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EXPANDING THE TECHNOLOGICAL POSSIBILITIES
OF MULTILAYER MICRO-PLASMA POWDER
DEPOSITION PROCESS BY OPTIMIZING THE QUALITY
AND COMPOSITION OF PROCESS GASES

Introduction. Mastering the micro-plasma powder deposition (MPWD) technology for refurbishing parts of ni-
ckel-based super alloy aircraft gas turbine engine (GTE) has been remaining a relevant task of the Ukrainian
aircraft industry for, at least, 15 last years.

Problem Statement. MPWD or subsequent heat treatment of GTE parts made of nickel-based super alloy after
long-term operating hours, with high y'-phase content, might reveal increased cracking susceptibility. The search
for ways to optimize the welding deposition technology has shown the necessity to scrutinize the positive techno-
logical effect of rational choice of the quality and content of process (shielding, plasma and transporting) gases.

Purpose. To study the effect of process gas content on the heat source parameters, the conditions of the forma-
tion of deposited metal and its quality.

Material and Methods. Comparative study of the micro-plasma (PPS04 plasmatron, UPNS-304M welding ma-
chine) and TIG (VSVU-315 power source) arc heat parameters depending on welding current and process gas has
been conducted by the conventional flow calorimetry technology. Comparative estimation of the total work piece
heat input parameters has been made based on the previously developed methodology with registering the welding
current parameters based on m-DAQ14 analog-to-digital converter (ADC).

Results. The comparative research during MPWD of sample parts has shown that the content and quality of
process gases can significantly (up to 2.5 times) affect the amount of heat transferred into the work piece and,
respectively, the possibility to provide the technological strength of “base-deposited metal” welded joint.

Conclusions. The industrial MPWD process optimization by the criteria of work piece heat input parameters, tech-
nological strength of “base-deposited metal” welded joint and filler powder consumption,by means of increasing argon
(plasma and transporting gas) quality by other gases impurities content and switch to 90% Ar + 10% H, argon-
hydrogen mixture shielding gas has been established to be promising and expedient way to solve the problem.

Keywords: micro-plasma powder welding deposition, nickel-based super alloys, process gas, weld ability, techno-
logical strength, heat transfer control.
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It is a well-known fact that the use of argon-hy-
drogen mixtures with a higher thermal conduc-
tivity, as compared with pure argon, as shield gas,
with a small diameter of the plasma nozzle chan-
nel may create a needle-shaped micro-plasma arc
[1, 2]. Because of the contraction of the arc pillar
[3], there are achieved an increased welding cur-
rent density in the anode spot and the electric
field strength in the arc, as well as, accordingly, a
higher concentration of the heat flow into the an-
ode. Thus, in the case of welding austenitic mate-
rials, the shielding of the welding poolgets better,
mixing of its molten metal gets intensified, and
the wettability of the molten metal with the edg-
es of the welded joint gets improved, which en-
hances the weld formation quality [1].

At the same time, with micro-plasma powder
welding deposition (MPWD), hard-to-weld high-
temperature strength nickel alloys with more than
45 vol. % strengthening y'-phase content [3—7],
despite a decrease in the welding current and an
obvious improvement of the conditions for the
formation of the “main-welded metal” weld joint,
the problem of expediency for using argon-hy-
drogen mixtures of 95% Ar + 5% H, and 90% Ar
+ 10% H, shielding gas, which are serially pro-
duced by a number of Ukrainian enterprises has
long been debatable. The opposing argument is
based on the practical experience of achieving ap-
propriate quality with pure argon as process gas
in large-scale repair of GTE blades made of nick-
el-based super alloys, particularly ZhS32-VI [7].

Over the past few years, the problem of interest
has been the development of multilayer MPWD
technology or single-layer restoration of ZhS32
alloy high-pressure turbine (HPT) blades after
several “operation-maintenance” cycles. In both
mentioned cases, under certain conditions, we may
observe an upward cracking tendency during wel-
ding process or subsequent heat treatments, cau-
sed respectively by increasing the affection zones
and the level of temporary and residual stresses
and deformations or by decreasing the base metal
deformation capacity after long operating time.
Demand for expansion of MPWD process practi-
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cal application, considering widely-known inver-
se dependence between the amount of heat trans-
ferred into the work piece and hot cracking sus-
ceptibility of nickel-based super alloys [8—10], re-
sults in the necessity of search for additional ways
of lowering the amount of heat transferred into the
work piece and, moreover, decreasing the treatment
complexity and cost price of MPWD repair. The
search for efficient ways to optimize the MPWD
technology for hard-to-weld nickel-based super
alloys with a high y’-phase content causes the ne-
cessity of more detailed study on the beneficial
technological effect caused by quality and con-
tent optimization for gases used.

The purpose of this research, in the context of
solving problems set by the aircraft industry of Uk-
raine, is to analyze the influence of argon-hydro-
gen mixture used as shielding gas on the heat pa-
rameters of welding arc [11], the amount of heat
transferred into the work piece [12, 13], and the
efficiency of filler powder consumption [ 14, 15].

COMPARATIVE EVALUATION
OF WELDING ARC HEAT PARAMETERS

The micro-plasma arc heat parameters (effective
heat arc power and specific heat flow concentra-
tion coefficient [11]) depending on welding cur-
rent and shielding gas type have been studied by
the flow calorimetry method [11, 16].To provide the
micro-plasma arc stability, we have used PPS04
plasma torch [3—6] based on separated side-de-
livered filler powder supply construction type
[11], with different nozzle channel arc contrac-
tion degree. The UPNS-304M installation [3—6]
with thyristor-controlled direct polarity welding
current is employed as a power source for the mi-
cro-plasma arc. For the additional interpretation
of determined arc heat parameters, we evaluate
the heat characteristics of the straight polarity
non-constricted arc and non-melt electrode with
welding modes that have been widely used in
TIG GTE repair in recent past [17—18]. VSV U-
315 power source ensures on-constricted arc bur-
ning in argon shielding gas flow and welding cur-
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Fig. 1. Radial distribution of micro-plasma arc heat flow, depending on arc’s constriction degree by nozzle channels:a, b — d =
=18mmandd =2.5mm;c,d —dp,=2.5mmand d,= 4.5 mm) and shielding gas type (a, c — argon; b, d — argon-hydrogen

mixture 90% Ar + 10% H.,)

rent power regulation. The wolfram electrode dia-
meter and the sharpening angle are equaled to 2 mm
and 20°, respectively. The experimental data on the
heat parameters are given in Figs. 1—5.

The heat flow radial distributions of non-con-
stricted and constricted low-amperage arcs have
been estimated in the welding current range 15—
40 A (Figs. 1—2); the respective distributions of
heat flows with equal welding current (20 A) and
equal effective heat arc power (341 W) have been
compared. It has been discovered that within the
studied range for different arc burning conditions,
the radial distribution for heat flow into the an-
ode is described by normal distribution [19]. At
5—40...50 A, in all cases, the experimental data
on the specific heat flow concentration coefficient
(Fig. 4) and effective heat power (Fig. 5) are approx-
imated by linear dependencies with a high degree
of confidence (similar to known works [1, 11]).

In the typical technological application range
5—40...50 A, there has been established a significant
difference between the heat parameters of constrict-
ed and straight polarity non-constricted arc with
W-electrode in argon atmosphere (Figs. 4—5).
The specific heat flow concentration coefficient
values are £ = 6.0—10.3 cm2% for micro-plasma
arc, and k& = 32.4—35.3 cm?, for TIG non-con-
stricted arc. Effective heat micro-plasma arc po-
wer g, with similar current 1.7—2.4 times exce-
eds that of straight polarity non-constricted TIG
arc. This is explained by the burning process dif-

ISSN 2409-9066. Sci. innov. 2023. 19 (5)

3,(")W - em”
4000

3000

2000

1000

0 01 02 03

0.4 r,cm

Fig. 2. Radial distribution of low-amperage arc specific heat
flow with non consumable wolfram electrode in argon at-
mosphere

ference in these low-amperage arcs (Fig. 3), na-
mely different radial size of arc high-temperature
zone at flow calorimeter copper water-cooled an-
ode and different voltage (24—26 V and 10—12 'V,
respectively), which is particularly caused by dif-
ferent arc lengths.

The analysis of known experimental data on
the thermal characteristics of micro-plasma arc
welding [20] and plasma arc for powder surfacing
[11] has shown that for the micro-plasma arc
burning conditions and constant ratio of the di-
ameters of the plasma and the focusing nozzles,
the switch from argon shielding gas to 90% Ar +
+10% H, argon-hydrogen mixture leads to a slight
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Fig. 3. Comparing appearances of micro-plasma arc with different constriction degrees by nozzle channels: a, b — dp, =18 mm
andd, =25 mm; ¢, d—d, = 2.5mmand d, = 4.5 mm) and shielding gas type (a, ¢, — argon; b, d — argon-hydrogen mixture
90% Ar + 10% H,) and straight polarity non-constricted arc with non consumable wolfram electrode in argon atmosphere (e).
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Fig. 4. Specific heat flow concentration coefficient k, depending on welding
current I for micro-plasma arc (7—4) and non-constricted arc with W-elec-
trode in argon atmosphere (5).
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Fig. 5. Effective heat arc power q,, depending on welding current I for i 4
micro-plasma arc (7—4) and non-constricted arc with W-electrode in 600
argon atmosphere (5). 400 2
¢ —d =2.5mm,d, = 4.5 mm, argon shielding gas;  — d ,= 2.5 mm, d, =
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90/) Ar + 10% H, argon-hydrogen mixture shleldmg gas; o — straight 0 \ \ \ \ \
polarity non- constrlcted arc with W-electrode and argon shielding gas 10 20 20 30 40 LA

change in the thermal characteristics (see Figs. 4,
5), as compared with the previous case. For the
micro-plasma with lower arc column constriction
degree (d, = 2.5 mm, d, = 4.5 mm),the switch to
argon-hydrogen mlxture results in increasing spe-
cific heat flow coefficient, at similar welding current,
by roughly 1.5 cm™?; and by 2.0—2.5 cm™, in the
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case of higher constriction degree (4, = 2.5 mm,
d,= 4.5 mm). The analysis of approxnnated depen-
denc1es of microplasma arc effective heat power
on 40—50 A welding current has shown (Fig. 5)
that provided the effective heat values are equal,
using 90% Ar + 10% H, argon-hydrogen mixture
shielding gas results in a decrease in the welding
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current, as compared with pure argon shielding
gas: by 1.1-37 A, at d ;= 2.5 mm, d, = 4.5 mm;
and by 2.5— 70Aatd—18mmd—25mm

ESTIMATION OF ARGON-HYDROGEN MIX-
TURE EFFECT ON HEAT TRANSFER AND
POWDER CONSUMPTION EFFICIENCY

At the next stage of the research, we have record-

ed welding current with 1—10 kHz registration

frequency by mDAQ-14 ADC, made a compara-

tive evaluation of the total amount of heat trans-

ferred into the work piece under conditions of

actual nickel-based super alloys MPWD process.

With the use of previously developed integrated

estimations methodology for welding current-ti-

me dependency [12—13] we have analyzed:

o effective arc heat power ¢, [W] that is propor-
tional to the welding current;

¢ average heat input ¢, /o [J/mm] that simulta-
neously characterizes the welding current in-
tensity and the deposition speed,;

o total heat input Q. /L [J/mm], given the
number of deposited layers.

The typical samples used in this research are
given in Fig. 6.

It has been determined that MPWD process
on ZhS32 nickel-based super alloy 3 mm thin base
using 90% Ar + 10% H, argon-hydrogen mixture
results in a lower total amount of heat transferred
into the work piece (Fig. 7): by 15—25%, for the

Fig. 6. Samples, used in comparative evaluation of total heat
input parameters into the work piece under conditions of
actual ZhS32 nickel-based super alloy MPWD process: a —
single-layer 3 mm thin base; b — 4-layer 3 mm thin base

single-layer MPWD; and by 30—50%, for the four-
layer one. Furthermore, using this mixture as shi-
elding gas significantly limits the total amount of
transferred heat growth during the MPWD proc-
ess with ZhS32 powder having ([O] > 250 ppm
and [N] > 40 ppm), namely lowers the process
sensitivity to powder quality deviations.

A reduction in the total heat input into the work
piece during MPWD process with the use of 90% Ar +
+10% H, argon-hydrogen mixture shielding gas is
mostly achieved by increasing the deposition speed.
This, in its turn, according to visual observation
results, is achieved by increasing the welding pool
metal flowability and improving its wettability with
the base and previously crystallized weld metal.

Practically, MPWD process is realized with
30—60% powder usage coefficient [ 14, 15] becau-
se of relatively small bead width B < 4.0...5.0 mm
and constructive limitations of minimal plasma-
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Fig. 7. Dependence of micro-plasma arc effective heat power ¢, (provided v = const), average
heat input g,/v and total heat input into the work piece £Q, /L during MPWD process with
portion wise feeding of ZhS32 nickel-based super alloy powder (UPNS-304 M2/M3 welding
machine) on average-weight oxygen content. ¢ ¢ — Ar shielding gas; om— 90% Ar + 10% H
shielding gas; ¢ oo — single-layer deposition; « me — 4-layer deposition
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tron focusing nozzle diameter d, > 2.5—3.0 mm,
through which the filler powder is brought into
micro-plasma arc. Considering the high cost of ZhS32
and ZhS6 nickel-based super alloy filler powders
(USD 300—600 per kg), similar to global trends in
3D-deposition processes [21, 22], for MPWD, it
is appropriate to carry out technological measures
aimed at raising the effectiveness of filler powder
usage. The easiest way to accomplish this is to
collect part of filler powder, which does not reach
the weld pool, and to reuse it several times [15].

Given the above, comparative study of the heat
input parameters alteration patterns during sin-
gle-layer deposition process with re-used ZhS32
filler powder with [ O] = 239 ppm and [N] = 20 ppm
with different shielding gas types (Ar and 90% Ar +
+10% H.,) has been conducted. The weld bead cross-
section area is determined by direct measurements
of its height, width, and subsequent calculation by
the previously published method [23].

The experimental data from Table 1 show that
multi-cycle usage of filler powder during MPWD,
regardless of shielding gas type, only slightly affects
the weld oxygen content and actually does not
bring it beyond the requirements of specifications

[24] (] O] < 30 ppm, 2003 update) for ZhS32 super
alloy, but is followed by a subsequent increase in the
total amount of heat transferred into the workpiece.
The use of 90% Ar + 10% H, shield gas, as compared
with Ar, may provide 1—2 additional reuse cycles for
ZhS32 nickel-based super alloy filler powder, which
results in an increase by 20—30% (as compared with
the initial weight of “new” powder) in the consump-
tion efficiency without critical increase in the rela-
tive heat input level and with quality weld forma-
tion. Considering the market prices for ZhS32 ni-
ckel-based super alloy filler powder (=USD 500 /kg)
and 90% Ar + 10% H, (=USD 60/cylinder), for
MPWD process, this may bring an economic effect
that is estimated as approximately 2...3 times with
respect to powder and gas purchase costs.

EFFECT OF PROCESS GAS QUALITY
AND CONTENT ON MPWD PROCESS
APPLIED TO AIRCRAFT GTE PARTS
REFURBISHMENT

Similar study of MPWD process has been conduc-
ted on real modern GTE parts (Fig. 8), particu-
larly during the imitation of industrial refurbish-

Table 1. Alteration Patterns of Total Work piece Heat Input Parameters under Conditions of ZhS32
Nickel-Based Super Alloy Filler Powder Re-Use During 2 mm Thin Base Single-Layer Deposition
with Argon and 90% Ar + 10% H, Argon Mixture Shielding Gas

I, is the effective welding current; g, is the effective heat power of micro-plasma arc; Q, /L is the heat input

RMS

of MPWD process; v is the MPWD speed; F, is the weld bead cross-section area

Re-usage Shielding gas I, A q, W Q./L,J/mm o, m/h F,, mm? Deposited metal
cycle ’ ’ ' [0}, ppm | [N], ppm

0 Ar 10.7 189.5 582.1 1.18 4.87 21 8.5
1 Ar 11 197.4 759.9 0.94 5.80 - -
2 Ar 12.5 222.8 864.6 0.93 6.27 - -
3 Ar 15.3 266.4 1089.8 0.89 8.27 - —
4 Ar 16.2 292.1 1247.3 0.84 9.50 35 12
0 90% Ar +10% H, 6.92 156.7 465.9 1.29 3.95 17 4.7
1 90% Ar +10% H, 717 160.3 484.5 1.23 4.65 - -
2 90% Ar +10% H, 7.72 169.9 490.2 1.24 5.05 - -
3 90% Ar +10% H, 792 1731 520.6 1.19 5.81 - -
4 90% Ar +10% H, 8.4 182.0 600.4 1.1 6.45 24 7.6
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Fig. 8. Studied modern GTE part samples, used to research effect of process gas quality and content effect on nickel-based
super alloy MPWD process: a — D-18T GTE HPT blade, ZhS32-VI super alloy; b — HPT nozzle vanes sector, ZhS6K super
alloy; ¢ — jet nozzle sash, VH4L super alloy

ment technology for D-18T aircraft GTE HPT
7ZhS32 blade bandage shelves with the use of cop-
per shaping fixture [3—6].

The experimental data from Table 2 show that
for MPWD process, the switch from argon to argon-
hydrogen mixture results in a decrease in the work
piece-anode total transferred heat amount: ap-
proximately by 20%, including a decrease by 12%
in the micro-plasma arc effective heating power,
for separate welding pool existence period; by ap-
proximately 40%, including 10% decrease in effec-
tive heat arc power by 10%, for full bandage shelve
refurbishment process. Combination of 90% Ar +
10% H, usage with more effective welding current
regulation method increases by 5—10% the respec-
tive values of MPWD heat input parameters.

A decrease in the total amount of heat transfer-
red into the work piece with the use of 90% Ar +

+10% H, mixture has been also observed during
ZhS6K super alloy MPWD process (Fig. 8b, Ta-
ble 3) with higher power values. The total work
piece heat input [Q, /L], with the use of 90% Ar +
+10% H, mixture decreases by approximately 42%
for single-layer deposition and by approximately
65% for two-layer deposition, with the effective
micro-plasma arc heat power remaining almost
unchanged (up to 10%).

We have conducted a series of experiments on
studying the effect of process gas quality and con-
tent on the MPWD total heat input values, with
the use of modern STARWELD PTA 190H weld-
ing machine, at a constant powder feeding rate,
while developing a technology forVHA4L alloy jet
nozzle sash refurbishment (Fig. 8, ¢, Table 4).

The experimental data in Table 4 show that du-
ring nozzle sash edge MPWD refurbishment proc-

Table 2. Total Heat Input Parameters Alteration Patterns for D-18T HPT Blades Microplasma Refurbishment
Process Imitation on 1.5 mm Thin Base with the Use of Argon Shielding Gas and 90% Ar + 10% H, Mixture

Anode heat input parameters Welding bead
Exp. Shielding During separate Total heat input parameters chros’s:sec_t K?I}
Ne gas weld pool existence period* during single-layer MPWD characteristics

t, sec q, W Q,.J Lo A q, W Q,/L,J/mm | o,m/h Fe, mm?® Y, %

Ar 3.56 247.77 | 880.50 12.59 241.03 1172.32 0.74 11.47 12.44

90% Ar + 10% H, 3.22 219.37 | 705.21 11.02 220.12 719.67 1.1 11.23 10.60

90% Ar + 10% H,** | 3,27 156.20 | 509.60 10.17 211.45 691.9 1.1 10.64 10.46

Note: I, is the effective welding current; g, is the effective heat power of micro-plasma arc; Q, /L is the heat input of MPWD

RMS

process; v is the MPWD speed; Fs is the weld bead cross-section area, y, is the base metal part in the deposited bead

* — in central part of blade’s bandage shelve; ** — with cyclic impulse current regulation in 7.5—15 A range

ISSN 2409-9066. Sci. innov. 2023. 19 (5)
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ess with ChS40 filler powder, there is an essential
effect of a decrease in the total heat amount trans-
ferred into the work piece takes place after switch
from First Grade Argon to Highest Grade accor-
ding to [25]. Considering similar deposited bead
height, we might observe: a reduction in the num-
ber of deposited metal layers from 3 to 2; a de-
crease in the effective micro-plasma arc heating
power by approximately 24%; an approximately
2.1-time decrease in the total work piece heat in-
put [Q,/L],. The further switch to 95% Ar + 5% H,
argon-hydrogen mixture resultsin a certain increase
in necessary effective arc heating power (#6.5%),
but the total heat input into the work piece [Q, / L],
additionally decreases by 28%, as compared with
the process with Highest Grade argon.

It should be also mentioned, that while optimi-
zing the content and quality of process gas accor-
ding to previously described succession, additional-
ly, with decrease of heat amount transferred into

the work piece, we may observe the following po-
sitive technological effects: a certain increase in
the height of deposited bead, approximately by
0.5 mm per layer; a decrease in the total bead volu-
me by approximately 35%, mostly due to a dec-
rease in the side reinforcements of deposited bead
from 2.5—3.5 mm up to 1.0—1.5 mm per side. This
generally results into higher multilayer MPWD
process productivity and lower labor input, and
moreover, lower labor input and technical diffi-
culty of further mechanical processing of multi-
layer bead. The mentioned technological effect
takes an essential part in creating positive image
of MPWD process for Ukrainian GTE refurbish-
ment industry.

Recent publications [26—27] have shown that
the destructive conditions under high-tempera-
ture 1000 °C tensile strength test on ZhS32 and
ZhS6K MPWD-deposited metal are characterized
with ultimate tensile strength o, = 345—385 MPa

Table 3. Energy Parameters of Two-Layer MPWD on “Base-Deposited Metal”
Weld Joint Samples of ZhS6U-ZhS6K System Depending on Shielding Gas Type

with UPNS-304M2/M3 Welding Machine

§, mm Shield gas Lo A q, W o, m/h Q,/L,J/mm [Q,/L],,]/mm
5 (layer 1) Ar 25.84 425.45 0.987 1552 3553
5 (layer 2) Ar 26.66 425.15 0.765 2001
5 (layer 1) 90% Ar + 10% H, 25.87 402.36 1.375 1054 2145
5 (layer 2) 90% Ar +10% H, 27.14 431.24 1.422 1091

Note: I

RMS

is the effective welding current; g, is the micro-plasma arc effective heat power; v is the welding speed; Q, /L is the

heat input considering heating efficiency; [Q,/L]. is the total heat input sum considering heating efficiency

Table 4. Nozzle Sash Edges Multilayer MPWD Process Energy Parameters Depending
on Shielding Gas Quality and Type. Thin Base Width ~4 mm; ChS40 Deposited Metal

Argon process gas H, mm la}]?eis(r)lslﬁgger V,, cm? Lo A q, W JQ/EII/I f‘I; [JQ/):Iél Ln]li’ o, m/h p, mm
First Grade 5 3 ~8 22.3 431.4 750.8 2252.5 2.068 | 2.5-3.5
Highest Grade 5 2 ~6 19.8 328.2 528.2 1056.3 | 2.237 | 1.5-2.5
Highest Grade + shield
gas 95% Ar + 5% H, 6 2 ~5.2 20.32 | 350.49 | 380.2 760.4 3319 | 1.0-15

Note: H is the deposited bead height; V, is the total volume of deposited metal

926

; IRMS

is the effective welding current; [Q, /L],
is the total heat input sum given heating efficiency; p is the side reinforcement of deposited bead.
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and critical deformation € = 0.1—0.65%. The long-
term practice of GTE parts refurbishment has shown
that these conditions can be quite easily exceeded
with an increase in the heat amount transferred
into the work piece by 30—50% of optimal range
of MPWD process technological parameters, thus
substantially increasing the amount of defective
parts during large-scale repair. Therefore, in addi-
tion to a reduction in the loss of specialized filler
powder and a certain improvement in “base-de-
posited metal” welded joint formation conditions,
in terms of decreasing the level of temporary and
residual stresses and strains, respectively improv-
ing the GTE blade MPWD repair process qualita-
tive stability, according to the authors, the techno-
logical effect of reducing the heat amount trans-
ferred into the work piece by gas type and quality
optimization, which mainly appears in lesser single
part deposition time, is of great importance.

CONCLUSION

1. The expediency of decreasing amount of heat tran-
sferred into the work piece during the MPWD pro-
cess by the consequent optimization of process gas
content and quality by the following scheme: ar-
gon First Grade GOST 10157-79 (plasma, trans-
porting and shielding gas) — argon Highest Gra-
de GOST 10157-79 (plasma, transporting and
shielding gas) — argon Highest Grade GOST
10157-79 (plasma and transporting gas) + 95%
Ar + 5% H, argon-hydrogen mixture — argon
Highest Grade GOST 10157-79 (plasma and tran-
sporting gas) + 90% Ar + 10% H, argon-hydrogen
mixture has been proved.

2. It has been determined that the most essential
decrease in the transferred heat amount (approxi-
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PO3IINPEHHSI TEXHOJIOTTYHNUX MOKJIMBOCTEN ITPOIIECY
BATATOIIAPOBOI'O MIKPOILJTASMOBOTI'O IIOPOIIKOBOTI'O HAIIJIABJIEHHS
HNIJIIXOM O TUMIBAIIT AKOCTI TA CKJIAY TEXHOJOTTYHUX TA3IB

Beryn. OcBoeHHS! TeXHOUIOTIT GaraTomapoBoro MikpoILIasMOBOro HOpoKoBoro Hariasaentst (MITH) mist BiziHOBIIEHHS f1e-
Tasieil aBialiiinux ra3oTypOiHHUX ABUTYHIB i3 HikeseBux kapomiiaux ciiasis (HYKC) € akryaibHUM TUTAaHHIM BiTYM3HSI-
HOI aBiaIliifHo1 IPOMMCJIOBOCTI.

IIpo6aemaTuxka. [Ipu BifIHOBJICHHI HAMIABJICHHSIM 260 HACTYITHUX TEPMIYHIX 06POOKAX Tic/Ist TPUBAJIOTO HAIPAI[IOBAHHSI
B fieTasisx apianiitnux rasoryp6intux apurysis (I'T/1) 3 HXKC i3 Bucokum BMicToM 3MilHIOWOUOT ¥'-(hasu MOKe BUHMKATH ITiji-
BUIIEHA CXUJIBHICTD /10 yTBOPeHHsT TpinuH. [TonyK muisxiB onTiMisariii TeXHOIOTiT HaTJIaBJIeHHSI BUSIBUB HEOOXi/IHICTD Jie-
TAJIbHOTO BUBYEHHSI KOPUCHOI'O TEXHOJIOTIUHOTO eheKTY Bijl pallioHAIbHOrO BUGOPY SIKOCTI Ta CKJIa/y TEXHOJOTIYHUX ra3iB.

Mera. /locsti/pkeHHS BIVIMBY CKJIQ/ly TeXHOJIOTIYHUX Ta3iB Ha TEIIOBI XapaKTePUCTUKU JsKepeJia Tellla, KiIbKiCThb TeIlIo
BKJIaJIeHb ¥ BUPIO Ta yMOBU (hOPMYBaHHsI HAILIABIEHOTO METAIY.

Marepiamu it Metoau. [TopiBHSIBHI JIOCI/IKEHHST TEMJIOBUX XapaKTePUCTUK MiKporiazmoBoi (rmazmorpon [TTTIC04, ye-
tanoBka Y [THC-304M) ta apronosoi (jukepesio skussentst BCBY-315) ayr saiesKHO Bijt BeJIMUIHU 3BAPIOBAIBHOTO CTPYMY,
CKJIA/Ly Ta SKOCTI TeXHOJIOTIYHUX Ta3iB MPOBOIUIIHCS 3T1/THO METOIUK IIPOTOYHOTO KAJIOPUMETPYBAHHS, a TIOPIBHSJIbHY OIliH-
Ky CKJIQ/[OBUX 3arajlbHUX TEIUIOBKJIAAEHb Y BUPIO — HIJISIXOM PEECTpAllii lapaMeTpiB peskuMy 3BapioBanHs Ha Gazi AILIT
mDAQ-14.

Pesyabratu. [lopiBHAIBHI 1OCTIKEHHS IPY HATIJIABIEHH] MOJIC/ILHUX JleTaJlell OKa3au, 0 CKJIa/L Ta SKiCTb TeXHOJIO-
IiYHUX Ta3iB MOKYTb CYTTEBO BILIMBATH (10 2,5 pasiB) Ha KiJbKICTh TEIIOBKIaAEHb y BUPI0, Ta, BIANOBIIHO, Ha MOKJ/IMBICTh
3a0e3I1eueHHs TEXHOJIOTIYHOI MIITHOCTI 3BAPHOTO 3’ €[HAHHS «OCHOBHUII—HAITABJIEHUN MeTaJ».

BucnoBku. BusiiieHO pesepBu Ta 00TPYHTOBAHO JAOLIIBHICTH ONTHMIzaLiT ipoMucaoBoro nporecy MITH 3a ckinagoBumu
TEIJIOBKJIA/IeHb Y BUPIO, TEXHOJIOTIYHOI MIIIHOCTI 3BaPHOIO 3’€[IHAHHS «OCHOBHUN—HAIIABJICHUIT METajl» Ta BUTPAT IIPU-
CaJIHOTO TIOPOIIKY HIJIAXOM IT/IBULIEHHS SKOCTI aprony (IJ1a3MOYTBOPIOIOUMIT Ta TPAHCIOPTYIOYUI ra3n) 3a BMiCTOM JI0Mi-
HIOK iHIIMX aTMOCHEPHUX ra3iB Ta Iepexo/y /0 BUKOPUCTaHHs apronoBonesoi cymimi 90% Ar + 10% H, sk saxucnoro rasy
3aMiCTb apromy.

Knouosi crosa: MikporsiaaMoBe TIOPOIIKOBE HAIJIABJICHHS, HIKeJIeBl KapOMIIlHi CIIJIaBH, TEXHOJIOTIYHUI Ta3, 3BapPIOBAHICTD,
TEXHOJIOT YHA MIiI[HICTD, KIJIBKICTD TEMJIOBKIaAeHb Yy BUPIO, ePeKTUBHICTD BUKOPUCTAHHS IIPUCAIHOTO MOPOIIKY.
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