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Peculiarities of heat input, bead cross-section area and efficiency were investigated at single-layer microplasma powder 
surfacing of nickel heat-resistant alloy JS32 on narrow substrate of 1–2 mm thickness. It is determined that series of 
its modes using 5–15 A welding current differs by the minimum heat input. calculated evaluation of stress-strain state 
of a welded joint was carried out for its minimum and maximum level during building-up of edge of a plate using sin-
gle- and three-layer surfacing. It is shown that the value of heat input in microplasma surfacing determines a width of 
plastic deformation zone and value of sum plastic deformations as a result of reheating in multi-layer surfacing. New 
technological principles were proposed for selecting the modes of multi-layer and 3D-microplasma powder surfacing 
of the parts from nickel heat-resistant alloys, providing the minimum heat input in a part and regulating requirements to 
welding current value, time of existence of metal of weld micropool in molten state and its volume. 20 Ref., 2 Tables, 
10 Figures.

K e y w o r d s :  microplasma powder surfacing, narrow substrate, nickel heat-resistant alloy JS32, effective power of 
part heating, heat input, bead cross-section area, volume of weld micropool, surfacing efficiency, stress-strain state of 
welded joint

It is a well known fact that the value of heat input is a 
very important process parameters which characteriz-
es weld pool dimensions, duration of its existence and 
area of HAZ part heated to more than 600 °C tem-
perature in fusion welding of structural steels [1].

The value of heat input under conditions of 
shielded-gas, submerged-arc and coated-electrode 
welding using more than 50 A current can lie in 
0.87–3.78 kJ/mm range (bridge structures) [2], and 
is 0.6–0.9 kJ/mm for orbital TIG welding of techno-
logical pipelines [3]. The value of heat input in weld-
ing of low-alloy steels susceptible to quenching is 
reasonable to regulate based on conditions of cooling 
of HAZ metal in 600–500 °C interval and diagrams of 
anisothermal austenite decay [1–3]. In microplasma 
welding, the value of heat input, as a rule, lies in 20–
35 J/mm range at proportional value of current and 
welding speed in the range of 2–49 A, and 5–87 m/h, 
respectively, for metal of 0.1–0.5 mm thickness [4].

Heat input value can make 0.25–3 kJ/mm [5] ap-
plicable to repair of edges in the parts of aircraft GTE 
from nickel heat-resistant alloys by single-layer mi-
croplasma powder surfacing (MPPS) on narrow sub-
strate using current up to 35 A [6]. A quality of base–
deposited metal welded joint in multi-layer MPPS of 
nickel heat-resistant alloys according to crack suscep-

tibility criteria depends on the value of total heat input 
and surfacing efficiency [7, 8].

Aim of the work is an investigation of relationship of 
heat input and size of bead section (volume of welding 
micropool) in single-layer MPPS on narrow substrate of 
1–2 mm width and at 5–15 A current with partial feed 
of powder of nickel heat-resistant alloys containing 
strengthening g′-phase of more than 45 vol.%.

Experiment procedure and experimental data 
processing. Surfacing was carried out under condi-
tions of free formation over the edge of (30–40)×(90–
100) mm size plate from austenite stainless steel of 1, 
1.6 and 2 mm thickness. A distance from surface be-
ing deposited to outer cut of plasmatron made 5 mm. 
A filler powder of nickel heat-resistant alloy JS32 [9] 
from +63 to –160 mm fraction was used. The exper-
iments were carried out on UPNS-304M2/M3 unit. 
Mass of a powder portion, which is fed in a column 
of microplasma arc, made on average 0.14 g. Micro-
plasmatron PPS04 with nozzle channel diameters 
of 2.5 (plasma) and 4.5 mm (focusing) was used. 
Higher grade argon on GOST 10157–79 was taken 
as a plasma (Qpl = 1 l/min) and transporting (Qtr = 
= 4–5 l/min) gas, and Ar + 5 % H2 mixture was ap-
plied as a shielding gas (Qsh = 7 l/min).

In process of bead formation in a discrete-additive 
mode the welding micropool after filling by a portion 
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of liquid filler is moved forward, and its new volume 
is again filled. In different series of experiments it was 
successively increased due to input in a weld pool 
mirror from 1 to 5 microportions of powder (Figure 1) 
simultaneously with step-by-step change of welding 
current in 5–15 A range. A period of the disperse filler 
portion feeding lied in the range of tf = 1.5–5.0 s and 
was selected in such a way [5] as to provide a base 
metal wetting angle α = 30–60° (Figure 2, a) on a 
deposit leading edge proceeding from stable forma-
tion of set bead shape. If this condition was fulfilled 
at tf = 1.5–1.8 s in smooth increase of welding current 

and feed of single microportions of JS32 powder, then 
further a disperse filler was introduced in a stationary 
welding micropool by series of 2–5 microportions. A 
base metal penetration depth in all the experiments 
did not exceed 1.5 mm, and fraction of base metal in 
deposited one made up to 20 %. An example of bead 
deposited on narrow substrate is shown in Figure 2, b.

Procedure [7] was used for processing the exper-
imental data and calculation of power indices of sur-
facing modes. Heat input (taking into account effective 
efficiency of part heating [1]) was determined as a rela-
tionship of microplasma arc heat QS entered in anode to 
given length L of elliptic cylinder of deposited bead. Its 
cross-section area Fb was calculated on procedure [8].

Analysis of experimental data. The results of ex-
periments (Figure 3) indicate that the weld micropool 
of cross-section to 35 mm2 (approximate volume to 
125 mm2) is kept on a narrow substrate of 1–2 mm 
width under conditions of free formation of the de-
posited bead. This corresponds to effective height of 
deposited metal* h = 3–4 mm. A dependence Fp = f(qs) 
in 75–250 W and 1.5–35 mm2 range is respectively 
described by a power function of p s

nF aq=  type, the 
coefficients of which change with narrow substrate 
width change. Its rise provokes for reduction of in-
clination of given dependence to abscissa axis, i.e. 
building up of the cross-section of deposited bead in 
rise of qs >175 W value takes place more intensively, 

Figure 1. Fragments of oscillograms of MPPS on narrow substrate of 1.6 mm width with different amount of microportions of filler 
powder being fed in weld micropool: a — 1 portion; b — series from 5 portions; UC2 — control signal of feeder operating mechanism 
corresponding to feed of 1 microportion

Figure 2. Peculiarities of bead formation in deposition on narrow 
substrate of 1–2 mm wigth: a — wetting angel α of base and 
deposited metal on deposit leading edge; b — view of deposited 
bead; 1 — deposited bead; 2 — microplasma arc (arrow shows 
surfacing direction)

           
*Height of rectangle of width d inscribed in contour of deposited 
bead cross-section and from below limited by primary level of 
nonfused surface of narrow substrate [8].
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including due to increase of a coefficient of application 
of disperse filler at expansion of weld micropool [10].

It is determined that a series of modes of MPPS 
differs by the minimum heat input 490–700 J/mm 
(Figure 4; Table 1) under conditions of discrete-addi-
tive formation of the bead on narrow substrate. Such 
modes are characterized by:

● value of effective arc heat power, which is 25–
40 W more than its corresponding value sufficient for 
the beginning of stable formation of the metal being 
deposited;

● 5.5–7.5 mm2 bead cross-section area and effec-
tive height of the deposited metal to 2.0–2.5 mm.

Thus, it is shown that position of the minimum of 
heat input corresponds to welding current and being 
2.5–3.5 A more than its value, at which fusion of nar-
row substrate base metal takes place.

Increase of heat input in 2–2.5 times at 30–40 W re-
duction of the effective heat power of microplasma arc 
from a value of heat energy minimum is caused by a rise 
of arcing time between feeding the powder micropor-
tion for providing corresponding contact angle between 
base and deposited metal on the deposit leading edge 
and stable bead formation. 2.5–3 times increase of heat 
input on the right from the value of minimum heat in-
put was promoted by the necessity of increase of arcing 
time at entering a series from 2–5 microportions of filler 
powder into a stable mirror of the micropool.

Sequential increase of effective heat power of the 
microplasma arc and surfacing efficiency promotes 
for changes of its rate in 0.4–1.2 m/h range (Figure 5). 
Its maximum values of 0.95–1.25 m/h are observed 
at Fb = 5.5–7.5 mm2. Further, the deposition rate is 
delayed to 0.4–0.6 m/h, that is caused by increase of 
time of micropool filling with the metal being depos-
ited. It is determined that the modes of narrow sub-
strate surfacing, corresponding to the minimum heat 
input QΣ/L and the maximum deposition rate virtually 
match (see Figures 3–5 and Table 1), namely qs ≤ 10 W 
(І ≤ 0.63 А); ∆ν ≤ 0.05 m/h; ΔQΣ/L ≤ 10 J/mm.

Deposition efficiency changes in Gd 10.1–2.3 g/min 
range in proportion to QΣ/L = 490–1800 J/mm (Fig-
ure 6). It makes 0.55–1.20 g/min at the minimum val-
ues of heat input.

The heat input is in direct proportion to frequency 
of feed of powder microportions, area of deposited 

bead cross-section area and deposition efficiency in 
MPPS on narrow substrate of 1–2 mm width with the 
minimum penetration depth of base metal. Indicated 
factors can vary its value in 2.4–3.7 times.

Evaluation of stress-strain state of welded joint 
in single- and multi-layer surfacing on narrow 
substrate. Relationship of experimental data (see 
Figures 4–6) with earlier published results [7, 8] al-
lows assuming that the SSS indices of base–deposited 
metal welded joint can significantly vary even under 
conditions of limited effective arc heat power (qs = 
= 100–250 W) and base metal penetration depth (to 
1.5 mm) in MPPS on narrow substrate of 1–2 mm 
width with different levels of QΣ/L = 490–2000 J/mm.

The corresponding estimation was based on deter-
mination of longitudinal compressive strain 0

xxε  in a 
thin plate with T(z) temperature gradient according to 
calculation scheme of Boley and Weiner [11] in ulti-
mate heating condition and work [12] (approximated 
evaluation of stresses and deformations of a free band 

Figure 3. Dependence of cross-section area of deposited bead Fb 
on effective arc heat power qs in deposition on narrow substrate 
(here and in Figures 4–6: 1 — substrate width of 1; 2 — 1.6; 
3 — 2 mm)

Figure 4. Dependence of heat input QΣ/L on effective arc heat 
power qs in deposition on narrow substrate

Table 1. Characteristics of modes of MPPS on narrow substrate of 
1–2 mm width corresponding to heat input QΣ/L minimum

δ, mm qs, W Fb, mm2 QΣ/L, 
J/mm vd, m/h Gd, g/min

1.0 145 6.5 490 1.15 0.9
1.6 170 5.5 700 0.90 0.75
2.0 195 7.5 600 1.15 0.9

Note. Based on experimental data.
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appearing in deposition of bead on one of its longitu-
dinal edges [12–14]).

The following mathematical model was used for 
calculation of longitudinal deformations in single-ax-
is stressed state appearing in a thin plate with tem-
perature gradient T along axis z:
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  where 0 , y
xx xxε ε  are the complete and elastic longitudi-

nal deformation, respectively; α(T) is the coefficient 
of linear thermal expansion, l/°c; E(T) is the Young’s 
modulus, MPa; ν = 0.5 is the Poisson’s ratio; b is the 
size of narrow substrate in the direction of axis z, m.

The following assumptions and simplifications were 
taken in the mathematical model described above:

● bead is deposited simultaneously over the whole 
length of plate edge;

● thermal-deformation processes take place in 
elastic state, and plastic deformation is determined 
as a difference of total longitudinal deformations 0

xxε  
and elastic longitudinal deformations y

xxε  at set tem-
perature value;

● thermal physical dependencies α(T), E(T) and 
sy(T) for JS32 alloy with crystallographic orienta-
tion <001> were taken based on data of works [15, 
16] considering their additional extrapolation from 
1000–1100 °C to solidus temperature TS during nickel 
heat-resistant alloy solidification;

● in boundary heating state the temperature dis-
tribution was set by exponential function of T(z) = 

2

max
kzT e−  type, where Tmax = TS condition is fulfilled 

in point z = 0.
Such an approach using temperature gradient func-

tion T(z) allowed evaluating the longitudinal deforma-
tions 0 ( )xx Tε  for real conditions of single- and three-lay-
er surfacing on narrow substrate of 1–2 mm width, 
where the base and deposited metal is nickel heat-resis-
tant alloy JS32 <001> with 62–65 vol.%. of strength-
ening g′-phase. Different modes/conditions of surfacing 
were modeled by selecting the values of coefficient k 
based on provisions of isotherm 600 °c (Figure 7).

Evaluation of the compressive longitudinal de-
formations in the points of the maximum heating 
temperatures Tmax1 > Tmax2 > Tmax3 (on current fusion 
line and its previous positioning levels in the depth 
of narrow substrate) where indices 2 and 3 are the 
increasing serial numbers of earlier deposited beads 

Figure 5. Dependence of cross-section area of deposited bead and 
deposition rate on effective arc heat power in surfacing on narrow 
substrate

Figure 6. Dependence of heat input QΣ/L on efficiency of deposi-
tion Gd on narrow substrate
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relatively to current surfacing) was also carried out 
taking into account the effective (0.5 mm) height of 
the deposited layer for laser and microplasma process 
(1.5–5.0 mm) at three-layer surfacing. Figure 8 shows 
the results of numerical evaluation of gradient of lon-
gitudinal deformations 0 ( )xx Tε  along axis z for single- 
and three-layer surfacing of nickel heat-resistant alloy 
JS32 under ultimate heating condition.

Evaluation of the SSS in single-layer surfacing of 
thin plate edge shows that the maximum 0

xxε  ≈ 7.5 % 
and do not depend on value of temperature gradient 
in HAZ, and amplitude of change of 0| |xxDε  in the 
base metal depth under different conditions varies 
insignificantly from 7.5 to 9.5 %. Reduction of the 
corresponding temperature gradient from 3350 to 
70 °c/mm (Z600 °C = 0.22–10.5 mm) promotes for 
expansion of HAZ area, subjected to plastic defor-
mation, in more than 20 times.

The plastic defamation zone makes 3–10 mm 
for 490–2000 J/mm heat input, corresponding to the 
conditions of MPPS on 1–2 mm narrow substrate. 
Evaluation of the SSS in three-layer surfacing of the 

thin plate edge shows that increased values of heat 
input (approximately 1800–2000 J/mm) provides for 
40–65 % increase of the total plastic deformations in 
process of reheating in comparison with its values of 
less than 1000 J/mm (see Figure 8; Table 2). The total 

Figure 7. Assumed exponential distributions of T(z) function typ-
ical for the following modes of surfacing on 2 mm narrow sub-
strate: 1 — Z600 °С = 0.22 mm, laser powder surfacing [17–19]; 2, 
3 — Z600 °С = 2.2 and 4.2 mm, MPPS at heat input modes less than 
1000 J/mm; 4 — Z600 °С = 10.5 mm, MPPS at modes with heat 
input approximately 2000 J/mm

Figure 8. Change of total 0
xxε distribution in HAZ under conditions of ultimate heating in three-layer surfacing on JS32 <001> narrow 

substrate: 1.1, 1.2, 1.3 — T(z) distribution from fusion line for the last deposited bead and in reheating of two previous ones, respective-
ly; 2.1, 2.2, 2.3 —  0 ( )xx zε  distribution from fusion line for the last deposited bead and in reheating of two previous ones, resprctively; 
3 —  ( )y

xx zε  distribution from fusion line in the last deposited bead at Z600 °С = 0.22 (a), 2.2 (b), 4.2 (c) and 10.5 (d) mm
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values of amplitudes ∑ 0| |xxDε  change under ultimate 
heating condition for three-layer surfacing on 1–2 mm 
narrow substrate at Q∑/L < 1000 J/mm does not exceed 
the maximum values of ductility of alloy JS32 <001> 
in testing for uniaxial tension (14.5 % at T ≤ 1000 °C, 
[16]). Together with already obtained practical results 
[7, 8, 20] this allows validating the principal possibili-
ty for preserving a technological strength in multi-lay-
er MPPS on narrow substrate without a relaxing heat 
treatment after deposition of each bead.

Evaluation of possible technological effect in 
full-scale modelling of three-layer MppS with heat 
input less than 1 kJ/mm. A full-scale modelling of 
technologically probable shape of the bead cross-sec-
tion, deposited on 2 mm narrow substrate, per 1 lay-
er with heat input 2000 J/mm (Figure 9, a) and per 
3 layers with 600 J/mm heat input of layer-by-layer 
surfacing (Figure 9, b), was carried out in the comput-
er-aided process documentation engineering system 
compas-3D V12.

The total heat inputs were taken according to pro-
cedure [7] as the criteria of comparative evaluation, 
and effective height of surfacing h and area of bead 
side reinforcements 2DF2 (see Figure 9) — accord-
ing to procedure [8]. It is determined that transfer to 

three-layer surfacing with Q∑/L = 600 J/mm, together 
with reduction of the total heat inputs in the part by 
approximately 10 %, allows increasing the effective 
surfacing height by about 70 % and reducing indirect 
losses of filler powder (values of machining allow-
ance of deposited bead) roughly in 2 times.

Discussion of investigation results. MPPS with 
discrete-additive formation can be realized in a range of 
process parameters, lower boundary of which is limit-
ed by the effective power of microplasma arc sufficient for 
base metal fusion, and upper one — by the limiting volume 
of weld pool, which can be hold on vertically fixed narrow 
substrate. Such formation in single-layer surfacing on 1–2 
mm narrow substrate using Ar + 5 % H2 shielding gas is 
characterized by the following indices: effective heat pow-
er of microplasma arc qs = 100–250 W; heat input Q∑/L = 
= 490–2000 J/mm; average vd = 0.4–1.25 m/h; bead 
cross-section of 1.5–35 mm2 (weld pool volume ap-
proximately from 3 to 125 mm3); deposition efficien-
cy of 0.1–2.3 g/min.

Series of modes inside the set range is differ by the 
lowest heat input 490–700 J/mm, which respectively 
provides for the lowest total heat input in the part, and 
being determined by the following combination of in-
dices, i.e. time of existence of metal of weld microp-
ool in molten state of not more than 3–6 s; cross-sec-
tion area of deposited bead 5–8 mm2; volume of weld 
micropool approximately 15–25 mm3; fraction of base 
metal in deposited metal 0.2; height of deposited bead 
1.5–2.5 mm; deposition efficiency 0.55–1.0 g/min; av-
erage vd = 0.9–1.25 m/h. 

It was preliminary determined that the considered 
base–deposited metal welded joints of JS26–JS32 
and JS32–JS32 systems at increase of the average to-
tal heat input to 5 kJ/mm demonstrate cracks, which 
are sufficiently easily determined by penetrant test-

Table 2. Distribution of 0| |xxDε  at maximum heating and total ∑
0| |xxDε  values of amplitudes of longitudinal deformation change 

depending on temperature gradient Z600°C in HAZ for 3-layer 
deposition on narrow 1–2 mm substrate (acc. to Figure 8)

Layers 
of surfacing

0| |xxDε , %, at Z600 °С, mm

0.22 2.2 4.2 10.5
First (current) 7.5 7.6 8.0 9.4

Secons 1.5 3.8 4.6 7.2
Third – 0.8 1.5 3.9

∑ 0| |xxDε 9.0 12.2 14.1 20.5

Figure 9. Full-scale modelling of cross-section of beads depos-
ited on 2 mm narrow substrate with heat input of 2000 (a) and 
600 (b) J/mm: B — deposited bead width; hBM — depth of base 
metal penetration; h — effective height of deposited bead; DF2 — 
cross-section area of bead side reinforcement which is removed at 
further machining

Figure 10. Basic principles for selection of MPPS rational modes 
depending on Q∑/L, Fb and effective qs: 1.1, 2.1 — dependences 
of Q∑/L and Fb for basic variant of modes (Ar + 5 % H2); 3.1, 
3.2 — rationally and irrational selected pulsed modes; 1.2, 2.2 — 
proposed change due to optimizing the composition of shielding 
gas/ shielding conditions of weld micropool/quality of disperse 
filler; 1.3, 2.3 — modes which differ by irrational selection of 
process parameters, filler powder quality indices or structure of 
microplasmatron nozzle assembly
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ing. Limitation of heat input of layer-by-layer surfac-
ing at certain maximum allowable values of the total 
heat input in the part, at which no tendency to crack 
formation can be observed in the considered welded 
joints, allows significantly increasing number of lay-
ers of the deposited metal and, respectively, height of 
repaired section on the edge of part of aircraft GTE.

From point of view weldability of nickel heat-re-
sistant alloys, the modes of multilayer surfacing (in 
prospect 3D surfacing) with the lowest heat input are 
also the most preferable due to 2.0–3.3 times reduc-
tion of width of zone of plastic deformations in HAZ 
and decrease total plastic deformations in process of 
reheating by 40–65 %, in comparison with the mode 
at Q∑/L = 1800–2000 J/mm.

Figure 10 proposes the generalized algorithm for se-
lection of rational modes of layer-by-layer MPPS based 
on keeping the principle of heat input minimum (by ex-
ample for the 1.6 mm narrow substrate). A dashed lines 
show the range of surfacing modes, which performance 
of further optimization of its parameters is reasonable 
by means of application of pulsed surfacing modes, 
improvement of the conditions for shielding of weld 
micropool and increase of filler wire quality. The lower 
values of effective arc heat power, heat input and width 
of deposited bead, in comparison with corresponding 
values of indicated indices for direct welding current, 
are the additional criteria for reasonable choice of pro-
cess parameters of corresponding surfacing modes 
with pulsed welding current.

conclusions

1. Range of the MPPS process parameters on nar-
row substrate of 1–2 mm width was evaluated in dis-
crete-additive formation of deposited metal at welding 
current 5–15 A. It is determined that the series of its 
modes in Ar + 5 % H2 shielding gas differs by the low-
est heat input 490–700 J/mm and is characterized by 
limitation of bead cross-section and time of existence 
of weld pool metal in molten state in the 5–8 mm2 and 
3–6 s range, respectively.

2. It is shown that such modes of multilayer surfac-
ing of nickel heat-resistant alloys with high content of 
strengthening g’-phase differ by 2–3.3 times reduction 
of the width of plastic deformation zone in HAZ and 
40–65 % decrease of the total plastic deformations in 
the process of reheating. The expected technological 
effect at approximately similar total heat input is also 
2 times reduction of machining allowance value and 
70 % increase of effective height of the deposited 
metal.

3. The new technological principles were proposed 
for selection of the modes of multi-layer or 3D MPPS 
of the parts from nickel heat-resistant alloys. They lie 
in providing the lowest possible level of heat input of 

such a process, first of all, due to regulation of depos-
ited bead cross-section and time of existence of weld 
micropool metal in molten state.
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