/4, I ~ 200 A, U ~
~ 26 B. YkazaHHBIC PEKUMBI TTO3BOJISTIOT O0CCIICIHUTD
oxnaxnaenue Meraiia 3TB B unrepBane temmneparyp
600-500 °C co crkopoctero W, . = 58-62 °C/c. B kaue-
CTBE MCTOYHHUKA JIA3€PHOT0 U3TYUEHHS UCTIO0JIb30BAIH
CO,-nasep MomHOCTBIO u3nydenus 10 4,4 kBt n

© J1L.M. MAPKAIIIOBA, B.JI. [IO3HAKOB, B.JI. IEJIAI'MH, E.H. BEPIHUKOBA, T.A. AJJEKCEEHKO, 2015

56




LTWMP’15

MexaHnnyeckue cBOHCTBA cBapHbIX coenHeHui ctamu 14XT'H2M /|

KCV, :x/cm? npu t, °C
CKoOpoCTh CBAPKH %oz O 5 v ioB 3TB
MIla % +20 —40 ~40
935
851,8 1068,3 12,7 59,6 61,4 35,7 79.9
V., =72 M/ 963.6 1189.8 9.3 63.7 90.0 40.9 80’9
907,7 1129,0 11,0 61,6 75,7 38,3 s
84,7
1138,1 1326,6 40,8 64,5 59,1 2(])’;1
V=90 m/a 1156,3 1319.7 10,0 35.6 58.6 452 65’7
1147,2 1323,1 2 1 2,1 o
7, 323, 38, 61,5 52, 59.2
1
991,5 1078,1 9,7 58,7 41,9 22’5
V,= 110 M/ 982.1 1088.9 14,0 59,6 81,2 29.7 96,7
986,8 1083,5 11,8 70,0 35,8 m

3alIUTHBIA Ta3 (cMech Ar + CO2 ¢ pacxogom 15—
20 51/MuH).

CtpyKkTypHO-(ha30Bble H3MEHEHHS — pa3Mepbl
3epEHHOH, CyO3epEeHHON CTPYKTYPHI, paclpeesicHue
(a30BBIX BBIJIENICHHH, OCOOCHHOCTH 30H XPYITKOTO
U BS3KOTO pa3pyLIeHMs, XapakTep pacrlpeaeeHHs
IUIOTHOCTH JAMCIOKALMK B MeTajle IIBa M pa3indy-
HBIX ydacTkax 3TB cBapHBIX COeMHEHNI H3ydan Ha
BCEX CTPYKTYPHBIX YPOBHSX C UCTIOIB30BAHUEM KOM-
IJIeKca IKCIIEPUMEHTAIEHBIX METOZ0B COBPEMEHHOTO
(u3HYecKoro MeTaJUIOBeleHUs, BKIIIOYas: ONTHYe-
CKYI0 MeTayutorpaduio (MUKpOCKOTHI « Versamet-2» 1
«Neophot-32»), aHATUTHYECKYIO PACTPOBYIO MHUKPO-
ckonmto (COM-515, ¢dupmer PHILIPS) u npocBeun-
BAaIOIIYIO 3JIEKTPOHHYI0 MEKpOcKomuto (JEM-200CX,
¢upmer JEOL). TsepmocTh wuccieqyeMoro Merad-
Ja U3MepAnu Ha MuKpoTBepaomepe M-400 dbupmbl
«Leco» npu Harpyske 0,1 xr. KommiiekcHble rccieno-
BaHUSI JaJi BO3MOXKHOCTh OIICHUTH AuddepeHupo-
BaHHBIM BKJIaJ] OTACIBHBIX CTPYKTYpHO-(Pa30BbIX CO-
CTaBJIAIONIUX U APYTHX CTPYKTYPHBIX MapaMeTpoB B
M3MEHEHNE MHTETPAJIBHBIX 3HAUEHUH CBOMCTB IPOU-
HoCTH (0,) W Bsaskoctu paspyuienus (K ), a Tarxke
JIOKANbHBIX BHYTPCHHHX HanpspkeHuid (T, —— 30H
3apOXKICHUS U PACIIPOCTPAHEHUS TPEUINH) B pa3iiny-
HBIX Y4aCTKaxX CBApHBIX COEIWHEHHUH MPH UCTIONb3Ye-
MBIX PEeXUMAax THOPUIHON CBAPKU.

Ilo pesynpratam MeXaHHYECKUX HCHBITAHUHN (Ta-
0JMI1a) YCTAaHOBJICHO, YTO HauOoiee BBHICOKUMH TI0-
Ka3aTe/sIMH Ipe/iella TeKy4eCTH (G,,) U BPEMEHHOIO
COINPOTHUBIICHHUS (G,) XapAKTEPUIYIOTCS LIBbI, BBIIOJ-
Hennble ipu V= 90 m/4. Pesynbrarsl uCnbITaHUN
00pa3loB Ha yIapHbIid u3ru0 Ipu Temneparypax T,
or + 20 1o —40 °C noka3anu yBEeIHMYEHUE yAAPHOU
Baskoctu (KCV*) mpu T, = —40 °C B mertaiie
IIBOB, BHINOJHEHHBIX mpu V_ = 90 M/4. Onnako, B
ATOM cltydae 3aMeTHO (B 1,6 pa3a) cHHKaeTCs ImoKasa-
TeJb ITACTHYHOCTH () 1o cpaBHenuto ¢ V =72 m/4
uV_ =110 m/4.

TakuM 00pazoM, U3 Pe3yNbTaTOB MEXaHUYECKHX
UCTIBITAHWI BUIHO, YTO PEXKUMBI CBAPKH OKa3bIBAIOT
3HAUYNTENILHOE BIMSHHE Ha MEXaHHMYECKHE CBOICTBA
CBapHBIX COCIMHEHUH, HO HET ICHOCTH, 32 CUET KAKHX
CTPYKTYPHBIX (aKTOpoB OOECIeuYHMBaeTCd TOT MU
WHOH YPOBEHb CTPYKTYpHOTO BKJIaja B oOmMi ypo-
BEHb MCXQHHYCCKUX CBOUCTB (G, ,, O, ¥ AP.).

Pe3ynbTarhl 3xcnepumenta. VccnenoBaHbsl u3-
MEHEHWUsI Pa3lIMYHBIX (Pa30BBIX COCTABISIOMUX (Oeii-
HHTa BEPXHEro U HIkHEero — b, b, MaprencuTa —
M), ux oObEeMHOW IOIU (VJ_.[, %), MHKPOTBEpIOCTH
(HV), a Taxoke pa3iauyHbIX CTPYKTYPHBIX TapaMeTPOB
(BENMYMHBI 3€PEHOM, CyO3epeHHOH cpykTypel — D,
d,), xapakTepa pacnpee/ieHis U IJIOTHOCTH JHUCIIO-
Kanui (p), a Takxke ocoOEHHOCTEH 30HBI paspylie-
HUS CBapHBIX COCIUHEHUU (BSI3KOE, XPYMKOE H T.II.)
B 3aBUCHMOCTHU OT UCIIOJIb3YEMBIX CKOPOCTEH Ja3ep-
Ho-nyrosoit capku (V= 72, 90, 110 m/4). Hccre-
JOBaHMsI BBIIIONHSUIM BO BCEX Hamboiee 3HAYMMBIX
30HaX CBAapPHBIX COCAMHEHHUI — MeTajlle IBa U 30He
Tepmudeckoro BiausHus (3TB).

Tak, mpu CTPYKType OCHOBHOIO CBapHBAE€MOTO
Meramta (ctanb 14XTH2MJIADB), cocrosiieit u3
Oetnuro-pepputHbIX (B-®) 3epen ¢ D, = 15-25 mxm
u Mukpotrsepaocteio HV (b-®@) = 2700-2850 Mlla
(puc. 1, a), B cmyyae UCIONB30BaHUSI MUHUMAJIbHOM
CKOpoCTH CcBapkM — V_ = 72 M/4 [y pasiu4HbIX
30H CBApHOIO COCIMHEHUS XapaKTEPHO CIEIyIo-
niee CTPyKTypHoe cocrtosiHue. CTpyKTypa Merasuia
mBa (mpu CB-10XH2I'CM®TIO) u 3TB Oetinut-
HO — MapTeHcuTHas (b-M) ¢ mpeumyIiecTBeHHBIM
(V, ~ 60-80 %) dopmupoBanuem cTpykTyp Oeitnnra
awkrero (b ) ¢ D, =30-120x170-350 mxm (B MeTan-
ne mBa) npu HV 3660—4010MIla (puc. 1, 6, puc. 2,
a, puc. 3, a). Ilpu nepexone k 3TB B y4acTke mepe-
rpeBa mukpoTrBepaocts (HV) cocraBmser ~ 3830—
3900 Mlla, a D_juist 5TOM 30HBI CBAPKH YMEHBIIACTCS
no 3HaueHwit ~ 30-60 mMxm (puc. 1, 6, puc. 3, 6). A B
YYacTKe MEePEeKPUCTALIH3AINN H PEKPUCTATITU3AIAN
3TB cTpykTypa m3Mensdaercs emie B OOJbIIeH cTe-
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Puc. 1. Muxpoctpyktypa cBapHbIX coenunennil cramu 14XTH2MJIA®E npu V ~ 72 M/4: @ — OCHOBHOH METaIT; 6 — METaJll Ba;
6 — ydactok neperpeBa 3TB; ¢ — yuacTok nepexpucramauzanuu, x500

neHu (B 2—4 pasa, puc. 1, 2) Ipu CHUKEHUNU MHKpO-
tBeproctu 1o HV 3510-3660 Mlla. Ilpu nepexone k
OCHOBHOMY MeTa/lTy (Y4acTOK HETOJHOHN NepeKpH-
CTaJUIM3ALMM) XapakTepHO (opMHupoBaHHE (eppu-
To-OeHUTHOU CTPYKTYpHl ipu HV 3360-3510 MPa
u (D, = 5-15 mkm).

Taxum o6pasom, B ycnoBusx V = 72 m/4 B MeTan-
ne mBa 1 3TB cBapHBIX coemuHeHH (OpPMHUPYETCS
CTPYKTypa NpeuMyniecTBeHHo b , mpu mepexoze ot
mBa k 3TB 3epeHHast cTpyKTypa CyIIECTBEHHO H3-
MenpdaeTcs (B 2—4 pasa) mpu paBHOMEpPHOM CHIKeE-
HuM (Ha 12 %) MUKpOTBEPAOCTH.

B ycnoBusx yBenuueHus CKopocTu cBapku 10 V
= 90 M/9 anms MeTajuia IBOB CBapHBIX COEIWHEHHI
XapakTepHO (OPMHUPOBAHHE MPEUMYIIIECTBCHHO Vv,
~ 50-70 %) MapTEeHCUTHOW CTPYKTYpbl (MapTEHCHUT

ormycka, M_ ), ¢ pasmepom 3epua D, ~ 30-80x150—
300 mxm ipu HV'4050-4420 MlIla (puc. 2, 6 puc. 3, a).
IIpu nepexone k yuactky neperpesa B 3TB Bennunna
3epHa HECKOIIbKO yMeHbuaeres (10 D, ~ 25-50 mxm)
C HE3HAYUTEIBHBIM CHI)KEHHEM MUKPOTBEPIOCTH (10
HV 3830-4050 MIla), puc. 3, 6. 1o mepe nepexona k
OCHOBHOMY METajlly — B y4acTKe NepeKpUCTalIn3a-
uu 1 pexpuctamsanuu 3TB crpykrypa emie 6omee
usmenpyaercs (B 2 pasza 1o D, = 10-20 Mxm) npu cHu-
JKeHUU MUKpoTBeproctu (HV no ~3660-3830 Mlla).
Jns mocnenyromero metamia 3TB (ydacTtka HEmosn-
HOU TNEpeKpUCTAIIIU3AMK) XapaKTepHO (HOpMHPO-
Banue (eppuro-6eiinutoi (P-b) crpykrypsr (D, =
=10-20 mxm) ipu HV 3220-3700 MPa.

TakuMm 00pa3om, Ipu yBEITUUYEHHH CKOPOCTHU CBap-
xu (V) o 72 1o 90 m/4 n3mensiercs Ga3osblii cocTan

i el 1
‘éoo- - Q\ - !]//!'
1Y ~

0 %Q-L_ ] 3

Ilos 13TB los

13TB Illon 13TB

Puc. 2. smenenne 00beMHOM 10TH CTPYKTYPHBIX cocTaBistomux (® — BH; m — BB; 0 — M) B metae mBa u I 30851 3TB cBapHbIX
COeNMHEHNH cTany mpu ckopocTsx ceapku (V. ): @ — 72 m/4; 6 — 90 m/a: 6 — 110 m/a
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Puc. 3. V3MeHeHne CTPYKTYPHBIX MapaMeTPoOB — CPEOHHX pa3MepoB KpucTtamiutoB (m — h
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;0 — IKp), BennuuHbI 3epHa (D, —

O/m — min/max) 1 MUKpOTBepAocTH (HV — o/ — min/max) B Metayuie mBa (a) u 3TB (6) cBapHBIX COeANHEHNU B 3aBUCHIMOCTH OT

CKOPOCTH CBapKH

Metaia mBoB U 3TB cBapHBIX coenuHeHui oT Oei-
HUTHO — MapTeHcutHoro (b-M) 1o MapTeHCHTHOTO
(M) Tuma, a Takke COOTHOIICHHE CTPYKTYPHBIX CO-
craBysttonux B Metamuie 3TB cBapHBIX coemuHeHUI:
yMeHbmaercs (B 2-3 pasa) oObemHas nois b npu
noBeleHny (B 3 pasa) njoau M, 4to B utore o0e-
CTIEYMBACT MaKCHMAJIbHBIC ITOKa3aTely MPOYHOCTH,
OZIHAKO TIPUBOJUT K CYIIECTBEHHOMY CHIDKEHHIO (B
1,6 pa3a, TabnuIla) IIIACTUYHOCTH (/) B IIIBE, a TAKXKE
camxernio (Ha 30 %) mokasaresneil XJ1a10CTOMKOCTH
(KCV+4%) B 3TB atHx coeauHeHuii (0 CPABHEHHUIO C
pexumom V=72 m/4).

[Ipu MakcuManbHON CKOPOCTH THOPHUIHOMN Jla3ep-
Ho-ayrosoii ceapku (V= 110 m/9) pasoBslii cocras
Metama mBa U 3TB npencrasnen 6eHHUTHO — Map-
TeHCUTHON (B-M) cTpykTypo#l ¢ mpenMyIiecTBeH-
M (V ~ 60-70 %) (opmupoBaHueM CTPYKTYp
Oeiinnra BepxHero (b ) ¢ Bennuunoi sepua D, = 20—
80x150-250 mxM 1 MukpoTBepnocThio (HV) ~ 3360—
4010 MlIla (pwuc. 2, 8, puc. 3, a). OgHAKO IPH TIEPEXO/IC
k 3TB B yyacTke neperpesa Takoro THUIA COEINHEHUI
BENTMYMHA 3€pHA yMeHbInaeTcs (puc. 3, 6) B 2 paza
(mo Dg = 2040 Mxm). A ans MeTamia ydacTka He-
MOJTHOM TMepeKpHCTALTH3ANN XapakTepHO (HOpMH-
posanue ®-b crpykrypsl, HV 3360-3510 MPa (D, =
= 5-20 MKM).

Takum o6pa3om, B ciiyyae yBEJIMYEHUSI CKOPOCTH
cBapku o V_ = 110 m/9 HecmoTps Ha TOT (hakT, 4TO
(a30BbIif cocTaB MeTaja IIBOB M y4acTKa Ieperpesa
3TB ananoru4Hblii, Kak u npu pexumax V =72 m/4,
T.e. OCHHUTHO-MAapPTEHCUTHBIH, OJHAKO NPH MAaKCH-
MaJIbHOM V _ 3aMETHO YMEHBIIAECTCA 0ObEMHAs 0TI
b, (10 10-20 %) 1 npenMyIecTBEHHO GOPMHUPYIOTCS
ctpykrypbl b, (60-70 %). Takue cTpykTypHbIE H3ME-
HEHHS MOTYT IPHUBOAUTH K HEPABHOMEPHOMY YPOBHIO
MEXaHUYECKUX CBOMCTB 110 30HE CBAPKHU U CHIKEHHIO
TPELIMHOCTOMKOCTH CBAPHBIX COCIMHECHUH.

Pesynbrarel  (pakTorpapuUecKuX MCCIICIOBAHMIMA
H3JIOMOB METOJIOM CKaHUPYIOLLEH 3JIEKTPOHHON MUKPO-

CKOITMH TO3BOJIMJIM IPOBECTH COIIOCTABJICHUE XapaKTe-
pa paspylieH’s MeTajula IIBOB CBAapHBIX COEJUHEHUI
B 3aBMCMMOCTH OT TEMIIEparypbl ucnbitanuid (77 =
=+20°Cu T, =-40°C) B pasnn4HbIX 30HaX paspyle-
Hus (I — B 30Hax ouaroB paspylueHus y Haapesa; [ — B
30HaX paclpoCTPaHEHHUs] MarkCTPATLHOM TPEIINHBI).

Tak nys Beex cropocrei capku (V= 72-110 m/4)
npu T = +20 °C xapakrepeH NPEeuMyINECTBEHHO
BA3KUI TN pa3pylieHus, puc. 4, a. OgHako Mo Mepe
noBbIIeHus ckopocTtn ceapku (V_= 90 m/4) B 30He |
HECKOJIBKO BO3pacTaeT KOJIM4ecTBO (~ 10 2 %) yyact-
KOB XPYTIKOTO BHYTpHU3epeHHOT0 cKona. B ciydae 6o-
Jiee BBICOKHMX CKopoctel cBapku (V= 110 m/9) nons
XPYTIKOTO pa3pyIiieHus Bo3pactaet 10 ~ 20 %.

B cnyuae jxe CHIDKEHHS TeMIIEpaTypbl HCIBITAHUN
(T, =—40°C) st cBapHBIX COEIMHEHUH TIPH CBAPKE
co ckopocthio V = 72-90 M/4 XapakTepeH CMellaH-
HBIH TUI pa3pylICHUsI — XPYIKUil B COYETaHUH C BSI3-
KHM SIMOYHBIM pazpyieHueM (B 30He I 1o ~ 40-55 %;
B 30He II 1o ~ 70-80 % xpymxkoro ckona), puc. 4, 6.
A B ycnoBusx ckopocty ceapku V =110 m/u (T =
=—40 °C) nabmonaetcs ysenuaenue (B 1,3 paza) 00b-
€MHOH oM XpynKoro paspymeHus (1o ~ 75-95 %,
puc. 4, ), ykpynHeHHEe (aceToK CKOJa M yBeITMUCHHE
NPOTSHKEHHOCTH (POPMHUPYIOLIMXCS TPEILUH.

TakuM 00pazoM, C TOUKH 3pEHHS XapaKTepa pas-
PYLICHUS IIPH PA3IUUHBIX TEMIIEpaTypax UCIbITaHUN
HaunboJjee ONTUMATIBLHON CTPYKTYpOi MeTaslia IIBOB
CBAapHBIX COCIMHEHUI SIBISETCS CTPYKTYpa, (hopMu-
pyromasicss Ipyd MUHHUMANbHBIX MapaMeTpax CBapKH,
T.€. TIPY CKOPOCTAX cBapku V = 72-90 m/u.

BrInosTHEHBI TakXke JeTalbHble 3JIEKTPOHHO-MH-
KPOCKOIIMYECKHE HCCICIOBAaHUA HA IPOCBET, KO-
TOpBIE JAIOT BO3MOXHOCTh HW3Y4YWTh OCOOCHHOCTU
TOHKOH CTPYKTYPBI MeTajljla 30HbI CBapKH U €€ Iapa-
METpBI: U3MEHEHHE TUIOTHOCTH U XapakTepa pacrpe-
JeNICHHS AUCIOKauri (p) B Pa3IMYHBIX CTPYKTYPHBIX
cocTaBisoNMX (BO BHYTPEHHHX 00beMax W BHOIb
CTPYKTYPHBIX TPaHHL), Xapakrep (hopMHUpyrOLIencs
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Puc. 4. MukpocTpyKTypa OBEPXHOCTH Pa3pyLICHHs B 30HE MarHCTPalIbHON TPEIUHBI CBAPHBIX COCAMHEHUN ISl CKOPOCTEH CBAapKHU:

a—\V =72-110 /1 (T, = +20 °C); 6 — V_ = 72-90 m/u (T,

CIT
CyOCTpYKTYphI, S((GEKTHBHBIE PACCTOSHHUS MEXIY
KapOuaHeIMU (azamu, UX pasMmep U T.I. B aTom mia-
HE JUIS CBAPHBIX COEIMHEHHUH, TTOTyYeHHbIX pu V=
= 72 m/u (ontumanbHas crpykrypa) u V= 110 m/4
(rpagueHTHast CTPYKTYpa) YCTAaHOBIICHO CIIeyIoIIee.

B meramne mBa npu V_ = 72 m/4 B 3epHax b, Ha-
Omonaercst opMUpOBaHNE BHYTPEHHEN CyOCTPYKTYPBI
C PaBHOMEPHBIM paclpesiesieHHeM 00bEMHOH IUIOTHO-
ctu qucrokanuit (p) 10 ~ (4-6)x10"° cm2, a B cTpyK-
Typax M JMCIIOKAIMOHHAS IUIOTHOCTh COCTABIISET
p ~ 8x10"—x10" cm2. s meramia 3TB coenunenuit
XapakTepHa (parmenTauus 3epen b , T.e. nabmonaercs
nsmenpaenne (Ha ~ 10-20 %) peeunoit crpykrypsl b,
1 M__, 4TO CONPOBOKIAETCS HEKOTOPBIM MOBBILIEHUEM
JUCTIOKIIMOHHOMN TJIOTHOCTH, PHC. 5, 6.

st TOHKO# CTPYKTYpbl METajuia 30Hbl CBAPKU B
cimydae V= 110 M/9 XapakTepHO CIENYIOIIEE: YBe-
JMYMBACTCS MHTETPAJIbHOE 3HAYCHUE JUCIOKAIIMOH-
HO¥ TI0THOCTH B MeTasuie mBa u 3TB, dopmupyercs

=-40°C); 6 —V_=100 m/1 (T,

CTT

=-40 °C), x2020

CIT
IIPEUMYIIIECTBEHHO CTPYKTypa OelinuTa Bepxuero (b )
[P MaKCUMaJIbHOM MOBBIILICHUH IJIOTHOCTH JHCIIO-
Karuii p 10 ~ 1,5%10'" cm? (puc. 5, 6).
AHaJIMTHYeCKHE OLICHKH CBOMCTB IPOYHOCTH,
BSI3KOCTH, TPEIIMHOCTONKOCTH CBAPHBIX COeUHeE-
HMii. DKcnepuMeHTalbHasE HHPOpMaIMs MO3BOIMIIA
BBHIMOJTHATh AHAIUTHYECKYIO OLEHKY IuddepeHnu-
POBAaHHOTO BKJIAZla BCEX CTPYKTYP M MX [apaMeTPOB,
a MMeHHO: pasMepoB 3epeH (D,), cy6sepen (d.), miot-
HOCTH JUCIIOKALMH (p), MEXXKapOUIHBIX PACCTOSHUH,
a TaKke 00bEeMHON 10U POPMUPYIOLIUXCS CTPYKTYP
T10 30HE CBapKH (B METaJlIe IIBOB U B YUACTKax Iepe-
rpeBa) B ©BMEHEHUE HHTETPATLHOTO 3HAYCHUS TIpeie-
J1a TeKy4ecTH (3.6, [3—-5]) cBapHbIX coeIMHEHMH, BbI-
IIOJIHEHHBIX IIpU UCCIeNyeMbIX pexumax. [Ipu stom
MHTETPAJIbHBIC 3HAYEHHs NMPEIena TeKydecT (Y.0,)
SBJISIFOTCSI (COTVIACHO YPaBHEHUIO, BKITIOYAIOIIEMY H3-
BECTHbIE 3aBUCUMOCTH Xoiuta—Ilerua, OpoBana u ap.
[6—8]) cyMMapHOH BETUYMHOM, COCTOAIICH U3 psia

Puc. 5. Tonkas cTpykrypa metamna msos (a, 6) u 3TB (6, 2): a, 6 — Getinnra HmwxHero npu V= 72 m/1 (x30000); 6, 2 — Oeiinnra

BepxHero (6 — x1500; x3000) npu V_ = 100 m/4
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Puc 6. Briai pasinu4HbIX COCTaBIAIOMMUX (AG) CTPYKTYPHOTO yIPOYHEHUS B PACUCTHYIO BEIIMYHHY NPE/iela TeKydecTd (X0, ,) MeTall-

JIa CBAPHBIX NIBOB (@) M BKIIAJ CTPYKTYpHEIX cocTaBnstonmx (b, b, M

CKOpOCTH cBapku 72 M/4 (6)

cocrapisiromux: X6, = Ao+ AO‘Tp+ Ac,+ Ao+ Ac +
= Ao, p The AG, — CONpPOTHBJICHUE THIA PEIICTKH
MeTajjla JBM)KCHUIO CBOOOIHBIX IHCIOKaIui (Ha-
NpsOKEHUE TPEHUS PELIETKH Wil Hanpsbkenue [laiiep-
nca—Hab6appo); AO‘T_p — YIPOUYHEHUE TBEPJIOTO pac-
TBOpPA JIETUPYIOLIUMU AJIEMEHTaMH, COOTBETCTBEHHO
teopun Morra-Habappo; A, u A, — ynpouHeHue
3a cueT U3MEHEeHMsI BeJIMYMHBI 3epHa 1 cy03epHa B co-
OTBETCTBHH C 3aBUCHUMOCThI0 Xomna—IleTua; Acsl1 —

- ®) B u3MeHEHHEe CyOCTPYKTYpHOTO YIIPOYHECHUS (AGC) npu
MEXKIMCIOKAIIMOHHBIM B3aNMOJIEHCTBUEM, COOTBET-
ctBeHHO Teopuu J[x. Teitnopa, A. 3erepa, H. Morra
u I. Xupia, a Takxe Acﬂ_y — IUCIIEPCUOHHOE yIIPOY-
HEHHMS 3a CYeT AUCTepCcHbIX (a3 mo Oposany [6—7].
B pe3synbrare BBINOJHEHHBIX OLUEHOK M3MEHEHUMN
IO 30HE CBAPKH TAKUX NMPOYHOCTHBIX XapaKTEPUCTHUK
KaK G_YCTaHOBJIEHO cienyromiee. B ycnosusax V =
72 m/4 B Metauie mBa u 3TB pacueTHoe 3HaYeHHE
npenena TeKydecTu )G, cocrasuser ~ 917 Mlla

TUCIIOKAIIMOHHOE  ympodHeHue, oOycinoBieHHoe u 1077 Mlla cooTBeTCTBEHHO, a MaKCHUMAalbHBIN
Vew =72 mfu:
_in 100 % BA3KOrO paspy IeHHS
Kic, MITa-m
40 =
W"’W{: 1 kf-maz0%
30 / /
//// N \
4 AN
20 / : \ \ N -H_:::,_.
— - y
10 e
0
600 800 1000 1200 1400
a
Zo,, Mlla
Ve = 110 m/u:

20-30 % xpynkoro
BHYTPH3EPEHHOTO CKOJIa

Puc. 7. I3meHeHue pacueTHbIX 3HAUEHUH IPOYHOCTU (ZGM) U BA3KOCTH paspyuienus (K, ) MeTasina cBapHbIX IIBOB () M GpakTorpam-
MBI: 6 — Bsi3koro paspymmenus (V =72 M/4); 6 — XpyInkoro Mex3sepennoro ckona (V= 110 m/1), x1010
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BKJIAJ] B MPEET TEKYYECTH BHOCST: CYOCTPYKTYpHOE
(Ac, ~ 318-356 MIla), nucnepcuoHHOE (Ao, ~253-
295 MHa) U JUCIOKAILIMOHHOE (Ac ~157- 180 MlIla)
yIpodHeHwus, puc. 6, a. IIpu 3ToM BKIIaf TaKOTO THUTIA
CTPYKTYPHOH COCTaBIJISIFOINEH KaKk OCHHUT HUKHHIA
(b,) sABIsAETCSA MaKCUMATIBHBIM, PHC. 6, 0.

B ciyuae pexumos csapku mpu V= 110 m/9 00-
Imee 3HaueHHe Mpenenia TeKydecTH IOBBImaeTcs (Io
cpaBHEHUIO ¢ pexumom V_ =72 m/4) na 10-15 %, uto
O0YCJIOBIIEHO HEKOTOPHIM HM3MENTBIEHHEM 3epEeHHOU
CTPYKTYypHI (puc. 3) u yBenmduenreM (B 1,3 paza) uHTe-
TPATEHON BEJTMUMHBI ITIOTHOCTH JUCIIOKAIAH ().

PacuerHbie 3HaueHUs MOKasaTeliell BI3KOCTU pas-
pymenus Klc, olieHHBaeMbIe MO0 3aBUCHUMOCTH [9]:
K,.=QEo, 8,2, rne E — moxyns HOnra; 6, — pac-
YETHAs BEIMYMHA YIPOYHEHHUS; O, — 3Haqum KpH-
TAYECKOTO PACKPBITUS TPEIIMHEI (COMNIACHO JaHHBIM

Tan, MIla
500017

Tos ~1867-2800 MIla

40001 (0.240,35 Treg) ||

3000

2000

1000

l?f;
/%.,

Tou. Mlla
500071

Ton ~1474-1867 Mlla

4000 (0.18-0.2 Tuegp).

3000
2000

1000 [

MinTyy

8

napamMeTpoB CyOCTPYKTYpBI), & TAKXKE COTIOCTABIICHUE
K,. 1 C NOKasaim Cleayromee, puc. 7.

Ecmu ipu V_ = 72 M/4 HauGoblumii BKIIaJ( B yIIpo4-
HEHHE MeTalIa (.G,) U MOBBIIECHUE BI3KOCTH Paspy-
wenus (K, , puc. 7, a, 6) BHOCUT CyOCTPYKTypa, a 3T0
B OCHOBHOM CyOCTpyKTypa Oetinura Hrkuero (b ), To B
Cilydae yBeNnn4eHus CKopocty ceapku 1o V= 110 m/4
3HaYMTENBHO (Ha 30 %) ymeHblmaeTcs mokasarens K,
(puc. 7, @), 94TO MPUBOAUT K XPYIKOMY BHYTpPH3EpPEH-
HOMY paspylieHuto, puc. 7, 6. [locnemaee oOycimorie-
HO TNPEHMYIIECTBEHHBIM (POPMHUPOBAHUEM CTPYKTYPBI
JPYTOTO THIIa, & MMEHHO — BepxHero Oernura (b)) ¢
COOTBETCTBYIOLIMM IOCIIETHEMY HEPaBHOMEPHBIM pac-
MpeAeICHAEM TUIOTHOCTH TUCIIOKAITHI ().

BBINIOJIHEHHBIE UCCIEN0BAHUS TOHKOW CTPYKTYpbI
MO3BOJIMIIN TaKXe CIeNIaTh OIEHKH U3MEHEHUH ypOB-
Hsl JIOKAJIbHBIX BHYTPEHHUX HANPSHKEHUH (T — 30H
3apOXKJICHUSI U paclpocTpaneHus TpentuH). OneHKu

JlucnokanMoHHEBIE CKOIUIEHHSA {Tp) BJOJIL peek by

Mparmentanna by,

-

Puc. 8. Pacpenesnenue ToKaIbHBIX BHYTPEHHUX HANPUKEHUH (T, ) B METallIe CBAPHBIX IIBOB B CTPYKTYPHBIX 30HaX OeiHUTa BEpXHETO
npu V=110 m/4 (a, 6, X20000) n GefinuTa HrkHETo IpU VeB = 72 M/4 (8, 2, X30000)
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TPOBOJIUIIM TI0 M3BECTHOM 3aBHCUMOCTH [3-5] T =
= Gbhp/[n (1 — v)]; tne G — moxayns casura; b —
BekTop broprepca; h — rtommuna donpru; v — Ko-
s pumment [TyaccoHa; p — IUIOTHOCTH TUCIOKATIHIA.

B pesynbrare ycTaHOBIEHO, YTO MaKCHMAJIbHBIC
snavenus T~ 1900-2800 Mlla = (0,24),35)Tmp (ot
TEOPETUMECKON MPOYHOCTH) opmupyrores npu V=
= 110 M/94 B MecTax MPOTHKEHHBIX TUCIOKAITMOHHBIX
ckoruteHuit (p = 1,5x10" cm?), a IMEHHO — BJIOJIb Tpa-
HUI b, 9TO MPHBOJMT K 3apOKIEHAI0 MUKPOTPEIIMH B
9TUX 30HAX U CHIDKCHHIO TPELIMHOCTOMKOCTH CBapHBIX
COeMHEHNH, pucC. 8, a, 6. A Hanbollee HU3KKE 3HaYe-
Hus T (nopsaka ~ 1500-1800 MPa) xapakTepHsl Ui
CBapHBIX COCJMHEHHH, MONYYCHHBIX HA PEeXXUMaX TMpH
V_, = 72 m/4, ueMy cnocoOCTByeT (OpPMHUpPOBaHUE B
30HE CBapKU MEJKO3EPHUCTHIX U (PparMeHTHPOBAHHBIX
cTpykTyp b, B CoueTannm ¢ paBHOMEPHBIM PacIpesere-
HUEM JIUCIIOKaIui, puc. &, 8, 2.

B uTore ycraHoBneHo, YTO ONTUMAalbHBIE CBOWA-
CTBa MPOYHOCTH, IJIACTUYHOCTH U TPEIINHOCTONKO-
CTH CBapHBIX COCJUHEHHUH BBHICOKONPOYHBIX CTalei
o0ecIreunBaroTCs B YCIOBHSAX CKOPOCTEH CBapKH
V_, =72 m/4, 4T0 00yCNOBIEHO (POPMUPOBAHMEM HaM-
0ojiee MUCIIEPCHBIX CTPYKTYpP — OCHHHTA HIDKHETO,
MEJIKO3EPHUCTOr0 MAapTeHCUTa OTIMYLIEHHOTO MpHU
OTCYTCTBHM TPOTSIKEHHBIX JTUCIOKAIIMOHHBIX CKO-
IUIEHUH — KOHLIEHTPATOPOB JIOKAJIBHBIX BHYTPEHHUX
HanpsUKeHui (T, ).

BriBOaBI

1. KoMIuieKCHBIMH HCCIIEIOBaHUSIMH Ha BCEX CTPYK-
TYPHBIX YPOBHSX (OT 3€pEHHOI0 0 AUCIIOKALIMOHHO-
r0) U3Y4YEeHO CTPYKTYpHO — (ha30BOE COCTOSHHE OC-
HOBHBIX 30H CBAapHbBIX COCJMHEHHH (MeTajula LIBOB,
3TB) BoicokonpouyHoit ctanu 14XI'H2MJIA®DB, BbI-
MOJTHEHHBIX HA Pa3jInYHBIX PEXHUMaxX TMOPUIHON ja-
3€pHO — JYTOBOH CBapKHu.

2. Iloka3aHo, 4TO C yBEIMYEHHEM CKOPOCTH CBap-
ku (o1 V_ = 72 m/4 no 110 m/9) u3meHnsieTcs coor-
HomIeHHe (OPMHUPYIOMUXCA B 30HaX CBapku (hazo-
BBIX COCTaBJSIOIIUX (OCHHUTA HIKHETO, BEPXHETO
Y MapTEHCHTA): yMEHbIIaeTcs 00beMHast IOl HIXK-
Hero OeiHuTa (o0 10-20 %), npu npeBanupoBaHUU
00bpeMHOI fomm BepxHero OefiauTa (6070 %) u mMap-
tencuta (10-30 %). Ilpu V= 110 m/4 xapakrepHo
HaJIMYME TPAAMEHTOB: MO pa3MepaM CTPYKTYPHBIX
COCTaBIISIIONINX, MUKPOTBEPIOCTH, a TAKXKE 10 TUIOT-
HOCTH JUCIIOKALHH.

3. CoueraHue WHCCIEIOBAaHMNH Ha Pa3IUYHBIX
CTPYKTYPHBIX YPOBHIX C aHAJUTUYECKUMHU OLICHKa-
MU MEXaHHYECKUX CBOWCTB CBAPHBIX COSAWHEHUH 110
30HE CBApKH MO3BOJIMIO [I0KA3aTh, YTO HAWOOJIBIINI
BKJIaJl B YIIPOUYHEHUE METalIa (3G, ) W TOBBILIEHUE
BA3KOCTH paspyuienus (K, ) BHOCAT: COCTaBJIAIOIINE
HWKHETo OeiHuTa M (HOPMUPOBAHUE CyOCTPYKTYPBI

npu V_ = 72 mM/4. B ciydae yBenu4eHHs1 CKOPOCTH
capku 10 V_ = 110 M/4 3HAQYUTENBLHOE CHMKEHHE
(1a 30 %) nokasarens K = (mpu HEKOTOPOM yBeIUYE-
HUU ynpouHeHus meramuia Ha 10-15 %) oOycnosme-
HO TIPEHMYIIECTBEHHBIM (POPMHUPOBAHHEM CTPYKTYpP
OcitHITa BEpXHETO.

4. OneHKaM¥ ypOBHS JIOKAJIbHBIX BHYTPEHHUX Ha-
NPSHKEHUH (T, ) ¢ yYETOM PaCTpeneNeHus MIOTHO-
CTH JUCIIOKAIWid (p) B MPOTSHKEHHBIX CTPYKTYPHBIX
30HaX WX KOHIEHTPAIMU MOKa3aHO: MaKCHMAalIbHbIE
sHagenus T~ 1900-2800 MIla (0,2—0,35)1Teop ¢op-
mupytotcest B yenousx V= 110 m/4 Brons rpanuir
peek OciiHUTa BEPXHETro, YTO MPHUBOIUT K XPYIKOMY
Pa3pyIICHUIO U CHIDKEHHIO TPEITMHOCTOMKOCTH CBap-
HBIX COCJMHEHHH.

5. MakcumanbpHblE CBOMCTBa NPOYHOCTH, ILIa-
CTUYHOCTH W TPELIMHOCTOMKOCTH 00ecleunBaroT-
csi (opMupoBaHHEM CTPYKTyp OeWHHWTa HIDKHETO,
MapTeHCUTa OTMYIIECHHOTO (MEIKO3EPHUCTOTO) U
PaBHOMEPHBIM pacIpe/ielieHUeM JUCIOKaui 1pu
OTCYTCTBHH TPOTSHKEHHBIX JWCIOKAIMOHHBIX CKO-
TUIEHUI — KOHIIEHTPATOPOB JIOKAJbHBIX BHYTPEHHHX
HaNpsOKEHUH (T, ).

1. Bruanue TepMUYIECKUX IIUKIIOB CBAPKH U BHEIITHETO Harpy»xe-
HUS Ha CTPYKTYpHO-()a30BbIe U3MEHEHHS U CBOICTBA COeAN-
Henuid ctamu 17X2M / JL.LU. Mapkamiosa, [.M. I'puropenko,
B.JI. TTo3usikos, E.H. bepauukora, T.A. Anekceenko // ABTo-
Mar. ceapka. — 2009. — Ne 7. — C. 21-29.

2. BrnuAnue NeTUPOBaHUS IIBOB HAa CTPYKTYPy M CBOMCTBa CBap-
HBIX coenuHenuit cramu 17X2M / JL.U. Mapkamosa, B.JI. TTo-
3usKoB, T.A. Anekceenko, E.H. bepauuxosa, C.JI. XKnanos,
0O.C. Kymmnapesa, A.A. Makcumenxo // Tam xe. — 2011. —
Ne 4. —C. 7-15.

3. Bruanue CTpyKTYpHBIX ()aKTOPOB Ha MEXaHHYECKHE CBOHCTBA
¥ TPELIMHOCTOWKOCTh CBAPHBIX COCANHEHH METAIIIOB, CILIa-
BOB, KOMIIO3UIIMOHHBIX Marepuanos / JLU. Mapkarosa, B./1.
[oznsikoB, E.H. bepauukosa, A.A. IaiiBoponckuii, T.A. Anekce-
enko // Tam xe. — 2014. — Ne 6/7. — C. 25-31.

4. Estimation of the strength and crack resistance of the metal of
railway wheels after long-term operation / L.I. Markashova, V.D.
Poznyakov, A.A. Gaivoronskii, E. N. Berdnikova, T.A. Alekseenko
// Materials Science. — 2012. 47, Ne 6. — P. 799-806.

5. Cmpyxkmypno-ghazoeoe COCTOSTHHAE 1 MEXaHUYECKHE CBONCTBA
MOBEPXHOCTHBIX coeB ctaiu 38XH3IM®DA, popmupyrommx-
Csl B YCIIOBHSAX JIa3€PHOTO M JIA3epHO-IUIA3MEHHOTO JIETHPO-
Banus / JLU. Mapkamosa, B.JI. lllemsarun, O.C. Kymninape-
Ba, E.H. Bepauurosa, A.B. bepnarkwuii // «Maremaruueckoe
MOJISTIPOBaHNE U MH(GOPMALMOHHBIE TEXHOIOTUU B CBapKe
U POJCTBEHHBIX Iporeccax»: CO. TOKIIaf0B CeAbMOH MEXIy-
HapoaHo# koH(pepeHiwmu, 15-19 centsiops 2014 r., Onecca,
HUDC um. E.O. ITarona HAHY, Kues, 2014. — C. 43-47.

6. Konpao X. Mognens nedOpMalMOHHOTO YHOPOYHEHHS IS
OOBSICHCHNS BIUSHUS BEJIMYMHBI 3¢pHA Ha HAIPSDKCHUE Tede-
Hus MetawioB / X. Konpan // CBepxMenkoe 3epHO B MeTall-
nax. ITon pen. JI.K. I'opauenko. — Mocksa: Meratyprus,
1973. — C. 206-217.

7. Petch N.J. The Cleavage Strength of Polycrystals / N.J. Petch
// Journal of the Iron and Steel Institute. — 1953. — 174,
Ne 1. —P.25-28.

8. Kenmmu A. ucnepcHoe tBepaeuue / A. Kemrmu, P. Huxon-
coH. — MockBa: Meramtyprus, 1966. — 187 c.

9. Pomanug O.H. Bs3koCTb pa3pyIieHusT KOHCTPYKIMOHHBIX CTa-
neit / O.H. Pomanus. — Mocksa: Metasnyprus, 1979. — 176 c.
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YUCITEHHOE MOAEJIUMPOBAHUE OCTATOYHbBIX
HANPS)KEHUA U CEHCUBUJIU3ALIMU ITPU JIABEPHON
CBAPKE TPYB U3 HEPXKABEIOIIMX CTAJIEN

0.B. MAXHEHKO, A.®. MY’ KUYEHKO
WuctutyT 2nexrpocapku uM. E.O. Tlarona HAH Ykpaunsl, Kues, Ykpauna

B Hacrosiiee BpeMst B MHPE DPA3IMYHBIMH HCCIIEAOBAaTEIbCKMMH OPraHM3aLMsIMH BEIyTCS pa3pabOTKH HOBBIX
XPOMHCTBIX HEPI)KABEIOIIMX CTajeil ¢ MOBBIICHHBIMH XapaKTEePUCTHKAMHU JUIUTENBHOI MPOYHOCTH NPHUMEHHUTEIEHO
K 3JIEMEHTaM 00O0pyIOBaHHS NEPCIEKTUBHBIX TEIUIOAIEKTPOCTAHIINH, KOTOpBIE OyayT paboTaTh Ha CBEPXKPHTHYHBIX
pexumax TermoHocuTenst a0 650 °C. OmHMM W3 TEpCIEKTHBHBIX HaNpaBiICHUI SBIsSETCS pa3paboTka craneit
MapTEHCUTHOTO KJIacca ¢ cofiepKaHueM xpoma Ha yposHe 12 % (puc. 1) u apyrux nerupyromux saementos (W, Co,
B) mns obecrieuenus anurensHON npouHocTH Ha yposHe 100 MITa 3a 100 000 gacoB, BEICOKOH OKaJTHMHOCTOWKOCTH
U HHU3KOH CKJIOHHOCTH K CEHCHOMJIM3AIMH. DJIEMEHTHl 000pYIO0BaHMUS, M3TOTOBJICHHBIC M3 HOBOW CTaJH, JOJKHBI
COCIIMHATHCS M0 TEXHOJIOTUH CBapKH, 00pa3ysl HaJIe)KHbIC HEPa3beMHbIE COCIHHEHHS.

OnHuM W3 TakuX 3JIEMEHTOB OOOpPYIOBAaHHS TEILIO-
ANIEKTPOCTAHIIUI SBISAIOTCS TMapolneperpeBarenu, B
COCTaB KOTOPBIX BXOIST TEIUIOOOMEHHBIE TPYOKH
C XapakTepHbIM pasmepoM & 42x7 mm. TpyOku co-
SIMHSIOTCSA C TOMOILBIO CBAapHBIX KOJBLEBBIX COe-
nuHeHud. B ciaydae mpumenenus 12 % xpomucToii
HEep’KaBeIOIIeH CTajl CyIeCTBYET OMACHOCTD XOJIOI-
HOTO PacTPECKUBAHMS B 30HE CBAPHBIX COEAWHEHUI
B CBs3u ¢ oOpasoBanueM B 3TB TpyO He oTmyineH-
HBIX 3aKaJIOYHBIX MHKPOCTPYKTYp (MapTeHcuTa) M
BBICOKHX OCTaTOYHBIX PACTSITUBAIOIINX HAMIPSKEHUM.
C nenpro aHamM3a BIHSIHAS TEXHOJOTHU CBAapKH Ha
CKJIOHHOCTH K 00pa30BaHUIO XOJIOJHBIX TPEIINH TPO-
BEICHO MCCIIeOBaHUE HaNpsLKEHHO-Ae(POPMUPOBaH-
HOTO COCTOSIHHS B 30HE CBapHBIX COCIUHEHUU TPyO
MapoHarpeBareisi ¢ MOMOIIBI0 METOIOB MaTeMaTH-

YECKOT0 MOJENMpOBaHUs. PaccMOTpeHb! pa3indHbIe
MIPOLIECCHl CBAapKH, a UMEHHO, JIyroBas M Ja3epHasd
TEXHOIIOTHH.

[l IpOrHO3UpPOBaHUST TEMIEPaTyPHBIX LHKIIOB,
00bEMHOH 10T MapTEHCUTA, BPEMEHHBIX M OCTaTOU-
HBIX HaIPsDKEHUH B MHOTOIIPOXOAHOM CBAapHOM COe-
JUHEHUH ObUIN MCIOJB30BaHbl KOHEUHO-3JIEeMEHTHAs
Mozelb 00bEMHOTO HCTOYHHMKA HAarpeBa W METOABI
HEM30TEPMHUUECKOro Ae(OpMHUPOBAaHUS Marepuaa,
ACCOLIMMPOBAHHBIE C YCIOBHEM TeKyuecTH Mmuseca.
MopnenupoBaHie OCHOBaHO Ha OTCIIEKHBAHUU KH-
HETUKA (OPMHUPOBAHUS U PA3BUTHS IUIACTUYECKHUX
nedopManyii ¥ HanpsHKEHUH B CBapHOM COEIWHE-
HUU TIpU HArpeBe M OXJIAXAECHUHU KaXKIOTo MpoxXoia
1Ba. YYHUTHIBAJINCh MHKPOCTPYKTYpHBIE Ipeolpa-
30BaHMS B 30HE CBAPKH, KOTOPbIC BBI3BIBAIOT O0BEM-

| Martensitc stainless
28 : steel
|
| 1 I T l Ferritic stainless
- \ Austenite (A) Sl
= ™
= Austenitic stainless
+ 20 4+—+ steel
S I's
4 Duplex stainless
& 16 4=t steal
=
=
212 -
3
; -
'5 g4—t |
z \ - Martensite _
E 4lF /. | -
S +\ 4T Ferrite (F)
- kil J LA |
0 4 8 12 16 20 24 28 32 36 40

Dxkeupanent xpoma: % Cr + % Mo + 1,5 % Si + 0,5 % Nb

Puc. 1. IlonoxeHne MapTEeHCUTHBIX CTallel Cpen IPpyTruX TPYII HeprkaBeromux craieit (quarpamma Illedmnepa) [1]

© 0.B. MAXHEHKO, A.®. MYXXHNYEHKO, 2015
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Puc. 2. V-obpasHas pa3znenka kpoMok (cBapouHblii mporecc SMAW) u mpearnonaraeMast KOHQUIYpaIruy CBapHBIX IPOXOJOB IS

KOJIBIIEBBIX COCIHHEHHN TPYOOK

Tabnuua 1. Xumuyeckuii coctas (%) 0CHOBHOIO U NPUCAA0YHOI0 MATEPHATIOB

Matepuan C Si Mn Mo \Y Cr Ni W Co N B Nb
OcHoBHoii marepuan| 0,06 0,31 0,21 — — 12,1 0,19 2,7 3,5 0,08-0,2 | 0,007 —
DnexTpon
Thermanit MTS616| 10 | *2 06 | 05 | 02 | 88 | 07 6 | - 0,05 ~ | 004

Hble 3(QGEKTH U BIUAIOT HA (PU3NKO-MEXaHUYECKUE
cBoiicTBa Marepuaya. JlomymieHne o ObICTPOABIIKY-
LIMMCSl UICTOYHUKE CBAPOYHOTO HArpeBa IMO3BOJIMIO
pa3zButh 2D Mopmens 1yiss MHOTONPOXOAHOM CBapKu
KOJIBLIEBOTO COEIUHEHUs] TPyO, HCIIOJIb30BAHUE KO-
TOpOH He TpeOyeT AJTUTENHLHOTO BPEMEHU Ha pacder
BapuaHTa cBapku. CpaBHeHue pesynasratoB 2D u 3D
MOJIeJIeH I ciydasi CTBIKOBOM KOJIBIIEBOWM YeThIpeX
MIPOXOIHON CBAapKH Pa3sHOPOJHOTO COEIMHEHHS TPYO
pasmepa & 42x7 MM ¢ OOHON V-pa3fenkoil KpoMoK
[IPOIEMOHCTPUPOBAJIO AOCTAaTOYHO XOPOIIEEe COIva-
coBanue [2]. Ucnonb3zoBanue 2D Momenu mjisi MHO-
TOTPOXOJIHOM CBAapKH KOJILIIEBOTO COSNUHEHUS TPYO
He TpeOyeT AJIMTENbHOTO BPEMEHH pacyera, M03BO-
JIeT 32 KOPOTKO€ BpeMs MPOCUYUTATh JOCTATOYHOE
KOJIMYECTBO BapUAHTOB TEXHOJOTUN CBAPKH C IENBIO
OTIpEeNICHNs] YyBCTBUTEIBHOCTH CBApPHOTO METajlia
K 00pa30BaHUIO XOIOIHBIX TPELIMH MPH CBapKe.

I'eomeTpusi cBapHOTO COeANHEHNS, MATEPHAJIBI
U pexumsbl cBapku. CBapka TpyO B maponeperpesa-
TEIH JOJKHA BBITIOJHATHCS B ClIydae JyroBOTO IPO-
necca ¢ V-o0pa3HOU pasenikoii KpOMOK U 3aroJiHe-
HUeM 4 CBapOYHBIMHU MPOXoAamMu (puc. 2). BoamoxHo
UCTIOJIB30BaTh AnekTponsl tuna Thermanit MTS616
nuameTpoM 3,0 MM U CIIEAYIOUINE PEXUMBI CBapKH:
1-#i mpoxon /= 75-85 A, U=24 B, V = 1,8 mm/c, 3¢-
¢dexTuBHBINA KO3 duuueHt 1 = 0,5, moroHHast sHep-
rus O, = 500 [x/mm; 2-4 npoxonpl / = 85-90 A, U =
=24 B,V=2,6 mm/c,n=0,5, O, =400 lx/mMm.

B chywae mazepHOil TEXHONOTMH CBapKU KOJb-
LEBBIE COEAMHEHMS TPYO C TONIIMHOW CTEHOK 7 MM
MIPUHATO BBINOJIHATH 0€3 pa3ienKu KPOMOK 3a OAWH

IpOXoxA. BO3MOXKHBIN PEXUM JIA3€pHON CBAPKU: IIO-
ronnas sueprus O, = 1500 Lx/mm, V = 16,6 mm/c.
XUMHUYECKUN COCTaB, MEXaHUYECKUE U TEPMUYE-
CKHME CBOMCTBA JUIsl OCHOBHOIO U IIPUCAJOYHOIO Ma-
TEpUAJIOB MPECTaBICHBI B Ta0M. 1, 2.
Maremarudeckass Mojaesb. s nporHo3upo-
BaHUs TEMIIEPAaTYPHBIX LUKIOB, KUHETUKU MHUKpPO-
CTPYKTYPHBIX IMPEBpPALICHUI, OCTATOYHBIX CBapO4-
HBIX AeopMannii ¥ HAMPSDKEHUH B MHOTOITPOXOTHOM
KOJIBLIEBOM CBAPHOM COEAMHEHHM HCIIOJIb30BAIIUCH
YHUCJICHHBIE METO/IbI U KOHEYHO-3JIEMEHTHOI'O aHaJIU-
3a. MozpenupoBaHue OCHOBAHO Ha IPOCIIECKUBAHUU
KUHETUKH (POPMUPOBAHUS U PA3BUTHS TNIACTUIECKUX
JnedopManuii ¥ HanpsDKEHUH B CBApHON KOHCTPYKIMN
IIPY HArpeBe U OXJILKIACHUU KaXJO0r0 CBApOYHOIO
npoxona. Henzorepmuueckue aedopmanuu marepu-

Tadnmuua 2. MexaHu4eckHe W TeIUIO()U3NUYeCKHe CBOHCTBa
MarepHaJoB (0cHOBHOI MaTtepuas 12 % Cr crans)

T,°C E,MIla | 0,10°%1/K | A, Tx/emc'K |c, Tax/em> K
20 215404 12,1 0,18 3,53
100 211697 12,1 0,19 3,75
200 205591 12,4 0,20 4,02
300 197750 12,8 0,22 4,32
400 188169 13,1 0,23 4,68
500 177028 13,5 0,24 5,15
600 164580 13,9 0,25 6,09
700 154030 13,0 0,27 6,00
800 131900 12,1 0,29 5,20
900 120604 11,1 0,31 4,64
1000 111687 12,5 0,32 4,75
1100 102607 13,6 0,33 4,90
1400 34172 17,5 0,36 9,50
1500 0 24,1 0,35 5,64
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ajga accOLMUPOBAHBI YCIOBHEM TEKydecTH Mwuzeca.
YYHTBIBAIMCH TaKKe€ MUKPOCTPYKTYpPHBIC MpeooOpa-
30BaHUS, KOTOPBIC BBI3BIBAIOT 00BhEMHBIE A(PDEKTHI U
M3MEHEeHHUE (PU3UKO-MEXaHUYEeCKUX CBOWCTB MaTepH-
aja B 30HE CBAPHOTO COCTUHCHUSI.

Hcrouynuk Tersia mpu IyroBOM CBapKe MOAEIUPYeT-

csl creyronmmM oopasoM. [loronnast sHeprust cBapku
Ul

% =My, €]
rae N, — 3(peKTuBHOCTB Harpesa; U — HanpsbkeHwue,
B; I — cBapouHbIif TOK, A; Vv — CKOPOCThH CBapKH,
MM/C.

Yacth 3pPeKTHBHONW MOIIHOCTH q,, =n,Ul 3a-
TpauMBaeTCs Ha IUIaBJICHUE NMPHUCATOYHOIO METala.
Pacxomyemasi MOIITHOCTE Ha TIABIICHHE

o
rae d — auamerp JNMeKTpona, MM; V, — CKOPOCTb
MoJa4y MPUCATOYHOM MPOBOJIOKU, MM/C; ¢y — 00b-
eMHasl TeIUIOEMKOCTh IPHUCAJOYHON IPOBOJIOKH,
Jox/(mm?-°C; T — ee Temnieparypa mnasnenus, °C;
g, — CKpBITas TEIIOTA MIABICHHUS Ha €IMHUILY 00b-
ema, Jhx/mMm3,

Temnoast momHocTh 9 = (32, BBOZANTCA C TIpHcCa-
JTOYHBIM METAJUIOM, 3aMOJIHSIONIMM 3a30p CBAapHOTO
COeMHEHHS M 00pa3yIOMNM yCHIIEHHE OT IPOPE3HO-
TO IIBA.

OcranpHas MOIIHOCTh

@A—g —40
Dgy = oy ~ Doy 3)

o _ 89
dy=—>(er1 257 +g v, @

TPaIUIIMOHHO pachpe/eNsieTcss Mo 3akoHy [aycca
M0 TIOBEPXHOCTH U INTyOWHE HarpeBaeMoro MeTaia,
T.e. B MIWJIMHAPUUIECKOH cucteme koopauHat (I, f, z)
BO BpeMsl JBIKECHHS JYTOBOTO CBAPOYHOTO MCTOYHHKA
ternia ¢ koopaunaramu z(t), r(t), f(t) Beimenenue Tema
B TIpou3BoNIbHOHU TouKe (I, B, Z) B MOMEHT BpeMeHH {,
OITUCHIBACTCS YPABHECHHEM

4
Puc. 3. Cxema Moieni HCTOYHHKA TEIUIA P TyTOBOU U JTa3ePHOM
CBapKe
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W(r, B, z, ) = WO(t)exp[-Kr(r —r)2 —
“KB-PI2-K(z-2)2], “)
e Wo(t) — TEeIJIOBasi MOIITHOCTh B TOUKe I = I'x, f =
=Bz =25 K, KB' K — k03 (HUITMEHTBI KOHIIEHTPA-
[IMY HarpeBa B HampasieHusx I, B, z (puc. 3).
Mexny K, KB’ K. M COOTBETCTBEHHO pa3Mepamu
d, dg, d. opdexruBHOrO MmATHA HArpesa CyIIECTBYET

d2 _ 3,46
cBasb Kj=—=3,0,ie. J

JK 6
W (t) moxeT ObITH OnHcan TépMuHAX S HEKTHB-
HOTO MCTOYHMKA Ter1oThl ¢ (t) = n/U, unrerpupys
(1) mo koopauHaram r, z, B B 30He Harpesa. Hampu-
Mep, €CJIM UCTOYHHK JBIIKETCS 1O TIOBEPXHOCTH IIU-
nuHApa (TpyOBI), TO MOTYYUM:

Gy (1)

2
Wo(t):\/Ki'\/KiB'\/K»r’ ®)

B cirydae nasepHoii cBapku 63 IpHCca109HOTO Ma-

Tepuana qgg =0 n q;é) =q,

W3meneHust oObeMa, BBI3BAHHBIE H3MEHEHHEM
TEMIIEPaTYPHOTO II0JIsl, YCIIOBHO JICIISAT Ha 3aBUCAIIHE
OT TEMIEPaTypHOTO PACIIMPEHUS, U BbI3BAHHBIC MU-
KPOCTPYKTYpHBIMU TipeoOpazoBanusivu [4]. M3mene-
HUS 00beMa, 3aBHCAIINE OT TEMIIepaTrypsl B JIOOOH
touke (I, B, z):

¢ =TT, Q)
rae @ — Ko3(pQUIHEHT TENIOBOTO paCIIUPEHHST; oL —
KOA(GHUIHEHT OTHOCHUTENBHOTO TEIJIOBOTO YJIMHE-
uust; (T, — T) — TemneparypHOE U3MEHEHHE.

OO0beMHbIe H3MEHEHUS B JTI000# Touke (I, B, z) BbI-
3BaHHbBIE MUKPOCTPYKTYPHBIMH PEOOPA30BaHUSIMH B
nnanasone temueparyp (7, — T) [S]:

DA NG R NI CY
X, (1), (1)
rae V],(T , ) — oTHocurenbHas mons j-Tod (as3br;
yj(T) — 00BeM eIMHHUIIBI MACCHI j-TOH (pa3bl IpH TeM-
neparype 1.
Bbicokue 3HayeHHs TEMIEPaTypHOTO TpaaveHTa
BO BpEMsi CBapKH M CHJIbHBIC HEPaBHOMEPHOCTH B

pacrpenenenuu GyHKIUMH 00beMHBIX 3¢ dexToB ¢(I,
B, z, t) ABNAIOTCS IpUYMHAMY BO3HUKHOBEHNS 1ehop-

3

MaIii, KaKk yInpyrux TakK U MIaCTHYECKUX.
Sij=8;+85+8;, 8)

IJIe «E» WHACKC COOTBETCTBYET ympyrou medopma-
IIUU; «P» — MTHOBEHHas JedopMaius ITUIaCTUIHO-
ct; «o» muddy3noHHas TIACTUIHOCTD HIIA TIOJ3Y-
YECTh.

Koneunsie mpupamenne TeH3opa medopmariiit
AS,-j B nuana3oHe BpeMeHu oT (t — At) to t, roe At ato
ar OTCJICKUBAHMS, KOTOPBIA JOCTATOUHO MaJ:
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Aaij :W(GU_SgG)JFSU(KGJ“P)_bU'

(i,j=r.B,z);
1
- ©)
V=35 +A7»+AtQ(T,ceq),
Gl,j - 61]'0
bij: T+SU(KG) —SUA([)
t—Ay
Tie G, — TEH30p HaIpsDKEHU; 6 — cpeHee JlaB-
JICHWe;, G — ODKBHUBAJICHTHOC HAIpPsDKCHHUE, O . —
“ 1-2v F

eIMHIYHBIN K=—7>—

TEH30p; ; = 2(1+v) \;[) ;
E — Mogaynb Onra; v— Koa(ﬁbnuneHT Ilyaccona;

AL — ckansipHast pynkums; Q(T, o,) — dyHKIHS
MIOJI3y4EeCTH.

CrpykTypa ypaBHEHUs HempepblBHOCTH (6) dop-
MaJbHO COOTBETCTBYET YPaBHEHHUIO HENPEPBHIBHOCTH
TEOpUU YNPYTOCTH C TEPEMEHHBIMH IapaMeTpaMu
ynpyroctu (y Bmecto of 1/2G), 1 OMOTHHUTENbLHBIE
nedopmarmu bij, 3HA4YEHHUs1 KOTOPBIX U3BECTHO IO pe-
LIEHUIO Ha mpeapaymeM mare (t — At) u Temnepa-
TypHOE T0Jie B MOMEHT BpeMenu t u (1 — At).

XOTs cBapKa KOJIBILIEBOTO COENMHEHHS MpPEeICTaB-
nsieT co0ol TpeXMEPHBIN POoIIecC, Ha MPAKTHKE YacTo
JOCTaTOYHO HCCIIEIOBAThH CBAPKY TPYO C UCIIONB30Ba-
HUEM OCECHMMETPHUYHON Monenu. Vcmonb3oBaHHe
JOMYIICHUS] «OBICTPOABHKYIIETOCS HCTOYHUKAY CBa-
POYHOTO HArpeBa U YCJIOBUS «IUIOCKOH JiehopMariuiiy
MI03BOJISIET IPUMEHUTH 2D Mozess A1 MHOTOTIPOXOI-
HOH CBapku. Pe3ynbrarsl pacuera CIpaBeIIUuBbI IS
Cpe/Hel YacTH CBapHOTO IBa 0e3 y4yeTa KOHLIEBBIX
3¢ dexToB.

Ha ocHoBe Mmaremaruueckoro omucanus (Quzu-
YeCKHX Mojelieil OblIM pa3padOTaHbl COOTBETCTBY-
omue 2D maremarnyeckwe MOMETH JUIsl JyTOBOU

o, Mla

800

600 1=

400 —
—— \
3 ~
e —— -~
200 —

-'?.-::.::-':" “ —
= = T~

—

0

0 200 400 600 800 1000  T,°C

Puc. 4. 3aBucumocTp mpenena TEKy4eCTH OT TEMIIEpaTyphl
¥ MHKPOCTPYKTYpHOTO coctosnusa: 1 — V = 1,0 maprencur
ocHoBHOro marepuana 12 % Cr cramu; 2 — V= 1,0 maprencur
npucagouyHoro marepuana Thermanit MTS616; 3 — V = 1,0
ayCTeHUT OCHOBHOTO Marepuana 12 % Cr cram; 4 — V, = 1,0
ayCTeHUT mpucanouHoro Marepuana Thermanit MTS616

Ta0muua 3. Mexanuyeckne M Telulo(U3NYeCKHe CBONCTBa
npucagounoro marepuaja Thermanit MTS616

T,°C E, MIla a,10° /K | A, Ta/em ¢’ K | c, Tx/em® K
20 216524 12,18 0,18 3,48
100 212940.4 12,54 0,19 3,71
200 206910,3 12,90 0,21 4,00
300 198999,6 13,26 0,23 4,32
400 189204,2 13,62 0,24 4,71
500 177718,7 13,97 0,26 5,22
600 164822,7 14,51 0,26 6,26
700 150718,3 12,15 0,27 7,77
800 1336424 11,04 0,27 8,85
900 120840,7 12,42 0,28 4,71
1000 81289,41 14,58 0,29 4,84
1100 59530,96 15,58 0,31 4,92
1200 92831,18 16,89 0,32 5,71
1300 81289,41 24,33 0,33 6,48
1400 59530,96 12,18 0,34 106,73
1500 0,004859 12,54 0,33 5,74

a o
Puc. 5. KO 2D ocecummerpuyHble MOJETH IS KOJBLIEBOTO
CTBIKOBOTO COEIMHEHHUS TPyO: a — JyroBas 4-X IIpOXOxHAas
cBapka ¢ V-00pa3HO#l pa3nenkoil KpOMOK; 6 — OIHOIIPOXOAHAs
Ja3epHas cBapka 0e3 pa3ziesku KpOMOK
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Opps Mlla
1019

598

388

1

178

—243

~454

a o
Puc. 6. CpaBHeHHE pe3yNbTaTOB YUCICHHOTO MOJCITUPOBAHHUS
pacnpeaciICHust OKPYKHBIX OCTaTOYHBIX HaHpH)KeHI/Iﬁ GBB npu
JyroBOH 4-X NIPOXOAHOW CBapke U OJHOIPOXOAHOW Ja3epHOU:
d — MHOTOIIPOXOAHAast 1yroBast CBapKu, 0 — Jla3€pHas CBapka
MHOTOTIPOXOJIHOH U JIa3epHoi cBapku. Mozenu Obun
JIOTIOJTHEHBI TEIIO(QU3UMYSCKUMU U MEXaHMYECKUX
CBOICTBaMH OCHOBHOTO Marepmaia — HOBOH 12 %
Cr cranu ¥ mpUCaJOYHOTO MaTepuaia — 3JIEKTPObI
tuna Thermanit MTS616 (ta6mn. 2, 3, puc. 2, 4).

Cerka KO gnsa 2D monenu COCTOMT U3 YEThI-
pPEX-y3JOBBIX JBYXMEPHEIX DJJIEMEHTOB C MHHH-
MaJibHbIM pazMepoM 0,25 MM B 30HE CBapHOIO IIBa
(puc. 5). [Ing yMeHbIICHHsT KOJIUYECTBA JJIEMEHTOB
B 3D momemn K3 pa3buBka ocymiecTBisieTcs Ha de-
MeHTHI pazMepoM 0,25 MM B 30HE CBapHOTO IIIBa U B
3TB 12 % Cr cranm.

AHaymm3 pe3yasTraTroB. CpaBHEHHE DPE3yJbTaTOB
YHCIIEHHBIX PAacYeTOB pacCHpeAeNIeHHs] OCTaTOYHBIX
HampsDKeHUM, MONyYeHHBIX Ha 2D ocecuMMeTpud-
HBIX MOJEJSIX HJIsl CIaydas YeTBIPEXIPOXOTHOU Y-
TOBOH cBapku ¢ V-00pa3HOW pa3menkoidl KpOMOK U
Ja3epHOM cBapKH BCTHIK TpyO m3 12 % Cr cranm mo-
Ka3bIBaeT CYILIECTBEHHOE pa3jInyMe.

OxpyXHBIE OCTAaTOYHBIE HANPSIKEHHUA B CIIydae
Ja3epHOU cBapku (puc. 6, puc. 7) UMEIOT 3HAUYUTEIb-
HO OoJiee Y3KYIO 30HY pacIpeileclieHUs, H 10 MaKCH-
MaJbHON BETMYMHE HE TMPEBBIMIAIOT OCTATOYHBIX Ha-
NPSKEHUM OT AYroBoi cBapku. B 30He mniaBieHus u
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Puc. 7. CpaBHeHHE pe3y/IbTaTOB UYMCIEHHOTO MOJEIMpPOBAHUS
pacnupeciICHust KPYroBbIX OCTAaTOYHBIX HaHpH)KCHI/Iﬁ npu
IyroBod 4-X NPOXOAHOW CBapke U OIHOIPOXOAHOU Ja3epHOIl:
@ — aTIo TONIIKHE TPYObI B palioHe OCH IIBA; 6 — HA BHYTPEHHEH
MOBEPXHOCTH TPYOBI; 6 — Ha HAapy>KHOH IOBEPXHOCTH TPyObI
3TB, rae mMarepuan CBApHOrO COCIUHEHUS UMEET He-
OTITyIIEHHYI0O MapTEHCUTHYIO MHKPOCTPYKTYpY, 00-
pasyloTcs coxumaromiue Hampspkenus 1o —700 MIla
B ciIy4ae myroBoiu cBapku u 10 —500 Mlla B cioydae
nazepHoi. 3a npenenamu 3TB oOpasyloTcs BeICOKHE
pacrsaruBatonue HanpspkeHus g0 1000 Mlla, korto-
pbl€ YPAaBHOBEUIMBAIOT CXUMAIOLIUE HAMPSDKCHUS,
KaK JUIsl JIA3€pHOM, Tak M JUIs 1yroeoil ceapku. IIu-
pHHA 30HBI PACTATUBAIOLIUX OKPY>KHBIX OCTaTOYHBIX
HaNpsDKEHUH B TpyOe B Cllydae JyroBOW CBapKH —
JIOCTAaTOYHO 3HAUUTEJIbHAS, CPABHHUMA C TOJLIMHOU
TpyOKH 7 MM U pacrojio)keHa B OCHOBHOM Ha BHY-
TpEHHEH MOBEPXHOCTH, a AJIs JIA3€PHOM CBAPKU MOJTY-
YEHBI JIBE 30HBI PACTATUBAIONIUX OKPYKHBIX HaTpsi-
JKEHUH IHUPUHON 110 2,5 MM KaXKJasl.

HecMotpss Ha MapTeHCUTHBIE MTPeoOpa3OBaHUS B
12 % Cr cTanu Ha CTaAuH OXJIAXKICHHS, OCEBBIE OCTa-
TOYHBIE CBAPOYHBIE HANIPSDKEHUS HA prc. 8, 9 ms ay-
TOBOH U JIa3€pHOM CBapKU UMEIOT TUIIOBOE paclpese-
JIEHUE, KOTOPOE XapaKTepU3YeTCsl PaCTITUBAIOIIUMHU
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Oz, Mlla
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Puc. 8. CpaBHeHHE pe3ynbTaTOB YHCIEHHOTO MOIEIMPOBAHMS
pacrperieNieHds. OCEBbIX OCTATOYHBIX HANPSDKEHHH G TIpH
JyTOBOH 4-X NIPOXOAHOW CBapke U OJHONIPOXOAHOW Ja3epHOM:
@ — MHOTOIIPOXO/IHAS yToBasi CBapKH; 6 — Ja3epHas CBapKa

HaNpsDKEHUSIMU Ha BHYTPEHHEH MMOBEPXHOCTH TPYOBI
10 500—-800 MIla u COOTBETCTBEHHO CIKUMAIOIIUMU
HanpsHKeHUSIMA Ha Hapy)KHOM IMOBEPXHOCTH. 3O0HBI
pacTAruBarolMX OCEBBIX HANPSHKEHUH B cllydyae 1y-
TOBOM CBapKH M JIa3epHOM CBapKOi OJNM3KHUE IO IIH-
puHe (14 1 17 MM COOTBETCTBEHHO).

PanuanbHas KOMIIOHEHTA OCTATOUHBIX HANPSKEHUMA
BCJICZICTBUE MajlOi TOJIIMHBI XapaKTepU3YEeTCs 3HAUM-
TCJIBHO HU3KUMHU 3HAYCHUAMU 110 BEJIMYUHEC B CpaBHC-
HHH C OKPY>KHBIMH 1 OCEBBIMU HAIPSHKEHUSIMH.

AHau3 CcTeNeHM CeHCHMOMIM3anuM MeTajlia
CBapHOro coequHeHusi. Kak M3BecTHO, CEHCUOMIIM-
3amus — 9TO 00pa3oBaHUE KapOHWIOB XpoMa Ha Tpa-
HHUIIAX 3€PEH B HEPIKABEIOUIEH CTalld, YTO MPUBOIUT
K CHIDKEHHIO TIPOIIEHTHOTO COAEp)KaHHS XpoMa B
npwieralonmx peruoHax. CeHCHOWIN3aIus Mpouc-

—e¢ - Jlazep

_80-(}
g Z, MM

Puc. 9. CpaBHeHHE pe3yNbTaTOB YMCICHHOTO MOJECIUPOBAHUS
pacnupeacIceHusl OCEBbIX OCTATOYHbBIX HaHpﬂ)KeHPII)’I npu Z[yFOBOﬁ
4-X NIPOXOAHOW CBapKe KU OIHONIPOXOAHOW Ja3epHOU: a — a
10 TOJIIMHE TPYOBI B paiioHe OCH IBa; 6 — HA BHYTPCHHEH
TIOBEPXHOCTH TPYOBI; 6 — Ha HAapyXKHOH ITOBEPXHOCTH TPYOBI
XOIUT TPH AJHUTEIBHOM HAXOXKICHHHM B HHTEpPBaie
temneparyp 400-850 °C mpu HarpeBaHWH WIH OX-
JNaKAeHUH. B CeHCMOMIM3MPOBAaHHOM COCTOSHHH,
Marepuan UCKIIOUUTEIbHO YSA3BUM K MEXKKPHUCTAJI-
JUTHOW KOPPO3WU B YCIIOBHSIX OKHCIUTEIBHBIX U
BBICOKOTEMIIEPATYpPHBIX BOAHBIX cpen. Pa3urue
CEHCHOMIM3UPOBAHHOH MHUKPOCTPYKTYpPBl 3aBHCHUT
OT CKOpOCTH 00pa30BaHMs KapOMIOB KPEMHUS M KH-
HeTHKYU U dy3un xpoma. CTeneHb CEHCUOMITU3AINH
MOXKET 3aBUCETh OT TAKUX [1apaMeTPOB, KAaK XUMHUYe-
CKHUIl cOCcTaB CTajH, pa3Mep 3epHa, MUKPOCTPYKTypa
U CKOPOCTh U3MEHEHHUS TEMIIEPATyPHl.

B Hacrosmiee BpeMs OlleHKa IpUOOpeTaeMoii CeH-
cuOmwIn3anuy KOHCTPYKIUM U3 HEpKaBEIOLIUX XPo-
MO-HHKEJIEBBIX CIUIABOB B OCHOBHOM IPOM3BOAUTCS
Ha OCHOBE TEMIEpaTypHO-BPEMEHHBIX JUarpamm
cencubmnmzauuu (TTS-guarpammel), Thna npuBe-
JeHHBIX Ha puc. 10, T.e. o pe3ynpTaraM dKCIepUMeH-
TOB Ha 00pa3Lax MpH MMOCTOSHHON TeMIlepaType, 4To
CYIIECTBEHHO OTpaHWYMBACT IPUMEHEHUE TaKHUX JIU-
arpaMM B CIIy4asx HECTallMOHAPHOTO Harpesa.

69




LTWMP’15

TTS awarpamma

Temneparypa

Kpuean oxnamienus

Bpewms

Puc. 10. Cxema pacueta MO H30TEPMHUUYECKOH auarpamme
cencuounmzamyu (TTS)

[Ipobnema oOpazoBaHMsI KapOWIIOB Ha TpaHUIAX
3epeH JJIs MHOTHX CIIy9aeB OJHOIPOXOJHON CBapKH
HE CO3/IAIOT CephEe3HBIX MPOOIEeM ISl OKOJIOIIOBHOM
30HBI. OHAKO TIPH MHOTOIIPOXOJHOW CBapKe HaJo-
JKCHHE KPHUBBIX TEPMHUUYECKHUX ITUKIIOB JJIsi KOHKpET-
HBIX TOYEK OKOJIOIIIOBHOW 30HBI HA COOTBETCTBYIOIIHE
TEeMIepaTypHO-BpEMEHHbIE AMAarpaMMbl CEHCHOWITHU-
3alWy, COAepIKaIlue «C» — KPHUBBIC ISl CTAJN CO-
OTBETCTBYIOIIEeTo cocTapa (puc. 10), moka3sIBaeT, 4To
B OKOJIOIIIOBHOW 30HE MTPOUCXOAUT HAKOTUIEHHUE YCIIO-
BHI 111 00pa3oBaHus KapOUIOB XpoMa o TpaHUIlaM
3epeH 3a cyeT AU Qy3un yriaeposa.

W3BecTHa MeTOmMKa WCIIONB30BaHUS «C»-00pa3-
HBIX KpPUBBIX TEMIIEPaTypHO-BPEMEHHBIX IUarpamm
JUTS. KOTUYEeCTBEHHOW OIIEHKH CTENIeHH CeHCUOMII3a-
uuu 3TB npu cBapoyHOM HarpeBe Ha OCHOBE 3HAHMS
COOTBETCTBYIOIIMX TepMUUeCcKuX ukioB 7(t7) [3, 6].
CyTb 3TOI METOIVKH OCHOBaHA Ha CIIEAYIOIINX ITO0-
CBIJTKaX:

e «c»-00pasHas kpusas 1(t) TemmeparypHO-Bpe-
MEHHOW uarpaMMbl OTIpeNeseT sl CTalld JaHHOTO
cocraBa (M3MYECKHE M3MEHEHUs (HampuMep, KOJH-
YeCTBO 0Opa30BaHHBIX KApOHUIOB XpOMa 110 TpaHUIaM
3epeH), TP KOTOPOM PHCK TOSIBIICHUS MEXKPHCTAI-
JIUTHBIX CTPECC-KOPPO3UOHHBIX TPEIIUH B YCIOBUSIX
skcrutyaranuu 6mm3ok k 100 %, T.e. creneHb CeHCH-
omnmuzarun i = 1,0 B TOYKax JaHHOW KPUBO, tC(T) —
BpeMsl BBIZIEPKKHU 00pasia mpu temneparype 7

e 3a BpeMs BBIICPKKH { Tpo1iecc HaKOTUIeHUS CEeHCH-
OwM3aIy MpUMEPHO PaBHOMEPHBIN BO BPEMEHH, T.€.

dy 1
d t .
® COOTBETCTBEHHO 3a Bpems Ot TepMuyeckoro
1MKia npu remneparype T

5C
Temneparypa aycTeHH3alHK
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1600 |- o
A P r
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Puc. 11. TTS-nuarpamma i cranu AISI 422 [9]

=7
t.(T)
® CCHCUOWIM3AIMK BIIOJb KPUBOW TEPMHUECKOTO
LMK, HaYuHasg 0T £ = 0 1o £ = ¢,

tk t
dt kAt
A RG]
0°¢C 0 “c
(B citydae MpeBBIIICHNS TEMIIEPaTyphl ayCTeHU3alun
MIpHU TIOBTOPHOM HarpeBe MpeablayIas HCTOPHSI CEH-
CcUOMIHM3aITUU OOHYIISETCS).

Paccmorpum crame AISI 422 wmapreHCHTHOTO
kiacca ¢ 12 % conmepxkanuem xpoma (Tabmn. 4), mus
KOTOpOW MMeeTcs SKCIIepHMEHTajJbHas TemIepa-
TypHO-BpEMEHHas JAMarpaMMa  CEHCHOWIH3aIluU
(puc. 11) [7]. Cencubunm3zaius Mpud MHOTOIPOXOI-
HOH CBapKe MOXET NPUBECTH K MEKKPUCTAJUIUTHON
KOPPO3UH MPH IKCIUTyaTallii B KOPPO3UOHHOM Cpejie.
ITo u3noxeHHOMY aJrOpUTMY OBIIa BHITIOJHEHA pac-
YeTHasl OIEHKAa CTENEeHW CCHCHOWIIM3AIUU MeTajlia
KOJIBIIEBOTO CBApPHOTO COCIMHEHHs] TPyO W3 cTaiu
422 npu yeThIpex MPOXOTHOW AYTOBOW CBapkKe U Jia-
3epHO CBapKe, BHITOJHEHHBIX MO BHIIICOMHCAHHBIM
TEXHOJIOTHSAM. Pe3ynbTaThl pacueTa NpeacTaBIeHbI
Ha puc. 12. [Ipu ayroeoii cBapke CEHCUOMTU3AIUS B
HEKOTOpBIX oOnacTsax pocturaet 40 % oT MakcHUMaib-
HO, TIpY JTa3epHON CBapKe OTCYTCTBYET BOOOIIIE.

Tabnnua 4. Xumuyeckuii cocTaB HepaxaBeromeii craau AISI 422

C Mn P S Si Ni

Mo

0.23 0.68 0.019 0018 0.36

0.69

11.71 0.26 0.93 0.94 0034
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BriBOaBI

1. st na3epHOM U MHOTOMPOXOAHOU AYTOBOM CBap-
KH KOJIBLICBOTO CBAapHOIO COEIUHEHUs] TPyO C BHeEII-
HUM JUaMETPOM 42 MM U TOJNIIMHON CTEHKU 7 MM U3
12 % Cr cranu paspaboransl Maremarudeckue 2D
MOZIETIM Ha OCHOBE METOAOB TE€PMOILUIACTHYHOCTH U
Metona K3 s uncneHHoro mporHo3upoBaHust 0CTa-
TOYHBIX HANpPsDKCHUH W CTENEHH CEHCHOWIN3aLUH
Marepuania.

2. CpaBHEeHHUE Pe3yIbTaTOB YHUCICHHBIX PacyeToB,
MOTy4eHHBIX Ha 2D ocecuMMeTpUYHBIX MOIEIISAX AJIS
CITy4as 9eThIPEXIIPOXOAHON TYroBOM cBapku ¢ V-00-
pa3HOH pa3lesIKol KPOMOK U JIa3€pHON CBapKH BCTHIK
Tpy® u3 12 % Cr crasim mOKa3bIBaeT CYIIECTBEH-
HOE€ pa3lIMuue paclpelesIeHUsI OKPY>KHBIX OCTaTo4-
HBIX HampsokeHud. [llupuHa 30HBI PACTATUBAIOLIMX
OKPYXXHBIX OCTATOYHBIX HANpsDKCHUH BEITMYMHOM
1o 1000 Mlla pacronoxena B Tpyoe B OCHOBHOM Ha
BHYTPEHHEH MOBEPXHOCTHU U B CiIy4ae AyTOBOH cBap-
KW — JOCTAaTOYHO 3HAYUTENIbHAS, CPAaBHUMA C TOJILIH-
HOM TPYOKH 7 MM, a JUIsI 1a3epHOM CBAPKH ITOITYIEHBI
JIBE JIOKAJIbHBIE 30HBI PACTATUBAIOIINX OKPY>KHBIX Ha-
HOPSOKEHUM IUPUHON A0 2,5 MM KaxkJasi. 30HbI pacTs-
CUBAIOLIUX OCEeBbIX HampspkeHuit 1o 500-800 MIla B
cJy4ae yroBO# CBapKH U JIa3epHOW CBapKOi ONTM3KHe
o mmpuHe (14 u 17 MM cOOTBETCTBEHHO). Bricokue
pacTArvBaloIliie OCTATOYHBIC HANpPsDKCHHUS HA BHY-
TPEHHEH MOBEPXHOCTH CBApHBIX COEAWHEHUH TpyO
MOTYT CIIOCOOCTBOBaTh OOpPA30BAHUIO XOJIOAHBIX
TPELIMH, YIUTHIBAsI MAPTEHCUTHYIO MUKPOCTPYKTYPY
MeTaJlla, a TAKXKE Pa3sBUTHUIO KOPPO3HOHHBIX TPEIINH
B Cly4ae BO3MOXKHOW 3HAUMTEIbHOH CeHcHOmnm3a-
UM MaTeprana B pe3ysbTaTe CBapOYHOIO Harpesa.

3. Ilo anropuT™my, y4uTHIBAIOIIEMY HHTETPATILHYIO
XapaKTEPUCTUKY BPEMEHH HAaXOXKACHUSI TOUEK CBap-
HOTO COEIMHEHUS B 30HE KPUTHUUECKUX TEMIIEPaTyp,
ObUIa BBINIOJHEHA PAacUeTHAS OLIEHKA CTEIICHU CEHCHU-
OuM3aLuy MeTajula KOJIbLIEBOTO CBAPHOIO COEIHMHE-
Hus TpyO u3 cranu AISI 422 ¢ 12 % copepkanuem
Cr, umeromeil CKJIOHHOCTh K CEHCUOMIM3aLuH, NPH
YETBIPEXNPOXOAHOM IIyrOBOM M Ja3epHOU CBapke,
BBINOJTHEHHBIX T10 BBIMICONUCAHHBIM TEXHOJIOTHSIM.
[Ipu nyroBoii cBapke ceHCHMOMIM3ALMs B HEKOTOPBIX
obmactsax nocturaet 40 % OoT MaKCUMAaIIBHOM, TIPH Ja-
3epHOil cBapKe oTCyTCcTBYeT. Takum o0pa3omM, BEIOOp
mporecca CBapKH MOXET CYILECTBEHHO BIMATH Ha
KOPPO3HOHHYIO CTOMKOCTH CBApHOTO y3Ja.

4. IlpoBeneHHOE HCClEOBaHNUE TIOKA3aJI0, YTO Ma-
TEeMaTHYEeCKOe MOJEINPOBAHUE PA3IMYHBIX (PH3UKO-XHU-
MHYECKUX IPOLECCOB NPH CBapke sBIsieTca 3(dek-
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Puc. 12. CpaBHeHHE pacueTOB CTENCHW CEHCUOWIM3AIMH ) JJIsS
4-X IpOXOITHOM JXYTOBOI1 (a) ¥ a3epHOi cBapku (0)

THUBHBIM WHCTPYMEHTOM MpH OTpabOTKE TEXHOJIOTHU
CBapKU COBPEMEHHBIX CIOKHOJIETUPOBAHHBIX CTAJIEH.
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CPABHEHUE NPOYHOCTHU XOPUOPETUHAJIBHOI'O
COEJMHEHUSA B JUHAMMKE INOCJIE BO3JEHCTBUSA
PA3JIMYHBIX PEXKUMOB BBICOKOYACTOTHOH
JEKTPOCBAPKU BUOJIOTHYECKUX TKAHEA
U SHJIOJIABEPHOU KOAT YJISILIUEH (810 um)
(OkcnepuMeHTAIBLHOE UCCIICTOBAHNIE)

H.B. TACEUYHHUKOBA, B.A. HAYMEHKO, H.H. YMAHEII, P.3. HASAPETSIH
I'Y «MlHCTUTYT ma3HbIX OoJe3Hel u TkaneBoi Tepanuu uM. B.I1. @unatoBa AMH VYkpaunsl, Onecca

[IpouHOCTE XOPHOPETHHAILHOTO COETUHEHUSI SIBIISIET-
Csl BAXKHBIM (DaKTOPOM OIPEAEIISIOIIUM UCXOJ OTepa-
[IMU 10 TTIOBOJlY PErMaTOT€HHOW OTCIIOMKH CETYaTKH.
B npornecce npoBeneHus TpaHCUUUIMAPHON BUTPIK-
TOMHH IIPU OTCJIOMKE CETYATKH Ul PETUHONEKCHUU
WCIIOB3YETCs SHAONAa3epHas Koaryisauus, Mocie 4ero
[0JI0CTh CTEKJIOBUHOTO TEJIA 3aII0JIHSETCS TAMIIOHH-
pyrommM BemecTBoM (QpropcomepiKaiieil razo-Bo3-
IYIIHON CMEChIO WJIM CHJIMKOHOBBIM MaciioMm). Bpe-
MEHHasi TaMIIOHa/J]a BUTPEAIbHOMN MOJIIOCTH SBISETCS
00s3aTeNTFHBIM 3TAllOM OTIEpAIlNH, MOCKOIBKY (op-
MUpPOBAaHUE TPOYHOTO XOPHOPETUHAIBHOIO COEIU-
HEHUS T0CIIe JIa3epHOM KOaryssaIiy MPOUCXOIUT Ha
npoTsbkeHuH 2—3 Henens [1]. B Hamewm ciyuae tep-
MUH «XOPHOPETHHAIBHOE COCMHEHUE» OOBEIUHSET
nousaTHs (1) aare3sun — NpuIMNaHue CEeTYaTKU K CO-
CYIHCTOM 000JI0UKE HEMOCPEICTBEHHO TTOCIIE BO3/ICH-
CTBUS OTHUM U3 (aKTOPOB, U (2) pyOlLieBaHUS — TPO-
necc GOPMUPOBAHHUST XOPHOPETHHAIIBHOTO CPALICHHUS
(pyb1a) B 30He TEPMHUYECKOTO BO3IEHCTBHS.

ToyHoe KOMMUYECTBEHHOE OMNpENeIeHHE MPOYHO-
CTH XOPHOPETHHAJIBHOTO COCAMHEHMS M €ro Xapak-
Tepa B 3KCIIEPUMEHTaX MPOBEIH PsIJl aBTOPOB MyTeM
HU3MEpPEHHs YCHIINS, HEOOXOAUMOTO ISl OTPhIBA CET-
YaTK! OT COCYAMCTON 00OJIOUKH.

Tak, H. Zauberman u3y4an mpo4HOCTh XOpHOpE-
THHAJIBHOTO COEIMHEHHS MTOCJIe KPHOPETHHONEKCHH,
JIa3epHON U JUATEepPMOKOATy/SIIMU Ha KOIIa4ybuX IVIa-
3ax. B pesynprare sKCriepuMEHTaBHOTO UCCIIENA0Ba-
HUs1 OBIJIO yCTAHOBJIEHO, YTO CTETIEHb aAT€31H CeTYaT-
KM K MUTMEHTHOMY SIUTENHUIO NOCIE PETHHONEKCHU
M00BIM cIT0co000M HaMHOTO HIDKE (B 1,5-2 paza), uem
MEXIY WHTAKTHBIMH O0OJIOYKaMH B MEpBbIC 2 IHS
[OCJIe BO3JIEHCTBHS, YTO CBA3aHO C HAJIIMYHEM XOpH-
OpETHHAIILHOTO OTEKa M KJIETOUHOH HH(UIbTpaHeH.
IIpoyHOCTHBIE CBOMCTBA XOPUOPETUHAIBHOIO COEIH-
HEHUS B 30HE BO3JEHCTBHS MOCTENIEHHO MOBBIIIAOT-
CSl M K 7 THIO IOCTOBEPHO HE OTIIMYAIOTCS OT aAre3uu

MEXJy WHTaKTHBIMH CETYaTOW M COCYIUCTOH 000-
nmoukamu. B cpoku ot 1 10 3-x Henmens mocie BO3Aci-
CTBUS IPOYHOCTh XOPUOPETUHAIBHOTO COECTUHEHUS
CTaHOBUTCSI MAaKCHUMAJIbHON U TPEBBINIACT 3HAYCHUS
HOpPMEI B 2-3 pasza [2].

B npyrom uccrnenoBanunu M. Kita uzmepsin npou-
HOCTh XOPHOPETHHAIBHOTO COEAMHEHUS in Vivo B
cpoku oT 1 AHS 10 6 MecALEeB Mocie PeTHHONEKCHH
BBIIIIEYKa3aHHBIMI METOAaMU. Tak (OTOKOATYIISIIHS
Y TUaTEPMHUSI TOBBIIIATHN POYHOCTH XOPHUOPETHHAb-
HOI anre3uu 3a 24 yaca g0 128 % mo cpaBHEHHUIO ¢
KoHTposieM. KpuopeTnHonekcuss CHMXKana aare3uio
B IIEPBYIO HEJAEIIO, HO 3aTEM BBI3BbIBAJIA TAKOE K€ IO
MIPOYHOCTH XOPHOPETHHAIILHOE COEMHEHNE KaK TIpe-
JIBIYIINE JIBa MeToJia. B cpoku OT 2 Hexielnb 110 6 Me-
CALIEB B YCIOBUSX ONMMCAHHBIX aBTOPaMH, MPOYHOCTh
XOPHOPETHHAIBHOTO COEIMHEHNs Oblila BBIIIE TIOCTIe
nmuarepmud (279 %), uem nocne kpuonekcuu (214 %)
i orokoarymsun (220 %) [3].

Yoon Y.H. 1 Marmor M.F. npoBesnu psx uccieno-
BaHUI1 YTOOBI BBISICHUTH HACKOJIBKO OBICTPO JIa3epHAS
Koaryssiuus nznydenuem 810 HM GopMupyeT XopHo-
pETHHAIBFHOE COENMHEHHNE M 3aKIIOYMIN, YTO TIOCTIe
KOAryJsiiud UHTAaKTHOM CETYaTKU MPOYHOCTH COEAU-
HeHus cHmxaeTcs 10 S0 % depes 8 yacoB mociie ore-
pauuu, IOBBILIACTCS JO HOPMallbHOH uepe3 24 daca
Y CTAaHOBWJIACH BJIBOEC BBIIIC HOPMBI MEXIY TPETHUM
JTHEM U YeTBepToM Henenel. JlazepHas koaryasuus Ha
MIpUJIETIIEN ceTyaTke Jaia MOX0KUE Pe3yabTaThl, Of-
HAKO MakCHUMajbHasi IPOYHOCTh XOPUOPETUHATIBHOTO
coeMHeHHs HaOMIonanachk Ha BTOpOi Hezene [4].

B cBs3u C BBIIEU3I0KCHHBIM, aKTyaJIbHBIM SIB-
JSETCS TOMCK allbTEPHATUBHBIX CIIOCOOOB PETHHO-
MIEKCHH, KOTOPBIE IMO3BOJIAT AOCTHYb IPOYHOTO XO-
PUOPETHHAIBHOTO COEIUHEHHS HENOCPEICTBEHHO
nocie Bo3aecTBUs. OCHOBBIBASICH HA HAIIMX IMpea-
BapUTEIBHBIX SKCIIEPUMEHTAIBHBIX JAHHBIX, BBICO-
KOYacTOTHAsS 3JIEKTPOCBapKa OMOIIOTUIECKUX TKaHEH
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(Momuduuuposannsiii reneparop EK 300M1) moxet
TIPUMEHATHCS 111 PETUHOIMECKCHH [5, 6], OMHAKO TOY-
HO€ KOJTMYE€CTBEHHOE OINpe/iesIeHHe IPOUYHOCTH XOpH-
OPETHHAIFHOTO COENWHEHHs TOCIE WCIOJIh30BAHUS
JTAHHOTO METOJ[a OCTAEeTCS HE M3yUSHHBIM.

Heab. B skcriepuMeHTe U3yYUTh MPOYHOCTH XO-
PUOPETHHAIIFHOTO COEAMHEHHS B JMHAMUKE IOCIe
BO3IICWCTBUS Pa3IUYHBIX PEXKHMOB BBICOKOYACTOT-
HOM 2JIEKTPOCBapKU OMOIOTUYECKHX TKAHEH 110 CpaB-
HEHUIO C SHA0Na3epHoN Koarymsuei (810 HM).

Marepuajbsl U MeTOAbl. DKCIEPUMEHTAIHLHOE
HCCIIENOBaHNE BBITIONHSIOCH Ha 52 kponukax (104
rnaza) moponsl unmmmna Bo3pactoMm 5—7 MecsIEB U
maccoit 2,5-3,5 kr. Bce akcniepuMeHTaIbHbIE )KUBOT-
HBIC HaXOAWIWCh B CTAHAAPTHBIX YCIOBUSIX BUBAPUS
Ha OJJMHAKOBOM PAaIlMOHE TUTAHMUA.

OOmuii HapKo3 IKCICPUMEHTAIBLHBIM KHUBOTHBIM
BBITIOTHSIJICS TIyTEM BHYTpHBEHHOTO BBenmeHUs 10 %
THONEHTana Hatpus B o3e 1 mu/kr. [locne dukcanuu
B CITCIIMAJILHOM CTaHKE U 00pabOTKH OIeparimoOHHOTO
IoJIsi ¢ COONIONICHHEM BCEX IMPAaBHJI ACENTHKU U aH-
THUCETITUKY TIPOW3BOMMIACE PETPOOyIbOapHas aHe-
cre3us 2 % pacTBOpOM JUJOKauHa THAPOXIOpUIA —
2,0 mu. Muapuas gocturancs myTeM HHCTHIUISINN B
KOHBIOHKTUBaJBHBIN Memok 1 % Tponukamuaa. Ilo-
CJIe KPYTOBOM KOHBIOHKTHBOTOMHH I10 JIUMOY BBITIOJ-
HAUCh ckieporomuu Ha 10 1 2 4 Ha paBBIX I1a3ax,
1 Ha 4 u 8 yacax Ha JIeBbIX IMazax. s ycrpaHeHus
pedpakIoHHBIX abeppalyii Ha POTOBUILY KPOJHKA
yCTaHaBIMBAJIACh TUIOCKAs KOHTaKTHAsI JTMH3A.

3areM B MepBOii rpymIe KUBOTHEIX (16 KpOIHKOB
(32 m1aza)) B BUTpeaIbHYIO MOJIOCTH BBOAMIUCH OCBE-
TUTEIh U MOHOTIOJISIPHBIN CBAPOYHBIH 30H]I. 8 CBapOU-
HBIX aNIUIMKaluil HAaHOCWJIMCh Ha YPOBHE MERYJUIAp-
HOTO TIy4Ka C TEMITIOpaTbHON ¥ Ha3aJIbHON CTOPOHEI B
JIBa psifa, OTCTYIIA OT Kpasi TMCKa 3pUTEIHHOI0 HepBa
(I3H) 3—4 mm. Hcmonp30Basi TOPOTOBBIE TTapaMe-
TPBI JJI BEICOKOYACTOTHOM JIEKTPOCBAPKU OHOJIOTH-
geckux TkaHed (BOBT) cerdatkm ¢ momiekamyaMu
TKaHSIMH, YCTAHOBJICHHBIE B HaIlleM MPEIbIIyIIEeM
nccaenoBanny (Hanpsbkenne — 14—16 B, cuma Toka
10 0,1 A, sxkcno3unust 1-2 ¢, yactora 66 xI'my) [6].

Bo BTOpOii rpymnmne 3KCIepUMEHTAJIbHBIX KUBOT-
HbeIX (16 kponukoB (32 11a3a)) TakKe BBIMOIHSIACH
BOBT monomomsapuaeiM 30HAOM. B oTnngme oT BTO-
PO TPYIIIIBI JKUBOTHBIX, PETHHOTIEKCHUS BBITIOTHSLIIACH
ipu ypoBHe Hanpspkerns 18—20 B. OcransHble mapa-
METpPBI HE OTIUYANIUCH OT TAKOBBIX B MEPBO rpyIIIIE.

B Tpetbeii rpymme sKCIEpUMEHTANBHBIX >KMBOT-
HeIX (16 kpommkoB (32 miasza)) XOpHOpPETHHAIBLHOE
coenrHeHHe (OPMHUPOBATIOCH MPH IOMOIIU SHJI00-
KYJISIPHOTO 30H/a JIA3ePHBIM HM3ITyYeHHEM C JUTHHOM
BosiHbl 810 M (£ = 200-300 MBT, t = 250 mc). 12
JIA3EePHBIX aNIUTUKAIMi HAHOCHJINCH HAa YPOBHE Me-
IYJUIIPHOTO TyYKa C TEMIIOpalbHOM W Ha3aJIbHOU
CTOPOHBI B JBa psina, orctyns ot kpast JA3H 3—4 mwm.

B xoHTpoOMBHYIO rpymiTy Bouuio 4 kposiuka (4 ria-
3a), y KOTOPBIX H3MEpsUIach MPOYHOCTh XPUOPETH-
HAJBHOHN aJre3uy MeXIy MHTAKTHBIMH CETYaTKOW W
COCYIHMCTOM 00O0JIOUKOM.

ButpskTtomMus SKCIEpUMEHTANBHBIM KHUBOTHBIM
HE BBIMOJTHSIACK.

Kponuky OnbITHBIX TPyl BBIBOAWUCH H3 DKCIIE-
pUMEHTa METOJIOM BO3IYIIHOW 3MOONHMH B TEUCHHE
1 yaca mocne 3KcrnepuMeHTa, yepe3 3 aus, | Hexde-
710 ¥ yepe3 1 Mecdn mo 4 KpojuKa Ha KaKIbIH CPOK
HaOmoneHus. [IpousBonunack 3HyKIeanus TITa3HBIX
s10110K. Boinensiicst pparMeHT 000J104eK T1a3a B BUJIE
MOJIOCKH IIUPHUHON 4MM, COCTOSILIEH U3 CKIIEpHI, CO-
CYIUCTOH 00OJIOUKH M CETYaTKU TaKUM 00pa3oM, 4To
os1 JI3H pacronarancs mo neHTpy dparMenra. 3aTrem
UccleyeMblii (pparMeHT 000JI0YEeK IJIa3HOrO s0JI0-
Ka (puKcHpoOBaJCs K JIEKTPOHHBIM BECaM CO CTOPO-
HBI CKJIEPBI, ceTYaTKa OTCEKaJach C JBYX CTOPOH OT
JI3H ¢ mocnexyromuM HaJ0KCSHHEM IITOBHOM JTUTATY-
pol (menk 10-0). dpyroii koHen mBa (UKCHPOBAICS
K CIIEIMANBbHO pa3pabOTaHHON HaMH YCTaHOBKE IS
HCCIIEZIOBAHUS IPOYHOCTH XOPHUOPETUHAIBHOIO COE-
JTUHEHHS, CO3IAIOIIEeH TOCTOSHHYIO TPAKIIHIO 32 CYET
poTopHOro MexanusMa. HeoOXomumMo OTMETHTH, YTO
CKOPOCTb BpaIllEHUs] POTOPHOTO MEXaHNW3Ma M BEKTOP
TpakUUM HE OTINYAINCh B HMCCIETYEMBIX IpYyTMIaXx.
s olleHKH MPOYHOCTH XOPHUOPETHHAILHOTO COeTHU-
HEHUS TTPH TIOMOIIH SIIEKTPOHHBIX BECOB ONPEACIISITH
yCHIJIME Ha OTPHIB CETYATKH OT COCYAHMCTOW 000104-
KH (MT') B KOHTPOJIBHOHN TpyIIe, MOCIe BO3ICHCTBHS
nazepHoro uznyuenus 1 BOBT B paznuunbie cpoxu.
JlaHHBIE TIpeACTaBIeHBI B BUE CPEAHETO 3HAUCHUS U
CPEIHEKBAAPATUYECKOTO OTKIOHEHHUS.

Pesyabrarel. B Hauane Hamiero wuccieqoBaHUS
MBI OIICGHWUJIH CTENEeHb XOPUOPETHHAIBLHOW ajare-
3UHA MEXJy WHTAKTHBIMH OOOJIOYKAMH Yy >KHBOTHBIX
KOHTPOJIbHOW TpyHIbl. YCUIIME HA OTPBIB CETYATOU
000IIOYKH OT XOPHOHWIEH C TEMIOPAIBHOW CTOpO-
Hbl ot [I3H coctaBuio B cpenuem (104£10) mr, a ¢
HazanmpHOH — (105£12) mr (p = 0,983). YuureBas
OTCYTCTBHE JIOCTOBEPHOI Pa3HUIIBI B MPOYHOCTH XO-
PHUOPETHHATBLHOW anre3ud ¢ TEMIOPATLHOW OO ¢
HazanbHOM cTopoHsl oT JI3H, B ganbHeiieM gaHHbIS
OIICHWBAJINICh B HE 3aBHCHMOCTH OT JIOKaJH3aIlHH
BO3JEHCTBUSL.

B mocnenyromemM Mbl HCCIIEAOBAIH YCHIIUE HA OT-
PBIB CETYATKH OT COCYAUCTOH 00010uku yepe3 1 yac
nociie Bo3zaericTBus BOBT u anmonazepHoii koaryss-
ruu (810 M) (puc. 1).

Kax BUAHO U3 JaHHBIX, IPEACTABICHHBIX HA PHCYH-
ke 1 uepe3 1 wac mocne BozzneiictBust BOBT Hampsbke-
HueM 14-16 B ycunme Ha OTpBIB CETYATKU OT COCYIH-
CTOI 00O0JIOUKM B CpemHeM cocTaBuiio (212+26,6)
YTO JIOCTOBEPHO BBIIIE 110 CPABHEHUIO C KOHTPOJEM H
JpyruMu oneITHBIMU rpymiami (p = 0,000). Heo6xomu-
MO OTMETHTB, YT nocine BozaekcTeusa BOBT nanpsoke-
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Puc. 1. IlpouHOCTH XOPHOPETHHAIBHOTO COEIUHEHHUS IOCIe

BOBT nanpsokenum 14-16 B (cBapka 1), manpspxkennm 18-20 B
(cBapka 2) n sHmonasepHoi koarymsnuu (810 M) uepe3 1 gac
IIOCJIE BO3/IEICTBUS 110 CPABHEHUIO C KOHTPOJIBHOM IpyNIoi
HueM 18-20 B ycunue Ha OTpBIB CETYATKH COCTABUIIO
(122416,1) mr, 9TO TaKXKe TOCTOBEPHO BHIIIE II0 CPaB-
HEHHIO ¢ KOHTponpHOUM rpymmoit (p = 0,024). Ilocme
JIA3E€pHON KOarymsiluy YCHINE Ha OTPBIB CETYATKU CO-
craBuiio B cperHeM (114+14,0) mr, 9to 10CTOBEpPHO HE
OTJIMYAJIOCh OT KOHTPOJISL.

[Ipu nccnenoBaHUM MPOYHOCTH XOPHOPETHHANb-
HOTO COeIMHEHMs depe3 3 mHs (puc. 2) mociie BO3ACH-
ctBust BOBT u sannonasepnoii koarymanuu (810 HM)
YCHIIME Ha OTPBIB CETYATKH OT COCYIAMCTON 0001104-
KM MOBBICHJIOCH BO BCEX OMBITHBIX Tpymmax. Makcu-
MaJIbHOE€ 3HAUE€HHE MPOYHOCTH XOPHUOPETUHAIBHOIO
COEIMHEHHA OTMEYanoch B 1 rpymnme sKCIepUMEH-
TaJIbHBIX JKUBOTHBIX — YCHUJIME HA OTPBIB CETUATKU
cocTaBuiIo B cpenHeM (224+30,0) Mr, 4TO JOCTOBEPHO
BBIIIIE 110 CPABHEHUIO C OCTAIBHBIMU TpyIIaMu (p =
= 0,000). Ycunue Ha OTPHIB CETYATKH OT XOPHUOUJICH
nocie BOBT nanpspkenuem 18-20 B u mocne sum0-
naszepHol koarymsuuu (810 HM) cocTaBUIM B cpel-
HeM (128+15,6) mr u (131£12,7) Mr COOTBETCTBEHHO.
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DTH NaHHBIE TOCTOBEPHO HE OTINYAIUCH MEXIY CO-
ooti (p = 0,651), oqHAKO JJOCTOBEPHO OTIIMYAIOCH OT
3HaYEHWH KOHTPOJbHOH rpymsl (p = 0,001).

VYeunue Ha OTPBIB CETYATKH OT COCYAHCTOW 000-
mouku depe3 1 Hememio mocie Bo3aeicTBus BOBT u
sHIoNa3epHor koarymsiuu (810 HM) mpencTaBICHBI
Ha puc. 3.

Kak cnenyer W3 JaHHBIX, NpPENCTaBICHHBIX Ha
puc. 3, IPOYHOCTh XOPHUOPETHHAIHHOTO COETNHEHUS
gyepe3 1 HeZemto nocie onepanuy o npexHeMy ocTa-
Bajach MaKCUMaJIbHOW y KHUBOTHBIX rtociie BOBT Ha-
npspkeHneM 14—16 B — ycuiine Ha OTpBIB CeTYaTKH
coctaBmiio (235+24,7) mr. Ilocie BOBT nampsixenu-
em 18-20 B ycunme Ha OTpBIB CE€TYATKHU OBLIO JOCTO-
BEPHO MEHBILIEC YEM Y KMBOTHBIX IEPBOM OIBITHON
TPYNIIBI U COCTAaBUIIO B cpemHeM (213+22.4) mr (p =
=0,003), omHAKO JOCTOBEPHO OOJIBIIEC Y€M Y KHUBOT-
HBIX TIOCIIE dHAONa3epHON koarymsiiun (810 HM) —
(188+18,7) mr (p = 0,000).

Uepes 1 mecsr mocie onepanui MpOYHOCTh XO-
PUOPETHHATIBHOTO COETMHEHUS JOCTUITIA MaKCUMyMa
(puc. 4.)

Kak cnenyet u3 puc. 4, ycuire Ha OTPBIB CETYATKH
oT cocyauctoit obonouku nocie BOBT HampsokeHu-
eMm 14-16 B, nanpsxenuem 18-20 B u nocne snona-
3epHOH Koaryisauu (810 HM) COCTaBWIO B CpeIHEM
(275+32,0) mr, (283+31,0) Mr u (276£21,7) Mr coort-
BETCTBEHHO. JIOCTOBEPHBIX Pa3IUUUA MEXKIY OIMBIT-
HBIMHU TPYIIIIaMU HE 0TMe4anoch (p > 0,44).

Takum o0pa3om, aHATU3UPYS XapakTep U3MeHe-
HUI TIPOYHOCTH XOPHOPETUHAIBHOTO COEIUHEHMS
MOCIIe Pa3TUYHbIX BUAOB BO3IEHCTBUS B TUHAMHUKE
MO0 CPaBHEHHWIO C KOHTpoieM (pHc. 5) HEoOXOmuMOo
orMeTuTh, 4ro BOBT nHampspkenmem 14-16 B mo-
3BOJISIET JOCTHYb 3HAUUTEIBHOM XOPHOPETHHAIBHON
aZre3uy HeTOCPE/ICTBEHHO TOCTe BO3JEHCTBHUSA BbI-
COKOYAaCTOTHOTO 3JIEKTPHUUYECKOTO TOKa — yCHJIME Ha
OTPBIB CETYATKH MPEBBIIIACT 3HAYCHHSI KOHTPOIBHOM
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Konrtpons Ceapka 1 Csapka2 Jlazep

Puc. 2. IIpo4HOCTH XOPHOPETHHAIBHOTO COEAWHEHHUS MOcie
BOBT nanpsoxenum 14—-16 B (capka 1), Hanpsoxenum 18-20 B
(capka 2) u sHI07a3epHOM Koarymsauu (810 HM) wepes3 3 mHA
OCJIE BO3/IEHCTBHS 110 CPAaBHEHHIO C KOHTPOJIBHOM IPpyHmoi
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Puc. 3. IIpoyHOCTP XOPHMOPETHUHAIBHOTO COCIMHEHHS IOCIe
BOBT nanpstxenum 14-16 B (cBapka 1), Hanpspkennm 18-20 B
(cBapka 2) u sHmona3epHOi Koaryauuu (810 uM) gepes 1 Hene-
JII0 TIOCTIE BO3JEHCTBUS IO CPABHEHUIO ¢ KOHTPOJILHOM IpyTIoi
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Puc. 4. IlpouHOCTH XOPHOPETHHAIBHOTO COEIUHEHHUS IOCIe
BOBT nanpsoxkenum 14-16 B (cBapka 1), Hanpspkennm 18-20 B
(cBapka 2) u sHmoNa3epHoi koarymsiuu (810 HM) yepes 1 mMecsiy
IIOCJIE BO3/IEICTBUS 110 CPABHEHHUIO C KOHTPOJIBHOM IpyNIoi
rpymmnsl 6onee yeM B 2 pasa. Kpome Toro cremeHb
MPOYHOCTHU XOPHUOPETUHAIBHOIO COEIUHEHUS B TPYII-
ne xuBOTHBIX nocne BOBT nanpsxennem 14-16 B
OCTaBajach caMOi BBICOKOW B CpPOKHM 10 1 Hepenu.
[Tony4yeHnsle pe3yabTaThl CBUICTEIHCTBYIOT O TOM,
YTO CTOJIH HEOONbIIas pa3HUIlA B HAPSHKEHUH DJICK-
TpUYecKoro Toka Mmexxay 1 u 2 rpynnamu (scero 4 B),
WrPAET CYLIECTBEHHOE 3HAYEHUE B IIPOUHOCTU XOPHO-
pPETUHAIBHOTO COoequHEHUs. BO3MOXHO, 3TO CBSI3aHO
¢ teM, uto BOBT nanpsoxennem 18-20 B comporo-
JkKIaeTcs 00Jee BEIPaXKCHHBIM OTCKOM CETYaTKH, Kile-
TOYHOW MH(MIBTpANMEH, YTO MPEISITCTBYET 00pa3o-
BaHHUIO MPOYHOTO XOPHUOPETHUHAIBHOIO COEIUHEHUS
HETIOCPENCTBEHHO TIOCie BO3AeHCTBIA. OTBETHTh Ha
ATOT BOIPOC MOMOXET IMPOBEIACHHE MaroMopdosio-
THYECKOTO HCCIENOBAHUS, PE3YIBTAThl KOTOPOTO MBI
OITyOJIMKYEM B MOCIIEIYIOMUX paboTax.

JlunamMuKa yCHIICHUS TIPOYHOCTH XOPUOPETHHAIT-
HOT'O COEIMHEHUS TMOCIE HHAO0NA3CPHON KOAryasuuu
(810 HM) coBmamaeT ¢ JaHHBIMU APYTUX HCCIEIOBA-
TeJel, MpuveM K KOHITy Iiepro/ia HabmoneHus (depes
1 mecsIr) TOCTOBEPHOH pa3HUIIBI MEXIY HCCIETye-
MBIMU TPYNIIAMH HE OTMEYAIOCh.

Onmpasich Ha TIOTyYEHHBIC B TAHHOM HCCIIEIOBAHUH
JAHHbIE, MO)KHO MPEIION0XKUTh, YTO MPOBEICHUE BbI-
COKOYAaCTOTHOM 3NIEKTPOCBAPKH OMONOTHYECKUX TKaHEeH
napamerpamu 14-16 B npu Haauuuu CTEKJIOBUAHOTO
TeNa B 00JIaCTH BO3JICHCTBUS TIO3BOIUT C(HOPMHUPOBATH
MIPOYHOE XOPUOPETUHAIBHOE COETMHEHUE BO BPEMSI BU-
TPEOPETUHAIBHBIX BMEIIIATEIIHCTB.

BriBoaBI

1. B skcnepuMeHTe YCTaHOBJICHO, YTO IMPOBEICHUE
BOBT mapamerpamu: Hamnpspkenue 14-16 B, cmra
Toka 10 0,1 A, sxcro3unms — 1-2 ¢, yacrora 66 kI 11
obecrieynBaeT MOBBIMICHUE XOPUOPETHHAIBLHON aj-
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Puc. 5. JlnHaMpKa IPOYHOCTH XOPHOPETHHAIBHOTO COEIUHEHHUS
nocne BOBT wnanpsoxkenum 14-16 B (cBapka 1), HampsokeHHM
18-20 B (cBapka 2) u snonazepHoit koarymsiaun (810 HM) B pas-
JUYHBIE CPOKH TOCIIE BO3JEHCTBHUS IO CPABHEHUIO C KOHTPOJIb-
HOMU rpynnoit

Te3WH HEMOCPEACTBEHHO TOCIE BO3ICHCTBUSA DJIEK-
TPUYECKOTO TOKa 0ojiee ueM 2 pa3a 1o CPaBHEHHUIO C
KOHTPOJIbHOU TPYIION — yCUJIME Ha OTPHIB CETYATKU
COCTaBUJIO B CpeHEM 224 MT, TOra Kak B KOHTPOJIb-
HOM rpymiie B cpeaHeM 105 mr.

2. B cpoku n0 1 HEAETM NPOYHOCTH XOPUOPETUHAIIb-
Horo coenuHeHus ociie BOBT nanpspkenuem 14—-16 B
OCTaeTCsl JOCTOBEPHO BBIIIE, YEM IOCJE MPOBEICHUS
BBICOKOYACTOTHON 3JIEKTPOCBAPKH HampspkeHueM 18—
20 B u nuoaHoi na3epHoil Koaryssiueit.

3. Uepes 1 mecsan nocine BOBT nanpsoxkernneM ot
14 o 20 B u nuonHoii na3epHoO Koaryasuuen mpod-
HOCTh XOPHOPETHHAILHOTO COCIWHEHUS TOCTHUTaeT
MakcuMyMa 0e3 IOCTOBEPHOM Pa3HUIIBI MEXKTY OIIBIT-
HBIMH TPYIITIaMA — CPEIHUE 3HAYCHUS yCHIINA Ha OT-
PBIB ceTdaTku OT 275 Mr 110 283 MT.

1. Smiddy W.E. Histopathologic results of retinal diode laser
photocoagulation in rabbit eyes / Smiddy W.E., Hernandez E.
Arch.Ophthalmol. — 2002. — 110. — P. 693-698.

2. Zauberman H. Tensile strength of chorioretinal lesions
produced by photocoagulation, diathermy and cryopexy / Br.
J. Ophthalmol. — 1969. — 53. — P. 749.

3. Kita M. Photothermal, cryogenic and diathermic effects of
retinal adhesive force in vivo / Kita M., Negi A. Retina. —
1991. — 11(4). — P.441-444.

4. Yoon Y.H. Rapid enhancement of retinal adhesion by
laser photocoagulation / Yoon Y.H.,, Marmor M.F.
Ophthalmology. — 1988. — 95. — P. 1385-1388.

5. Pasyechnikova N. Pilot experimental investigation of the
electric welding for the retinopexy / N. Pasyechnikova,
S. Rodin, V. Naumenko et. al. — 9-th EURORETINA
congress, 5—7 May, 2009, Nice, France

6. Ilaceunuxosa H.B. BBICOKOYAaCTOTHAS JIEKTPOCBApPKa TKaHEH
3aJJHETO OT/IeJIa TIIa3HOTo S010Ka (MOAH(UITPOBAHHEIHI reHe-
parop EK-300M1) ¢ nmpuMeHeHneM OpUTHHAIBHOTO MOHO- U
oumnonsipHoro mHCTpyMeHTapus / H.B. Ilaceunmkosa, H.H.
Ymanen,A.B. ApremoB u np. — Odranemon. XKypH. —
2012. — Ne 2. — C. 45-49.
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JIASBEPHA PYUHA YCTAHOBKA
JJIA 3BAPIOBAHHS BUPOBIB 3AJIIBHUYHOI'O TPAHCITIOPTY

B.E. [IATOH!, B.JI. IIEJISITIH!, 1B. IIYBA!, B.A. KYPLIIO', A.B. BEPHAIIbKHI1',
0.B. CIOPA!, BAH JI3IH/IA% YKEH IIYXYE?, BAHI-YYHIIEHI?
Tacrutyt enexrpossaproBanns im. €.0. [Tarona HAH Vkpainu, Kuis, Vkpaina
2Kuraiicko-Pociiicbkuii TexHonapk, YynuayHs, Kuraiickka HaponHa PecryGiika
SYanuyHCHKHIA BaroHoOymiBHMi 3aBo, YyHdayHbs, Kuraiickka Hapoaaa PecryGiika

Buxonana po3po0ka iHCTpyMEHTY IUIsi Py4HOTO JJa3ePHOTO 3BaploBaHHSA. Maii MacorabapuTHI XapaKTEePHCTHKH PO3-
pOOIEHOTO IHCTPYMEHTY, HO3BOJISIFOTH BUKOHYBAaTH 3BAapIOBAHHA Y PI3HUX MPOCTOPOBHX MONIOKEHHsX. [IpoBeneHi me-
TanorpadivyHi JOCIIIKEHHS Ta MeXaHiuH1 BUIPOOyBaHHS 3BApHHUX LIBIB MOKA3alH, [0 XapaKTEPUCTHKH OAEPKaHUX
3BapHHUX 3’€JHAHb JIOPIBHIOIOTh XapaKTEPUCTHUKAM 3BapHHUX 3’€JHAHb, OACP)KAHHUX 32 JOMOMOTOI aBTOMATHYHOTO Jia-
3epHOTO 3BaproBaHHs. Lle CBITUUTH MPO MEPCHEKTUBHICTS BUKOPUCTAHHS PO3POOICHOTO iHCTPYMEHTY [UIS BUPIIIEHHS
3aJa4 Ja3epHOTO 3BapIOBAHHS Y PI3HUX Taly3siX MPOMHUCIOBOCTI.

OcTaHHI ECATWIITTS JJIs CBITOBOTO 3BapHOBAJILHO-
ro BUPOOHMIITBA XapaKTePU3YBAIUCS 1HTEHCHBHUM
PO3BUTKOM 1 PO3IIMPEHHSM 00JacTell 3aCTOCYBaHHS
MIPOMEHEBUX JDKEpel eHeprii (y meplry 4epry jase-
pa) Ui 3BaproBaHHS W OOpOOKHM KOHCTPYKLIHHHX
MarepiajiiB. Bucoka ryctuHa eHeprii Ja3epHOro BH-
MPOMiHIOBAaHHSI, INMPOKHUH Jiana3zoH ii peryatoBaHHs,
MOXKJIMBICTB TIepe/iadi CHEeprii Ha 3HAUHY BiJICTaHb Bif
JDKepea BUIIPOMiHIOBaHHsI 3a0€311euyoTh Jla3epy BH-
COKY €(DeKTHBHICTb i YHIBEPCAIbHICTb.

Sk TOKa3y0Th MapKETUHTOBI JOCIiKeHHs [ 1], BU-
COKYy e()eKTUBHICTb JIA3EPHHUX TEXHOJIOTIH 1 3pocTaroui
MaciTabu iXHBOTO MPOMHUCIIOBOTO 3aCTOCYBAaHHS Iie-
PEKOHJIMBO MiATBEPIKY€E 30UIBIIECHHS MOPIYHUX MPO-
JIXKIB JIA3ePHUX CHUCTEM 1 JpKepen it 00poOKu marte-
pianiB. [Tnanyerscs, mo o 2015 p. obcsar mponaxis
JIA3epHUX CUCTEM MepeBUIUTE 9,75 mipa. nomn. CHIA.

OcrtanHiM 4YacoMm 3’sBUIIOCS Oarato myOmikamii,
SKi TIPUCBSYEHI Psy TEXHIYHUX 3ajad, pPIIeHHS
SIKHX MOTpeOy€e BUKOPUCTAHHs caMe PYYHOTO Jia3ep-

Puc. 1. Baron mBuakicHOro noriry Ha crameii YaH4yHCBHKOTO
BaroHoOyzniBHoro 3aBony (M. YyHuyHs, Kuraiicbka Haponna Pe-
cryOika), micyst 3BaproBaHHs KapKacHOT YaCTHHHU 3 OOIIMBKOIO

Horo iHCTpyMeHTy [2-5]. Taki 3amaui moB’s3aHi i3
3BapIOBaHHSM, HAIUIABICHHSM, pi3aHHSIM, OYHIICH-
HSIM MIOBEPXHi Ta IHIIMMHU BUAaMHU 0OpOOKH MeTajiB
(ByrnenieBHX cTalieil, aloMiHI€BUX, TUTAHOBUX 1 Mar-
HIEBHX CIUIaBiB) IPH BUTOTOBJIEHHI OAMHUYHUX BHPO-
0iB, nMpiOHMX MmapTiii AeTaneil abo MPOBEACHHI POOIT
Y BaKKOIOCTYIHUX MICUSAX MPH BUTOTOBIICHHI YH Pe-
MOHTI cepiifHux BupoOiB. Hampukiazn, 3BaproBaHHS
B HAIyCTKY Ky30BHHUX €JIEMEHTIB BaroHiB Ta aBTOMO-
0171iB; 3BaprOBaHHS CTITFHUKOBHX, TABPOBUX, CTPiH-
TepHHX TaHeNed Ta MOAIOHUX O HUX KOHCTPYKLIH;
PEMOHTHO-MOHTa)KHI 3BapIOBaJIbHI MPH BUTOTOBIICH-
Hi Ta eKcIuTyaTalii anapariB aepoKOCMIYHOI TeXHIKH;
3BaprOBaHHS APIOHOCEpIHMX TapTiil crenianizoBa-
HOTO MEIMYHOTO 00IaJHAHHS Ta IHCTPYMEHTIB TOIIO.

[ BupilIeHHS] HU3KW BHILEHABEACHUX 3a/ad, B
IE3 im. €.0. IlaTona npu criBpoOITHUNTBI 3 KUTAl-
CBKMMH TapTHEpPaMH, BUKOHaHA PO3pOOKa yCTaHOB-
KA JJs1 PyYHOTO JIa3epHOTO 3BapIOBaHHS BHPOOIB
3aJI3HUYHOTO TPAHCIIOPTY, & CaMe BaroHiB Cy4acHHX
HMIBUKICHUX TOi31iB. L[ ycTaHOBKA MpHU3HAYCHA IS
PYUHOTO 3BaplOBaHHS TOHKHX JIMCTIB HEpPKaBirowoi
cTaji 3 TOBIIUHOIO JUCTIB 10 4,0 MM.

[Ticns 3BaproBaHHSI Ha cTarmeji OOIIMBKU BaroHy
HIBUJKICHOTO MOTATY (pHC. 1), 3a/IMIIA€ThCSl BEIMKA
KiJIbKICTh KOHCTPYKTUBHHX €JI€MEHTIB, SIKi MOTpeOy-
I0Th PYYHOTO 3BapioBaHHA (puc. 2, a, 6), OCKUIbKA
BEJIMKa HOMEHKJIATypa Ta Ba)KKOJOCTYITHICTh MiCIIb
pO3TallyBaHHSl 3BapHUX 3’€JHAHb HE JO3BOJSIOTH
BUKOPHUCTOBYBaTH aBTOMAaTHYHE 3BApPIOBaHHS Ta 3a-
CTOCOBYBaTH pOOOTH30BaHi KoMIiekcu. Po3pobiena
yCTaHOBKa MO)ke OyTH BUKOpPHCTaHa AJISl 3BapIOBAHHS
€JIEMEHTIB Ky30BiB BaroHiB, a came 3BaplOBaHHS Jie-
Tajeld BHyTPIIIHBOTO mapy i OONUIIOBAIFHUX MaHe-
Jiel 30BHIIIHBOTO MIApy y By3/ax Ky3OBiB BaroHiB 3

© B.E. [TATOH, B.JI. LIEJIATTH, 1.B. IIIYBA, B.A. KYPIIO, A.B. BEPHALIBKHUIA, O.B. CIOPA, BAH JI3IH/IA, YWKEH IIIYXVEM,

BAHI'-UYHIIIEHT, 2015
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Puc. 2. Micus po3rauryBaHHS JesIKAX 3BapHHX 3 €IHAHb y BHYTPIIIHIH YaCTHHI BaroHy IIBUJIKICHOTO MOTATY BHPOOHHUITBAa YaHuyH-
CBKOTO BaroHoOyiBHOTO 3aBoxy (M.UyHuyHb, Kuraiiceka Haponna Pecrry6imika)

HEpKaBito4oi ctayi. Tum 3’emHaHHS ISl JIA3€PHOTO
3BapIOBaHHS — I 3 €JHAHHS BHAIYyCTOK JeTaliei
BHYTPIIIHBOTO APy (TpaBepcH, CTiHKH, pedpa xKop-
CTKOCTI 1 T./1.) 3 OOJIMIIIOBAJIbHUMH TTAaHEJIIMU 30BHIIII-
HBOTO Iapy; BCI JeTalli BHYTPIIIHLOTO MIapy 3Bapio-
IOTbCA B HAIIPAMKY TOBIIMHU JIUCTA, 30BHiHIHI)OFO
[1apy — 4aCTKOBO B HAIIPSMKY TOBIIMHU TTaHE.

Po3pobnenuii iHCTpyMEHT MOXKe OyTH KepOBaHHM
OIHUM OTIepaTopoM, a Horo Maco-rabapuTHi Xxapakre-
PHUCTHKH JIO3BOJISIOTH BUKOHYBATH 3BapIOBaHHS y Pi3-
HUX TPOCTOPOBHX IOJIOKEHHSIX. Bara iHcTpymeHTY
CKJIanae 4 Kr.

OCHOBHUMU CKJIaJIOBUMH YaCTHHAMH iHCTPYMECH-
Ty (puc. 3) € eJIESKTPOHHA CHCTEMa KePYBaHHS 1 KOPITYC
i3 COIUIOBOIO Hacaakow. B cepeauHi kopmycy po3ra-
[IOBaHA ONTHKO-MEXaHIYHAa CKaHyro4a CHUCTEeMa, sKa
MPUBOJUTHCS Y JIIO 32 JOTIOMOTOI0 KPOKOBUX JIBHUTY-
HiB. BoHa mpu3HaueHa JIsl KEPOBAHOTO MEPEMillCH-
HS c(hOKYCOBAHOTO JA3epHOTO BUIPOMIHIOBAHHS 10
MTOBEpXHi BHPOOY. I 3pydHOTO YTPUMaAHHS TOJIOB-
KH Y Pi3HHX HPOCTOPOBUX IMOJIOKEHHSIX JIO KOPITYCY
MpUEHAHA PyUKa i3 ramerkoro. COMIoBU HACAT0K
OJTHOYACHO BHUKOPUCTOBYETHCS IJIST ACKITHKOX ITUICH.
[o-mepire KOHCTPYKIIiSE HACAJKY CTBOPIOE OE3IEYHI
YMOBH JUIsSl ONEPAToOpa i3 TOYKU 30pY MOTPAIUISTHHS
npsMOro abo BiIOUTOTO JIa3ePHOTO BUIPOMIHIOBaHHS
IiJ] Yac MPOBEJCHHs Mpoliecy 3BaproBaHHs. [lo-mpy-
re, BiH 3a0e3nedye ONTUMallbHI YMOBH T'a30BOTO 3a-
XHCTy TIOBepxHi BHpoOy. lo-Tpete BiH ocHameHni
CHeIiaIbHUMH OTBOPaMHU ISl BUAAJICHHS 3BaPIOBaAIIb-
HHUX Ta3iB i3 30HH 00pOOKH.

KpiM mporo Ha moBepxHi Kopiyca iHCTPYMEHTY
pO3TaIoBaHi YOTHPH cBiTIomiona (puc. 4, a), TpH
i3 IKUX po3TamoBaHi y ¢opMi TPUKYTHHKA i CHTHa-
J3YIOTh PO MPaBUIBHICTh MPUTHUCKAHHS BHUX1JHOTO
OTBOpY TOJIOBKH 10 TOBepxHi BUpoOy. [lpu miineHO-
My TPUTHUCKaHHI TOJIOBKH (puc. 4, 6) CBITIOAIONU B
BEpIIMHAX TPUKYTHUKA OyAyTh TOPITH 3EJICHUM KO-
JEOPOM, TIPH HEMIUTFHOMY MTPUTHUCKAHHI (KOIH X04a-0

OJTUH 13 CEHCOPIB 3HAXOMUTHCS Ha BiJCTaHI OUIbIIE
1 MM Big BuUpoOy) — cuHIM KonbopoM. Peectpartito
NPUTHCKAaHHS BHUKOHYIOTH TPH MOCHIJOBHO 3’€IHa-
Hi eMHICHI ceHcopu. BoHu po3ramioBani y miomuHi
BUXiJTHOTO OTBOPY COIUIOBOI HACAAKH 1 KpiM 3abe3me-
YEeHHSl CBITJIOBOI CHUTHaji3awii Tako)k BHKOPHCTOBY-
I0ThCS JUTA OJIOKYBaHHS J1a3epHOTO BUIIPOMiHIOBaHHS
y pa3i HEeITBHOTO NPUTHCKAHHS BUXiZIHOTO OTBOPY
JI0 TIOBepXHi BUpoOy. UeTBepTuil cBiTIIONiON po3Ta-
HIOBAaHMK y HEHTPl 1 CHUTHANI3yE MPO NepEeTiKaHHS
npouecy 3BapioBaHHA. llin yac BHKOHAHHA MiATO-
TOBYMX OTepaliil (rmofraBaHHs 3aXMCHUX Ta3iB Y 30HY
00poOKM) BiH MHTae€, a NP BUKOHAHHI 3BapIOBaHHS
BiH Oe3MepepBHO TOPHUTH 3€JICHUM KOJIBOpOM. SKIIo
M 9ac MPOBEAEHHS MPOLECY 3BaplOBaHHA €MHICHI
CEHCOPH 3apeeCTPYIOTh HEIIUIBHICTh TPUTHUCKAHHS
BUXIIHOTO OTBOpPY IO MOBEpPXHI BUPOOY (puc. 4, 8)
Ja3epHe BUNPOMIHIOBaHHS Oyle MUTTEBO BUMKHEHO
CHCTEMOIO KepyBaHHSI TOJIOBKH.

Puc. 3. Pyunnii na3zepHuii iHCTpYMEHT IS 3BapIOBaHHS
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2.5 MM

6 8

Puc. 4. [HauKkanis 7aTIMKiB MOJIOKEHHS (@) Ta TOIOKEHHS Py4YHO-
TO Ja3epPHOTO IHCTPYMEHTY IIiJI Yac 3BapIOBaHHS «IIPaBHIIbHEY (6)
Ta «HETpaBUIBbHEY (8)

[Ipu npoBenenHi BUNpoOyBaHb, pO3pOOICHUH iH-
CTpYMEHT OyB 3’€JIHaHUI 3a JOMOMOTOK BiAIMOBII-
HUX KOMYHIKaIiil 3 BoMOKOHHUM J1azepoM «JIC-2-IT1»
(BupobuuuTBa «IPG», Himeuunna) Ta cucremamu
YIpaBIiHHS TA OXOIOIKEHHS.

3a IOmMOMOrol po3poOJEHOT0 1HCTPYMEHTY AJIS
PYYHOTO JIa3€pPHOTO 3BapIOBaHHS BUTOTOBJIEHI J0-
CHiJHI 3pa3KH 3BapHUX 3’€IHaHb BHAIyCTOK 3i CTa-
mi 08X18H10T toBumnoio 1,5 MM (puc. 5). Sxicte
3BapHUX 3’€JHAHb OIIHIOBAJIACh Y BIAMOBITHOCTI 3a
cragaaproMm [SO15614.11. Beranosneno, mo oxep-
JKaHI IIBY, 32 PIBHSAMH SKOCTI IIBIB , BIJOBIJAIOTh
BUMOTaM Ipynu ouinku B B cranpapti ISO13919-1.

Mertanorpagivuai JOCTIXKCHHS 3BapEHHUX IIBIB
i 3TB mpoBomumucs mo Makpo- Ta Mikpomnridax
3pa3KiB 3 BHUKOPHCTaHHSM ONTHYHOTO MiKpPOCKOIIA
«Neophot-32» npu 30inpmennsx 25-600 i TBepao-
Mmipa M-400 ¢ipmu «Leco» npu HaBaHTaxkeHHi 50 T
i 10 r. Ins BUSABIEHHS MiKPOCTPYKTYpH LIBIB BUKO-
PHUCTOBYBaJM €JEKTPOIITUYHE TPABJICHHS B PO3YMHI
XpoMOBOi1 KucioTH. Mertanorpadiuni 0CIiHKEH-
HS 3pa3KiB 3BapHUX 3’€IHaHb BHAITyCTOK 3i CTaji
08X18H10T ToBumHO©0O 1,5 MM, MOKa3aau HACTYTIHE.
CrpykTypa WwBiB aycTeHiTHa (puc. 6), BincoTok a-da-
3u He nepeBuinye 0,3 %. OCKUTbKA B ayCTCHITHUX
CTaJIsIX B HACIIIOK BHCOKOI CTa0iBHOCTI ayCTEHITy
NepeKpucTalizalisi, sK MpaBUiO, HE BigOyBaeTbcs,
TO BTOpPHHHA CTPYKTypa 30epirae xapaktep HEpBUH-
HOI CTPYKTypH JHTOro Merany. B meHtpi mBa dop-
MY€TbCS 30Ha PIBHOBICHHUX KpPHUCTaliTiB, Mo OoKax
KPHCTATiTH MalOThb BUTIATHYTY ¢opmy. TBepaicTh
IIBa HAa Pi3HUX OUISIHKAaX HE BiApPI3HAETHCA 1 CTAHO-
ButTh H10,05-204-221. 30Ha TEPMiYHOTO BILUIUBY Ma€
ayCTEHITHY CTPYKTYpY i TBepaicts H1V0,05-192-212.
TBepaicTh OCHOBHOTO MeTajy MPH LIbOMY CTaHOBUTh
H1V0,05-210-214.

Puc. 5. 30BHimIHINA BUIIS 3BApHOTO 3’€IHAHHS BHAITYCTOK CTasi
08X18HI10T ToBmmuOM0O 1,5 + 1,5 MM

78

Puc. 6. MikpocTpykTypa 3BapHOTO 3’€IHAHHS BHAITyCTOK CTaji

08X18HI10T ToBmmuoMO 1,5 + 1,5 MM
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[IpoBeneni mexaHiuHi BUOpOOyBaHHA Ha 3CYB,
3pa3KiB OTPUMAaHUX ITiJl 9ac eKCTIepuMeHTiB. Cxemy
BUNPOOYBaHHA Ha 3pi3 3BapHOTO 3’€AHAHHA OyJO BH-
Opano 3rimHo [6]. IIpoBemeHHS MeXaHIYHUX BHIIPO-
OyBaHb 3BapHUX 3’€JHAHb BHIICBKA3aHUX 3Pa3KiB
BimOyBanocs BignosigHo 10 'OCT 699666 «3BapHi
3’enHaHHA. MeTou BU3HAYCHHS MEXaHIYHHUX BIIACTH-
BOCTEI» Ha yHIBepcabHIN cepBOTiApaBIivHii MaIm-
Hi «MTS-318.25» (Bupobuuureo CILIA) 3 MakcuManb-
HuM 3ycwusiM 250 kH. Tlpu remmeparypi t = 20 °C Ta
MIBHIKOCTI mepemimenHs 3axBary 10 mm/xB. IIpo-
BeZeH1 BUIIPOOYBaHHs Ha 3CyB MOKAa3ajH, IO 3yCHII-
TSl 3CYBY U ofiepKaHuX mpsmux (0e3 3iryBaHHS)
3BapHUX 3’€IHaHb cknanae 13,5-15,5 xH, sx i ans
3BapHUX 3’€/IHAHb, OJCPIKAHUX 32 JOMIOMOTOIO aBTO-
MaTHYHOTO JIa3€PHOTO 3BapioBaHHs. Lle cBimuuTh mpo
MIEPCTIEKTUBHICTh BUKOPUCTAHHS PO3pOOIEHOT TOJIOB-
KM JUIsL BUPIIIEHHS 3a7a4 JIA3ePHOTO 3BApIOBaHHA Y
PI3HHX Ta;my3gx MPOMHUCIOBOCTI.

BucHoBkn

1. Mani mMacorabapuTHI XapaKTEPHCTUKHA pO3podIIe-
HOTO 1HCTPYMEHTY, O3BOJISIIOTh BUKOHYBAaTH 3Baplo-
BaHHS Y PI3HUX MPOCTOPOBHX MOJIOKECHHSIX.

2. IlpoBeneni metanorpadivyni JOCTiIKEHHS Ta
MexaHi4Hi BUIpOOyBaHHS 3BapHUX IIBIB ITOKa3aJjH,
10 XapakTepUCTHKH OfepP)KaHUX 3BapHUX 3’ €JHAHD
HEe TipmI 3a XapakTepUCTHKH 3BapHUX 3’ €THAHb,
OJIEp’KaHUX 3a JO0IIOMOIOI0 aBTOMAaTHYHOTO JIa3epHO-
ro 3BaproBaHHS. Lle cBiTUHMTH MPO MEPCHEKTHUBHICTH
BUKOPUCTAHHS PO3POOIEHOTO IHCTPYMEHTY JUIS BUPi-
IIeHHA 3a/1ad JIa3€pPHOTO 3BapIOBaHHA y PI3HUX ra-
JTy35X TIPOMHCIIOBOCTI.

1. http://www.laserfocusworld.com/articles/print/volume-51/
issue-01/features/laser-marketplace-2015-lasers-surround-us-
in-the-year-of-light.html

2. Drechsel J., Exner H. Handgefiihrter Laserschweisskopf fiir
fasergekoppelten Hochleistungsdiodenlaser im kW-Bereich,
Lasermagazin 3/1999, S. 26.

3. http://www.laser.hs-mittweida.de/3_forschung/30_makro/
beispiele/default.asp?content=_HDL-Kopf.html

4. http://www.lttz.de/fileadmin/user_upload/Rostock/FuE/
Veroeffentlichungen/vor2006/Mobile_Laseranwendungen_
im_Schiffbau.pdf

5. http://www.lttz.de/fileadmin/user_upload/Rostock/
FuE/Veroeffentlichungen/vor2006/Moeglichkeiten_
fasergekoppelter Systeme in_der Materialverarbeitung.
PDF

6. Kywnupenxo B.H. Anp60M 00pa3LoB JUTs HCIIBITAaHUI MeTal-
JIOB U HOpPM BpeMeHH Ha ux usrorosnenue / b.H. Kymnupen-
ko, B.H. Banog, B.M. Cuxknurenko. — MDC um. E.O. [Taro-
Ha AH YCCP, 1986. — 201 c.
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BJIUSHUE TEPMUYECKHUX LHUKJIOB CBAPKH
HA CTPYKTYPY U CBOHCTBA COEJJMHEHUM
BBICOKOITPOYHOM CTAJIHU, BBIIOJTHEHHBIX

C IOMOIIBIO TMBPUTHOM JIABEPHO-1YTOBOM CBAPKHA

B.A. IO3HSIKOB, A.B. 3ABJJOBEEB, C.JI. )KIAHOB, A.A. MAKCUMEHKO,
A.B. BEPHAJICKHMM, B.JI. IIEJATAH
WuctutyT 2nexrpocapku uM. E.O. Tlarona HAH Ykpaunsi, Kues, Ykpanna

BriepBbie 11 BBICOKOIIPOYHBIX HHM3KOJETHPOBAHHBIX CTalel MajbIX TOJIIMH MOKAa3aHbl, HAa MpPUMEpe CTanu
14XTH2M/JIA®DB, nepcneKTUBBI HCIOIBb30BaHUS THOPUIHBIX HCTOYHIKOB HATrpeBa, a IMEHHO THOPHIHOH JTa3epHO-1Y-
TOBOH CBapKH, O3BOJISIONIEH TpaHC(HOPMUPOBATH TEPMHUYECKHIIA UK CBAPKH, XapaKTEPHBIH I AYTOBBIX CIIOCOOOB.
B pabote paccmoTpeno hopMHpOBaHKE CTPYKTYPHI i CBOKMCTB cBapHBIX BOB cTanu 14XT'H2M/JIADB npu na3epHo#,
IYTOBOH ¥ THOPHIHOM JTa3epHO-AyroBoii cBapke. [lokazaHo, uTo cuHepreTudeckuii 3pdext oT ruOpuaHOH Ta3epHO-IY-
TOBOM CBapKH MO3BOJISIET MOTYYHTh KAUECTBEHHBIE CBAPHBIC COSIMHEHNS BRICOKOMPOYHOI CTaIH MAaJIbIX TOJIIHUH.

B mammHOCTpOSHMH TSI U3TOTOBJICHUS CBAPHBIX ME-
TAJUIOKOHCTPYKIIUI CTpen 3KCKaBaTOpPOB, KPaHOB Ha
KOJIECHOM XOHy, OETOHOHACOCOB IIUPOKO HCIIONB3Y-
IOT BBICOKOIIPOYHEIE CTalld C IPEIEIOM TEKy4YeCTH
600 MIla u 6onbie. [IpuMeHeHHe TaKUX CTaNEH MMO-
3BOJISIET HE TOJBKO YMEHBIIUTH BEC ATUX KOHCTPYK-
UUNA, HO M TOBBICUTh UX TEXHUYECKHE XapaKTepH-
ctuku. Yarie BCero mpu U3TOTOBICHUU YKa3aHHBIX
METAJUIOKOHCTPYKIIUN HCIIONB3YIOT MEXaHU3UPOBaH-
HYIO WK aBTOMAaTUYECKYIO CBAPKY B CPEJIE 3aIIUTHBIX
ra3oB. [Ipu 3TOM BBIOMPAIOT TaKUe PEKUMBI CBAPKH,
KOTOpBIE OBl MO3BOJHMIM O0ECIEUNTh, C OIHOW CTO-
POHBI BBICOKYIO ITPOU3BOIUTENBHOCTD MPOLECCa, a C
JPYTroii — HEOOXOJAMMBIM KOMILICKC MEXaHHYECKUX
CBOMCTB CBapHBIX COEAMHEHUM, U UX BBICOKYH) CTOM-
KOCTh K 00pa30BaHHIO XOJOAHBIX TpeuuH. OIHUM U3
MEePCIEKTUBHBIX METOAOB, KOTOPBIM B IMEPCIEKTUBE
TIOMOXET PEIIUTH BOMPOCH CBSI3aHHBIE C MPOU3BOIN-
TENBFHOCTHIO MPOIIECCa CBAPKU U KaY€CTBOM CBAPHBIX
COCIMHCHUH, SABJISICTCS THOPUIHAS Ja3ePHO-TyroBas
CBapKa B Cpele 3allUTHBIX ra3oB. [IpeumymiecTsa-
MU TAKOTO BUJIA CBAPKH SIBISIOTCS: 3HAUUTEIHHOE (B
3—-5 pa3) CHWKEHHUE MTOTOHHOW PHEPIHUH; MOBBIIICHNE
MIPOU3BOIUTEIHHOCTH 33 CUET YBEIUYEHHUS CKOPOCTHU
CBapK{ Ha MOPSAOK; MOTy4YeHUE PABHOBECHBIX MEJ-
KO3EpHUCTBIX MHUKPOCTPYKTYp B mBax u 3TB, mo-
BBIIIAIONINX MPOYHOCTh COCAMHEHUM U CHUKAIOITIX
CKJIIOHHOCTh K TPEIIMHOOOpa30BaHUIO. A TaKke —
BO3MOXXHOCTb COEIMHEHUS METAJIJIOB MaJIBIX TOJNIIUH
U BBICOKas TOYHOCTH CBapku. B To ke Bpems TH-
OpUIHOM CBapKe HE MPUCYIIHM HEIOCTATKU JIa3ePHOM
CBapKH, TaKME KaK HEOOXOIUMOCTh 00ECIICUCHUS MH-
HHUMAJILHOTO 3a30pa MEX]y CBAPHUBACMBIMU TTOBEPX-
HOCTSIMH U HEOOXOJIUMOCTb UCIIOJIb30BaHUS JIa3€POB
Oonpioir MOIHOCTH [1]. OrpaHUYeHHOE TETLIOBIIO-

JKCHHUE TIPU THOPUIHOM JIa3epHO-1yTOBOM CBapKe XOTs
W MIPUBOIUT K OOpa30BaHMIO 3aKaJOUYHBIX CTPYKTYD
B MeTayuie mBa u 3TB BBICOKOMPOUHEBIX CTaleu, HO
IpU 3TOM JeQOpMali CBAPHOTO COEAWHEHHMS, MOJ
BO3/IEWCTBUEM CBAapOYHOTO TEPMHUECKOTO IMKJIA —
MUHUMAIBHEI [2]. braromaps 3HaYUTENbHBIM PEH-
MylIecTBaM r'HOpUHAsl CBapKa SBISETCS JOCTaTOYHO
HaJIe)KHBIM CIIOCOOOM COEIMHEHHs MaTepHuajoB, a
cdepa ee MpUMEHEHHUs B TOCIEIHNUE TOBI BKIIOYAET
MHOTHE OTPACIIU MPOMBIIIEHHOCTH: CYIOCTPOUTEb-
HYI0, aBTOMOOHMIIBHYIO, IIPOU3BOJCTBO KOHTEHHEPOB,
ABTOKPAHOB U CTPOUTEIHHO-T0POKHOM TeXHUKH [3].

Kak m mpu apyrux cnoco0ax CBapKH, BO3MOXK-
HOCTU THUOpHUIHOW Ja3epHO-IyroBoii cBapku MAT
OTIPENENSIOTCS MyTeM COOTBETCTBYIOIIETO BBIOOpA
OCHOBHBIX MapaMeTpoB MpOIEcca, BApbUPYsS KOTO-
PBIMH MOXKHO TONYYHTh HEOOXOIOMMEBIE paboune xa-
PaKTepPUCTHKH, TaKHe Kak [IyOWHa MpPOIUIaBICHHS,
¢dopmMa 1IBa ¥ METAJUTyprUYeCcKre CBOWCTBA CBapHO-
ro coenuHenus. HemanoBaxHbIM (hakTOpoM UIsl THU-
OpUIHOW CBapKH SBJSIETCS BBHIOOP 3AIIMTHOTO Ta3a.
s Nd:YAG-nazepa 3ToT BEIOOpP OnpeiesisieTcs Tpe-
0OBaHMSAMU CTAOMIBLHOCTH TOPEHUS IyTH, Ka9eCTBOM
3alIUTBl CBApHOTO IIBA, a TAaKXKE HEOOXOTUMOCTHIO
nepeHoca MpUCaJOYHOro MeTana 0e3 pa3OpbI3ruBa-
Hus. B pabore [4] oTMeuaeTcst, YTO AJis YIAOBJIETBO-
peHust TofoOHBIX TPeOOBAaHHUH ONTHUMAJIbHO HCIONb-
30BaTh 3aLIUTHYIO 'a30BYI0 CMECh HA OCHOBE aproHa:
Ar +18 % CO.,.

M3BecTHO, 4TO HAa MEXaHHYECKHE CBOMCTBA U
COTPOTUBIISIEMOCTh CBapHBIX COEIUHEHHH BBICOKO-
MPOYHBIX CTajeld 00pa30BaHHIO XOJOAHBIX TPELIMH,
3HAYNUTENbHOE BIHMSIHHE OKa3bIBAeT CTPYKTypa Me-
tamia mBoB U 3TB coenunenuii. B HacTosiee Bpe-
Ml OCTaTOYHO XOPOILIO M3y4YeHBI NMPOLECCHl CTPYK-

© B.JI. [IO3HAKOB, A.B. 3ABJIOBEEB, C.JI. XXJIJAHOB, A.A. MAKCUMEHKO, A.B. BEPHAJICKUI, B.JI. IIEJIATHUH, 2015
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PesxumMbl ruGpuAHOi J1a3epHO-1YToBO#i CBapKHU

Pesxum cBapku CkopocTb, M/4
P=44,1=125A;U=23B 72 90 110
P=44;,1=150A;U=25B 72 90 110
P =44;,1=200A;U=26B 72 90 110

Tonuuua ceapuaemoro Meramna — 6 mm, Ar + 18 % CO, v, =30 JI/MUH.

TypooOpa3oBanusi B MeTajuie mBoB 1 3TB cBapHbIX
COEIMHEHUH IIpU AYroBOM cBapke. Bo3neicTeue Tep-
MHUYECKOTO LUKJIA PH THOPUAHOM J1a3epHO-TYTOBOH
CBapKe Ha CTPYKTYpy U cBoKicTBa MeTaa mea u 3TB
ocTaeTcs He M3Y4YEHHBIM, TaK KaK B pe3yjbTaTe CH-
HepreTuueckoro 3¢ dekra, mpu TakoM mporecce, BbI-
LIENEPEYUCIICHHBIE TIapaMeTPhbl MOI'YT CYIIECTBEHHO
MeHsThCs. [103ToMy BO3HHKAaeT HEOOXOAUMOCTE TIPO-
BEICHUS KOMITJICKCHOTO aHaJN3a BIUSHUS THOPHIHON
JIA36pHO-yTOBOM CBapKHU Ha CTPYKTYpy U MEXaHUYe-
CKHE CBOWCTBA CBAPHBIX COCAUHEHUI BBICOKOIIPOU-
HBIX CTalleu.

Mertoanka j3kcnepuMeHTa. B kauecTtBe 00bek-
Ta uccieoBaHUl Oblla BbIOpaHa BBICOKOIPOYHAs
ctanb 14XTH2MJIA®DB tonumHoi 8§ MM crienyrone-
ro XMMHuYeckoro cocrara (B macc. %: 0,14C, 0,3Si,
0,98Mn, 1,19Cr, 2,07Ni, 0,22Mo, 0,08V, 0,45Cu,
0,06Nb, 0,005S, 0,018P). [IepBbIM 3TanioM HCCICIO-
BaHMII OBUIO ONpeneleHUe ONTUMAIBHBIX PEKUMOB
rHOPUAHOM J1a3epHO-TyroBoii cBapku. [losTomy B Ka-
YeCTBE M3MEHSIOIIUXCS TapaMeTPOB ObLIIM BBIOpaHBI
MOIIIHOCTb AYTOBOH COCTaBIISIOLIEN U CKOPOCTh CBap-
KW, IPUBEJICHHAS B TaOJIHIIC.

Jist cpaBHEHM YCIIOBUI HAIPEB-0XJIaXK ICHUE [TPU
Pa3NUYHBIX CTIOCO0aX CBAPKH CTHIKOBBIC COCAUHEHHUS
crann 14XTH2MJIA®DD BHITIONHSIN TakKe aBTOMA-
TUYECKHUM JIyTOBBIM CITIOCOOOM B Cpeie 3aIlUTHBIX ra-
30B U JIa3€pHBIM. PexXUMBI JIa3epHON U AyrOBOH CBa-

400
B

L 4

h 4

POK OBUIH CIENYIOIMMU: ABTOMaTHYECKYIO TyTOBYIO
CBapKy MpOBOJIOKOW cruiomHoro cedeHust Cp-10X-
H2I'CM®TIO aunam. 1,2 mm B cmecu At + 18 % CO,
BBHITIONTHSTM Ha PeXHUMax, 00eCHednBalouX MOCTO-
SHCTBO TOKA, HANPSDKEHUS M pacxoa 3allUTHOW ra-
30Boi cmecu: [ = 220-240 A, Uﬂ: 30-32 B, v,
= 14-16 n/mun. [Ipu 3TOM CKOPOCTH CBapKH H3MeE-
Hsi quckpetHo 18, 30, 40, 50 m/4. [lpu na3zepHoM
npolecce CKOpOCTh CBAPKM HAXOAMIACh B MpeAenax
ot 40 1o 50 m/u. [TapameTpbl Ja3epHOTO U3TYUECHUS
cocramsun: MomHocTs Nd:YAG nazepa — 4,4 BT,
3anmyonenne ¢pokyca AF =—1,5 mm.

s onpeneneHusi napaMeTpoOB TEPMUUECKUX IIH-
KJIOB MIPH HarpeBe-OXJIaXKACHUH HCIOIb30BaN XPO-
Melb-allIOMHHUEBBIE TepMoTapbl uamMerpoM 0,5 Mu,
crail KOTOpBIX 3arTyOnsyics B METKH; TJie MPEAIoo-
JKUTEIBHO JIOJDKEH OBUT HAaXOOWTHCS YYacTOK Iiepe-
rpesa 3TB.

C moMOIIBI0 KOMIUIEKCHOTO METO/a HCCIIEIOBa-
HUH, BKIIOYAIOMIETO ONTHYECKYIO M JJIEKTPOHHYIO
MHUKPOCKOTIMH M3Yy4ajd CTPYKTYpHO-(a3oBbIEe H3Me-
HEHHSI B CBapHBIX COCIMHEHHUSAX, a TAKKE UX MeXa-
HUYECKHE CBOWCTBA, MyTEM HCIIBITAHUN 00pa3IoB Ha
pacTsbkeHHe U yaapHbIil u3ruo.

HemanoBaxHeiM (hakTOpoM SIBISIETCS MOTYUYCHUE
CBapHBIX COeIMHEHUH 0e3 xonoaHbIX TpemuH. C me-
JIBIO OTPECNICHNs] BOBMOXKHOCTEH MONTydeHHs Kade-
CTBCHHBIX CBapHBIX COEIMHEHWH 0e3 00pazoBaHUs

400
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h 4
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Puc. 1. TexHonoruueckas mpoda ¢ peryaupyeMoii )KeCTKOCThIO Tl THOPHIHOM U JIa3ePHOU CBApKH (a) Ui AyroBOM CBapKH (6)
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72 mlu

=238
I=125A

90 m/u

110 mfu

U=25B
I=150 A

U=26B
I1=200A

1 cm

Puc. 2. O600meHHbIEe pe3yabTaThl SKCIIEPIMEHTa

3THX HEIOMYCTUMBIX AC(PEKTOB OBLIH POBEIACHBI HUC-
CJIEZIOBaHUSl C HUCMOJb30BAaHUEM JKECTKOW CTBHIKOBOM
TEXHOJOTHYECKOW MPOOBI C PEryaupyeMoi JKECTKO-
CThiO 3akperuieHus. [IpoOa mnpencramisia coOoM
MaccuBHY0 Ty pasmepamu 400x400x40 mMm, Ha
KOTOPYIO YCTAaHABIMBAI W IIPUBAPUBAIN YIJIOBBIM
IIBOM IO BCEMY MEPUMETPY CTHIKOBBIC COCTUHEHUS
cramu 14XTH2MJIA®B nnuaaok 300MM M TONIIH-
Hoit 10MM 0Oe3 pasaenku KpoMok (puc. 1, a) u 3a3o-
pom 0,1-0,3 MM amst THOPUIHOW U JTa3epPHOU CBapKH,
a Takke JUIsl CPAaBHEHUS C AYTOBBIM CIIOCOOOM CBap-
KU — COEAMHEHUS TOMIUHON 12 MM ¢ Y-00pa3HbIM
CKOCOM KPOMOK ¥ IPUTYTIIIeHHEM 5 MM (puc. 1, 6) ans
o0ecrieueHus TEXHOJIIOTHUECKOTO HerpoBapa, sBIsIO-
IIETOCS KOHIICHTPATOPOM HAMPSDKECHUHN I MHUITH-
HpOBaHUsI 00pa30BaHUs TPEUIMH. 3a/JaBaeMbIii ypo-
BEHb KECTKOCTH OTPEACIISIICS MIUPHHONU CTBHIKOBOTO
coenuHeHus, 3HadeHus Kotopoit 100 u 200 mm.
Pesyabrarel. [lo pesynsratam 3KcrepUMeHTa
OBUIO YCTAHOBJIICHO BIIMSTHHE IYTOBOM COCTaBIISIO-
meid B mpomecce (GpopMUpOBaHUs IIBa MPH THOPU-
HOW J1a3epHO-AyroBoi cBapke. Tak, ycTaHOBJIEHO,
410 100aBJIEHUE K JIA3EPHOM COCTABISIONICH TyTrOBOM
KOMIIOHEHTHI TPHUBOAUT K CIEAYIONINM H3MCHECHHU-
SIM TIapaMeTpOB IBa: 1 — yBeNUYMBaeTCs MyOHMHA
MPOIUIABIICHUS; 2 — YBEIMYMBAETCA IIMPUHA IIIBa,
a TaKke ero ycmienue; 3 — m3Mmensercsa 3TB, ona
CTAaHOBUTCS IIUPE, TAKXKE MO Mepe MPUOIMKEHUS K
noBepxHoctu — mmpuHa 3TB Takke MeHseTcs B
CTOPOHY YBEJIMYCHHMS, YTO OOYCJIOBICHO OoJjiee MH-
TCHCUBHBIM BIMSHUEM JIYTOBOW COCTaBJISIONICH
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y TIOBEPXHOCTH CBapHBaeMOro Marepuaia. Takxke
paccMOTPEHO BIUSHHE TaKWX IapaMeTPOB CBapKU
KaK MOIIHOCTh JYTOBOM CBapKh M CKOPOCTH CBap-
k. O000IIEeHHBIE PE3yabTaThl 3TOTO IKCIEPUMEHTA
NpUBEIEHBI Ha pUC. 2. YCIOBHO 3TH JaHHBIE MOXHO
pas3neNuTh Ha JABE TPYIIBI — 3TO BIUSHHE CKOPOCTH
CBapku Ha (OpMHUpOBAHKE IIBA, H BIMSHUE MOIIHO-
CTU JIyT'OBOM CBapKU NpHU MOCTOSSHHOW CKOPOCTH Ha
¢dopmuposanue mBa. [Ipy 5TOM KaXAyI0 U3 MOATrPYIIT
TaKKe MOXKHO pa3leIuTh Ha TPU TPYIIBI B COOTBET-
CTBHH C BEIOPAaHHBIMU CKOPOCTSIMH U MOIITHOCTSIMH.

Bnusinue crxopocmu ceapku na @opmuposanue
wea. KonnyecTBeHHbIN aHAIN3 M3MEHEHUS Mapame-
TPOB IIBOB MpPU BaPHHUPOBAHHH CKOPOCTH CBAPKU U
MOIIIHOCTH JYIOBOH COCTaBJISAIOLIEH MOKa3al, 4To C
YBEJMYEHHEM CKOPOCTH CBapKH MEHSIOTCS BCE Ta-
paMeTpsbl mBa (ITyOrHA MPOTUIaBICHUS, BEICOTA YCH-
JIEHUs 1IBa, IIMPWHA IBA JIyTOBOW W Ja3epHOM CO-
CTaBIISIOIIEH, OIS JIa3epHOW KOMIIOHEHTHI, IIMPHHA
3TB nyrosoii u nazepHoit cocrasistromeit). Ha puc. 3
MOKAa3aHo, YTO C POCTOM CKOPOCTH CBapKH MPHU «HU3-
KHX» MOIITHOCTSIX JYT'H YMEHbBIIAETCS MPOILIaBIICHHE,
BBICOTA YCWJICHHWS IIBA U YBEIHYHMBACTCS JIa3epHas
cocrapistonas mBa. [Ipu yBeTHUYEHHWH CKOPOCTH
cBapku a0 110 M/4 BBICOTa YCHIICHHSI CHOBA YBEJH-
YHBAETCS, YTO O0YCIIOBICHO YMEHBIICHUEM [ TyOUHBI
MPOTLIABIICHHS TIPH TEX K€ TETUTOBJIOKEHHX. B yact-
HOCTH:

a) Momaocts myru (U-7 =23-125 = 2875). C yBe-
JMUYEHHEM CKOPOCTH THOPWIHOW Ja3epHO- IyroBOU
cBapku oT 72 o 110 m/4, HaOMIOMAETCS TIOCTETIEHHOE
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Puc.3.a— FJIy6I/IHa NPOIJIaBJICHUA; 6 — BBICOTA YCUJICHUS IBA; 6 — JOJIA na3epH0171 COCTaBJISIOIIEH. KpI/IBBIe COOTBETCTBYIOT MOIII-

HOCTH JIyTOBOH COCTaBIISIIOLIEH

ymenblienne mupuHel mBa U 3TB. Ilpu ckopoctu
90 M/4, ycuJeHHE IIBa MPAKTUYECKH OTCYTCTBYET, a
npu 110 m/4, TiTyOrHa TPOTIABICHUST PE3KO YMEHb-
aeTcs, He CMOTPS Ha TO YTO B BEpPXHEH yacTH cBap-
HOTO COEIWHEHMsI IIOB CTAaHOBHUTCS ILIUPE YEeM IPH
ckopoctu 72 m/4. Takum oOpazom, AJsl BBIOpaHHOM
MOIIHOCTHU JAYTOBOM COCTaBJIAIOUIEH, U TAaHHOW TOJ-
LIMHBI CBAPUBAEMOTO METajlla, ONITUMAIBHON CKOpO-
CTBIO CBapKU MOXKHO CUUTATh 72 M/H.

0) Momnocts ayru (U7 =25-150 = 3750). C yBe-
JIUYEHUEM CKOPOCTH THOPHAHOI Ja3epHO-IyroBOi
cBapku oT 72 o 110 m/4, HabMrOHaeTcs MOCTENeHHOE
ymenblienne mupuHel mBa U 3TB. Ilpu ckopoctu
90 M/4, ycueHHE IIBa MPAKTUYECKH OTCYTCTBYET, a
npu 110 m/4, TiTyOrHA TPOTIABICHHST PE3KO YMEHb-
aeTcs, He CMOTPS Ha MPHUCYTCTBHE YCHJICHHUS IIBa
(3Ha4UMTENBHO Yke yeM Tpu 72 m/4). Crienyer oTMe-
TUTbh, YTO TIPU CKOPOCTH 72 M/4 TIPUCYTCTBYET «IPO-
TekaHue» Merasuia. TakuM o0pa3oM, i BEIOpaHHOMH
MOIIHOCTHU JAYTOBOM COCTaBJIAIOUIEH, U TAaHHOW TOJ-
LIMHBI CBAPUBAEMOTO METajlla, ONITUMAIBHON CKOpO-
CTBIO CBapKU MOXKHO cuuTarh 90 m/4.

B) Momuocts ayru (U-7 = 26-200 = 5200). C yBe-
JIUYEHUEM CKOPOCTH THOPHAHOI Ja3epHO-IyroBOi
cBapku ot 72 g0 110 m/4, HaOMIOAAaETCSA MOCTEINCH-
HOoe yMmeHblleHue mupunsl mBa u 3TB, npu oxxo-
BPEMEHHOM yBenndeHun ycuienus. C yBeInueHu-
€M CKOPOCTH CBAapKH YMEHbIIAeTCs JONS JYroBOU

cocTaBisroled B mBe. Takxke cieayeT OTMETHUTS,
YTO C YBEIUYEHHEM CKOPOCTH «IIPOTEKaHUE» MeTaj-
7a yMmeHbmnaercs. TakuM oOpa3om, IJisi BEIOpaHHOU
MOIIHOCTH YTOBOW COCTaBJISIONIEH, U JAHHOW TOJ-
IIMHBI CBAPUBAEMOTO METalIa, ONTUMAIBHOW CKOPO-
CTBIO CBApKU MOXKHO cuuTarh 110 m/4.

Brusnue mowmnocmu 0yeogoti cocmasnsoujelt
ceéapku Ha ¢popmuposanue wea. Ha puc. 4, mokasaso,
YTO IIPHU BCEX MOIHOCTSX JYTOBOW COCTABIISIOLIEH, €
POCTOM CKOPOCTH CBapKH YMEHbBILAETCS IIIMPUHA IITBA
Kak JIa3eHOl Tak W JAyTOBOM COCTaBIAONIEH. AHalO-
THYHBIE 3aBUCHMOCTH HaOIIONAIOTCS M ISl IHUPUHBI
3TB. AHanmu3 KOJIMYECTBEHHBIX MaHHBIX MU3MEHEHUS
MapaMeTpoB IIBOB B 3aBUCUMOCTH OT MOIIHOCTH JTy-
TOBOM COCTAaBIIAIONIEH, OKa3al CIeayomIee.

C yBenM4eHreM MOIIHOCTH TyTOBOM COCTaBIISIO-
I1eii, yMeHbIIaeTcs IINPYHA I11Ba JJa3€PHOI coCcTaBIs-
IOIIeH 1 ee yaenbHas A0id. AHaJOTHYHBIM 00pa3oM
m3Mensiercs mupuHa 3TB nazepHoii cocrapmnsionieit
IIBa, B TO BpeMs KaK TYTOBOM COCTaBIAIOLIEH IIBa
n3MeHeHne mupuHsl 3TB HOcUT HenmuHeHHbIN Xxa-
paktep. [Ipu ckopocTu cBapku 72 M/4 ¢ yBEeITHUCHUE
MOIITHOCTH JIyTOBOW COCTAaBJISIONICH, HaOIrOmaeTcs
yBenuuenne mupunsl 3TB, a ¢ nanpHeHIMM yBenu-
YeHHeM MOIIHOCTH — mupuHa 3TB ymenbiaercs.
ITpu cxopoctu cBapku 90 M/4 ¢ yBEIMYCHUEM MOIII-
HOCTH IyroBoil coctaBmswoomeil Ha 30 % mmpuna
3TB mpaxktuyeckyn He U3MEHSETCs, a MpHU AaTbHEi-
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Puc. 4. a — mmprHa mBa 1a3epHON cOoCTaBIIONIE; 6 — IIMPHHA IIBa JYyTOBOI cOCTaBIsIomel; ¢ —mupuHa 3TB mazepHoit cocTas-

nsromelt; ¢ — mupuaa 3TB myroBoif cocrasisronieit (MM)

IeM YBEIMYEHHH MOIIHOCTH IyTu Ha 80 %, mmpuHa
3TB — ymensImaercs.

OTnuuHbBIi XapakTep HaONomaeTcs MpHU CBapke
co ckopocTeio 110 M/4, ¢ yBenMUEHHEM MOIHOCTH
nyru Ha 30 %, Habmonaercss yMEHbBIICHUE ITUPUHBI
3TB, uTo MO BCel BHAMMOCTH CBSI3aHO C TIIyOHMHOU
MIPOIUTABIEHUS MPHU JAaHHBIX TapaMeTpax CBapKH, C
JaJbHENIINM POCTOM MOIIHOCTH AYTH HaOIromaeTcs
yBenmuenune mmpunsl 3TB. [pu ckopoctu 110 m/4,
JIOJISI JTa3€pHOM COCTAaBIIAIOUIEH B IIBE, B OTIUYUE OT
ckopocterr 72 u 90 m/4, Ha00OpOT yBeNUUMBaETCH,
410 O0YyCIaBIUBAETCS YBEIMYCHHUEM TIIyOHHBI IPO-
miapneHus. C yBeTWYEHHEM MOIIHOCTH JYTOBOM
COCTaBISIIONICH TpU THOPUAHON Jla3epHO-AYTOBOM
cBapke co ckopocthio 110 M/4 (ot 2875 mo 3750) Ha-
OJrOaeTcsl HEKOTOPOE YMEHbBIIEHNE TUPUHBI [IBA U
DIyOWHBI TPOTUIABIICHHSL, YTO, TIO-BHIUMOMY, CBSI3aHO
C PaccomIacOBaHHOCTHIO BO3/IEHCTBHS AyTOBOU U Ja-
3€pHOM cocTaBAOMIMX npouecca. [Ipu nanpHeliiem
YBEJIMYEHUH MOIIIHOCTH JYTOBOM COCTaBIAONIEH (110
5200) naOmrofmaerca yBelIMUYEHHE IIUPHUHBI U ycuie-
HUS 11Ba, TOBBIIICHUE TITYOMHBI IMPOIUIABICHUS, a
Takke Bo3pactanue mupuHsl 3TB u gomu myroBoit
COCTABJISIFOLIEH B ILIBE.

Takum 00pa3om, NpUBEIEHHBIE TaHHBIE CBUJIE-
TEJIbCTBYIOT, YTO BapbUpysd TaKUMHU IapaMeTpaMu
CBapKH, KaK MOITHOCThH AYTH U CKOPOCTh CBAPKHU, MBI
HMeeM BOBMOXKHOCTb YITPaBISITh popMoii mBa. M3me-
HEHHE TUX MMapaMeTpOB OyAeT BIHITH Ha TEIUIOBBIE
mporeccsl (KOHTPOIMPOBAHWE IIOTOHHOW JSHEPrHH
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CBapKH) B CBAPHOM COCTMHEHUH U Ha (OPMUPOBAHUE
CTpYKTypHsl MeTanna msa u 3TB, u kak cinencTeue Ha
X MEXaHW4YecKue cBoiicTBa. B cBs3u ¢ aTHM nanee
MBI PACCMOTPHUM TEPMHUYECKHE IPOIIECCH Ha MpUMe-
pe CBapHBIX COEJUHEHUU BBINOJHEHHBIX JIA3€pHOU
U THOPHUIHOW Jla3epHO-IyroBoi cBapkoit. Cremyer
MOAYEPKHYTh, YTO B THOPUIHOM JIa3€PHO-TYTOBOM
npoiiecce ObUTH BEIOPaHBI TAKHE PEKUMBI CBAPKH, KO-
TOpBIE MTO3BOJIMIIN HE TOJIKO 00ECTIEUNTh KaueCTBEH-
HBIE MAapaMeTphl IMIBa, HO U MPHOIU3UTEIHHO O1HA-
KOBYIO TIOTOHHYIO DHEPTHIO CBAPKH.

Ananuz mepmuyeckux Yukio8 ceapku. AHaIu3
TEPMUYECKUX I[MKIJIOB MOJIYYEHHBIX MpPH JIA3€PHOM
U THOPHUIHOM JIa3epHO-AYTOBOM CIOCO0axX CBapKH
(puc. 5), mokazai, 4TO MO CPaBHEHHUIO C TPAIHUIIOH-
HBIMH NPOLECCAMHU JYTOBOM aBTOMAaTHYECKON CBAPKU
B 3aIlUTHBIX ra3zax CKOPOCTH HarpeBa Mertamia 3TB
no temmeparyp 1100-1300 °C u ckopocTu oXaxmie-
HUSl YYaCTKOB IIeperpeBa B HMHTEpBajJe TEMIIEpaTyT
600-500 °C (w, ) yBenmuuuBatoTcst B 4—5 pas.

st ckopocTell  OXTMaXACHUsT W, XapakTepHa
TaKXKe TEHACHIMS YBEIUYEHUs MPH JIA3ePHOW U T'H-
OpUIHOM Ja3epHO-IYyroBOM CBapKe, OMHAKO €CIU B
mepBoM ciyuae (puc. 5, 2) HabIomaeTcs pa3auine B
CKOPOCTSIX OXJIXKAEHUs W, IPU U3MEHEHHH CKOPO-
cru cBapku (W = 65°C/c mpu v = 40 M/1 u W, =
=103 °C/c npu v_ = 50 M/4), TO NpHU Pa3INIHBIX CKO-
POCTAX TMOPUIHOW JIa3epHO-IyrOBOW CBapKW: Vv =
=72,90 u 110 M/4 (puc. 5, 8) CKOPOCTH OXJIAXKICHHUS
W, ; IPUMEPHO OIMHAKOBHI U cOCTaBsIOT 58-63 °C/c.
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Puc. 5. TepMuveckne NUKITBI CBAPKU NP THOPHIHOMN J1a3epHO-TYTOBOMU CBApKe (a, 6) U NasepHoi (6, 2); a, 6 —1 — v =72 m/u, 2 —
v,=90 M/a, 3 — v, =110 M4, 6,e—1— v, =50 M/, 2 — v, =40 M/4

Kpowme Toro npu nazepHoii cBapke Ha ydactke ot 600
10 500 °C oxyaxaeHue MeTajia MPOUCXOIUT 3a 2 U
4 ¢ nis cropocreit capku v = 50 M/a nv_ = 40 M/,
COOTBETCTBEHHO, B TO BpeMsl Kak Mjsi THOpHUIHOM
JIa3epHO-IYTOBOM CBApKH BpeMs TPOXOXKICHHS JIaH-
HOTO TEMIEepaTypHOro IHara3zoHa OIWHAKOBO H CO-
craBiger 1,5 c. Takxe cienyer OTMETUTh MHTEpBAI
temrieparyp ot 800 °C mo 600 °C. B 1o BpeMs kak
JUIsL Jla3epHOM CBapKW HaAONIOMAeTCs MOHOTOHHOE
CHIDKEHHUE KPHUBBIX OXJIaXIeHHE (pHC. 5, 6, BCTaBKa),
JUISE THOPUIHOM JIa3epHO-AYrOBOM CBapKu HaOMIOIA-
eTcsi S-00pa3HOe TMOBEICHHE KPUBBIX OXJIaKIACHUA,
IpUYeM Ul CKOPOCTH CcBapku v, = 90 m/4, ropu-
30HTaIbHAS TUTOIIAIKa Hanbolee BeIpaxeHa (puc. 5,
a, BcTaBka). [lo BUOMMOMY, 3TO MOXXHO OOBSICHHTH
Pa3IMYHBIM BBOJIOM TEIUIA B CBAPHOE COCAMHEHHE, a
3HAUUT U PA3IIMYHBIMHU DHEPTETUYESCKIUMHU XapaKTepH-
CTHKaMH BO3JEHCTBUS OTIEIHLHO B3STOTO Ja3epHOTO
WCTOYHHMKA HarpeBa ¥ CyMMapHOTO BO3ICHUCTBHSA Ja-
3epa u Oyr (CHHEepreTHYecKuid dPGeKT ruOpuIHon
JIa3epHO-YTOBOM CBapKH), KOTOpPOE Naxke MPH yBe-
JUYEHUH CKOPOCTH CBAPKU TPaHC(HOPMHUPYET TEPMH-
YECKHH IUKJI B CTOPOHY YMEHBIIEHHSI CKOPOCTU OX-
naxaenusi. ClielyeT OTMETUTh, YTO TIPU THOPUIHON
JIa3€PHO-TYTOBOM CBAapKE CKOPOCTH OXJAXKAEHHST W, ¢
MPUMEPHO B 2 pas3a BhIIIE, YeM IPH JYyTOBOH aBTO-
MAaTUYECKOW CBapKe, BHIMOJHAEMON ¢ MaKCUMAaJIbHOM

CKOPOCTBIO V= 50 M/4 pH KOTOPOH €IIIE MOXKHO TMO-
JIy4UTh Ka4eCTBEHHBIM cBapHOH 1oB. Kak nokasanmm
9KCTIEpUMEHTHI, JalbHEHIIee yYBETHUYEHHE CKOPOCTH
CBapKH IMPH JYTOBBIX MPOIIECCaX B 3AIUTHBIX razax
C TIpUMEHEHHEM CBapOYHOW MPOBOJOKH auam. 1,0—
1,2 MM HerenecoobpasHo.

Cmpyxmypa u c80lcmea COeOUHeHUll BblCOKO-
npounoti cmanu 14XTH2MIAD®H. Takue paznmuaus
YCJIOBHM OXJIaXJIEHUs MeTajuia mBa u Metamia 3TB
cBapHbIx coenuHeHM ctamm 14XTH2MIA®B mns
BBIIIICYKAa3aHHBIX CIIOCOOOB CBapKU OOYCIIaBIUBAIOT
oTIpe/ieTIeHHbIE N3MEHEHHSI B CTPYKTYpe MeTaIa [1Ba
u 3TB cBapHBIX COCAMHEHUM, U3MEHSIOTCS PU ATOM
U UX MEXaHWYECKHE CBOWcTBa. JlaHHBIE, IIpencTaB-
JIEHHBIE Ha PUC. 6 CBUJIETENBCTBYIOT O TOM, UTO C YBe-
JUYEHUEM CKOPOCTH IyTOBOM CBapKH, BO3PACTAarOT
MOKa3aTelu CTAaTUYECKOM MPOYHOCTH MeTalljia IIBa,
a ero OTHOCHWTEJhHOE YIJIMHEHHWE CHIDKAeTCS. JTO
OOBSCHSIETCS YBEITHUCHUEM CKOPOCTU OXJIAXKJICHUS B
uHTepBaie Temrneparyp 600-500 °C, u kak cieacTBUe
0oJiee MHTEHCUBHOH 3aKaJIKOW MeTaa.

ITpu nazepHOii cBapke MOKa3aTeu OTHOCUTENIBHO-
TO yUIMHEHHUSI, 3HAUYEHUsI YAAPHOU BSI3KOCTH CHHIXKa-
IOTCS 10 CPAaBHEHMIO C aHAJIOTUYHBIMH MIOKA3aTeIsIMU
OCHOBHOTO Me€Tajlla, Ipu TemIleparype UCHbITaHHUH
munyc 40 °C (1a 30 % u Ha 50 % COOTBETCTBEHHO).
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[IpouHOCTHBIE MOKa3aTeNU NMPaKTUUECKH HE U3MEHS-
IOTCS IO CPABHEHUIO C UCXOHBIM COCTOSIHHEM.

B otnuume ot na3zepHoii CBapKu IpU THOPUIHOM
JIa3epHO-IyTOBOM CIIOCcO0e HabmomaeTcst poct, Mo
CPaBHEHMIO C UCXOAHBIM COCTOSTHUEM MeTajia Ha
30-40 %, noka3areneil MPOYHOCTH U YIAApHOH Bs3-
KOCTH MeTaJlja IIBa U aHAJIOTHYHOE CHIDKEHHUE (KaK
IIpU Ja3epHOH cBapke) MoKa3aTeseil OTHOCHUTENb-
HOTO YyIJIWHEHMs. Takue 3aKOHOMEpPHOCTH Xapak-
TEpHBI 7151 CKOPOCTH cBapku 90 m/4. YBenndeHue
CKOpOCTH TUOpUIHON cBapku 10 110 M/4 mpuBOIUT
K CHIDKEHMIO IO0Ka3aTeslel NMPOYHOCTH U yAapHOU
BA3KOCTH J0 YPOBHSI 3HAUCHHH, XapaKTEPHBIX AJIS
CKOpOCTH 72 M/d.

[IpoBeneHHBIMH ~ HMCCIEIOBAaHUAMH  CTPYKTYp-
HO-(a30BBIX W3MEHEHHUI B MeTajule IIBa U MeTajlie
3TB cBapubix coenunenuii cranu 14XI'H2MJIADD
YCTAHOBJIEHO, UTO C yBEJTMUEHNUEM CKOPOCTH Ja3epHOI
cBapku oT 18 mo 50 M/4 1 TuOpUAHOI JTa3epHO-TyTO-
BOM cBapku oT 72 10 90 M/4 ha3oBBIil cocTaB MeTa-
Jla IIBOB H3MEHsieTcsi OT OeHHHMTHOrO 10 OeHHUT-
HO-MapTEeHCUTHOTro. 711 OCHOBHOTO MeTajla CTajlu
14XTH2M/JIADB xapaktepHa OelHUTHO-(eppHUTHAs
(b—®) crpykrypa ¢ pasmepom 3epen D ~ 5-24 MM
u MukporBeprocteto HV-2740-2850 Mlla. C wuc-
nonb3oBanreM CO, — J1aszepa Mpu MajbiX CKOPOCTAX
na3epHol cBapku a0 18 M/4 B mBe (dopmupyercs
OetinuTHas cTpykrypa ¢ D ~ 40-80x150-400 MM 1
MukpotBeproctbto HV-2850-3510 MIla. [danbHein-
1iee yBEIMYCHHUE CKOPOCTH cBapku A0 50 M/4, kak
MOKa3aJIM HaCTOAIIME MCCIENOBAHUS MPU HMCIIONIB30-
BaHnu Nd:YAG — nazepa, IpUBOAUT K 00pa30BaHUIO
Kak B MeTajule IBa, Tak u Merauie 3TB OelHuTHO

MapTeHCUTHOH CTPYKTYpbl C Oojiee paBHOBECHBIMHU
3epHaMu npu KodpduumeHte ux Gopmel Y = 2-3 u
MUKpoTBepaocTeio 10 HV4170 Mlla. Ilpu stom,
COMIAaCHO JaHHBIM IPOCBEUMBAIOIIEH 3JIEKTPOHHOU
MHUKPOCKOIHH, YMEHBIIIAETCsI pa3Mep OCHHUTHBIX Ma-
KeToB B ydacTke neperpesa 3TB B 1,5 pasza, a mm-
pHHa peek OEHHUTHBIX CTPYKTYp B 1,3-2 pa3za. Takue
CTPYKTYpHBIE U3MEHEHHS, IO BUIUMOMY, IPUBOAST K
YMEHBIIEHHIO MTOKa3aTesel MIacTUYHOCTH U YIapHOI
BA3KOCTH MeTaJjlla I1Ba IIPHU J1a3epHON CBapKe.

Hcnone3oBaHne THOPUAHOTO Ja3epHO-IyTrOBOTO
Ipolecca CBapky, Kak y)ke OTMEeYaJloCh, IPUBOAUT K
YBEJIMYEHHIO CKOPOCTEH CBApKH U 3NEKTPUIECKHX Ia-
paMeTpoB AYrOBOM COCTAaBIAIOLIEH, YTO B CBOIO OYe-
pens obecneynBaeT MPUMEPHO K OAMHAKOBOMY BBOIY
TEIUIa B CBapHOE COENMHEHHE. 3Hau€HUE MOTOHHOMN
SHEpPruM cBapku coctaBisum QO = 2,4-2.9 k/[x/cwm,
BMECTE C TE€M MapaMeTpbl CTPYKTYPBI NMPH Pa3HBIX
CKOPOCTAX CBapKH M3MEHSUTUCH, YTO 00YCIIaBIMBAIIO
pa3iauuue B MOKa3aTensiX MEXaHNYECKUX CBOMCTB Me-
TaJula IIBa.

Tak npu ckopocTn TMOPUAHON CBApKH v, = 72 M/4
(ha30BBIif cCOCTaB MeTaJUla IIBa M y4acTKa Meperpesa
3TB GeifHUTHBIH (IPEUMYIIECTBEHHO HIKHMI), Tpa-
JUEHTHI 10 MUKPOTBEPAOCTH MEXIY CTPYKTYPHBIMHU
COCTABIIAIOUIMMY MHHHMMAJbHBI MPU H3MENBUCHUH
3epHa B ~ 3—4 pa3a. YBeIUUEHUE CKOPOCTH CBapKH
10 90 M/4 pUBOIAT K U3MEHEHHIO (Pa30BOTO cocTaBa
npu nepexone ot mBa kK 3TB ot GeliHUTHO-MapTeH-
cutHoro (M > bH > BbB) B mBe g0 6eiinutHOTO (bH >
bB) B 3TB. D10 00ycnaBnuBaeT NOBBIICHNE MEXaHU-
YECKUX CBOHCTB (6, ,, 6,, KCV) (M. puc. 6). B nannom
Cllydae, MapTEeHCHTHAsI COCTaBIISIONIAs 0OecreunBaeT

¥S, Mlla UTS, Mlla
T v T v
11004 E
. 1200+ 1
it = CH. MET. d
1000 I e (JCH. MET.
900- 4 s
1000+ G T
800 & —_— -
700 i s —-
600 . : ; : . ;
I 2 3 1 2 3
8, % KCl ,---IH

20+ o =
e (JCH. MET.
= [y ra

s b [Ta3ep

e BT
104 V/“--;{;v/ v

| 2 3

Puc. 6. Mexanuyeckre CBOMCTBA

86

80 | e O, st
e [lyra
| | ==t Jlazep 1
e [ Gpi

601 1

(3%
o




LTWMP’15

MIPUPOCT MPOYHOCTHBIX XAPAKTEPUCTHK, a HaJIU4HUe
HWKHETo OeifHuTa oOecreyrBaeT MOBBILICHUE ynap-
Hoit Bsizkocth. [lo Bcelt BuaMocTu hopMupoBaHUE
TaKdX CTPYKTYPHBIX OCOOEHHOCTEH 00yCIOBIECHO
OTIMYMEM B MOBEJCHUM METAJUIA MPU OXJIAXKICHUU B
unTepBaine temmnepatyp 800—-600 °C. [Tpu rubpunHoi
CBapke co ckopocThio v = 110 m/u a3oBeIil cocTa
npu nepexone ot mBa K 3TB OeHHUTHBIN, npuuemM
b < BB M rpagueHTbl 10 MUKPOTBEPIOCTH MEXKIY
CTPYKTYPHBIMH COCTaBISIONIMMHU Kak B mBe AHV 1o
310 MlIla, tak u 8 3TB AHV no 510 MIla cymectBen-
HBI€, YTO IPUBOIUT K CHMKEHUIO NTOKa3aTesneil mpoy-
HOCTH H yIapHOH BS3KOCTH MeTaJIa miBa (puc. 6).

Conpomugnsemocms — 06pa308anHu0  XON0OHbIX
mpewun. B pesynprare NpPOBENCHHBIX HCCIIEA0BA-
HUI Ha CONMPOTHUBISIEMOCTh 00Pa30BaHUIO XOMOAHBIX
TPEIIMH YCTaHOBJIEHO, YTO MPHU IYyTOBOM CBAapKE CO
CKOPOCTBIO 18 M/4 KECTKMX CTBIKOBBIX COETUHEHUI
ctanmu 14XTH2MJA®DB mupunoit 100 u 200 MM oHM
MOpakaroT IIOB IO BCEH JUIMHE M BCEMY CEUYEHHMIO.
[Ipu nanHBIX ycnoBusAx oxjiaxiaeHus Mmeramia 3TB
co ckopocthio W, = 20 °C/c HebGnaronpusTHbIMU
(dakTopamMH ¢ TOYKH 3peHHsT 00pa30BaHMSI XOJIOAHBIX
TPELINH SBIAIOTCS KOHLEHTpanus Aud( y3HnOHHO-
ro BOJOpOJA B HAILIABICHHOM Metamie jo [H] .=
= 1,5-2,0 /100 T 1 ocobeHHOCTH (OPMUPOBAHUS
TOHKOH CTpPYKTYpbl, HEpaBHOMEPHOU IO pa3Mepam
3epeH, MoKa3areasiM MHUKPOTBEPAOCTH U IUIOTHOCTH
JUCTIOKAIMH, u3MeHsromeics ot p = (2-3)x10'%cm2
10 10" cM? 1 XapakTepHU3yOLIEeHCs] HEpaBHOMEPHBIM
pacnpezneneHueM. Takue pa3iauuus B paclpeaeeHuu
IUCTIOKAMHA M UX TUIOTHOCTH MPUBOIAT K hopMupo-
BaHUIO CYIIECTBEHHBIX MUKPOHANpPSKEHUN B MeTall-
je. YTo mo-BUAMMOMY OTPHMLIATENBFHO CKa3ajaoch Ha
COMNPOTHUBIAEMOCTH CBApHBIX COETUHEHUI 00pa3oBa-
HUIO XOJIOAHBIX TPELHH.

Kak mnokasanu mnpoBeleHHbIE JKCIIEPUMEHTHI,
MOBBICUTh CTOWKOCTh TPOTHB 0Opa3oBaHHs XO-
JIOAHBIX TPEIIMH B CBapHBIX COEOUHEHUAX CTaIU
14XTH2MJIA®DB M0OXHO 3a CueT yBEIMUYEHHs CKO-
pocTu nyroBoi cBapku 40 S0M/4, CHIKasl IPH 3TOM
MOTOHHYIO 2Hepruio B 1,7-2,6 paza. AHaIOTHYHBIN
3¢ QeKT gocTUraeTcs NpUMEHEHHEM JIa3epHOI cBap-
KH C TaKOW e CKOPOCTBIO U THOPUAHON J1a3epHO-1Y-
TOBOH CBapku co ckopoctsamu v = 72,90 u 110 m/4.
[Ipu sTOM y™meHblaercs conepkanue aAupQPy3noH-
HOTO BOAOPOZAa B HarulaBleHHOM Metaiie no 0,2—
0,4 Mn/100 1, a pu Ja3epHOI cBapKe — B pacIliaB-
neaHoM metaie 10 0,07 mu/100 . C Touku 3peHus
CTPYKTYpPBI AWCIOKAaUU B 00bEME MeTallia pacmpe-

JeNieHbl PaBHOMEPHO, a MX IUIOTHOCTh HaXOAUTCS B
npenenax 5x10'°—6x10'cm 2, kpome Toro 3a cuet 60-
Jlee HU3KOH IUIOTHOCTH JAWCIIOKAlMH M MX OJHOPOA-
HOTO paclpelesieHNs], YMEHBIIAIOTCS [0 BEIUYHHE
MUKPOHAPSKECHUSI.

Takum 00pazoM, ONTUMAIBHBEIM CIIOCOOOM, 00e-
CIEYHMBAIOIINM BBHICOKHE MEXaHWYECKHE CBOMCTBA U
MOKa3aTeNy yOapHOH BS3KOCTH MeTallla IIBa CBap-
HbIX coenuHeHuit cranu 14XT'H2MJIA®DB, ssusercs
ruOpuaHas Ja3epHO-IyroBasi CBapKa, BBHIMOIHSIEMAast
co ckopocThio v = 90 m/u. [Ipu 3TOM, KCTIONB30Ba-
HHUE THOPUAHOM J1a3epHO-IyrOBOM CBAPKH HA BBHIILIECY-
Ka3aHHBIX PEKUMAX CO cKopocTsamu v =72 u 110 m/a
VIOBJIETBOPSIET YCIOBUAM oOecredeHus okasareaen
ynapHo# BsaskocTu Ha yposae KCV > 30 ix/cm®.

B pesynmbprare BBRIIOJHEHHBIX HCCIEIOBAHUM, IT0-
KazaHbl MPEUMYIIECTBA M HEJIOCTaTKA THOPHIHON
JIa3epHO-IyrOBOM CBapKH B CPAaBHEHHHU C Jla3epHOU
U 1yroBoil cBapkoil. OmnpeneneHsl ONTUMAIbHbIE Ma-
paMeTpbl CKOPOCTH M MOIIHOCTH JIyTOBOW COCTaB-
JSIOIIE pu THMOPUAHOW J1a3epHO-IYTOBOM CBapKe.
YCTaHOBJIEHO, YTO MPEUMYIIIECTBOM THOPHUIHOW Ja-
3epHO-YTOBOH CBapKHU SIBISICTCsl OOJIbINAsi IKOHOMU-
gyeckas 3((GEeKTHUBHOCTb, NPU IAOCTAaTOYHO BBICOKHX
TEXHOJIOTUYECKUX TOKazaTensx. B wactHocTH, He-
CMOTps1 Ha 0oJiee BBICOKHE MOKa3aTed METaJLTypru-
YECKUX U MEXaHUYEeCKHX CBOWCTB CBAPHBIX COCIIMHE-
Huit cramu 14XT'H2MJIA®DB, nonydeHHBIX AyTroBOMH
CBapKOH, TMOpHUAHAs Ja3epHO-IYyroBas CBapKa IO-
3BOJISIET CYIIECTBEHHO IOBBICHTH CKOPOCTH CBapKH
MIPY 3TOM COXPaHsIsi BHICOKUH YPOBEHb SKCILTyaTaIld-
OHHBIX CBOWCTB CBAapHBIX coequHEHHUI. Kpome Toro
WCIOJIh30BAHUE JIA3PHOTO MCTOYHHUKA B THOPUIHOM
MPOIIECCE TTO3BOJIAET CYIIECTBEHHO CHU3UTH COMAEP-
kanve auddy3HoHHOTO BOIOPOAa U IUIOTHOCTD JHC-
JOKaNWi B HariaBieHHOM Mertajure. CodeTaHus Ta-
KHX XapaKTePUCTUK HEBO3MOXKHO JIOCTUYD HCITONB3YS
TOJIBKO Ja3epHYIO MU JYTOBYIO CBapKy.
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Supersonic laser deposition (SLD) is a new coating and fabrication process in which a supersonic powder stream
generated in cold spray (CS) impinges onto a substrate which is simultaneously irradiated with a laser. It will be
increasingly employed for depositing coatings and metal additive manufacturing because of its unique advantages:
solid-state deposition of dense, homogeneous and pore-free coatings onto a range of substrate, high build rate at
reduced operating costs without the use of expensive gas heating and large volumes of helium gas, and opening up a
new opportunity for efficiently depositing high hardness metallic powders which are usually difficult to be deposited
solely by CS. Based on the current research results in our group, this paper systematically reviews the state of the
art of supersonic laser deposition technique at home and abroad, from the viewpoints of materials selection, process
optimization, properties characterization, equipment design and so on. The existing issues in these aspects are deeply
analyzed and the corresponding solutions are tentatively proposed. Meanwhile, the potential industrial applications of
supersonic laser deposition technique in various fields are elaborated in detail as well as the future perspectives and
challenges facing this technology, in order to provide insight for further investigations and innovation in supersonic
laser deposition as an emerging combination additive re-manufacturing technology with high efficiency, low cost and

high quality.

Introduction. Supersonic laser deposition (SLD) is
a newly developed technology in the field of laser
material processing which can be used for surface
modification and coating of engineering components
for increased functionality [1-3]. This technology
combines the supersonic powder beam found in cold
spray (CS) with laser heating of the deposition site. In
SLD, a laser heats both the spraying particles and the
substrate to between 30 % and 80 % of their melting
point, thus significantly reducing the strength of the
particles and substrate, and allowing the particles to
plastically deform and build up a coating at an impact
velocity about half of that in CS.

The SLD technology has been increasingly
employed for coating deposition because of its
technological and economic advantages over
conventional coating methods: solid-state deposition
of dense, homogeneous and pore-free coatings onto
a range of substrates; high deposition rate at reduced
operating costs without the use of expensive heating
and process inert gases; less sensitivity to feedstock
materials characteristics; consolidation of difficult-
to-deposit powders; and significant improvements in
the properties of coating materials. More importantly,
lower processing temperatures and shorter processing
time of SLD technique will enable the coating, and
fabrication of near-net shape components with little
or no melting, thus avoiding the deleterious effects of

© JIANHUA YAO, V. KOVALENKO, 2015
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high-temperature processes such as laser cladding and
traditional thermal spray processes include deposit-
substrate dilution, high thermally induced residual
stresses, and as-solidified microstructures which
lead to component distortion and poor mechanical
properties. As compared to CS, the inclusion of
laser heating into SLD can considerably softened the
spraying particles and the substrate, which would
reduce the critical deposition velocity and allow
bonding to occur on impact at velocities around half
those found in CS even when depositing materials that
are difficult to process solely using CS. Eliminating
the need for high impacting velocities permits cold
or slightly heated nitrogen to be used instead of high
temperature helium as the process gas, thus reducing
operating costs by over an order of magnitude. This
reduction in capital and operating costs means that
SLD may be viable in many applications for which
CS has proved too costly allowing the fully solid
process route found in CS to find a use in a wider
range of applications. A variety of material coatings
such as Cu, Ti, Stellite 6, Ni60, Al-Cu alloy, Al-Si
alloy, have been successfully prepared with SLD
technique [4-16].

In order to provide insight for further investigations
and innovation in supersonic laser deposition as an
emerging combination additive re-manufacturing
technology with high efficiency, low cost and high
quality, this paper presents a systematical overview
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about the state of the art of SLD technology based
on the current research results in our group, from the
viewpoints of equipment design, materials selection,
process optimization, properties characterization,
and so on. The existing issues in these aspects are
deeply analyzed and the corresponding solutions
are tentatively proposed. Meanwhile, the potential
industrial applications of supersonic laser deposition
technique in various fields are elaborated in detail as
well as the future perspectives and challenges facing
this technology.

Supersonic laser deposition system. The
schematic diagram of the SLD system is illustrated
in Figure 1, a. High pressure gas was supplied to a
converging-diverging nozzle in two different imports:
one was through the gas heater; the other was via a
powder feeder where feedstock powders were held.
The feedstock powder stream and high pressure gas
were mixed and passed through the nozzle where the
particles were accelerated to supersonic speed. The gas
heating temperature, gas pressure and powder feeding
rate were monitored and adjusted by the control unit
of the cold spray equipment as shown in Figure 2, a.
The high-velocity particles impacted a region of the
substrate which was synchronously heated by a diode
laser as shown in Figure 2, b. Combined lenses were
used to focus the laser beam onto the substrate surface.
A high-speed infrared pyrometer was used to obtain
real-time temperature measurements and control the
temperature of the deposition zone during the SLD
process. Data from the pyrometer was fed through a
closed-loop feedback system which altered laser power
as necessary to maintain the desired temperature. The
nozzle, laser head and pyrometer were assembled on a
robot as shown in Figure 2, c¢. The spraying nozzle was
perpendicular to the substrate surface. The laser beam
was at an angle of 30° to the surface normal. The laser
energy and powder distribution are schematically
illustrated in Figure 1, b. In the deposition process,
the substrate was stationary and the nozzle, laser
head and pyrometer were moveable, controlled by
the robot. The process gas can be compressed air (or
high pressure nitrogen), which can be provided by an
air compressor (or a manifolded cylinder palette) as
shown in Figure 2, d.

Coating fabrication and characterization.
Single material coatings. This section focuses on the
comparison of the single material coatings prepared by
SLD and other conventional coating technologies such
as CS and laser cladding (LC), in regard to deposition
efficiency (DE), coating density, microstructure
evolution, interfacial bonding, properties, etc.

Comparison of single material coatings prepared
by SLD and CS. Shown in Figure 3 is the comparison

Powder
feeder

N P 1.
}ﬂn: o Substrate

a |
Powder jet

30e Laser beam

Spraying
distance

A
i
b | Substrate |

Figure 1. Schematic illustration of SLD system (a) and laser
energy and powder distribution in the SLD process (b)
of the coating thickness between CS-Cu and SLD-
Cu coatings. It is evident that the SLD-Cu coating
is thicker than the CS-Cu coating. The peak coating
thickness of CS-Cu coating is around 1.3 mm while
that of SLD-Cu coating is about 2.2 mm, that is,
laser irradiation increased the peak coating thickness
by 70 %. In other words, laser heating considerably
improved the DE.

Figure 4 shows the comparison of coating density
between CS-Cu and SLD-Cu coatings. It is observed

Track 1 Coating track

height
A 4 A

Figure 2. Supersonic laser deposition system: a — control unit
of the cold spray equipment; b — diode laser; ¢ — robot; d — air
compressor
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Figure 3. Comparison of coating thickness: a — CS-Cu; b —
SLD-Cu
that CS-Cu has lots of gaps and pores between the
deformed Cu particles, while the SLD one has a
much denser microstructure, with gaps and pores
hardly observed. Porosity measurements using image
analysis software indicated that the porosity of the
CS-Cu coating was 3.367 % in area, while it was only
0.08 % in area for the SLD-Cu coating. This confirms
the beneficial effect of laser irradiation on the coating
density.

Figure 5 presents the coating-substrate interfacial
bonding of CS-Cu and SLD-Cu coatings. As can

s R _
Figure 4. Comparison of coating density: a— CS-Cu; b — SLD-
Cu

be seen from Figure 5, a, there is an obvious crack
observed at the interface between coating layer and
substrate of the CS-Cu coating specimen, but this is
not found in the SLD-Cu coating, instead, material
penetration has occurred at the interface of this
coating as show in Figure 5, b, which would enhance
the coating bonding to the substrate. Adhesion
strength test as described in ASTM Standard C633
was performed on the CS-Cu and SLD-Cu coatings
in order to quantify the real bonding force for each
coating. The comparison of adhesion strength of CS-
Cu and SLD-Cu coating is shown in Figure 5, c. It
can be seen that the adhesion strength of the CS-Cu
coating is very weak but it increased significantly
with the assistance of laser irradiation.

From the above-mentioned results, it can be
concluded that the deposition efficiency, coating
density and interfacial bonding of the CS coating can

100 um
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Figure 5. Coating-substrate interfacial bonding: a — CS-Cu
coating; b — SLD-Cu coating; ¢ — the comparison of adhesion
strength
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Figure 6. Comparison of coating’s microstructure: a — SLD-
Ni60; b — LC-Ni60

be improved by the assistance of laser irradiation.
The improvement of DE should be ascribed to the
reduction of critical deposition velocity due to the
softening of spraying particles by laser heating. One
of the most important parameter in the CS process is
the critical deposition velocity. For a given material,
there exists a critical deposition velocity that must be
achieved. Only particles whose velocities exceed this
value can be effectively deposited, in turn producing
the desired coating. Conversely, particles that have
not reached this threshold velocity contribute to the
erosion of the substrate. Theoretical modelling of
critical deposition velocity (V_ in m/s) proposed by
Assadi et al. can be expressed as following formula:
V_=667—14p+0.087 +0.Ic —0.4T, (1)

where p is the density of the material in g/cm?, 7| is the
melting temperature in °C, o, is the ultimate strength
in MPa, and 7} is the initial particle temperature in °C.
According to the formula (1), particle preheating will
decrease the critical deposition velocity because as
the temperature (7)) is increased, the ultimate strength
of the materials (o) is reduced. Both the increase
of 7; and the reduction of ¢, would contribute to the
decrease of V

In SLD, the powder jet and laser beam partially
overlapped with each other. Although the spraying
particles were travelling at high velocities and had
limited time of exposure to the laser, it is expected that
the particles would be significantly heated in flight by
laser prior to hitting the substrate because of the high
laser power density and small particle size, which could

m +-Ni

* FeNiy
0 CryCy
¥ Cr5Sig
» FesCo

<4040

LC

voem

$veo

F’VQOOI

404m

4 FeNin
0 CrlCn
v Cr;B
» NijSiy

Intensity, rel.un.

4048
]
=<
<

+ [FeNiy
0 CrnlCy
¥ Cr3B
> NijSia

Powder

| |
s o

30 40 50 60 70 80 90

20 deg
Figure 7. XRD patterns of Ni60 powder and Ni60 coatings

bring down the critical deposition velocity of spraying
particles. As a consequence, the proportion of particles
exceeding this velocity would increase, leading to the
improvement in DE. In the CS process, the initially
deposited particles are hammered by successive high-
speed impacting particles. The softened particles by
laser heating get easily deformed by the impact of
particles at a high velocity, leading to tight bonding of
deposited particles (high coating density). In the case
of synchronous laser irradiation on the deposition site,
the substrate temperature is increased and it is thereby
softened. The softened substrate easily lodges the
particles to form mechanical interlocking. Moreover,
the increased substrate temperature can promote the
atomic diffusion between the coating and the substrate
materials, which greatly increases the possibility of
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Figure 8. Variations of friction coefficient with sliding time
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Figure 9. Cross-sectional profile of wear track: a — SLD-Ni60
coating; b — LC-Ni60 coating
metallurgical bonding. All these contribute to the
good interfacial bonding of the SLD coating.
Comparison of single material coatings prepared by
SLD and LC. Figure 6 shows the SEM microstructure
of the Ni60 coating specimens prepared with SLD and
LC. As can be seen from Figure 6, the microstructure
of the SLD-Ni60 coating shows accumulated plastic
deformation of the Ni60 particles with the similar
fine as-cast structure to original powder particles
(solid state deposition), while the microstructure of

e

869.5 pm

100_pm

100 pm |\

100_pm

Figure 10. SEM images of cross section of the WC/SS316L
composite coating specimens showing coating thickness at
different deposition temperature: a — without laser heating; b —
500 °C; ¢ — 700 °C; d — 900 °C
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LC-Ni60 coating exhibits a typical coarse cladding
dendritic structure.

Further XRD analysis (Figure 7) shows that the
SLD-Ni60 coating has identical phases to that of the
original powder particles. However, the phases in the
XRD pattern of the LC-Ni60 coating differ from those
of the SLD-Ni60 coating and Ni60 powder in that
the LC process generated a new phase Fe.C, due to
dilution effect. Shown in Figure 8 are the evolutions
of friction coefficient of the coating specimens that
recorded during the wear test. As illustrated, the
friction coefficient of the SLD specimen is much
smaller and more stable than that of the LC specimen.
Deep plough scars can be observed obviously in
the wear track of the LC specimen, while the SLD
specimen looks smoother, as shown in Figure 9. Also,
the width of the wear track of the LC specimen is
wider than that of the SLD one. It is clear that the SLD
coating has better wear resistance than the LC one.

Laser irradiation in SLD provides heat which can
synchronously soften the high-speed particles and
substrate, while the heat in LC process melts the
particles. Since SLD process has less laser energy
input than LC one, the coating/substrate interface and
heat affected zone (HAZ) of the SLD specimen are
smoother and smaller. Moreover, due to the relatively
low temperature deposition feature of SLD technique,
the as-deposited Ni60 coating still remains the same
microstructure and phaser as that of the feedstock
powder materials. The superior wear resistance
property of the SLD-Ni60 coating to the LC one
should be attributed to the finer structures in the SLD
coating, that is, the carbides and borides are more
homogeneously distributed in the Ni matrix. It should
be noted that hard Ni60 powder particles can be
successfully deposited by SLD while it is impossible
to be deposited by CS, indicating the SLD technique
broadens the materials range that can be processed
with CS. Furthermore, this novel deposition technique
surpasses conventional laser cladding (LC) technique
when used to deposit hard materials such as Ni60
alloy, in that it can suppress the dilution of the steel
substrate.

Metal matrix composite material coatings.
Comparisons of metal matrix composite (MMC)
material coatings prepared by SLD and other
conventional coating technologies such as CS and
LC are focused on in this section, with the emphasis
on the heat sensitive materials such tungsten carbide
(WC) and diamond.

Comparison of MMC coatings prepared by SLD
and CS. Shown in Figure 10 are the SEM images of
cross section of the WC/SS316L composite coating
specimens. As observed, the central peak height
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Figure 11. Distribution and concentration of WC particles in
the composite coatings produced at different temperatures: a —
without laser heating; b —500 °C; ¢ — 700 °C; d — 900 °C;
e — area fractions of WC in the composite coatings
strongly depends on the laser heating temperature.
The peak height of the WC/SS316L coating deposited
without laser assistant is 869.5 um and it is gradually
increased to 1.153 mm with the increase of deposition
temperature from 500 °C to 900 °C. This result indicates
that laser heating can also improve the deposition
efficiency of MMC coatings as similar to the single
material coatings, which is ascribed to the reduction
of critical deposition velocity by laser irradiation.
It can be found in Figure 11 that WC particles are
evenly distributed in all the coating specimens and
the concentration of WC particles in the coatings is
increased with deposition temperature. SEM images
at high magnification show that WC particles are not
effectively embedded into the SS316L matrix in the
case without laser heating. With less laser heating
or at low deposition temperature, although the WC
particles can be embedded in the coating, obvious
gaps can still be found at the interface between WC
particles and SS316L matrix, as marked in Figure 11,
b. Further increasing deposition temperature enhances
the interface bonding strength. The WC particles are
well embedded in the SS316L matrix with little gaps.
The beneficial effects of laser irradiation on the
concentration of WC particles in the WC/SS316L

c e 2 um ||/ o 2 um

Figure 12. Interface bonding between SS316L matrix and WC
particles; a — without laser heating; b — 500 °C; ¢ — 700 °C;
d— 900 °C

composite coatings can be attributed to the softening
of the SS316L powder. During the SLD process, the
WC particles may not deform due to high hardness and
they are embedded in the deformable SS316L matrix.
Without laser assistance or with less laser heating,
the SS316L powder may not be softened enough to
accommodate the hard particles, resulting in relatively
low WC concentration. In the case of more laser
heating, the SS316L powder easily deforms to take
in WC particles owing to sufficient softening, leading
to higher WC particle concentration. Furthermore,
due to softening effect by laser irradiation in the SLD
process, the SS316L powder particles are easier to
deform, which also favours lodging the impacting WC
particles to form intimate bonding, therefore showing
improved bonding strength than the CS coating.
The relatively high content of WC particles in the
composite coating and the strong interfacial bonding
between the WC particles and SS316L matrix results
in better tribological properties of the WC/SS316L
coating produced by SLD than the CS one as shown
in Figure 13.
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Figure 13. Variations of friction coefficient with sliding time of
the WC/SS316L composite coatings
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Figure 14. Microstructure of the diamond/Ni60 composite
coating produced with SLD

Comparison of MMC coatings prepared by SLD
and LC. Figure 14 presents the microstructure of
the diamond/Ni60 composite coating produced
with SLD. It shown that the diamond particles are
uniformly distributed within the Ni60 matrix as
shown in Figure 14, a, and the diamond particles are
firmly embedded in the Ni60 alloy matrix with good
interface bonding as shown in Figure 14, b. Most of
the diamond particles in the composite coatings were
fully retained. This may be due to the softened Ni60
matrix by laser heating. In this case, Ni60 particles
were more prone to deform by adiabatic shear
instability. The softened Ni60 particles are beneficial
for wrapping and holding the diamond particles.

Figure 15 provides some information on diamond
graphitization between the SLD diamond/Ni60 coating

diamond/Ni60 coating, (b, d) the LC diamond/Ni60 coating
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Figure 16. Raman spectra of the diamond/Ni60 coatings produced
by SLD and LC

and the LC diamond/Ni60 coating. In the LC process,
the high temperature and oxidation environment of
molten pool, produced by laser irradiation, make the
diamond particles easier to graphitize, compared with
SLD. In Figure 15, b and d, the black regions indicate
serious graphitization of the diamond particles;
carbon diffusion occurred at the interface between
the diamond particle and Ni60 matrix. It is also found
that the irregular shape of the diamond particles was
changed to spherical shape during the LC process.
However, graphitization is not as severe in the SLD
coating specimen as in the LC one. From the Raman
spectra in Figure 16, it can be seen that only a typical
diamond peak at 1335 cm™ but also an obvious non-
diamond component peak at 1589 cm™ are presented
in the LC coating specimens, while only a single and
sharp diamond peak is observed at 1335 cm™'in the
SLD coating specimen. The Raman spectra analysis
results demonstrate that part of the diamond particles
have been graphitized in the LC coating specimen
but no graphitization occurred in the SLD coating
specimen. All these findings suggest that the relatively
high impact pressure, low deposited temperature and
inert N, atmosphere are beneficial for preventing
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Figure 17. Variation of friction coefficient with sliding time
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diamond particles from graphitizing during the SLD
process.

According to the results of wear test as shown in
Figure 17 and Figure 18, the diamond/Ni60 composite
coating has excellent tribological properties. Under
the cyclic load in the wear process and the cutting of
irregular diamond particles, the surface of the Si,N,
grinding ball was seriously abrased. It is believed that
the friction between the contact surfaces was reduced
due to the abrasion resistance of hard irregular
diamond particles. The low friction and high abrasion
resistance of the diamond/Ni60 composite alleviate
the damage of the wear surface. Since the sliding wear
mechanism of diamond is abrasion, the wear surface
of pin is damaged by groove ploughing. The wear
track is characterized by numerous discontinuous,
short and shallow grooves. These imply that the wear
resistance of the SLD composite specimen is better
than that of the LC specimen, because the interface
bonding between the diamond particles and Ni60 alloy
particles is strong enough to sustain the mechanical
attack under the wear.

Future perspective and challenges. On the
basis of the results from the reviewed studies, it
can be concluded that SLD has great potential for
rapid transfer of laboratory-developed technology
to various industrial fields such as automotive,
marine, biomedical, aeronautical/aerospace, power
generation, petrochemical, and mining. Furthermore,
the need to reduce high cost of preparing coatings,
reduce fabrication stages into a single step, and
improve coating’s functional properties are among the
reasons that SLD deposition technique will continue
to gain attention both in academic and industrial
research. Some application-oriented challenges such
as specific tribology, severe abrasive wear, high-
temperature creep, fatigue, and severe erosion need
to be investigated for successful utilization of SLD
technology in the industry.

The focus of further work should be on improving
the efficiency and capability of the SLD technology.
The efficiency in current study was limited due to the
mismatching of laser spot and the powder footprint
and the non-uniform heat distribution (a Gaussian
heating profile) across the deposition site. Using a
more powerful laser would enable the laser spot to be
increased to the size of the powder footprint, and the
effects of deposition at higher traverse rates and build
rates to be investigated. If a top-hat laser beam profile
is used, a more uniform temperature distribution could
be expected which would increase consistency of
deposition conditions across the tracks, thus improve
process control. The use of higher particle velocities
should be investigated through the use of gas heating

Figure 18. SEM images of worn surfaces: a — wear track of SLD
specimen; b — wear track of LC specimen

or improved nozzle designs; improved deposition,
efficiency, density and mechanical properties should
be expected.
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