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INCREASING OF THE
DURABILITY OF DETAILS
WORKING UNDER REPEATABLE-
LOADS

The article develops processes of increase the durability
of parts operating under repeated loads, by justifying the
parameters of surface plastic deformation (SPD) and cold gas-
dynamic coating. The influence on the depth of the reinforced
surface layer, the nature of the distribution of the stress-strain
state of the material and residual compressive stresses, as well
as the value of the used plasticity of the metal, the parameters of
the SPD process. The hypothesis is substantiated that the main
factor in the formation of residual compressive stresses during
SPD is the decrease in metal density, which is associated with
the use of the plasticity resource. The model of definition of the
used resource of plasticity of metals at SPD is developed, that
allows to provide qualitative characteristics of a surface layer of
details. Methods for shifting the layer with maximum hardening
and residual compressive stresses to the surface of the part by
using a deformable tool of smaller dimensions in subsequent
passes and gas-dynamic coating before SPD.

The vast majority of traditional gas-thermal coating
methods occur at significant temperature effects on the surface of
the part, which is unacceptable for the surface treated by SPD
methods. Cold gas-dynamic spraying provides an allowable
temperature regime for the creation of special auxiliary coatings
while maintaining the properties of the surface treated by SPD
methods.

The technology of gas-dynamic coating includes heating
the compressed gas (air), feeding it into the nozzle and forming a
supersonic air stream in this nozzle, introducing a powder
material into this stream, accelerating this material in the nozzle
by a supersonic air flow and directing it to the surface of the
workpiece. As a result, a special auxiliary coating is formed on
the surface of the product, which provides optimal parameters of
the SPD process.

Keywords: surface plastic deformation, residual
compressive stresses, used plasticity resource, cold gas-dynamic
coating.

intensification of

compressive stresses, the microstructure of the

production processes leads to a forced increase in
the speed of equipment and modes with re-
variable load of its parts. As a result, the reliability
and durability of machines largely depends on the
strength of endurance (fatigue resistance) of the
most loaded components and parts. In turn, the
durability of parts significantly depends on the
characteristics of their surface layer. Such
characteristics include: strength (hardness) and
ductility of the material, the presence of residual

material, surface roughness and relief, and so on.
One of the ways to increase endurance, as well as
other performance characteristics of parts is the
use of surface plastic deformation (PPD).

As a result of application of PPD in a
surface layer of preparation characteristics of
durability and plasticity of material are change,
hardness and residual compressive stresses
increase, structure and texture of material change.
However, it is not always possible to purposefully
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influence these changes and predict the necessary
qualitative characteristics of the surface layer due
to the complexity and non-stationarity of PPD
processes, as well as their insufficient study.
Therefore, the implementation of PPD processes
to obtain the necessary characteristics of the
product is accompanied by time-consuming
experiments. Moreover, their results apply mainly
only to the establishment of certain characteristics
of specific products made of a specific material.

Analysis of recent research. Studies of the
surface layer show that all methods of surface
plastic deformation create residual compressive
stresses on the surface, different in magnitude and
depth of propagation, with the transition at depth to
residual tensile stresses (Fig. 1).

The results of fatigue tests of parts after
hardening by PPD methods, as a rule, show an
increase in the endurance limit (Fig. 2), but an
unambiguous connection with the magnitude and
depth of the distribution of residual compressive
stresses is not given. According to fig. 2
dependences are constructed for types of
processing: 1 normalizing heat treatment; 2 -
vibrating steel balls with a diameter of 1.0-1.3 mm;
3 - ultrasonic hardening with steel balls with a
diameter of 1.0-1.3 mm; 4 - hydro-jet
reinforcement with balls with a diameter of 1.6
mm; 5 - shot blasting with steel balls with a
diameter of 0.1-0.2 mm

In [2], the results of a study of low-cycle
fatigue of smooth samples based on 8-10 cycles /
min are presented, which show that all PPD
methods give a significant increase in durability,
compared with grinding.
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Fig. 1. Distribution of residual stresses in the
surface layer of parts made of alloy EP718 with
different types of finishing
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Fig. 2. Fatigue strength curves of EP718 alloy
parts for different types of finishing

During PPD, surfaces with a rather small
roughness and a large radius of depressions and
irregularities are formed, which also has a
favorable effect on fatigue resistance. However,
this effect is always manifested in combination
with other quality parameters of the surface layer.
Therefore, for parts operating under cyclic loads,
the previously noted parameters have a more
significant effect on durability than roughness. This
is explained by the fact that the depressions of the
bumps have an effect on the resistance to fatigue
until there is a fatigue crack. In addition, after
hardening of the PPD, a fatigue crack often arises
beneath the surface at a certain depth. And the
period of development of such a crack is
influenced by deformation hardening and residual
compressive stresses.

At insignificant degrees (3-10%) and depth
(10-20 um) of hardening, there is an increase in
the quality characteristics of the material, due to
the reduction of the volume defects of the lattice,
the process of polygonization, the formation of a
favorable microstructure of the material. At the
same time the residual plasticity of material
decreases, sensitivity to overloads and formation
of cracks increases.

Thus, the most generalizing, for the
formation of the service properties of the products,
are the characteristics of strength and ductility of
the material, as well as the level of residual
compressive stresses in the surface layer of the
product treated with PPD. Especially important is
the information about the magnitude and nature of
the distribution in the surface layer of the
accumulated deformation and the residual
plasticity. These characteristics and determine, to
a large extent, the performance characteristics of
the product.

The analysis of the influence of PPD on
fatigue resistance shows that the main obstacles
in the purposeful development of PPD processes
are the lack of knowledge about the nature of the
distribution of the stress-strain state of the material
and its deformability in the zone of plastic
hardening.
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The purpose of research is to increase the
durability of parts operating under repeated loads,
by developing, based on the assessment of the
deformability of metals, reasonable parameters of
the combined technological processes of surface
plastic deformation

Presenting main material. To study the
VAT of the plastic zone when pressing the ball into
the workpiece, the method of coordinate dividing
grids was used, based on the use of a technique
based on the theory of R-functions. The nature of
the distribution of isolines of the intensity of
deformation in the area of the impression is shown
in (Fig. 3), obtained by measuring the coordinate
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fissile grid, coincides with that obtained by
measuring the hardness. Fig. 4 shows a diagram
of the residual stresses on the depth of the surface
layer of the part of the alloy EP718 after
turboabrasive treatment in a mixture of abrasive
and steel balls with a diameter of 0.1-0.2 mm.
Studies have shown that as a result of repeated
sequential compression of the tool, which is
observed in PPD, there is a shift of metal particles
in different directions, which leads to a change in
the sign of the components of deformation and
stress.

Fig. 3. Distribution of isolines of intensity of deformations &, = const (O)and

index1] = const (O)on depth hof a zone of a plastic imprint

1012 014
h, sm

Fig. 4. Plot of residual stresses
O ocm ON the depth h of the surface layer of

the part of the alloy EP718 after turbo abrasive
processing

Indicator of stress

7=, )/\315(D,).  wherel4(T,)

i |2(D0) — the first invariant of the tensor and

the second invariant of the stress deviator varies
from the wvalues corresponding to the
comprehensive compression (7=-5...-3) on the
axis of symmetry of the imprint, to the offset-
tensile (7=0) at the edge of the imprint, at the

formation of the plastic roller. When the tool is
pressed in the area between the prints, the value
ofpincreases due to the decrease of the
hydrostatic support from the side of the prints. In
the center of the newly formed imprint it isn = -2...-
4, and at its boundaryn = 0...1.

Thus, in PPD there is a complex multi-
stage deformation, which is accompanied by the
formation of inflows at the boundary of plastic
impressions, followed by their compression.

As can be seen from Fig. 3, the nature of
the deformed state in the area of the imprint is
quite uneven. The intensity of deformation near
the surface is only 50-80% of the maximum. The
greatest deformation is observed in the center of
the imprint at depth ~ 0.1d (from the imprint
surface), where the d-diameter of the imprint. The
maximum intensity of deformation in the area of

the imprint is approximatelyé‘l:nax ~(0.4..0.5)d/D,

and the depth of the plastic zoneh.,=(1.4...1.6)d,
wheredandD - the diameter of the imprint and the
ball, respectively.

Thus, if it is necessary to form a thin
strongly strengthened layer, it is necessary to
apply balls of small diameter, appointing many
transition process with the maximum relative depth
of an imprint. If it is necessary to form a deep,
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moderately strengthened layer, it is necessary to
appoint a little transient process of PPD balls of
relatively larger sizes.

The marked nature of the distribution of
the deformed state along the depth of the surface
layer is observed in many transient deformations.

The stress intensity of the material of the
surface layer of the workpiece during PPD, and
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(microhardness). The increase in hardness is
associated with the fragmentation of crystals into
fragments and blocks, the curvature of the crystal
lattice at their boundaries, the increase of
dislocations and vacancies.

However, at a certain stage of PPD plastic
hardening is accompanied by even more intense
plastic loosening of the material, which is also

taking into account the unity of the flow curve, as accompanied by a drop in hardness
well as the intensity of deformation, can be (microhardness) (Fig. 5).
determined by measuring the hardness
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Fig. 5. The nature of the distribution of microhardness pHV along the depth of the
surface layer while rolling the rod with EP718 balls: 1 - 2 pass with compression Ah = 0,04mm; 2 -
15 passages, Ah =0,04mm; 3 - 1 pass, Ah=0,07mm.

According to the data (Fig. 5) and the
calibration graph of the alloy EP718, the maximum
value of the intensity of deformation, for curves 1 and
3, was observed at a depth of 0.1 mm and
corresponds to 820 and 750 units of pHV,
respectively. It is no longer possible to determine the
accumulated deformation by the results of curve 2.

Thus, the hardness measurement can be
used to determine the VAT of the material of the
surface layer of the workpiece in the initial stages of
the PPD process and to determine the factors
shifting the region of maximum deformation to the
workpiece surface, as well as a criterion that would
regulate the processing process .

If it is necessary to determine the degree of
deformation accumulated over a certain number of
passes or the time of deformation, then by

Yy =5 (2

Where | — is the invariant parameter, n- is
the parameter of the damage function, N - is the
number of deformation cycles.
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measuring the hardness it should be determined with
a limited number of passes or processing time (the
smaller the lower the hardening coefficient of the
metal). The degree of deformation accumulated
during the entire processing process can be defined
as the total in terms of passes or processing time
(taking into account the gradual reduction due to the
strengthening of the metal, if the deformation is
carried out at constant load or impact energy).

PPD involves limiting the process in terms of
the value of the used resource of plasticity of the
metal, a significant depletion of which leads to a
decrease in fatigue resistance. The value of the used
resource of plasticity of the metal of the surface layer
should be calculated using tensor models of damage
accumulation, in particular using the criterion [3]:

T - ;
) =1 "

For PPD, we take as a basis a complex
two-stage deformation in the sequence "simple-
complex”, using the step function of damage. We
get:

i_;" )] ) T:"-IJ;_?} + let{i:}
2
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where€ 1t ,{ =1 2} accumulated

plastic deformation at the end of the k - th stage;
N — parameter of the step model of the
damage function;

by _ coefficient of tensor nonlinearity:
determined by the properties  of  the

materlalqt) ‘ \/_ )

a®r_ determined by the

coefficienti;I ) and the third invariant of the tensor
K
SU’ .
The constructed model of accumulation of
damages (2) allows to define size of the used
resource of plasticity at difficult two-stage

deformation when at the second stage (displacement
of metal by the tool, after its indentation) difficult

deformation takes placefgi_i"{‘?“}%CGHSf With
increasing stages of deformation (number of
passes), the total used resource of plasticity is
determined by adding the values obtained during the
two-stage deformation.

Using model (2), the character of the
distribution of the value of the used plasticity

resource is obtainedi, along the depth of the

surface layer of the part, reinforced by PPD methods
(Fig. 6).

Thus, the maximum used resource of
plasticity is under the surface at a depth of
approximately 0.1 from the depth of the reinforced
layer. By the way, this fact is confirmed by the nature
of the destruction of the surface layer, which
manifests itself in the form of exfoliation (peeling) of
metal particles.

Since plastic loosening of the material
occurs during plastic deformation, we conducted a
study of changes in the density of steels and alloys
under different schemes of stress-strain state. The
density of the sample material was determined by
triple hydrostatic weighing on analytical balances

model VPR-200 with accuracy10 ™
In fig. Figure 7 shows the average
dependence of the relative change in the density of

Ap /
metals s from the value of the used resource

of pIasticityT]'Du .
Studies have shown that in the initial stages
of deformation, in all types of tests (compression,

= _L; [[A(}:::;qu) *Bij(eu) + B(ew) | Bij(eu) * Bij(cu) _%
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dey,

3)

torsion, tension), for a number of metals is observed
insignificant intensity of decrease in relative density.
In the alloy EI9%61 during deposition to

values"]":)u = 0,4 the density even increased
slightly. Titanium alloys VT8 and VT9 in the initial
stages are deformed at a relatively low intensity of
density reduction. In other steels and alloy EP718
the dependence of the intensity of the decrease in

density onTJ'DH was close to linear. As the plasticity of
metals is exhausted, the relative change in their

density is equalized, and at valueswu = 0,4 the
decrease in density for the studied metals

A ~
as p/.fju ~ 0,6%

The decrease in density, and hence the
relative increase in the volume of the metal as the
resource of plasticity is exhausted, in our opinion,
explains the effect of reducing the residual
compressive stresses on the surface of the products
during PPD. Indeed, the nature of the distribution of
residual stresses (Fig. 4) corresponds to the nature
of the distribution in the surface layer of the intensity
of deformation (Fig. 3), the stress intensity
(microhardness, Fig. 5) and the value of the used
plasticity resource (Fig. 6). As a result, the zones of
the surface layer are the most compressed, in which
the maximum deformations accumulate during PPD
and the largest relative increase in the volume of the
material occurs. In the absence of data on the
relative deformation increase in volume for a

particular material, at values":"-ju = 0,6 it can be
determined by the average dependence 4 (Fig. 7).

M [236, - ‘

\_/‘\_/

L s i
— "7 —g7—]

The nature of the distribution of the
value of the used resource of plasticity y, on

the depth of the surface layer of the part,
reinforced by PPD methods
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Fig. 7. Dependence of the relative
change in the density of metals Ap/po from the

value of the used resource of plasticity y, : 1
- EI961; 2 - BT9; 3 - EMN718

To increase fatigue resistance,
technological methods should be used that shift
the zones with maximum deformation, hardness
and residual compressive stresses to the surface
of the part. At the same time it is necessary to
adhere to restrictions concerning the maximum
use of a resource of plasticity of metal.

To shift the zones with maximum residual
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compressive stresses to the surface of the part,
we proposed to use two approaches: to process
the surface layer with balls of minimum diameter at
the final stages and PPD after cold gas-dynamic
application of copper coating on the surface.

The process of rolling cylindrical
workpieces by rollers and balls was adopted as
the studied PPD process. To implement the
process, run-ins were designed, which provide for
rolling parts on lathes.

Fig. 8 shows a device for rolling, which
involves the use of balls of different diameters.
The force on the balls and the depth of their
penetration into the material of the part is
regulated by a spring.

The rolling device comprises a base 1,
which is fixed in the cutter holder of the universal
lathe, and levers 2 and 3 that can rotate relative to
the base 1 on the axis 4 on the guide column 5
under the action of a spring 6 mounted on the
hinge bolt 7. In the levers 2 and 3 housings 8 and
9 with deforming balls 10 with a diameter of 8 mm
and 11 with a diameter of 3 mm are installed. The
relative depth of indentation of the balls 10 and 11
in the workpiece 12 is provided by the nut 13, as
well as changing the diameters of the balls 10, 11.
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Fig. 8. Type of run-in using balls of different diameters.

The device for strengthening the surfaces
of cylindrical metal parts works as follows: the
workpiece 12 is mounted in the chuck and the rear
head of the universal lathe. The base 1 of the
device is installed in the cutter holder of the
machine, and the working area of rolling is formed
by turning the levers 2 and 3 around the axis 4
with the groove of the guide column 5 and locking
the device with a bolt 7 to create a given force
spring 6 and nut 13. Housing 8 with deforming ball
10 shifted in the direction of the longitudinal axis of
the workpiece by not less than the width of the

10

groove formed on the workpiece by the ball 11. In
the housing 8 in the course of rolling is one ball
with a diameter of 8 mm, which provides the
required depth of hardening surface layer of the
workpiece, the ball 11 with a diameter of 3 mm is
selected from the condition of the total overlap of
the groove formed by the ball 10 and the need to
create a balanced system of forces in the
deformation zone to ensure stability of the surface
hardening process. The size of the smallest balls
is selected from the condition of maximum
approximation of the zone of the largest residual
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compressive stresses to the workpiece surface.
Adjustment of the amount of compression of the
balls 10, 11 is also provided by the nut 13.

Turns on the rotation of the workpiece and
the feed movement of the runner along the axis of
the caliper by a value 4-5 times smaller than the
width of the plastic impression formed by the first ball
in the feed. The deformation involves limiting the

used plasticity of the metal value y/,, < 0,4, which

can be determined in advance using the above
mathematical model (2) and finally established
provided that the maximum performance of the
product.

The next way of forming the maximum
residual compressive stresses on the surface of the
part is to apply special auxiliary coatings before PPD.

The vast majority of traditional gas-thermal
coating methods occur at significant temperature
effects on the surface of the part, which is
unacceptable for the surface treated by PPD
methods. Only gas-dynamic spraying [5] can provide
a permissible temperature regime for the creation of
special auxiliary coatings while maintaining the
properties of the surface treated by PPD methods.

The technology of gas-dynamic coating
includes heating of compressed gas (air), its supply
to the supersonic nozzle (Fig. 9) and the formation in
this nozzle of supersonic air flow, supply to this
stream of powder material, acceleration of this
material in the nozzle by supersonic air flow and
direction it on the surface of the workpiece

The supersonic nozzle with axial supply of
material for spraying (Fig. 9) consists of a barrel 3
having a cylindrical hole of constant diameter, in
which the left side is cone 5. Cone 5 is made so that
it is possible to adjust the gap C between cone 5 and
trunk hole. Adjusting the gap C allows you to adjust
the pressure and flow rate of the working gas and,
accordingly, adjust the parameters and quality of the
coating.
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To create favorable conditions for the
application of quality coating, the following
parameters must be observed:

- working gas - air;

- temperature of the working gas - 300-400 ° C;
- working gas pressure 0.5-1 MPa;

- the speed of the spray particles 400-1000m /s
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Fig. 9. Supersonic nozzle with axial
supply of powder: 1 - supply of compressed gas
(air), 2 - gas heater, 3 - barrel, 4 - powder supply
channel, 5 - cone with the possibility of
adjustable movement, 6 - lock nut.

Metal powders, alloys or their mechanical
mixtures are used as a coating material. By changing
the modes, you can change the porosity and
thickness of the coating. The powder particles are
heated to relatively low temperatures (up to 300 ° C).
The surface of the part is heated to 150 ° -200 ° C.
The process does not create significant noise and
can be automated.

To implement the process of gas-dynamic
coating in Vinnytsia National Agrarian University was
created special equipment, shown in Fig. 10.

Fig. 10. Gas-dynamic device for coating.
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The gas-dynamic coating device consists of
two main components: a compressed air heater and
a heated compressed air accelerator.

In the body of the compressed air heater there are
ceramic disks with holes through which the heating
nichrome elements are heated to a temperature of
800 ° C, in contact with them the air is heated to a
temperature of 300-500 ° C. Next, the heated air
enters the supersonic nozzle (Fig. 9) in the trunk 3.
The supersonic nozzle contains a cone 5, which in
conjunction with the hole in the trunk 3 forms an
annular critical section C. Passing through this
section compressed air accelerates to supersonic
speed, causing pressure drop at the outlet of the
cone 5. As a result, in the hole of the cone 5, the
pressure drops below atmospheric, creating the
effect of ejection and sucking the spray powder. The
powder is accelerated by supersonic air flow and
transferred to the surface of the part. In a hot air
stream, the powder heats up and, hitting the surface
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of the part, deforms and forms molecular bonds with
it. Thus a continuous coating is formed. Powders of
copper, aluminum, bronze, babbitt and other non-
ferrous metals, as well as their alloys can be used as
the coating material. The size of the powder particles
should be in the range of 40-80 um. Experimental
application of aluminum powder on a steel plate,
which resulted in the formation of a continuous layer
of aluminum coating (Fig. 11).

Fig. 12 shows a diagram of a gas-dynamic
application of a continuous coating on a cylindrical
part.

Carrying out of operations of PPD for
surfaces of the details with the put covering allows to
shift as much as possible the strengthened zone to a
surface, having increased resistance to fatigue at
work of details in the conditions of repeatedly
variable loadings. If necessary, the coating can be
removed from the surface of the part.

" (f\ ‘\Q‘
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Fig. 11. Gas-dynamic application of aluminum coating on the plate

=

Fig. 12. Scheme of cold gas-dynamic application of a continuous coating on a cylindrical

part: 1 - sprayed part; 2 - spiral trajectory of the spray figure; 3 - rectilinear trajectory of the spray
device; 4 - coating. VI - speed of rotation of the part at the point of spraying (A), Vr - speed of
movement of the spraying figure (A) along the trajectory of the spraying device. V is the velocity
of the sputtering figure along the spiral trajectory. L is the length of the surface to be treated, k is
the pitch of the spiral line, D is the diameter of the part

12
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Conclusions. 1. Fatigue resistance of
parts operating under re-alternating load depends
on the mechanical characteristics of the material of
the surface layer: strength, ductility, the level of
residual compressive stresses, which can be
formed by PPD methods.

2. The model of definition of the used
resource of plasticity of metals at PPD that allows
to provide qualitative characteristics of a surface
layer is developed.

3. The nature of the distribution of the
stress-strain state and the used plasticity resource
along the depth of the surface layer is established,
depending on the parameters of the PPD process.

4. The hypothesis is substantiated that the
main factor in the formation of residual
compressive stresses in PPD is the decrease in
metal density, which is associated with the use of
the plasticity resource.

5. Developed methods of displacement of
the layer with maximum hardening and residual
compressive stresses to the surface of the part by
using a deformable tool of smaller dimensions in
subsequent passes and gas-dynamic application
of a special auxiliary coating before PPD.

References

1. Pshirkov V.F., Pudkov S. [.(1981)
Surface plastic deformation of GTE compressor
blades with steel and glass balls. Aviation
industry.9, 18-25 [in Ukrainian]

2. Rykovsky B. P., Smimov V. A,
Shchetinin G.M.(1985) Local hardening of parts by
surface  hardening.  Moscow:  Engineering.
[iNUSSR]

3. Mikhalevich V. M. (1998) Tensor
models accumulated post-purchase. Vinnitsya:
“UNIVERSUM - Vinnitsya”. [in Ukrainian]

4. Matviychuk V. A. (2009) Mathematical
model of metal damage during complex two-stage
deformation [Electronic resource] Visnik DDMA.
3E  (14). 126-130. Retrieved  from
www.nbuv.gov.ua/e-journals/VDDMA/2008-
3el4/pdf/20.pdf.

5. Device for gas-dynamic coating with
radial flow of powder material: Pat. 110552
Ukraine, IPC6 C23C24 / 00 Ne a 201405543;
claimed 05/23/14; publ. 01/12/16, Bul. Ne1. 12 sec.

6. Kaletnik G. M., Chauso M. G., Shvaiko
V. M. (2013) Fundamentals of engineering
methods for technical and practical studies / - Kyiv:
“High-Tech Pres”, [in Ukrainian]

7. Matviychuk V. A., Egorov V. P,
Mikhalevich V. M., Pokras V. D (1993)Analysis of
deformability of metals during surface hardening of
parts. Forgingandstamping.10, 10-13. [ in Russia].

13

ma mexHorsoegissx
2020

NOBbILWEHUE AONTOBEYHOCTU OETAJEHN,
PABOTAIOLLUX NP NMOBTOPHO-
NMEPEMEHHbIX HAIPY3KAX

B ctatbe onncaHo paspaboTKy npoLeccos
MOBBILEHWUIO  OONTOBEYHOCTW  AeTanew,
paboTaroLnx npu MOBTOPHO-NEPEMEHHbIX
Harpyskax, nytem OOOCHOBaHMS napamMeTpoB
NMOBEPXHOCTHOTO NNacTMyYecKkoro
nedopMnpoBaHns (nng) " XONnogHOro
rasoguHaMmnyeckoro HaHeceHus MOKPbLITUNA.
[MokasaHo BnNMAHWE Ha rNyBuHY YNPOYHEHHOrO
NMOBEPXHOCTHOIrO CMOs, XapakTep pacnpegeneHus
B HeM HanpsKeHHO-4edOPMUPOBAHHOIO
COCTOSIHMSA MaTepurana 1 OCTaTOYHbIX HaMPSHKEHWN
cKaTus, a TaKke BeNUYMHbI WUCMONb30BaHHOIO
pecypca nnacTMYHOCTM MeTanna, napameTpoB
TEXHOMNOrN4YecKoro npouecca nnma.
O6ocHoBaHHasA rmnotesa, NPo TO, YTO OCHOBHbIM
hakTopom dhopmMmpoBaHus OCTaTOYHbIX
HanpskeHun cxatua  npu  TMNO  asnsetcd
YMeHbLUEHNE MNNOTHOCTU MeTanmnoB, CBA3aHHOE C

no

NCMNonb30BaHNEM pecypca NNacTUYHOCTML.
PaspaboTtaHa MoAernb onpegeneHus
NCMNOMb30BaHHOIO pecypca NNacTUYHOCTU
MeTannos npu nng, yTO nossonser
obecneunBaTb Ka4yeCTBEHHbIE  XapaKTEPUCTUKU
MOBEPXHOCTHOrO cnosi  getanen. PaspaboTtaHbl

CnocoObl CMeLleHUs1 Ccnosi ¢  MakcuMMarnbHbIM
YKpPEMNEHMEM W OCTATOYHBIMU  HaMpPsHKEHUAMU
cxartud K NOBEPXHOCTU nertanu nyTtem
ncnonb3oBaHua AeopMMPYEMOro MHCTPYMEHTA
MEeHbLUMX pa3mMepoB Ha cneayrwlmx npoxogax u
rasogMHaMmn4eckoro HaHeceHua NoKpbITUA nepen
nposegeHvem MMA4.

MNopgasnsouiee OOnbLUMHCTBO
TpagWLMOHHbIX razoTepMmn4ecknx MeTo0B
HaHeceHus NOKPbITUSA npovcxoouT npm

3HaYUTENbHbIX TeMMNepaTypHbIX BO3AEUCTBUAX Ha
NoBEPXHOCTb aetanu, 47O aBnseTcy
HeJoNyCTMMbIM AN MOBEPXHOCTU, obpaboTaHHON
MeTogamm nng. Tonbko XornogHoe
rasoguHamunyeckoe HanblneHve MOXET
obecneuntb JONYCTUMbIA TEMNEPATYPHbIA PEXUM
co3gaHus crneumanbHbIX BCMOMOraTesnbHbIX
NOKPbITUA C COXpPaHEHWEM CBOMWCTB NMOBEPXHOCTH,
obpaboTaHHon meTtogamu MM1.

TexHonorus ra3ogMHaMmn4yecKkoro
HaHeCeHWsi MOKPbITUIA BKMo4YaeT B ceba Harpes
ckatoro rasa (Bosfyxa), nogadyy ero B
CBEpX3ByKOBOE COMo n opmMMpoBaHME B 3TOM
CoMne CBEPX3BYKOBOrO  BO3AYLUHOrO  MOTOKa,
nogayy B 3TOT MOTOK MOPOLUKOBOro MaTepuana,
ycKOpeHWe  3TOoro  matepwana B conne
CBEPX3BYKOBbLIM MOTOKOM BO34yXa M HanpaBeHne
€ro Ha NoBepxHOCTb 0bpabaTbiBaemMoro n3genvsi B

pesynbTate 4ero obpasyeTcs  creuuanbHoe
BCrioMoraTesnbHoe MOKpbITHE KoTopoe
obecneuviBaet onTUMarnbHble napameTpsbl

npouecca MNrmd.
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Knroyeeblie csiosa:  10BEPXHOCMHOE  HaMpPYXEHHsAMM CTUCKY [0 MOBepxHi getani
nnacmudeckoe 0eopMupo8aHUe, OCMamoYHble  LUNISIXOM BUKOPUCTaHHSA aedopmiBHoro
HarnpspKeHUs  CXKamusi, UCMOMb3yeMbIil pPecypc  iHCTPYMEHTY MEHLIMX pPO3MIpiB Ha HaCTYMHUX
nnacmu4Hocmu, XxorodHoe 2a3oduHamudeckoe npoxogax ~Ta  ra3oAuHaMmiYHOrO  HaHeCeHHs
HaHeceHue MoKPbIMUS. nokpuTTa Nepeq nposegeHHam MMA4.

MepeBaxHa GinbLicTb TpaauLinHnX

MIABULLEHHA OOBroBIYHOCTI OETANEWN, rasoTepMiyHMX MeTOAiB HaHECEeHHS MNOKpUTTA
WO NPALUKOKOTL NPU NOBTOPHO-3MIHHUX BigOyBaeTbCA MpM  3HAYHUX  TemnepaTypHMX
HABAHTAXEHHAX BNNMMBAX Ha  MOBEPXH  geTani, wo €
HeJonmycTMMMM  ANA  NOBEPXHi, obpobneHoi

B crtatTi npoBegeHo po3pobky npouecie 3 metogamn  [MA. XonogHe  rasoguHamiyHe

niaBULLEHHSA [ OBroOBiYHOCTI pertanen, WO  HanuneHHs 3abesnevye JonyctumMumn
npawTb npu MOBTOPHO-3MIHHUX ~ TeMNepaTypHUA PEXMM CTBOPEHHSA cneuianbHuX
HaBaHTaXEHHSIX, LLUSISAXOM OOrpyHTYBaHHS  OOMOMIKHUX NMOKPUTTIB i3 36epexeHHsIM
napameTpis NOBEPXHEBOTO nnacTMYHOro  BRACTMBOCTEN MOBEpPXHi, 00pobneHoi mMeTogamum
aecdopmyBaHHs (rnnpg) Ta xonogHoro  MMA.

rasofgMHamiyHOro HaHeceHHs NoKpuTTiB. NokasaHo TexHonoris rasoguHamiyHoro HaHEeCeHHS

BMMAMB Ha [MWOMHY 3MILHEHOrO MOBEPXHEBOrO  MOKPUTTIB BKIKOYAE B cebe HarpiB CTUCHEHOrO rasdy
Lwapy, XxapakTep PO3MOoAiny B HbOMY HampyXeHo-  (NOBiTps), nogadvy Moro B conmno i oopMyBaHHA B
AeopmMoBaHoOro crtaHy matepiany i 3anuWIKOBMX  LIbOMY COMJSi HaA3BYKOBOrO MOBITPSIHOTO MOTOKY,
HampyxeHb  CTUCKY, a TaKOX BEeNMYMHW BHECEHHS B LeW NOTiK NOpPOLUKOBOro marepiany,
BMKOPUCTAHOIO pecypcy MnacTUYHOCTI MeTany, MPUCKOPEHHA  UbOro  marepiany B conni
napameTpiB  TexHonoriyHoro npouecy T[MO. Hag3BykOBMM MOTOKOM MOBITPA | HanpaBneHHS
O6rpyHTOBaHa rinoTesa npo Te, WO OCHOBHWMM  WOro Ha mnoBepxHi obpobniosaHoro Bupoby.B
hakTopoM (POPMYBaHHSA 3anWLIKOBUX HanpyXeHb  pes3ynbTaTi Yoro Ha NOBEPXHi BUPOOY YTBOPHETLCH
ctucky npu MINL € 3MeHWeHHs TYCTMHU MeTanieB,  creuianbHe OOMOMKHE NOKpUTTS, sike 3abe3nevye
sike MoB’si3aHe 3  BMKOPUCTAHHSAM  pecypcy  onTtumarnbHi napameTtpu npouecy M.
nnacTtuyHocTi. Po3pobneHa Mopenb BU3HAYeHHS Knroyoei croga: nosepxHeae rnnacmuyHe
BMKOPWUCTAHOIO Pecypcy NnacTuyHOCTi MeTanie  deghopmysaHHS, 3anuwiKosi Harpy>XeHHs CIMUCKY,
npu MO, wo posBonse 3abesnevyBaTu SKICHI  8UKOpuCcmMaHul pecypc raacmu4yHocmi, Xosro0He
XapaKTEPUCTUKN MOBEPXHEBOrO LWapy pnAeTanen. ea300uHamidyHe HaHeCeHHsI MOKpUMmmsi.
Po3pobneHi cnocobwu  3MmiweHHa  wapy 3

MakCMMarnbHUM  3MILHEHHAM | 3anuULKOBUMMU
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