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ABSTRACT

The features of initiation and propagation of fatigue cracks were investigated at cyclic mechanical loads on specimens, depo-
sited in one wear-resistant layer or with an additional plastic sublayer. Fundamentally different nature of propagation of fatigue
cracks was revealed in the specimens, deposited with a ductile sublayer of low-carbon steel compared to the specimens without
a sublayer. In the specimens deposited with a ductile sublayer unlike the specimens deposited without a sublayer when the main
fatigue crack passed through the deposited layer and the sublayer, at the boundary of the wear-resistant layer and the plastic
sublayer, as well as the sublayer and the base metal, branching and a kind of inhibition of the main fatigue crack are observed.

KEYWORDS: arc surfacing, cyclic loading, fatigue life, fatigue cracks, single-layer surfacing, multilayer surfacing, wear-re-

sistant layer, ductile sublayer

INTRODUCTION

Term of service of machines and mechanisms operat-
ing in different industries, depends primarily on their
operating conditions and properties of materials, from
which these parts are made. Many of these parts are
operating under the conditions of different kinds of
wear and cyclic mechanical loads of different intensi-
ty. A combination of such operating conditions most
often leads to premature, and sometimes emergency
failure of these parts, as a result of fatigue fracture. It
may also lead to failure of technological equipment,
including such parts.

This problem is particularly relevant for mining and
metallurgy, mechanical engineering and other indus-
tries, where high-efficient technological equipment is
used. Stopping such equipment to replace the worn parts
leads to losses from unreleased products, which can be
several times higher than the direct costs of purchasing
new parts and replacement of the worn ones. Such parts
include cold and hot rolling rolls for various purposes;
rolls of continuous casting machines; knives for cold and
hot metal cutting etc. [1-4].

It is known that many of these parts are clad during
manufacture. Practically all of them are many times
reconditioned by the surfacing methods after a certain
term of service and partial wear, and are used again [1].
During further long-term service under the conditions
of simultaneous action of wear and cyclic mechanical
loads fatigue cracks can initiate and propagate in the de-
posited and base metal, which may lead to emergency
destruction of the part. Harmful tensile residual stresses

Copyright © The Author(s)

induced by such manufacturing processes as welding,
deposition/cladding could also significantly decrease the
fatigue life of parts both at the stages of initiation and
propagation of fatigue cracks. From other side the appli-
cation of stress relieving techniques could significantly
increase the fatigue performance [5, 6]. Therefore, re-
levant and important is the problem of investigations of
the influence of materials and technologies, used in man-
ufacturing and restoration surfacing of the above-men-
tioned parts, on their fatigue life, in particular on the pe-
culiarities of initiation and propagation of fatigue cracks
in themHighly wear-resistant carbon or high-carbon ma-
terials having poor weldability are applied for surfacing
the working surfaces of the above-mentioned parts. In
order to improve it, preheating or deposition of ductile
sublayers and sometimes both are used [1]. Deposition
of a ductile sublayer can influence the fatigue life of the
surfaced part, and, primarily, the nature of initiation and
propagation of fatigue cracks in it.

THE OBJECTIVE OF THE WORK

is to study the features of fatigue crack initiation and
propagation under cyclic mechanical loading of the
specimens, deposited in one wear-resistant layer or
with additional deposition of a ductile sublayer.

INVESTIGATION MATERIALS
AND PROCEDURES

In order to study the features of fatigue crack initia-
tion and propagation, prismatic blanks of specimens
from 40Kh steel of 25%45x300 mm size were pre-
pared with 12.5x150 mm area treated for surfacing in
the specimen blank center.
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Figure 1. The blank package after surfacing (a), specimen blanks
after cutting (b), specimens after final grinding (c)

For arc surfacing of a wear-resistant layer on spec-
imen blanks, 2.4 mm flux-cored wire PP-Np-25Kh-
SFMS was used, which provides deposited metal of
the type of heat-resistant tool 25Kh5FMS steel. Sur-
facing was performed with fusible AN-26P flux. Solid
Sv-08A wire 2 mm in diameter and fusible AN-348A
flux were used for arc surfacing of a ductile sublayer.

To minimize distortion of the deposited specimens
and to reduce the scope of machining work, the blanks
for surfacing were stacked into a packet of 3—5 piec-
es, special gaskets between them were used, and they

were fastened with tack-welds. Run-off tabs were
welded to the sides of the packet.

Before surfacing blank packets were preheat-
ed to 250-300 °C. This was followed by automatic
submerged-arc surfacing of the blank packets. Some
blank packets were surfaced by PP-Np-25Kh5FMS
flux-cored wire using AN-26P flux without a ductile
sublayer, others — with a ductile sublayer deposited
with Sv-08A wire using AN-348A flux. After surfac-
ing, the blank packets were placed under a layer of
flux for slow cooling.

After cooling each blank packet was cut along
the gaskets with abrasive wheels into individual spe-
cimens. Magnitudes of deformation in the surfaced
specimens were measured. The value of out-of-plane
bending of the blanks in the vertical plane after sur-
facing did not exceed 1.5 mm on a 300 mm length,
which did not require any additional straightening be-
fore specimen grinding from the four sides to the size
of 20x40x300 mm with 10x150 mm deposited layer
in the specimen center (Figure 1, a—c).

Before the start of fatigue testing, a sharp notch
1 mm deep with 0.25 mm radius in its tip was made in
the deposited layer center of all the produced prismat-
ic specimens. The initial crack was grown from the
sharp notch during three-point bending with addition-
al load from the base metal side with cycle asymmetry
of 0.01 and 5 Hz frequency at the levels of maximal
applied stresses, not exceeding the service stresses.

Despite the presence of a sharp notch in the spec-
imen center, after initiation all the fatigue cracks de-
veloped on the specimen side surfaces from one or
two of its side edges. Nature of fatigue cracks initi-
ation and propagation on the specimen side surfaces
was photographed and they measured using calipers.
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Figure 2. Points of fatigue crack initiation in specimens deposited without the sublayer (a, b), schematic image of their arrangement

in the surfaced specimen (c)
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Figure 4. Nature of initiation and propagation of fatigue cracks in specimens deposited without a sublayer

INVESTIGATION RESULTS
AND THEIR DISCUSSION

INITIATION AND PROPAGATION OF FATIGUE
CRACKS IN SPECIMENS OF 40Kh STEEL
DEPOSITED WITH PP-Np-25Kh5FMS
FLUX-CORED WIRE WITHOUT A SUBLAYER

During cyclic mechanical loading in specimens de-
posited without a sublayer the fatigue cracks formed
predominantly in the deposited layer at 1-3 mm dis-
tance from the fusion line between the base metal and
the deposited wear-resistant layer (Figure 2, a—c).

The line of fusion of the deposited and base metal
has the role of a stress concentrator, so that the fatigue
cracks predominantly initiate near it (215-760 pm),
and at the first stage of cyclic mechanical loading
they are located in the deposited metal, which is at-
tributable to its lower ductility and higher hardness,
compared to base metal. Microstructural studies of
etched sections of the specimens deposited without
the sublayer after fatigue testing showed that the fa-
tigue cracks predominantly propagate in the direction
of the axes of dendrite formation in SKhSFMS depos-
ited metal (Figure 3, a, b).

Several parallel cracks most often formed at the dis-
tance of 1-15 mm from each other and, as a rule, near the
fusion zones of two adjacent beads (Figure 4, a). During
fatigue testing, the cracks first propagated in the depos-
ited metal only towards the surface. Having passed the
entire deposited metal, the cracks started propagating in
the other direction — towards the base metal (Figure 4,
b). After the crack reaching and propagating through the
base metal, specimen destruction took place.

INITIATION AND PROPAGATION OF FATIGUE
CRACKS IN SPECIMENS OF 40Kh STEEL,
DEPOSITED WITH PP-Np-25Kh5FMS WIRE
WITH A LOW-CARBON STEEL SUBLAYER

As in the case of specimens deposited without a sub-
layer, in specimens deposited with a sublayer, a sharp
notch 1 mm deep with 0.25 mm radius at the tip was
made in the deposited layer center, from which the
initial crack up to 1 mm deep was grown.

When studying the kinetics of fatigue crack growth
during cyclic mechanical loading it was determined that
the main fatigue crack propagates predominantly along
the fusion boundary of individual beads. No fatigue
cracks parallel to the main one, were found in speci-
mens with a low-carbon sublayer (unlike specimens
without the sublayer). However, during fatigue fracture,
side branches from the main crack were observed in the
zones of transition of one metal layer into another one,
which propagated along the fusion line of the wear-resis-
tant layer with the sublayer (Figure 5) and along the line
of fusion of the sublayer with the base metal (Figure 6).
After the crack has passed the wear-resistant layer and

L #7500 um
Figure 5. Fatigue crack branching near the fusion boundary of the
wear-resistant layer and the sublayer

s LT
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Figure 6. Fatigue crack branching near the fusion boundary of the
sublayer and the base metal

the sublayer from low-carbon steel, specimen destruc-
tion occurred in the base metal.

Such kinetics of specimen fatigue fracture is ex-
plained by manifestation of several factors. First, a
zone of chemical and structural heterogeneity is lo-
cated in the zone of overlapping of adjacent deposit-
ed beads, which has a negative influence on material
properties [7]. Secondly, during multibead multilayer
surfacing relatively sharp angles can form on the fusion
boundary of adjacent beads and layers, which will be
stress concentrators, and which will initiate formation
of side cracks along the fusion line, accordingly [8, 9].

Thus, similar to specimens deposited without a sub-
layer, it is found that the fusion boundaries of individual
beads and layers have an important role in the process of
fatigue fracture of the surfaced parts, as the cracks main-
ly propagate either along the fusion boundary of individ-
ual beads, or directly near this boundary (Figure 6).

The only important difference between these two
surfacing technologies as regards fatigue crack propa-
gation consists in formation of side branches from the
main fatigue crack during deposition with a sublayer,
leading to a kind of deceleration of these cracks.

CONCLUSIONS

Proceeding from the conducted experimental studies,
a fundamentally different mode of fatigue crack de-
velopment was found in the specimens deposited with
a ductile sublayer from low-carbon steel, compared to
specimens deposited without the sublayer. In specimens,
deposited with a ductile sublayer, during the main fatigue
crack passing through the deposited layer, branching and
a kind of deceleration of the main fatigue crack occur on
the boundary of the wear-resistant layer and the ductile
interlayer, as well as the sublayer and the base metal.
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ABSTRACT

Treatment with a pulsed electromagnetic field (TPEMF) of welded joints leads to a decrease in the level of residual welding
stresses. TPEMF in the welding process contributes to an increase in the efficiency of the welding process (compared to
TPEMF after welding) and the simplicity of its technical implementation. On the basis of mathematical modeling and experi-
mental studies of magnetic pulse processes, an automated complex for TIG welding has been developed that is compatible with
the TPEMF of the weld metal under the conditions of a thermal deformation welding cycle.

KEYWORDS: pulsed electromagnetic field, welded joints, residual welding stresses, TIG welding, structure dispersion, math-

ematical modeling, aluminium alloy

INTRODUCTION

Industrial development initiates research into pro-
gressive technologies to improve the service proper-
ties of welded structures. A promising method in this
area is treatment with a pulsed electromagnetic field
(TPEMF) of welded joints [1-20]. Based on inves-
tigation results [1-5, 11] it should be noted that the
impact of a pulsed electromagnetic field (PEMF) is an
effective tool of influencing the stressed state of the
welded joints. The effectiveness of the impact is en-
hanced at its application under the conditions of weld-
ing [5]. TPEMF can be the base for development of
effective technologies of controlling the stress-strain
state of the welded joints from non-ferromagnetic
metallic materials, which include aluminium alloys,
applied in the aerospace and ship-building industry.

THE OBJECTIVE

of this work is development of scientific principles of
TPEMF application during welding of non-ferromag-
netic materials in the case of aluminium alloy AMg6.

INVESTIGATION PROCEDURE

Increase in TPEMF effectiveness during welding,
compared to treatment at room temperature, is based
on the following principles: increase in welding pro-
cess productivity as a result of transition from se-
quential to simultaneous performance of the main
technological operations; possibility of automation;
improvement of treatment effectiveness to reduce the
residual welding stresses, in keeping with the mech-
anism, given in [11]; dispersion of the weld metal

Copyright © The Author(s)

structure during magnetodynamic impact under the
conditions of increased temperatures; use of assembly
fixture elements as screens to increase the magnitude
of electromagnetic pressure on the treated metal.

It is known that at flowing of an electric current
pulse (ECP) in the inductor conductors, eddy cur-
rents are excited in the adjacent electrically conduc-
tive medium. As was proved in [12, 13], interaction
of the induced currents with PEMF which excited
these currents, generates electrodynamic force P. Its
normal component applies active load to the metallic
material section being treated, and, as a result, chang-
es its stressed state. Under the condition that density
j of the induced electric current reaches the value of
j =1 kA/mm? in the metal being treated, conditions
are in place for realization of the electroplasticity ef-
fect (EPE) [11-13]. This promotes intensification of
plastic deformation of the material and, as a conse-
quence, relaxation of its residual stressed state. A flat
inductor with 95 mm outer diameter and inductance
L =120 puH was used for TPEMF realization [12]. A
power source based on a capacitor system of the gen-
eral capacity C = 5140 pF, charging voltage U of up
to 800 V, and stored energy £ ~ 1.6 kJ was used for
PEMF generation. To assess TPEMF effectiveness,
specimens in the form of a disc of thickness 6 = 1 mm
and diameter D, = 90 mm from aluminium alloy
AMg6 with a TIG weld were used. Welded joints on
the disc surface were made in the form of a ring with
diameter D= 5 mm. Thus, there was a distance of
45 mm between the weld and the free edge of the disc.

The method of electron speckle-interferometry
[12, 14] was used for assessment of 6 of the tangen-
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Figure 1. Influence of ECP amplitude values — / on pressure
P during TPEMF of specimens of circumferential welded joints
from AMg6 alloy with 6 = 10 mm: o — TPEMF without a screen;
m — TPEMF with a screen

tial component of the welded joint stressed state in
points on the line of the circumferential weld.

INVESTIGATION RESULTS

TPEMEF of specimens of thickness & = 1.0 mm and
an assembly of a specimen with 6 = 1.0 mm and cur-
rent-conducting screen from AMg6 alloy also in the
form of a disc with 6 = 5.0 mm (X6 = 6 mm) and a
diameter of 90 mm was performed. TPEMF was con-
ducted as a series of eight ECP in a mode with increase
of U values in the following sequence: U, = 200 V,
U,=400V, U,=600V, U-U,=800V.ECPat U-U,
facilitated gradual achievement of the nominal mode,
and ECP at U-U, promoted generation of PEMF
for specimen treatment. Selection of the quantity of
ECP in the nominal treatment mode (at the voltage of
800 V) was based on the results of [15].

In [16] evaluation of intensity H of the inductor
magnetic field used in this work, was performed with
application of a procedure based on Hall sensor. It
was found that H values of the inductor at capacitor
discharge at voltage U = 200 and 500 V reached 10
and 30 kA/m, respectively.

With increase in the thickness, electromagnetic
force P will rise, as it is defined as an integral value

.—rl-u
.{|

nu‘

g,/..

!

oy, MPa
i 144
150 134
100 - %8
50 -
20
0
1 2 3 4

Figure 2. Influence of the weld TPEMF without application (1, 3)
and with application (2, 4) of a screen on residual stresses ¢ _in the
weld metal of AMg6 alloy welded joint: /, 2 — before TPEMF;
3, 4 — after TPEMF

in a certain volume, which is confirmed by the data
in Figure 1 and the results of [12]. With & increase to
6.0 mm (due to the screen application), P values rise
more than two times, compared to TPEMF of speci-
mens with 6= 1.0 mm without a screen. For effective
treatment of thin specimens, the current pulse dura-
tion should be decreased. Such a method, obviously,
requires a change in the discharge circuit parameters,
which is not rational. A simpler and more effective
approach is proposed in the work in the form of apply-
ing additional layers of a similar material, with which
the equivalent thickness will be optimal in terms of
achieving the largest value of force P of electromag-
netic pressure. The proposed approach is similar to
application of metal “satellites” in the technology of
electromagnetic forming, for instance expansion or
crimping [10, 11, 17]. Figure 2 gives the distributions
of residual stresses o _before TPEMF, as well as 6_
after TPEMF of the specimen with and without appli-
cation of the screen, which confirm the effectiveness
of screening during TPEMF. In view of the above,
it should be noted that TPEMF can be an effective
method of controlling the residual stressed state of
welded structures from aluminium alloys. Results of
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Figure 3. Microstructure (x200) of the metal of AMg6 alloy weld: in the initial state (before TPEMF) (a), where the arrow shows the
direction of crystal growth; after TPEMF (b)
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Figure 4. Mathematical modeling of electrophysical parameters of TPEMF (weld) during welding; @ — schematic of a U-shaped
TPEMF inductor along the welding direction V; b — distribution of TPEMF intensity H along line 1; ¢ — distribution of TPEMF

intensity / along line 2

metallographic investigations of specimens before
and after TPEMF confirmed the positive influence
of treatment on evolution of the weld metal structure
(Figure 3). In the general case the microstructure is a
light matrix — an a-solid solution with precipitation
of the excess phase in the form of a network along the
crystal boundaries. However, while without TPEMF
the crystals are of a predominantly elongated shape,
oriented along the direction of their growth (arrow in
Figure 3, a), after TPEMF with screening an equiaxed
orientation of the grains is observed (Figure 3, b),
which is accompanied by their refinement. Obtained
results are attributable to dynamic impact of force P
and eddy currents on intergranular boundaries during
TPEMEF, accompanied by local Joule heating of the
grains [18-20].

Based on the results of [20], mathematical mod-
eling of electrophysical parameters of TPEMF of the
weld during welding was performed. Modeling results
(Figure 4) should promote optimization of TPEMF
parameters for relaxation of residual stresses in sheet
welded joints. Figure 4, a shows the scheme of posi-
tioning a U-shaped inductor along the welding direc-
tion V_ (arrow) for TPEMF, where line 1 is the weld
surface in front of the inductor, line 2 is in the zone of
direct TPEMF impact on the weld metal. Figure 4, b
shows the distribution of intensity A of PEMF, which
allows determination of the optimal position of the
inductor relative to the welding torch, which is deter-
mined by maximum value H along line 1 (beginning
of'the line on the side surface of a U-shaped inductor).
From the results in Figure 4, b we can come to the

I, kA
10
6 =
2+
| 1 |
0 50 100 150 , ms
J, A/lmm2 P, MPa H, mA/m
20 - 5|
1500 15 F
3 =
10 |-
500 5t ke
1 1 1 1 1 1 1 1 |
0 50 100 150 0 50 100 150 0 50 100 150 t, ms

d

e

Figure S. Results of modeling the time distributions of electrophysical parameters of the weld TPEMF (for explanations of Figure 5,

a—d see the text)
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Figure 6. Automated complex for TIG welding under the condi-
tions of accompanying TPEMF of the weld: 7 — forming backing

acting as a screen; 2 — inductor; 3 — torch; L., is the distance

between the torch and line 1 of the indoor (Figure 4)

conclusion that at 40 mm distance from the edge of
the magnetic core (x = 0), H value is close to zero. The
diagram in Figure 4, b allows determination of the
distance between the inductor and the welding torch,
on which PEMF influence on the welding process is
minimal. Figure 4, ¢ shows H distribution of TPEMF
along line 2 (Figure 4, a).

Figure 5 gives the results of modeling the time dis-
tributions of electrophysical parameters of the weld
TPEMF. In Figure 5, a area [ of 3.5%5.0 mm size
is highlighted (which corresponds to the weld pool
rear edge), for which we determined average current
density J (Figure 5, ¢) and average value of pressure
P (Figure 5, d) during the impact of ECP — I (Fig-
ure 5, b) on the solidifying weld, which promotes re-
laxation of welding stresses. At moment of time of
about 50 ps the average current density J on the metal
surface is close to 2200 A/mm? (Figure 5, ¢), while
pressure P reaches the maximal value of 23 MPa at
150 pus (Figure 5, d). This should provide relaxation of
welding stresses at the stage of their formation during
the weld solidification due to realization of electro-
plasticity effect [7]. Figure 5, e gives the distribution
of PEMF intensity H in the inductor cross-section for
the moment of highest / and H values of PEMF, pro-
viding stress relaxation.

Based on the results of investigations [1-8, 11-12,
20], an automated complex was developed for TIG
welding under the conditions of TPEMF of the solid-
ifying metal of the weld (Figure 6), where forming
backing / from a non-ferromagnetic material is used
as the screen (enhancing the action of force P), and
distance L, . between line 1 (Figure 4) of inductor
2 and TIG torch 3 ensures the maximal efficiency of
TPEMF during welding.

CONCLUSIONS

1. It is shown that TPEMF has a positive effect on
the residual stressed state and structure of the welded
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joints, and the effectiveness of the impact is enhanced
under the TIG welding conditions.

2. It was established that improvement of TPEMF
effectiveness during welding, compared to treatment
at room temperature, is based on increase of the weld-
ing process productivity, as a result of transition from
successive to simultaneous performance of the main
technological operations, possibility of treatment au-
tomation, and positive influence of the thermal cycle
of welding.

3. It is shown that TPEMF application promotes
lowering of residual stresses and refinement of the
weld metal structure in welded joints of AMg6 alloy.

4. A mathematical model of the TPEMF process
was developed, on the base of which it was proved
that the value of electrophysical parameters of treat-
ment ensure relaxation of the residual stresses through
realization of the electroplasticity effect.

5. An automated complex for TIG welding under
the conditions of accompanying TPEMF was devel-
oped and produced, proceeding from the results of
mathematical modeling and experimental studies of
the magnetic-pulse processes.
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ABSTRACT

The work is devoted to establishing the basic technological regularities and features of the formation of characteristic structures
of metal layers during additive microplasma deposition with powders of corrosion- and heat-resistant alloys and determining
the prospects of this process for 3D printing of aircraft parts. The work established that the choice of the mode of additive
microplasma deposition of the selected group of powders is mainly determined by the size of the filler powder fraction. The
energy input and thermal power of the constricted arc for growing metal products with a wall thickness of up to 3 mm using
powders based on Fe and Ni with a fraction of 40-100 um were determined. The main features of the structure formation of the
metal of samples produced by microplasma deposition, and their mechanical characteristics were determined, and the tendency
to burnout of alloying elements of the deposited alloy was assessed. It is shown that despite the need for finishing mechanical
treatment of critical functional surfaces, the use of microplasma deposition can be considered a fairly promising direction for
3D printing of metal parts of aircraft equipment.

KEYWORDS: 3D printing, nickel alloy, microplasma deposition, metal powders, technological modes, dendritic structure,

heat dissipation, mechanical properties

INTRODUCTION.
ANALYSIS OF PUBLISHED DATA
AND PROBLEM DEFINITION

Application of 3D printing with metallic powder ma-
terials is a promising direction in modern aerospace
industry. When designing rapidly adaptable technolo-
gies of manufacturing unmanned aerial vehicles (UAV)
there is the need for development of fuel-efficient and
flexible technological solutions. Such products can be
produced quite simply and quickly from polymer and
metallic materials [1]. 3D printing technologies are the
most suitable for development of such parts [2]. These
technologies can be used to manufacture both the body
elements and engine components [3].

To shorten the aircraft downtime during its repair,
it is often necessary to apply multilevel production
systems, which manufacture complex expensive com-
ponents, and considerable investments into storage fa-
cilities are required, so as to ensure timely delivery of
the manufactured parts [4]. Instead, the use of addi-
tive technologies allows carrying out on-site produc-
tion of complex parts in good time, based on digital
data without complex tools or mechanisms. Such an
approach is particularly relevant for additive deposi-
tion (or 3D printing) of metal powders with manufac-
turing of finished metal products [5].

At present during maintenance and repair of aero-
space vehicles various additive technologies are used
for 3D printing of finished metal parts, in particular,
supersonic particle deposition (SPD) and laser additive
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deposition (LAD) [6]. Such technologies are used to
lower the cost of repair and maintenance, and increase
the operational readiness of the vehicles. However,
these technologies in themselves are rather costly in in-
dustrial application, and they also have comparatively
low productivity [7]. Note that one of the main advan-
tages of such additive technologies is the high preci-
sion of manufacturing these products. Such precision,
however, is not always necessary, and in a number of
cases it can be achieved by simultaneous application of
additive deposition and machining [8].

One of the ways of further lowering the cost of
metal 3D products with a simultaneous increase of
their manufacturing productivity is application of arc
methods of additive deposition of metals. In this sense,
microplasma powder deposition is both interesting
and promising [9]. Additive microplasma 3D printing
with metal powders is an innovative technology based
on welding, which allows creating parts of a relatively
small size with a low cost and high productivity [10].
Such a technology enables, in particular, development
of parts with functionally graded components [11] or
low specific weight [12]. However, at present the 3D
printing by additive microplasma powder deposition
has not become widespread, because of insufficient
scope of data on the rational modes of the process,
which requires conducting technological research.

RESEARCH OBJECTIVE AND TASKS

The objective of the work to establish basic techno-
logical regularities and features of formation of the
characteristic structures of metal layers in additive
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microplasma deposition with powders of corrosion-
and heat resistant alloys, based on iron and nickel,
determination of the prospects of this process for 3D
printing of parts of acrospace engines.

To achieve this objective, the following tasks were
solved:

1. Establishing the basic technological regularities
of additive microplasma deposition of powders of
corrosion- and heat-resistant alloys during manufac-
ture of 3D products.

2. Determination of the features of formation of
the characteristic structures of metal layers in additive
microplasma deposition of the selected alloy powders.

3. Determination of basic mechanical characteris-
tics of the deposited metal by conducting mechanical
testing of samples produced by additive microplasma
deposition.

MATERIALS, EQUIPMENT
AND INVESTIGATION METHODS

To achieve the objective of this study and solve the
posed tasks, the following procedure was accepted:

e sclection and preparation of powder filler mate-
rials for additive microplasma deposition;

e sclection of the parameters of the technological
mode of microplasma deposition;

e modeling the plasmatron design and flow speeds/
rates of plasma-forming and shielding gases, in order
to achieve a stable laminar mode of constricted plas-
ma generation;

e creation of a laboratory stand to carry out the
technological research;

e conducting experiments on deposition of spatial
geometrical primitives by microplasma method with
application of the selected powder filler materials;

e performance of metallographic examination of the
deposited samples, determination of the characteristic
defects and ways to remove them, establishing the reg-
ularities of formation of the characteristic structures of
the deposited layers and prospects for application of this
process for 3D printing of aircraft parts.

When producing the 3D metal objects, layer-by-lay-
er deposition was performed on substrates from Q235
steel of 100x100%10 mm size. The compositions of
the materials of the substrate and surfacing powders
are given in Table 1. Corrosion-resistant powders HYF
103, 316L and PG SR2 were used to conduct prelim-
inary research and to optimize the deposition modes,
which allowed reducing the scope of experimental
work with heat-resistant powders KhNSOVMTYuB
(EP648) and KhN60OVT (VZh98). Chemical composi-
tion of powders from KhN50VMTYuB (EP648) alloy
corresponded to the requirements of special technical
conditions and industry standard (OST1 90126-85
and TU14-1-3046-97), powder from KhN60VT alloy
(VZh98) — to TU 14-1-4296-87.

A specialized microplasma torch was developed
for deposition, which will be discussed below. A dis-
perser-feeder of an original design with a regulated
range of powder flow rates G = 1.0-4.0 g/min was
used for feeding the powders.

There are a number of requirements to powders used
for 3D printing of parts with application of additive tech-
nologies. Among them, the following are mandatory:
spherical form of the powder and size, which should not
exceed 100 um. These are exactly the powders that are
the most technologically advanced, and have high bulk
density, which was determined in keeping with DSTU
2640. High bulk density was indicative of compact ar-

Table 1. Chemical composition of filler powders and substrate for deposition

Elemental composition, wt.%
Material
Fe B C Si Mn Ni Cr Cu P S Others
Substrate metal
Q235 steel | Base | — [0.14-0.22[0.05-0.15[ 0.4-0.65 | <03 <03 | <03 [ <0.04 | <0.05 | -
Filler (surfacing) materials
HYF-103 powder 1.15 - 0.75 0.6 785 | 1555 | - | <002 | <001 | Mo<3.0
(40-60 pm granulation)
Powder of 316L stainless| Base
steel (40-60 pm — 0.03 <0.6 <0.8 14-16 15-17 - <0.02 | <0.015| Mo 2.5-3.0
granulation)
Powder of Ni-Cr-B-Si
system (60—100 pm <5.0 |2.0-2.8| 0.4-0.7 | 2.5-3.5 13.5-16.5 - <0.04 | <0.04 Al<0.8
granulation)
Nb - 0.5-1.1;
Powder Base Ti—0.5-1.1;
KhN50VMTYuB <4.0 0.008 <0.03 <0.04 <0.5 32-35 - <0.010 | <0.015 | Al-0.5-1.1;
(EP648) 40-100 um Mo —2.3-3.3;
W-43-53
Powder KhN60OVT Ti- 0.3-0.7;
< _ < < < — - < <
(VZh98) 60-100 pm 4.0 0.1 0.8 0.5 23.5-26.5 0.013 | <0.013 W 13-16
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Table 2. Results of determination of bulk density of powders from
heat-resistant alloys

Data on powder Bulk density, g/cm?

Alloy KhN60VT KhN50VMTYuB
60100 3.41 3.52
<63 425 472

rangement of the powder particles, which is important
to form products on their base. Table 2 gives the re-
sults of determination of bulk density for powders
from KhN60VT (VZh98) and KhNS0VMTYuB alloys
(EP648). The size and fractional distribution of the stud-
ied powders were determined by sieve analysis.
Powders of a regular spherical shape were used for
microplasma deposition. The size of powder particles,
determined on an unetched transverse microsection,
was in the range of 48—101 pm. An example of metal-
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lographic study of powder from heat-resistant nickel
alloy is given in Figure 1.

To perform the deposition, preliminary preparation
of filler materials was conducted, which consisted of
selection of powders of a certain fractional composi-
tion, by their sieving through a set of the appropriate
calibration sieves. Before calibration, the powders
were preheated in a muffle furnace at the temperature
of 150-200 °C to remove residual moisture, the pres-
ence of which is associated with their hygroscopicity.

Used as the microplasma power source was Tet-
rix 421 AC/DC (EWM GmbH Company, Germany)
fitted with a plasma module with the range of current
regulation of 5-50 A. Welding plasmatron of the mi-
croplasma welding unit MPU-4 (Ukraine) was select-
ed as the base for creation of a laboratory experimen-

Figure 1. Powder from heat-resistant nickel alloy KhNSOVMTYuB: a — appearance (binocular), x40; b — unetched transverse section

(powder embedded in Bakelite), x200

1

-

—

| o=
|

Figure 2. General view of MPU-4 plasmatron for microplasma welding (), scheme of the upgraded structure (b) and its appearance
after upgrading (c) with nozzle assembly for powder injection into the plasma jet (through a nipple located at an angle a < 45° to plas-

matron axis)
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tal torch for additive deposition, which was subjected

Table 3. Technological parameters of microplasma deposition
process, used in modeling the operation of MPU-4 plasmatron

to the necessary upgrading (Figure 2). A specialized
nozzle assembly was designed for powder feeding.

with nozzle assembly for powder deposition

The assembly has a system of nozzles, which allowed,

in addition to protection of the deposition zone, also
controlling the transporting gas with the powder rel-

ative to the plasma column coordinate. Cooling of
plasmatron assemblies was also improved for its re-

liable operation in the range of currents of 5-100 A.

The plasmatron was moved relative to the sample be-

ing surfaced, using an anthropomorphous robot-ma-
nipulator of ARC Mate 50D type (FANUC, Europe).
Computational software SolidWorks Flow Sim-

ulation was applied during design of the specialized

nozzle assembly [13]. This software was used to mod-

Number Parameter description Value
Speed of plasma-forming Ar gas flow (Q ),
1 . Pl 1.0-1.5
1/min
2 Speed of shielding Ar gas flow (Q,), I/min 10
3 Speed of transporting Ar gas flow (Qpl), I/min 12
4 Powder flow rate Qp, g/min 2.4
Speed of cooling liquid flow (for each circuit)
5 . 1.5
Q,, /min
6 Thermal power released by constricted arc, W| 840
7 Powder particle size, um 100

el and optimize by the flow laminarization criterion
the dynamics of plasmatron gas flows and design of
the specialized nozzle assembly for powder feeding to
perform additive microplasma deposition.
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Table 3 gives the technological parameters of the
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15.000 18.000
16.500 16.500
15.000 15.000
13.500 13.500
o 12,000 12.000
10.500 10,500
9.000 9.000
o 7.500 7.500
o 6.000 6.000
4.500 4.500
3.000 3.000

1.500

Trajectories of flow 1
Trajectories of low 2
Trajectories of flow 3
Fraction |

Fraetion 2

microplasma deposition process, used in modeling
the operation of MPU-4 plasmatron with the nozzle

Figure 3. Speed and direction of gas flows in upgraded MPU-4 plasmatron: ¢ — plasma-forming; b — shielding; ¢ — transporting;

d — powder particle flow
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assembly for powder deposition. Modeling the gas
dynamics allowed creation of an upgraded plasmatron
design with satisfactory results for the flows of plas-
ma-forming, shielding and powder transporting gases.
Figure 3 shows the lines of plasma-forming, shielding
and transporting gas flows and the flow of deposited
powder particles. The design of the specialized nozzle
assembly allowed achieving laminarity of the flows in
the zones of the respective channels and at the plas-
matron outlet.

Transverse templates were cut out of the samples
produced by additive deposition and microsections
were prepared to conduct metallographic analysis.
After their grinding and polishing, electrolytic etching
in chromic acid or ammonium sulphate was applied to
reveal the microstructures [14]. Obtained structures of
the samples were studied by the methods of optical
(Neophot-30 microscope from Carl Zeiss, Germany)
and analytical scanning electron microscopy (JSM-
840 microscope from PHILIPS, Holland). Analytical
scanning electron microscopy was applied to deter-
mine the chemical composition of the phases and met-
al grains (general and local point analysis). Optical
microscopy was used to study the structural chang-
es. Microhardness was measured with microhardness
meter LM-400 (LECO series, USA) at 50 g load.
Mechanical static tensile testing was conducted in an
all-purpose tensile servohydraulic system MTS 810
(Material Test System, USA), using standard samples
(GOST 6996-66) which were cut out of 3D printed
walls across the deposited beads.

RESULTS OF TECHNOLOGICAL RESEARCH

Technological research was performed in keeping with
the scheme given in Figure 4 [15]. The minimal wall
thickness of the grown product in the conducted research
on microplasma deposition was up to 3 mm. Investiga-
tions showed that during production of volumetric items
by additive layer building-up by successive deposition, a

Electrode

Plasma-forming gas

Water cooling

Filler powder +
transporting gas

L s e el

Shielding gas

Platform

Deposited metal

Figure 4. Scheme of conducting the technological research [15]
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very important parameter is the size of the built-up layer
(deposited metal bead), as it determines the characteris-
tics of the shape and the surface, as well as the precision
of product formation. Therefore, a priority task, which
was solved during selection of the deposition mode pa-
rameters, was determination of the best relationship be-
tween the flow of filler powder particles (Figure 3, d) and
microplasma arc diameter. The difference in the condi-
tions of deposition on the substrate and on the previously
deposited bead was taken into account. In the latter case,
when current is increased, the bead volume is reduced
due to deterioration of the heat dissipation, penetration
of the previous bead and increase of the pool length.

Another task, solved in order to select the mode,
was increase in the fraction of useful filler powder
consumption (UPC coefficient) during additive grow-
ing of the part. Experiments showed that the main
cause for the powder filler losses is the movement of
its dispersed particles on the periphery of the plasma
arc column and further on their elastic reflection from
the surface of the product being deposited, beyond the
zone of the formed pool of deposited metal.

Thus, in case of realization of additive technol-
ogy of growing thin-walled metal products with up
to 3 mm wall thickness, it is important to be able to
control such process characteristics, as concentration
of the microplasma arc and addition of powder filler.
In particular, in order to optimize the trajectories of
filler material movement in the plasma arc, it is rec-
ommended to add filler powders to the arc at up to
40-45° to the plasmatron axis (Figure 2, b).

Research was performed with application of a
microplasmatron with lateral distributed injection of
the filler powder and diameters of plasma-forming
nozzle channels 4 = 1.8 and 2.5 mm and of focus-
ing nozzle d, = 2. 5 mm and 4.5 mm (Figure 2, b).
With these dlmenswns its stable operation at weld-
ing current in the range of 5-50 A is ensured. The
concentration of filler powder injection with flow
rate G = 1.0 = 3.5 g/min through the microplasma
arc to the anode plane (substrate, on which the first
layer was deposited) was assessed by determination
of the weight of powder, which penetrated into the
weld pool, during successive increase of its dimen-
sions. Width B of the molten metal pool (or depos-
ited bead) changed with increase of welding current
at a constant speed of microplasma arc movement in
the range of 2-5 and 4-10 mm (Figure 5, Table 3).
During the experiment, with gradual increase of the
weld pool width by 5 times, dependencies of the
change in the deposited bead specific mass M and
UPC coefficient were derived which characterize the
radial distribution of the filler powder.
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Figure 5. Dependence of bead width B (a), specific weight of deposited metal (HYF 103 alloy powder) M, and UPC () on welding
current / at deposition rate /' = 3.24 mm/s: / — microplasmatron with dp1 =2.5mm, d =45 mm, G = 3.2 g/min, B=2-5 mm; 2 —

oz’pl =1.8 mm, df: 2.5 mm, B=4-10 mm

In keeping with the data in Figure 5, in order to
produce volumetric products with up to 3 mm wall
thickness (or with deposited bead width B < 3 mm),
it is necessary to perform microplasma deposition at
up to 15 A arc current. However, application of up to
30 A current is undesirable, because of the low pro-
cess stability. To increase the stability, it is rational to
increase the plasmatron arc current to 30-35 A, which
requires increasing the deposition rate from 10-15 to
30 m/h to preserve the 3 mm wall thickness.

Further technological research was conducted with
filler powder flow rate G = 3.0 g/min. The modes of
additive microplasma deposition of the used powders
were refined by the criteria of optimization of the de-
posited bead shape and formation of reliable fusion
with the substrate and/or previous bead. The following
main parameters of the deposition mode were selected:
arc current / = 35 A, arc voltage U = 40 V, deposition
rate V=35 m/h (9.66 mm/s), energy input of deposi-
tion £ = 87 J/mm (allowing for process efficiency of
0.6 [16]). Other parameters of the deposition mode
are given in Table 3. Conducted research showed that
in additive microplasma deposition with the selected
powders (Table 1) the thickness of the deposited wall
is preserved in the range of 3.0=0.3 mm with satisfac-
tory stability (Figure 6). Here, the UPC coefficient is
in the range of 0.84-0.88 (powder losses are equal to
16—12 %, respectively), which is an acceptable value.

RESULTS OF METALLOGRAPHIC STUDIES

In additive microplasma deposition complete melting
of the powder occurred in all the cases of application
of filler materials listed in Table 1. The deposited metal
structure was characterized by a clearly expressed layer-
ing; deposited layer thickness was equal to 550—650 um.
Surfacing was performed in several passes, with succes-
sive deposition of the metal layers — one per pass. The
structure of the fusion zones between the layers was ho-

mogeneous. The macrostructure of each deposited lay-
er was homogeneous without formation of any defects,
cracking or incomplete melting.

In case of application of powder of Ni—Cr—B-Si
system for single-pass deposition, an equiaxed fine-
ly dispersed structure was produced in the deposited
bead metal. The deposited material microstructure
consisted of a two-phase matrix (Figure 7), in which
a component prevailed, which appeared light when
etching with hardness HV 4640-5720 MPa. Light-
gray precipitates of higher hardness of HV 6030-
7010 MPa are present alongside it (Figure 8). Thus,
as a result of microplasma growing of the product, the
microstructure of the heat-resistant nickel alloys con-
sisted of a matrix of y-solid solution (light-coloured),
with intermetallic phases of the type of y’-phase (Ni,
Cr), (AL Ti, Nb) and Ni(Cr, Mo, W) + carbides ob-
served against its background. To increase the dis-
persion-hardening effect, these alloys, in the classical
sense, should be heat treated. However, selection of
the required temperatures and duration of holding
during heat treatment of the innovative material pro-
duced by 3D layer-by-layer plasma deposition has not
been performed so far. This can be the subject of fur-
ther studies. No signs of overheating or burnout with a

e — -
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—

Figure 6. Appearance of a plate of metal produced by lay-
er-by-layer microplasma deposition of HYF-103 powder
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=100

Figure 7. Structure of microplasma deposit, x100

jump-like increase in the grain size and intergranular
melting were found in the microstructure of the grown
samples.

Judging from the presence of peaks in the results
of microhardness measurements and data of micro-
structural investigation, we can conclude that harder
carbides of different shapes are included in the solid
solution of the matrix. Strengthening phases had the
shape of plates of different thicknesses, and their horse-
shoe-shaped and diamond-shaped precipitations were
also found. The carbides were characterized by high
hardness (HV > 20000 MPa). In addition to coarse
(primary) carbides, their finer precipitates were also
observed in the grown material matrix that, probably,
promoted an increase in the strength and hardness of
the material. Eutectic carbide precipitates of hardness
on the level of HV 2340-3030 MPa are also observed
over the entire deposit.

A thin light-coloured strip of hardness HV 2540—
2860 MPa is also observed along the line of fusion
with the base metal. This structural component is ho-
mogeneous along the entire length of the deposit, and
its thickness is 10—12 um. Note that the deposit struc-
ture is refined in the direction from the upper edge to
the base metal of the substrate. Microanalysis of indi-
vidual areas of the structure showed that the deposit-
ed metal composition is close to that of the deposited
powder (see Table 1).

In case of application of HYF-103 powder for
three-pass additive deposition, according to the data
of electron microscopy, a fine dendritic structure of

Figure 8. Distribution of microhardness HV

o5 MPa with depth
h, mm

the deposited metal was produced, which contains
both relatively large grains and fine ones. The large
and fine dendrites form colonies, disoriented relative
to each other (Figure 9). Crystals of different sizes
were formed in the upper and lower parts of the sam-
ple, which resulted from the non-equilibrium condi-
tions of solidification at microplasma 3D growing of
the sample. So, in the lower part of the deposited met-
al the heat was removed through the base substrate,
while in the sample upper part it was removed pre-
dominantly through thermal radiation and heat dissi-
pation into the lower deposited layers. This resulted in
slower cooling of the metal in the sample upper part
and, thus, led to grain growth.

In the longitudinal direction the dendrites formed
extended crystallite branches, oriented predominant-
ly in the direction of heat removal and united into
colonies. Microstructural analysis of the sample cut
out in the lower part, showed that crystallite growth
proceeds in one direction (Figure 9, ¢). The dendrites
consist of grain blocks with similar crystal orienta-
tion, the boundaries of which were revealed as a result
of etching. A comparison of the structure of metal in
the samples, cut out in the longitudinal direction in
the sample upper and lower parts, points to different
nature of crystallization, during upward formation of
the sample (Figure 9). Microanalysis in different indi-
vidual sections of the structure showed that the depos-

a 500 um | |p G Al &

500 um | [l 500 um

Figure 9. Microstructure of metal, produced by three-layer additive microplasma deposition of HYF-103 powder (x100): @ — top of
deposited sample; b — middle of deposited sample; ¢ — bottom of deposited sample
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daracily
25.'um' T Be
Figure 10. Microstructure of metal produced by additive micro-

plasma deposition of HYF-103 powder, with indication of areas
of element content microanalysis

ited metal composition is close to that of the deposited
powder (Figure 10, Tables 1 and 4).

During examination in a reflected light opti-
cal microscope, the microstructure of samples of
KhN50VMTYuB and KhN60VT alloys in the dendrite
body appeared to be less homogeneous (Figure 11, a).
Studying their structure in an electron microscope re-
vealed that the dendrites of y-solid solution have an
internal structure with thin and intermittent boundar-
ies of the block walls (Figure 11, b).

As one can see from the above microstructure, dis-
persion hardening during rapid cooling of the layers
of microplasma deposited metal either did not occur,
or occurred only to a minor extent.

DISCUSSION OF INVESTIGATION RESULTS

Conducted technological research showed that for the
selected group of powders (see Table 1) the parameters
of the mode of additive microplasma deposition pre-
dominantly depend on the fractional composition of the
filler powder. Complete melting of the powder occurs
under the conditions of application of microplasma depo-
sition with the energy input of 85-90 J/mm and thermal
power of ~800-900 W released by the constricted arc at
additive growing of metal products. The metal structure
is characterized by a clearly expressed layering; thick-
ness of the deposited layer is equal to 500—650 pm.
Based on the results of the conducted technologi-
cal research, it was determined that successive depo-
sition of metal is manifested in formation of a relief
on the sample side surface (Figure 6). Metal rolls are
observed, which are an alternation of protrusions and
depressions, caused, probably, by partial flowing of
liquid metal down the side surface. Dimensions of
these rolls approximately correspond to the height of
the metal layer deposited in one pass. One of the ways
to minimize this parameter is stabilization of additive
microplasma deposition due to selection of its rational

Table 4. Element content in individual areas of the structure according to Figure 10

Chemical composition, wt.%
Spectrum

B N (¢} Mg Si \Y% Cr Mn Fe Co Ni Mo Total
1 — — — — 0.95 — 16 0.31 72.16 0.32 9.1 1.17 100
2 — — — — — 49.26 — 47.38 — 1.12 2.24 100
3 — — — — 0.24 48.64 — 48.09 0.4 0.91 1.72 100
4 — — 17.41 9.17 8.85 — 9.37 — 48.21 0.41 6.06 0.52 100
5 20.25 | 19.63 — — 0.26 - 7.85 0.32 45.51 0.28 5.09 0.81 100
6 — — — — 0.65 0.41 15.52 — 56.74 0.4 6.47 19.8 100
7 — — — — 0.67 0.26 17.15 — 59.99 0.44 6.64 14.85 100
8 — — — — 0.72 0.25 14.86 — 61.16 0.31 7.41 15.28 100
9 — — — — 0.95 — 13.68 — 74.64 0.36 9.79 0.58 100

Figure 11. Microstructure of a sample, grown by microplasma deposition of KhNSOVMTYuB alloy: a — %500 (optical metallogra-

phy); b — x10 000 (electron microscopy)
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Table 5. Mechanical properties of metal produced by additive mi-
croplasma deposition of HYF-103 powder

Sample G, o, 5,
number £y Ly L, MPa M%’a %
1 7.15 | 20.02 | 20.49 606 474 3.165
2 7.16 19.78 | 20.78 627 510 5.056
3 7.15 22.14 | 22.94 618 462 3.613
Averaged | - - 617 | 482 | 3.95
value

process modes. Another method to minimize this pa-
rameter is reduction of the height of the layer depos-
ited in one pass. Such an approach, however, lowers
the productivity of 3D printing of the product and re-
quires individual optimization measures.

In multilayer microplasma deposition no such de-
fects, as separation of the adjacent layers inside the de-
posit, because of incomplete fusion between the layers;
molten material solidification in the form of spheres,
and not a continuous layer; deformation through the dif-
ference in the coefficients of thermal expansion of the
layers, were found. Fusion zones between the layers are
not identified structurally, and a homogeneous structure
is observed. The macrostructure of each surface-melted
layer is quite homogeneous without formation of any de-
fects, or cracking. The methods of optical and electron
microscopy established that the sample metal structure
is dendritic and contains both coarser and finer grains.
Large and fine grains form colonies, disoriented relative
to each other (for instance, Figure 8). Crystallite forma-
tion at successive deposition of the metal layers in the
sample upper and lower parts is different, and it is deter-
mined by differences in the crystallization process. So,
in the lower part of the deposited metal heat removal is
more intensive, as it occurs through the base substrate,
which has rather good heat conductivity. In the sample
upper part heat removal is less intensive, as it is per-
formed predominantly due to thermal radiation, while
heat conductivity of the predeposited layer is due to the
applied filler alloy, and it is predominantly low. This re-
sults in slower cooling of the metal in the sample upper
part and, thus, leads to a certain grain growth.

Electron microscopy studies of phase composition
of HYF-103 alloy layers, deposited by microplasma
method in the selected rational mode showed trends
of slight burnout of individual alloying components
(Tables 1 and 4). So, manganese content decreased
from 0.6 to ~0.3 wt.%. Boron burnout was also ob-
served in individual sections. On the whole, however,
reduction of the content of alloying components of the
studied deposited alloys, is rather limited, and cannot
be considered significant.

Ultimate strength o, conditional yield limit o,
and relative elongation  of the deposited metal at uni-
axial tension were measured on samples 30 mm long,
which were cut out along the vertical of a plate pro-

duced by layer-by-layer building up (see Figure 6).
The deposited metal strength was assessed by the re-
sults of uniaxial tensile testing of three samples.

Conducted studies of mechanical properties (Ta-
ble 5) allow us to conclude that the metal deposited
by additive technology ensures rather high strength,
reaching more than 600 MPa, where F/ is the cross-sec-
tional area of the sample; L and L, are the initial and
final lengths of the sample; 6 is the relative elongation.

Over the recent years the process of 3D printing of
aircraft parts has become ever more relevant. Applica-
tion of 3D printers significantly lowers the cost of the
created products, increases the production flexibility and
accelerates manufacture of the required repair kits of the
parts. One of the most complicated tasks in this respect
is 3D printing of metal parts, both finished and with ad-
ditional machining. Application of additive microplasma
deposition with metal powders for manufacture of 3D
products for aviation equipment will allow a significant
productivity improvement, compared to the currently
available methods. So, application of microplasma depo-
sition will allow reaching the productivity of ~3—4 kg/h,
whereas laser deposition can provide the productivity of
up to 1.5 kg/h. Moreover, microplasma deposition al-
lows creating composite or functionally gradient metal
layers, which will promote material saving, and will en-
able creating wear-resistant friction surfaces relative to a
soft base during 3D printing. Equipment applied for mi-
croplasma deposition is much less expensive and easier
to maintain, compared to laser equipment. On the whole,
despite the need for final machining of critical functional
surfaces, application of microplasma deposition can be
regarded a promising direction of 3D printing of metal
parts for aviation equipment. It is rational to focus fur-
ther research on studying the influence of heat treatment
on the structure and properties of products grown by in-
novative 3D microplasma deposition from heat-resistant
nickel alloys, considered in the work.

CONCLUSIONS

1. It was determined that selection of the mode of ad-
ditive microplasma deposition of the chosen group
of iron- and nickel-based powders is predominantly
due to filler powder granulation. At additive micro-
plasma growing of metal products with up to 3 mm
wall thickness with application of Fe- and Ni-based
powders with fraction size of 40—100 pm complete
melting of the powder occurs in the modes, ensuring
the energy input of 85-90 J/mm with thermal power
of ~800-900 W released by the constricted arc.

2. It was established that the metal structure in
samples produced by microplasma deposition, con-
sists of dendrite colonies disoriented one relative to
another, which contain both relatively large and fin-
er grains. In the deposited metal lower layer small-
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er-sized crystallites are formed, due to more intensive
heat removal through the steel substrate of the base.
In the upper layers of the deposited metal larger-sized
crystallites are formed, owing to reduction in the heat
removal intensity, which is promoted by application
of filler alloys with rather low heat conductivity.

3. Mechanical testing for static tension of samples
cut out of the deposited metal across the deposited
beads showed that the strength of HYF-103 alloy
exceeded 600 MPa at yield limit values higher than
480 MPa and relative elongation close to 4 %. Such
results are attributable to absence of deposition de-
fects and small fraction of burning out of the deposit-
ed metal alloying elements.

4. Conducted research showed the fundamental pos-
sibility of formation of dispersed dendritic structures
with grains of different spatial orientation, structural
homogeneity of the deposited layers without clearly
expressed fusion zones, and absence of pores or crack-
ing. Such trends of structure formation are indicative
of the good prospects for further application of additive
microplasma deposition for 3D printing of parts from
iron- and nickel-based corrosion- and heat-resistant al-
loys, in particular, parts of aerospace engines.
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ABSTRACT

The influence of mechanical impact methods of treatment on the fatigue resistance of joints of high-hardness armor steels,
compared to low tempering, in welding with high-alloy welding materials was studied. The paper presents the results of tests
by cyclic out-of-plane bending of welded joints of HBS00MOD armor steel, made using KhORDA 307Ti wire (08Kh20N9G7T
alloying system), which were additionally subjected to layer-by-layer low-frequency peening of the deposited metal during
welding, high-frequency peening of the fusion zone and adjacent HAZ metal and shot peening of the joint surface after their
welding. It was established that thermal tempering of armor steel joints with a high-alloy weld does not contribute to an in-
crease in the fatigue resistance. The most effective methods to increase the fatigue resistance of joints are mechanical high-fre-

quency peening or enhanced shot peening after welding.

KEYWORDS: high-hardness armor steel, welded joints, fatigue fracture resistance, low tempering, mechanical low-frequency
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INTRODUCTION

The required set of mechanical and service properties
of high-hardness armor steels is achieved through a
special level of alloying with elements that strengthen
ferrite and increase the steel temperability (C, Cr, Ni,
Mo, V, B) and appropriate heat treatment — hardening
followed by low tempering. High indices of strength
(0,, = 1200 MPa) and hardness (HB > 500) combined
with relatively high ductile properties (d; > 8 %) ensure
adequate bullet resistance of structures in light armored
vehicles (LAV). High-hardness armor steels include
domestic steel grade 71 and its foreign analogues, such
as HBS00MOD, ARMOX500, RAMORS500, etc.
According to the alloying system, high-hardness
armor steels are classified as medium-carbon alloy
steels. Welding of these steels is associated with the
main problem — a high probability of cold crack for-
mation in the HAZ metal of welded joints, which is
predetermined by the formation of hardening struc-
tures of increased brittleness [1, 2]. This requires ad-
ditional technological solutions in the manufacture
of LAVs. Thus, to prevent the occurrence of cracks
in welding with low-alloyed materials of the Mn—Si—
Mo-Ti system, it is necessary to preheat welded joints,
the temperature of which, depending on the level of
steel alloying, can exceed 150 °C. If a high-alloyed
wire of the Cr—Ni—-Mo-Ti system is used, it is possi-
ble to weld without preheating due to the formation of
hardening structures in the near-weld HAZ metal with
a significantly lower level of internal stresses. This is
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evidenced by the results of studies described in detail
in [3]. This welding method produces a hardenable
martensitic-bainitic metal structure in the HAZ near-
weld zone with an increased ability to microductile
deformation without the formation of microcracks.
The weldability of high-hardness armor steels in this
area was studied in detail and technologies for weld-
ing LAV armor structures with high-alloy materials
were developed, which are now used in production
and ensure high-quality welded joints.

However, there is another problem in welding high-
strength steels. It is associated with a limited durabili-
ty and the formation of fatigue cracks in welded joints
during the operation of products [4]. This is especially
true for welded joints of armor structures located near
the fasteners of the product propulsion system, which
was repeatedly observed during the inspection of these
areas. The mentioned cracks are located in the transition
zone from the weld to the base metal and are initially
small in size (up to 10 mm), but if they are not repaired
in due time, they will further propagate actively with a
transition to the base metal (Figure 1). In Soviet times,
when armor steels were of lower hardness and less al-
loyed, and low-alloy materials were used in welding of
LAV products, it was mandatory to perform a low tem-
pering of a product no later than 24 hours after its weld-
ing to reduce the stress level and the probability of crack
formation in welded joints during operation. Regarding
the conditions for welding LAV structures with high-al-
loy materials, the feasibility of low tempering has not yet
been fully determined. It should also be noted that this
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technological operation requires specialized large-sized
equipment, significant energy consumption and time. At
the same time, the cost of low tempering can amount up
to 30 % of the total cost of armored structures.

At present, less energy-consuming technological
methods are known that provide an increase in the fa-
tigue resistance of welded joints during long-term op-
eration; they are scientifically substantiated and tested
in the manufacture of civilian metal structures [5—7].
Among them, the most common are deformation
technologies, in which, due to the introduction of me-
chanical energy, ductile deformation of welded joint
areas occurs and the metal structure is refined. Under
the influence of deformation, it is also possible to sig-
nificantly reduce residual stresses in the welded joint
and their concentration level in the transition zone
from the weld to the base metal. All these positive
changes should contribute to an increase in the crack
resistance of welded joints of armor steels under cy-
clic loads and their durability in general. Such defor-
mation technologies may include mechanical impact
treatment methods, among which the most common
are low-frequency (up to 10 Hz) layer-by-layer peen-
ing of weld metal during joint welding and post-weld
high-frequency (over 5 kHz) peening of the fusion
zone and overheating area of HAZ. Impact methods
also include shot peening of metal, including welded
joints, which is a common technological operation in
the manufacture of LAVs.

In this regard, studies to determine the possibility of
using energy-saving treatment technologies without low
tempering to increase the crack resistance and durability
of high-hardness armor steel joints are relevant.

THE AIM

of this work was to conduct a comparative assessment
of the effect of mechanical impact treatment methods
for welded joints of high-hardness armor steels, in the
manufacture of which high-alloy welding materials
are used, on their resistance to fatigue crack forma-
tion. This will allow making a final determination of
the feasibility of low tempering and the choice of ef-
fective technological operations in the modern manu-
facture of LAVs to increase their service life.

MATERIALS AND METHODS OF RESEARCH

Welded joints of typical high-hardness armor steel
HB500MOD of the following composition were
used as an object of the studies, wt.%: 0.26 C; 0.21
Si; 0.78 Mn; 042 Cr; 0.74 Ni; 0.27 Mo; 0.06 V;
0.002 V. For comparative tests, V-groove butt joints of
400x480 mm in size and 10 mm thick were prepared,
which were produced with a full penetration and a
partial root welding on the back side. The joints were
mechanically welded in a mixture of shielding gases
(82 % Ar + 18 % CO,) using high-alloyed KhORDA

Figure 1. Fatigue crack in a welded joint of a LAV product after
long-term operation

30 7Ti wire of domestic production (analogue of
Sv-08Kh20N9G7T wire) with a diameter of 1.2 mm
on the following mode: welding current 160-180 A,
arc voltage 26-28 V, welding speed 12—-15 m/h. No
preheating was used during their welding. To compare
the effect of low tempering, in welding under similar
conditions using low-alloyed Sv-10GSMT wire (So-
viet era technology), the metal preheating was 100 °C.

The following technological operations (methods)
of treatment were used to prepare welded joints for
their testing:

e No. 1 (basic) — without low tempering of the
joint and any impact treatment methods;

e No. 2 — low tempering (230 °C, 3 h) within
15-20 h after welding;

e No. 3 — low-frequency peening (up to 10 Hz) of
the deposited metal layers during the welding process;

e No. 4 — high-frequency peening (more than
5 kHz) within 4 days after welding;

e No. 5 — shot peening within 4 days after weld-
ing of the joint according to the accepted technology
of LAV manufacturer;

e No. 6 — enhanced additional shot peening of
the weld metal and HAZ area along the welded joint.

The peculiarities of using impact treatment meth-
ods for welded joints were as follows. For example,
low-frequency layer-by-layer peening of the deposited
metal was performed during the welding process after
the joints were cooled to a temperature of 100-50 °C.
Since the thickness of the metal was 10 mm and the
butt joint was welded in three layers, only the 2" layer
of the weld was peened (until the surface pattern of
the deposited metal changed by 70-90 %). The root
and final layers were not peened, as is recommended
when using this method. To implement the peening
process, a conventional electromechanical tool with a
diameter of 3—5 mm at the tip of the strike was used.
The rate of treatment of the weld layer surfaces was
100 mm per 1 min.

High-frequency (more than 5 kHz) peening was
performed on the surface of the fusion zone and the
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Figure 2. Fatigue cracks resistance of welded joints of armor steel HBS00MOD made using KhORDA 307 Ti and Sv-10GSMT wire
(N marking), Nos 1-6 — treatment methods: ¢ — effect of low tempering; b — effect of impact treatment methods

adjacent HAZ metal of the welded joint, the width of
the treated area was 2.0-2.5 mm. Here, a specialized
tool was used according to the developed recommen-
dations for the use of this method [7, 8]. The speed
of the tool movement during peening was 1 mm/s. At
the same time, a characteristic round-shaped groove
of 0.3 mm deep was formed in the treatment area.
Shot peening is a technological operation in the
manufacture of LAV products at specialized enter-
prises, which is necessarily performed on a finished
product before its painting. In our work, shot peening
of welded joints was performed under the conditions
of the SE “ZhBTZ” with the equipment and treatment
technology used in mass production. The shot diame-
ter was 2—-3 mm. Shot peening was performed on the
facial and back sides over the entire surface of welded
plates using conventional technology (No. 5) and with
enhanced additional treatment of the joint surface
(No. 6). The treatment rate was 100 mm per 1 min.

Figure 3. Typical fatigue crack formation and propagation
(a, x100) in welded joints (b) of armor steel HB500MOD

Then, from each butt joint prepared by the men-
tioned method (Nos. 1-6), 3 specimens of 480%120 mm
were cut out, which were tested at cantilever bending
under symmetrical cyclic loading with maximum cy-
cle stresses of 60 MPa in accordance with generally
accepted methods for testing the durability of welded
joints [9, 10]. For this purpose, a specialized fatigue
resistance testing machine of the UMP-1 type was
used. The cyclic loading frequency was 14 Hz. The
evaluation criterion was the number of loading cycles
(N), at which a critical fatigue crack of 3 mm length
was formed in the welded joint. If no typical signs of
a crack were detected within 2 min cycles, the loading
was stopped and this was an index of the best resistance
of welded joints to fatigue crack formation.

Metallographic examinations of welded joints
were performed using light microscopy (Versamet-2,
Neofot-32), microhardness was measured in the Leco
M-400 microhardness tester.

RESEARCH RESULTS
AND THEIR DISCUSSION

The summarized results of comparative fatigue tests
of welded joints under cyclic out-of-plane bending
are shown in Figure 2. It should be noted that under
all the considered welding and treatment variants, fa-
tigue cracks were initiated at the transition from the
weld to the base metal and further propagated deep
into the welded joint in the HAZ metal (Figure 3).

As is seen from the data in Figure 2, a, low tem-
pering of joints with high-alloy welds, which was
performed after the specimens had been aged for
15-20 h (No. 2), had a negligible effect on increasing
their durability. The number of load cycles before the
formation of fatigue cracks increased by 30 % (from
420000 to 560000, respectively), and in welding with
low-alloy material (No. 2N), the value increased al-
most twice (from 400000 to 780000 cycles). In the
initial state without heat treatment, the durability of
joints in welding with high- and low-alloy materials is
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Figure 4. Typical fusion zone in welded joints of HBS00MOD steel with high-alloy weld (x500): @ — in the middle part of the joint;

b — in the upper part of the joint

approximately the same (No. 1 and No. 1N). A slight-
ly higher fatigue cracking resistance (by about 5 %) of
the joints made using KhORDA 307 Ti wire is asso-
ciated with the peculiarities of hardened structure for-
mation in the HAZ metal when using high-alloy wire.

In our opinion, a slight increase in the resistance to
fatigue fracture of welded joints of steel with a high-al-
loyed weld is associated with the embrittlement of the
fusion zone at thermal tempering due to the development
of carbon diffusion processes. The formed brittle inter-
layers are small in size (up to 5 um) (Figure 4), but their
presence is sufficient to reduce the resistance of metal to
fatigue crack formation under external load.

Layer-by-layer peening of the deposited metal
during the welding process promoted an increase in the
durability of the joint by only 25 %. The number of cy-
cles before fatigue crack formation increased from 420
to 520 thou (Nos 1 and 3). However, it should be con-
sidered, that in welding with high-alloy materials, this
treatment method can be used to reduce deformations
in joints and preserve the geometric dimensions of the
armor structure.

The greatest impact on an increase in the durabil-
ity of welded joints of armor steel HBS00MOD with
a high-alloy weld was caused by a high-frequency
peening of the fusion zone and the adjacent HAZ met-
al. At the same time, a fatigue crack did not form in

the welded joint even under a load of 2 mln cycles or
more (the test was stopped at 3 mln cycles).

Metallographic examinations have demonstrated
that the structure of armor steel welds in the initial
state is austenitic-ferritic, with a microhardness in
the weld centre HV 2210-3660 MPa. A bainitic-mar-
tensitic (B-M) structure with a microhardness of
3360-4640 MPa and a package size of 40200 um
is formed in the metal of the HAZ overheating area.
The structure in the base metal is also B-M, but of
a lower hardness (3220-4010 MPa) and more dis-
persed (25-70 pm). After high-frequency peening,
the microhardness of the metal increases by an av-
erage of 1.2 times (up to 33604210 MPa) in the ad-
jacent deformed weld area. The structure refinement
to 10-30 pum is observed. Similar changes occurred
in the HAZ overheating area. At a depth of up to
125 pm, the size of packages is already 25-50 pum
(4 times decreased), and the microhardness increas-
es to 4640-5520 um. Typical changes in the metal
structure after high-frequency peening are shown
along the fusion line in Figure 5, a. For comparison,
Figure 5, b shows the changes in the structure when
namely the base metal was peened. It also shows the
structure refinement from 25-70 to 15-25 pum and
an increase in the microhardness from 3220-4010 to
4210-4880 MPa to a depth of 125 um.

Figure 5. Changes in the weld metal and HAZ structure (a) after high-frequency peening along the fusion line of the welded joint and

in the base metal (b) (x500)
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Shot peening of the entire surface of the plates af-
ter welding using conventional LAV preparation tech-
nology (No. 5) can increase the fatigue fracture resis-
tance of the joint by almost 2 times, up to 800 thou
cycles. After enhanced additional treatment (No. 6) of
the joint itself, fatigue tests did not cause crack for-
mation even at a load of 2 mln cycles or more, as in
the case of high-frequency peening. Metallographic
examinations were not carried out at this treatment
variant, but it can be assumed that similar structur-
al changes occur in the metal structure of the joints.
The physics of the processes of their influence on the
formation of metal properties in both methods is ap-
proximately the same. As a result of the treatment,
the weld metal and HAZ are cold work hardened, and
compressive stresses are formed in the surface layer
of the joints. Such positive changes contribute to a
significant increase in the durability of welded joints
of armor steel HB5S00MOD.

CONCLUSIONS

1. Low tempering of welded joints of high-hardness ar-
mor steel HBSOOMOD made using low-alloy materials
such as Sv-10GSMT with preheating allows increasing
their fatigue fracture resistance twice. In welding of
armor steel joints without preheating using high-alloy
KhORDA 307 Ti wire, the use of low tempering is not
effective, which is associated with embrittlement of the
fusion zone during thermal tempering due to the devel-
opment of carbon diffusion processes.

2. Layer-by-layer peening of the deposited metal
during welding of high-hardness armor steel using
high-alloy materials contributes to an increase in the
durability of fatigue fracture resistance of joints by
25%. This is a slight increase, but this treatment meth-
od can more effectively reduce the level of deforma-
tions in joints and preserve the geometric dimensions
of armor structures during their manufacture.

3. Itis possible to significantly increase the durabili-
ty of welded joints of armor steel HBS00MOD without
the formation of fatigue cracks at a load of 2 mln cy-
cles or more by high-frequency peening of the fusion
zone and near-weld metal of HAZ joints or by their
enhanced shot peening. In this case, the structure is re-
fined several times in the near-surface metal layer to a
depth of 125 um, and compressive stresses are formed
in the treatment area, which has a positive effect on the
resistance of welded joints to fatigue fracture.
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ABSTRACT

The technological techniques of electron beam welding (EBW) are considered, the application of which would allow obtaining
the required quality of joints of gas valve parts made of Mo—Ti—Zr (TZM) alloy, which is used in difficult conditions of the
nuclear industry. It is known that in order to produce a welded joint with relatively high ductility indices, the oxygen content
should not exceed thousandths of a percent. Alloys produced by vacuum arc and electron beam melting are used for welded
structures. They have a much lower tendency to form porosity in welded joints than similar alloys made by powder metallurgy
methods. Such alloys can be welded, but these joints cannot always be used under dynamic loads. When choosing the optimal
welding technique for gas valve parts, technical requirements for edge preparation, quality of welded joints, availability of
appropriate equipment and technological tooling were taken into account. The problems of assembly and subsequent welding
of gas valve parts made of Mo—Ti—Zr (TZM) alloy revealed during the investigations caused the need in changing design of the
joints. As a result, a scheme for welding gas valve parts was proposed, which uses flanging of weld butt edges. This led to op-
timizing the penetration shape. The proposed welding parameters and flange geometry made it possible to lower the degree of
saturation of the weld metal with gases due to the reduction in the penetration depth under the conditions of rapid heat removal
and, as a result, to produce sufficiently high-quality welded joints. In addition, with all the variety of technological techniques
used during the investigations, the priority of the correctly selected design of the circumferential butt and the accuracy of the
welding assembly was proven.

KEYWORDS: Mo-Ti—Zr (TZM) alloy, electron beam welding (EBW), microstructure, porosity, gas valve, flanging of welded

edges

INTRODUCTION

Molybdenum and its alloys have many unique charac-
teristics, which makes them indispensable in such ar-
eas as aerospace, power, chemical defense, and metal-
lurgy. The use of molybdenum-based alloys in nuclear
engineering in future thermonuclear reactors is chal-
lenging, since these alloys, along with high strength
and fatigue resistance at high temperatures, have good
thermophysical properties and are not activated by ir-
radiation. The use of molybdenum as the base of a
structural alloy is constrained by its two disadvantag-
es: easy oxidation at temperatures above 500-700 °C
and reduced ductility at room temperature [1]. Molyb-
denum alloying practically does not help to eliminate
the first drawback, but it can significantly increase the
recrystallization temperature, strength, and creep re-
sistance at high temperatures, and, in case of disper-
sive hardening, for example, with lanthanum oxide,
increase heat resistance and improve the ductile prop-
erties (reduce the brittleness threshold).

It is known that the presence of impurities in the
base metal in quantities significantly exceeding their
solubility limit is an objective obstacle in producing
high-quality welded joints on molybdenum alloys
[2, 3]. The quality of welded joints, mechanical char-
acteristics of welds, and especially their low-tem-
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perature ductility are very sensitive to the structural
state of the initial material. To obtain a sufficiently
high ductility of the welded joint, especially at low
temperatures, it is necessary that the base metal has
a homogeneous initial structure and sufficiently high
resistance to ductile-to-brittle transition. This can be
achieved by selecting the most favorable conditions
for preliminary hot treatment of the metal to be weld-
ed (for example, rolling mode for sheet alloys), as
well as heat treatment before welding (for example,
for molybdenum alloys at a temperature of 1400—
1800 K, depending on their composition) [4].

It should also be taken into account that any alloys
of refractory metals of the VIa subgroup of the period-
ic table (including molybdenum alloys) produced by
vacuum arc or electron beam remelting have a much
lower tendency to form porosity in welded joints than
similar alloys produced by powder metallurgy. This is
usually predetermined by the fact that powdered met-
als have a higher content of gas impurities. However,
welded joints made with powdered alloys, even with
lower impurity content than those made with con-
ventionally produced alloys, tend to reveal porosity.
During the welding process, gases can expand rapidly
in the molten pool, which seriously degrades the qual-
ity of welded joints of molybdenum and molybdenum
alloys [5-7].
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The use of powdered Mo-Ti—Zr (TZM) molyb-
denum alloy is constrained by its low processability
and especially weldability. The weld and heat-affect-
ed zone (HAZ) are relatively wide, and the grains are
highly coarsened after welding, so penetration impu-
rities such as C, N and O are fully diffused and con-
centrated at the grain boundaries, resulting in a sig-
nificant weakening of the bond strength at the grain
boundaries. At the combined effect of intrinsic brit-
tleness of materials and segregation of impurities at
grain boundaries, the sensitivity to welding cracks is
high, and the strength and ductility of joints of mo-
lybdenum and its alloys are low [8, 9]. At even the
lowest level of impurities-gases in the weld, it is im-
possible to ensure sufficient ductility of welded joints
with their typical coarse-crystal structure and elimi-
nate the tendency to cold crack formation. Producing
high-quality welded joints requires the use of alloys
doped with expensive elements that reduce the harm-
ful effect of impurities on welds (e.g., deoxidizers
such as titanium, zirconium, etc.) and improve their
structure (e.g., with rhenium) [10]. Therefore, parts
or structures made of molybdenum and molybdenum
alloys often have to be manufactured by powder met-
allurgy rather than by welding from parts.

Since the most perfect shielding of the weld from
atmospheric gases is achieved in EBW, this method is
most effective for joining chemically active refractory
metals, since it is performed in a vacuum and provides
relatively low heat input. For refractory and chemical-
ly active metals, the possibility of their preliminary
cleaning by degassing in a vacuum is of great impor-
tance. To reduce contamination of the weld metal,
welding is usually performed without filler metal.

The relatively small width of the HAZ becomes
a great advantage in welding refractory metals such
as molybdenum. The weld and the near-weld zone
(recrystallization zone) are much less strong and
have a much higher ductile-brittle transition tempera-
ture than the base material itself. This difference in
strength leads to a concentration of strain in the weld
zone, and the triaxial stress created by the confine-
ment of the base metal can initiate fracture. It should
be noted that although vacuum electron beam welding
facilitates the removal of impurities and gases, it in-
creases the evaporation of alloying elements.

Experimental works are mainly devoted to clarify-
ing the role of welding conditions and parameters, or
more precisely, their role in improving weld quality
(tempering brittleness, limitation of continuous grain
growth). The information provided in the literature on
the effect of heating and cooling rates on the low-tem-
perature ductility of molybdenum alloys is contradic-
tory. Morito et al. [11] compared the ductility of HAZ
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in welding molybdenum alloys (Mo > 99.9 wt.%)
under two heat treatment conditions, i.e., at cooling
in a furnace and rapid cooling by quenching. It was
found that rapid cooling after welding can significant-
ly reduce the ductility of the HAZ of a welded joint of
molybdenum alloys, mainly because grain boundary
segregation in the HAZ is greater at rapid cooling by
quenching. Stutz et al. [12] systematically studied the
influence of EBW process parameters on the sizes of
the melting zone and HAZ, pore and crack sensitivity
in a butt welded joint made of TZM alloy with a thick-
ness of 2 mm.

The results show that pore formation is serious-
ly affected by excessive heat input during welding. A
small (insignificant in terms of the degree of manifes-
tation) heat input can not only suppress pores, but also
obviously reduce the grain size in the melting zone.

It was found in [5] that although it is not possible
to completely avoid pore formation in welding pow-
dered metals, the porosity in the melting zone at a lim-
ited heat input is significantly reduced. By increasing
the welding speed and reducing the heat input, the
ductility of the welded joint of molybdenum can be
significantly improved by refining the weld structure.
This results in a significant reduction in the thickness
of the MoO, oxide film located at the grain boundar-
ies. Reducing the thickness of the oxide film along the
grain boundaries increases the intercrystalline bonds
and, consequently, the ductility [13].

THE AIM

of the research is to develop a technique for electron
beam welding of circumferential welds while joining
gas valve parts made of Mo—Ti—Zr molybdenum alloy.

RESEARCH METHODOLOGY

EBW opens up the possibility to clean the metal from
gases before welding by heating the butt edges with a
defocused electron beam. Hydrogen is removed most
successfully, oxygen and nitrogen are removed least
successfully, and only from the surface layers of the
metal. It is assumed in [14] that preheating of the butt
reduces pores and helps to remove surface contam-
inants of adsorbed gases that cause porosity, calmer
formation of the substructure in the weld, and prevents
the formation of cold cracks in the studied alloy due
to the overall expansion of the future welding zone. It
is noted that heating at temperatures above 900 °C is
inappropriate due to possible deformation of parts and
the beginning of the recrystallization process.

A necessary condition for producing high-quality
welded joints is the accuracy of the assembly (and
fixation) of the butt for welding. For example, when
welding circumferential joints made of molybdenum
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alloys, it is recommended that the edge displacement
should not exceed +£50 um. Assembly of parts for
welding should be carried out in particularly precise
devices. These devices must ensure that the edges to
be welded are pressed tightly together, as effective
heat removal is required to reduce welding deforma-
tions [15]. The Mo-Ti—Zr alloy, which is produced
by powder or pellet metallurgy, guarantees chemi-
cal compliance of the basic alloying elements and
mechanical strength in the delivery state, i.e. it can
be used for technical tasks that do not require metal
remelting. However, this material is problematic for
structures joined by electron beam welding.

In our work, the technological methods of elec-
tron beam welding are considered, the application of
which makes it possible to obtain the required qual-
ity of welded joints of gas valve parts made of Mo—
Ti—Zr alloy, including the conditions for assembling
parts for welding. We studied the effect of the joint
type of parts with circumferential welds produced by
electron beam welding on the strength and ductility of
such a joint. Such joints are the most critical in terms
of crack formation and are problematic at an attempt
to produce a serviceable welded joint. The work also
touched the issue of the influence of gases, primarily
oxygen (O,) on weldability at different types of gas
valve part joints produced by electron beam welding.

The design of the nipple joint to the gas valve
body is fixed in the assembly fixture on a welding
rotary positioner (rotator). The rotator being a part
of the installation kit allows mounting in two spa-
tial positions: with a horizontal or vertical axis of
rotation (Figure 1). Using an indicator post and a
clock-type indicator, the nipple was aligned with
the positioner’s axis of rotation. The deviation was
within 0.1 mm.

Welding was carried out in an electron beam in-
stallation of the KL-211 type with a pressure in the
working volume of the chamber not higher than
5:10* mm-Hg. The accelerating voltage is set at a lev-
el of 60 kV. Electronic optics was used, designed for
500 mA of electron beam current. It included a metal
cathode with an emitting surface with a diameter of
3 mm. The experiments were carried out at a working
distance of 250 mm from the end of the welding gun
to the facial surface of a product.

The influence of the input energy was studied, name-
ly three fixed values of the welding speed: 5, 10 and
15 mm/s, in the range of heat input ¢ = 320-540 J/mm.

Table 1. Chemical composition of molybdenum TZM alloy

Figure 1. KL-211 installation. Device for assembling and weld-
ing gas valve simulator in two spatial positions: with horizontal
(a) and vertical axis of rotation (b)

Metallographic examinations of the weld penetra-
tions were carried out in the Neophot-32 optical mi-
croscope at different magnifications. The grain size
was calculated by the linear method. The hardness
of the phase components was measured in the M-400
microhardness tester from LECO, the load was 1 N,
the holding time was 10 s.

The composition of the alloy was checked using
an X-Ray Spectrometer X’Unique II — Rh 80 kV
LiF220 Gelll TIAP. The obtained data of chemical
and gas analysis of the alloy are presented in Table 1.

The first EBW test specimens showed elevated
brittleness of the weld metal and the base metal it-
self. In order to prevent the formation of unacceptable
pores and cold cracks in the studied alloy, the tech-
niques were used, which are discussed below.

The initial selection of welding modes was car-
ried out on a set of 50x240x25 mm plates with non-
through and through penetration. To obtain an accept-
able formation of a facial weld bead, the specimens
were welded by changing the parameters of the elec-

Elements Mo Ti Zr Al

Si Cr La C (6) N

2 2

wt.% <99.23 <0.53 <0.13 <0.046

<0.041

<0.013 <0.037 <0.031 <0.0092 <0.001
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valve
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Figure 2. Assembled parts of Mo-Ti—Zr alloy gas valve simulator

tron beam focusing, its current and welding speed.
In accordance with the recommendations [14], to in-
crease the deformability of the metal, preheating of
the joint was used. The reference surface temperature
was 900 °C. The following mode of electron beam
heating of the welding zone was selected: accelerat-
ing voltage 60 kV, beam current 30 mA and heating
time 12 min.

Each joint was welded separately, followed by
cooling in vacuum for 30 min. After welding, me-
chanical tensile tests were performed on the speci-
mens at temperatures of 20 and 1200 °C.

The influence of the welding input energy per unit
time was studied. Different welds were produced by
varying the beam current from 30 to 60 mA and the
welding speed from 5 to 15 mm/s. The use of the fo-
cused electron beam is not rational, since it does not
allow obtaining the required shape of the penetration
zone. An acceptable level of electron beam concentra-
tion reduction of +7 mA of the focusing current from
its value at a sharp focusing (measured at minimum
beam power) was experimentally determined. The

weld geometry was optimized by using technological
electron beam scanning.

Modes of welding the nipple with the gas valve
body and two cylindrical plugs on opposite walls of
the same body were tested (Figure 2).

ANALYSIS OF RESULTS AND
TECHNOLOGICAL RECOMMENDATIONS

MICROSTRUCTURE OF WELDED JOINTS
OF Mo-Ti~Zr ALLOY

Due to the effect of the thermal cycle of welding,
grain growth in the near-weld zone, thickening of in-
tergranular interlayers and their enrichment with im-
purities and a sharp increase in the brittleness of the
metal in this zone occurs. The alloy is sensitive to the
thermal cycles of welding and, above all, to the cool-
ing rate, which is associated with the precipitation of
the second phase. Therefore, the orientation of the
weld metal crystals, the shape of the grain boundaries
and the level of residual stresses mainly depend on the
welding speed.

It was found that low heat input (¢ = 320 J/mm)
due to increased welding speed leads to significant
grain refinement in the melting zone.

Reduction in the speed to lower than 5 mm/s
(¢ = 540 J/mm) increased the formation of pores. In
addition, more pores are fixed in the fusion zone than
in the volume of the weld. Also, welds with a high
“wedge-like” penetration and a large total width of
the penetration zone are formed. With an increase in
the welding speed, both the average size of pores and
their number decrease. On the other hand, the welding
speed was limited, because welding at a speed exceed-
ing 15 mm/s led to a decrease in the stability of the
welded joint formation and the appearance of defects
in the form of oscillations of the facial bead surface
(Figure 3, ¢). At the same time, without scanning of
the electron beam or at a small scanning width, a very
sharp weld root with a high probability of root defects
is naturally formed. By increasing the scanning width
to 0.8 mm, a compromise was achieved between the

Figure 3. Penetration zone (x30): a — V=5 mm/s, 4 =08 mm, [, =45 mA, ¢ =540 J/mm; b — V=10 mm/s, 4 = 0.8 mm, [ =
=55mA, ¢ =330 J/mm; c—V_=15mm/s, 4 = 1.6 mm, I =80 mA, g =320 J/mm; d — with repeated penetration at V = 5 mm/s,
A,— 0.8 mm, I =40 and 45 mA, respectively
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- 100 um

Figure 4. Defects in weld metal (a), defects in HAZ metal () (x200)

total width, the “wedge-like” shape of the penetration
zone and the shape of the weld root (Figure 3, a, b).

In all the investigated weld penetrations, in addi-
tion to the macropores mentioned above, micropores
were found in the weld metal. Defects are mainly
globular in shape, but there are also single defects of
irregular shape (Figure 4, a, b). The size of defects
varies within 38-375 pm.

In the HAZ and in the base metal of the studied
specimens, single micropores were also found, as well
as inclusions of various sizes and in large amount. The
bulk of these inclusions has a size of 2.5-5.0 um, quite
a lot of inclusions of 18—20 um and a small number of
large inclusions of 37.5-50 um. The hardness (HV'1)
of the inclusions is in the range of 10180—12500 MPa.

To confirm the influence of an increased content
of gas impurities in the base metal on the weld poros-
ity, experiments on double metal remelting were con-
ducted. We performed experiments on double metal
remelting: both welding passes at similar parameters,
but the first pass at 0.8-0.9 of the beam power at the
second pass. L.e., at the second pass we completely re-
melted the weld metal from the first pass and touched
a small interlayer of previously unremelted base met-
al. As was expected, in the center of the weld metal
after remelting the number of pores decreased notice-
ably, but near the fusion zone there are still many of
them as before (Figure 3, d).

Apparently, despite some «refiningy of the weld met-
al as a result of the first pass, the high concentration of
gases in the boundary interlayer and partial diffusion of
gases from the base metal, as before, initiate the propa-
gation of pores, and increased gaps — cracks.

The structure of the weld in all the studied cases
represents coarse grains, elongated from the center of
the weld in the direction of heat removal (Figure 3).
The size of grains in the weld at a welding speed of
5 mm/s is 185-250 um, and at a speed of 10 mm/s —
100—180 um. The weld microstructure is everywhere
two-phase, consisting of a light a-phase matrix (solid
solution based on molybdenum) and an excess phase
in the form of small inclusions of irregular shape (Fig-
ure 5, a).

The hardness (HV'1) of the weld metal at a weld-
ing speed of 5 mm/s is 2280-2360 MPa, and near the
fusion line it decreases to 2060 MPa. The hardness
of the weld metal at a welding speed of 10 mm/s is
somewhat higher — 2360-2660 MPa, and near the
fusion line — 2280 MPa, respectively. The fusion line
is not pronounced.

The HAZ microstructure is two-phase with em-
beddiments of inclusions described above (Fig-
ure 4, b). The grain size at a welding speed of 5 mm/s
is 90—125 pm, the hardness (HV'1) is 2210-2270 MPa,
and at 10 mm/s — 60-100 um and 2180-2430 MPa,
respectively. The structure of the base metal is fibrous,
retains the deformation texture, consists of two phases
and precipitations (inclusions), the grains are not pro-
nounced (Figure 4, ¢), the hardness (HV'1) of the met-
al is in the range of 2790-3220 MPa (Figure 6).

All welded joints of a gas valve require a relatively
small depth of partial penetration, namely 3—4 mm.
With an increase in the thickness of the welded met-
als, serious difficulties arise due to overheating of the
weld metal, an increase in HAZ and, as a result, the

Figure 5. Typical structure of weld metal (a), HAZ metal (b), base metal (c) (X200)
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Figure 6. Average hardness of different welded joint zones at
EBW and in the base metal

formation of pores and cracks. The use of the elec-
tron beam scanning technology made it possible to
obtain the required shape of the penetration zone with
a much lower tendency to porosity formation.

Taking into account the results of the choice of
modes on plane specimens, a number of welding
experiments were carried out to select and work out
the welding modes of gas valve parts, namely three
joints: a nipple with a valve body and two plugs on
the opposite walls of this body. Two 16-mm diameter
plug holes and one nipple connection were welded to
a casing hole of 20 mm diameter. To exclude possible
crystallization cracks, the shortest possible sections
of the electron beam current input and output were
selected. The actual valve parts were assembled in a
device that allows welding of all parts of the assembly
simultaneously.

GENERAL SEQUENCE OF WELDING-ON
FITTINGS TO THE VALVE BODY

Welding algorithm: increment in the welding current
to the specified value, holding this current constant
during a 360° angular welding movement, then over-
lapping the initial section and, finally, gradual reduc-
tion in the welding current. The overlap length was
chosen to prevent lack of penetration in the initial
section of the joint and to prevent the formation of an
end crater.

Parameters of local tacks (sections 10 mm each):
beam current — 25 mA; beam focusing current —
560 mA; movement speed — 5 mm/s; circular beam
scanning diameter — 1.0 mm.

The operation for preparing preheating of the butt
remained relevant. To provide a uniform heating of
the body and nipple, the electron beam was shifted
from the butt towards the body by 8 mm. Heating pa-
rameters: beam current — 25-30 mA; beam focusing
current — 500-510 mA. Movement speed — 5 mm/s;
circular beam scanning diameter — 8 mm; number of
passes — 15; reference temperature on the surface —
900 °C.

After heating, the subprograms for continuous
tack welding and full penetration were run sequential-
ly. Parameters of continuous tack: welding current —
25 mA, focusing current — 510 mA. Welding speed:
5 mm/s. Beam scanning — diameter circle of 1.0 mm.

Welding mode parameters were changed within
the following limits: welding current — 30-48 mA,
welding was performed with a defocused electron
beam, focusing current — 560 mA. The welding (ro-
tation) speed was 7-10 mm/s. Beam scanning — a
circle with a diameter of 0.5—1.0 mm (Table 2).

Table 2. Parameters of preheating and EBW modes for gas valve parts

Parameters of preheating on the surface

Nipple (bushing)

Plugs

Temperature — 900 °C;
Number of passes — 15;
Rotation speed — 5 mm/s;
Current — 25-30 mA;
Beam scanning — 8.0 mm circle,

Focusing current — 500-510 mA

the beam is shifted at 8§ mm towards the body from the joint;

Temperature — 900 °C;
Number of passes — 15 first, 10 second;
Heating time — 10 min;
Rotation speed — 7 mm/s;
Current — 5-8 mA;

Beam scanning — 2.0 mm circle;
Focusing current — 500 mA

EBW stage parameters
ippl hi Pl
EBW stages Nipple (bushing) ugs
Vomss | I,mA | I,mA Beam scanning, |, A I,mA Beam scanning,
v W appearance, size, mm | w appearance, size, mm

Short tacks (10 mm) 5 25 560 Circle, 1.0 5 25 510 Circle, 1.0

Solid tacks 5 25 570 Circle, 0.5 5 25 560 Circle, 0.5

Main weld 7-10 4548 560 Circle, 0.5 10 40 560 Circle, 0.5

Smoothing pass 12 30 700 10 12 30 700 10
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During the assembly, it was found that the gap val-
ue between the gas valve parts to be welded reached
0.1 mm, which does not meet the requirements spec-
ified for assembling units for EBW made of molyb-
denum alloys. The initial condition of providing the
accuracy of the butt assembly was not met. Due to
an increased gap in the butt during assembly, the risk
of arising shrinkage cracks and root defects in the
area with a crater increased. Nevertheless, the valve
fittings were welded. Repeated penetration allowed
forming the upper bead, but to correct the root de-
fects, it was necessary to drill out the plug and insert
a new part with a subsequent rewelding. Such a long
and labour-intensive process was recognised as poor-
ly manufacturable and was not considered further.

The research results showed that low heat input
helps to delay pore growth and reduce grain size in
the melting zone. The heat input was decreased by re-
ducing the welding current, increasing the speed to a
certain limit and optimizing the shape and sizes of the
electron beam scanning.

Preparation of end surface of edges to be welded
to reduce the porosity is necessary but not sufficient.
In addition, preheating and remelting of this joint
turned to be ineffective as a method of combating
metallurgical pores. These operations do not solve the

EBW

4 .

2

problem of increasing the ductility of a welded joint,
but they were not cancelled due to the possible pros-
pect of having a positive impact on the rate of phase
and structural transformations without deteriorating
the weld structure. It was necessary to search other
ways to improve the weld quality. Difficulties that ap-
peared during forming welds on gas valve parts made
it necessary to change the design of the welded joint
body-nipple and body-plugs.

It is known that one of the widely used techno-
logical methods aimed at increasing the resistance of
the weld metal to pore formation and crystallization
cracks is the change in the penetration shape (ratio
of weld width to penetration depth). The carried out
studies have shown challenge in terms of joining with
flanging of welded edges, where primary crystallites
are joined by side faces rather than apexes in the pro-
cess of melt solidification. Such welds are more resis-
tant to cracking.

STAGES OF WELDED
ASSEMBLY MODERNIZATION

In the process of step-by-step changing in the assem-
bly scheme and the design of the welded assembly, a
solution was found to improve the manufacturability
of the welding process. Figure 7, a—c shows the se-

Electron
beam

S \\:\\
NN

N\

T

c

ST
”’S\\\\\N?\\\\\\;

Figure 7. Three stages of modernization of the assembly welded joint design: fish-mouth welding of the nipple with the body is re-
placed by a scheme with a “collar” fused to the nipple wall, the body with plugs is fish-mouth welded (), the nipple is modified for
welding with an inclined electron beam (), modernization of fitting joints in the form of flanging the joint edges (c)
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Figure 8. Formation of circumferential welds with edge flanging,
imitating nipple-body and plug-body joints

quence of step-by-step transformation of joint vari-
ants, which was carried out as a result of the carried
out studies.

Variant “b”. The deflection angle and focus loca-
tion of the electron beam have been clarified. It became
possible to weld three butts within one evacuation of
the welding chamber. However, the subsequent weld-
ing of gas valve parts, fittings and plugs, due to inac-
ceptable gaps in the butt, did not provide the required
tightness, as was shown by hydraulic tests. Therefore,
it was proposed to fit the H7/p6 joint, which provides
a small guaranteed tension in the joint. The operations
to eliminate the gap in the butt joints before welding
by high-precision grinding of gas valve parts provid-
ed the highest guaranteed tightness of the joint by ob-
taining the required fit.

Variant “c” was accepted as the basic one, and the
drawings of gas valve parts were made in accordance
with Figure 7, c. This variant simplifies the position-
ing of a part before welding. There is no need to weld
with an inclined beam, as was assumed in one of the
previous schemes.

All welds made with a “tight” joint (without a gap
in a butt) had a fairly stable formation of the outer
bead (Figure 8).

The advantages of this joint design include, first of
all, the fact that it allows radically reducing the heat

@6 2 holes
B 20
v -.-{9 _______ = ¢I. _____ 4
‘ A
- 30 -
50 N
- 70 >

Figure 10. Tensile test specimen

input during welding. The use of edge flanging makes
it possible to achieve the most favourable ratio of the
pool depth to its width. L.e., welding can be performed
with a fairly wide and shallow weld at a moderate
electron beam concentration. The presence of root
defects in this case is not significant. Due to the ther-
mophysical properties of the molybdenum alloy, the
penetration shape of such welds in the cross-section
remained rather wedge-shaped, but with a rounded
root part. Figure 9 shows penetration shapes on the
selected welding modes.

Selected modes for producing circumferential
welds of joining fittings to the valve body:

e for plugs — V = 10 mm/s, focusing cur-
rent 560 mA, beam scanning 4. = 0.5-0.8 mm, /=
=45-55 mA;

e for nipple — ¥V, = 7 mm/s, focusing current
570 mA, beam scanning 4. = 0.8-1.0 mm, [ =
=30-45 mA.

Molybdenum is very sensitive to undercuts and
therefore, they should be avoided as well as craters.
The use of an additional smoothing pass reduces pos-
sible stress concentrators (including undercuts) and
porosity in the most dangerous near-surface area. A
smooth transition from the weld to the base metal is
provided. The weld width is uniform, the surface is
smooth and mirror-like on the facial side, and craters
are absent.

Figure 9. Cross-sectional view of the penetration zone under selected modes of producing circumferential welds: a — for plugs: V, =
=10 mm/s, A= 0.8 mm, I =55mA; b — for nipple: v, =1 mm/s, A= 0.8 mm, I = 30 mA; ¢ — the same with a smoothing pass
V,=10 mm/s, [ =45 mA
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Table 3. Mechanical properties of base metal and welded joint
metal at different test temperatures

Test tempera- O, w2 Siwr K
ture, °C MPa MPa s
20 570 490 0.85
1200 189 144 0.76

Notes. 1. Average values of testing four specimens are given.
2. Ultimate tensile strength was tested on plane specimens, Figure 10.
3. Strength factor —K_ =¢  /C

str tWI° T tBM®

The prospect of using welding modes with adjust-
able distribution of the electron beam power density
along the butt edges by rapid oscillation from one ex-
treme position to another is noted [15, 16].

Accordingly, the mode of smoothing passes along
the facial side of the preliminary cooled weld: V=
= 12 mm/s, focusing current — 700 mA, transverse
beam scanning with adjustable distribution of its pow-
er density along the scanning trajectory 4. = 10 mm,
I, =30mA.

The disadvantages of the above design may include
the difficulty of manufacturing welded assemblies and
the inability to weld the entire assembly within a one
evacuation.

The technological process of joining gas valve
parts was completed by heat treatment in a furnace
for a complete removal of residual welding stresses.
Treatment mode: heating rate 25 °C/min = 0.42 °C/s
to a temperature of 1150 °C, holding within 60 min,
cooling in the furnace.

After welding and heat treatment, X-ray inspection
of welded joints was carried out. The X-ray inspection
showed a maximum pore diameter of 0.723 mm. The
minimum distance between pores is 4.345 mm. Each
valve has three welds. After the works on moderniza-
tion of the design of welded assemblies and optimiza-
tion of the welding mode, the number and size of pores
became non-critical for the gas valve serviceability.
X-ray inspection of the welds showed the maximum
pore diameter in the range of 0.35-0.43 mm. Their
number and sizes do not exceed the requirements of
the technical specifications.

The hydraulic tests were also carried out on the
welded gas valves. All valves passed the tests suc-
cessfully. The pressure of 20 MPa was maintained for
2 min without leakage, which meets the requirements
of the technical assignment.

After testing the welding technology for the new
design of the assembly joint, as well as mechanical
tests on industrial specimens, this design and the pa-
rameters of EBW welding of gas valve joints of real
valve parts were finally selected.

CONCLUSIONS

1. Porosity is a complex problem in fusion welding
of molybdenum and its alloys because of the already
existing inner defects, first of all related to the pow-
der metallurgy process. Preheating of the butt with a
defocused electron beam leads to an overall volume
expansion of the future welding zone and facilitates
the removal of surface contaminants from adsorbed
gases. The latter can significantly reduce the forma-
tion of pores, but does not guarantee their complete
elimination.

2. The carried out experiments confirmed that the
formation of metallurgical pores in EBW, in addition
to the influence of harmful gas impurities, is closely
related to the assembly conditions, welding speed and
weld cross-sectional shape. Preparing end surface of
the welded edges and the accuracy of the butt assem-
bly are essential conditions for producing a high-qual-
ity welded joint, especially with a satisfactory combi-
nation of strength and ductility.

3. The results of the analysis of the mechanical
properties and structural state of the welded joints
confirmed the correct choice of welding mode param-
eters with minimum values of the input energy and
adjustable distribution of power density of the elec-
tron beam scanning trajectory. The use of this mode
made it possible to reduce the grain size and a num-
ber of voids in the melting zone. This shortens the
length of the heat-affected zone, reduces the size of
crystallites, and changes the crystallization pattern of
the weld metal, which has a favourable effect on the
mechanical properties of welded joints, and especially
on the low-temperature ductility.

4. To obtain the required quality of welds, chang-
es were made to the design of the gas valve welded
joints. A series of welding experiments on the joints
of gas valve parts made it possible to modernize the
design of welded assemblies using flanging of welded
edges, which allowed producing serviceable circum-
ferential welded joints.
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ABSTRACT

Weldability of 25KhN3MFA steel was studied and requirements for the possibility of its application in manufacture of welded
structures in heavy mechanical engineering were established. Investigations of weldability of 25KhN3MFA steel showed that
hot and cold cracks form during welding of this steel. To prevent cold cracking in the welded joints, welding should be per-
formed with preheating and interpass heating up to 250-300 °C and mandatory post-weld tempering at 570 °C. Hot cracks form
in welding the root layer of the weld metal, which is related to a significant fraction of the base metal (> 50 %) at mixing with
the deposited metal. To enable manufacturing welded structures from this steel, it is necessary to use only automatic narrow-gap
submerged arc welding and to remove the root layer from the inner side of a welded joint. When it is impossible to remove the
root weld, welded structures from 25KhN3MFA steel are not allowed for operation.

KEYWORDS: complex-alloyed steels, narrow-gap submerged arc welding, weldability, cold cracks, hot cracks, preheating

and interpass heating, structure

INTRODUCTION

For the manufacture of large-sized thick-walled
structures in heavy engineering, complex-alloy
Cr—Ni—Mo body steels of 20KhNMFA, 20KhN3MA,
25KhN3MFA type, etc. are used [1]. These steels have
the required ductility and toughness at high values of
strength after appropriate heat treatment. However,
their susceptibility to hardening and a high level of
mechanical properties cause a number of difficulties in
their welding. This primarily concerns the formation
of hot and cold cracks and the production of equally
strength welded joints [2]. To solve this problem, it is
necessary not only to correctly set the thermal mode
of welding and select welding consumables, but also
to choose the correct welding method that ensures the
quality of welded joints. At manufacturing of the first
hydraulic cylinder bodies of 20KhN3MA steel for
presses with a capacity of 30 thou t at PISC NKMZ
(Kramatorsk), electroslag welding (ESW) was the
main welding method. However, the cylinders pro-
duced using ESW were not reliable enough. During
operation under variable load conditions, cracks
formed in the welded joints, which caused fracturing
of the hydraulic cylinders. The nature of these cracks
is largely determined by the specifics of the ESW pro-
cess. The causes of defects and disadvantages of ESW
of complex-alloyed steels were studied in [3-5].
Studies of full-scale models of hydraulic press cyl-
inder bodies made by ESW and narrow-gap submerged
arc welding of 20KhN3MA steel have shown that the
most challenging welding method is automatic nar-
row-gap submerged arc welding. This method [6, 7]

Copyright © The Author(s)

ensures a minimal penetration of the welded edges
and dilution of the weld metal with the base metal,
a narrow heat-affected zone, homogeneity of chem-
ical composition and mechanical properties along
the height of the edge preparation, a limited volume
of deposited weld metal at its fine-grained structure
and minimal residual stresses and strains. In addition,
unlike ESW, in narrow-gap submerged arc welding,
a single high tempering provides a sufficiently com-
plete reduction of residual stresses and improves the
structure and properties of welded joints. At the same
time, high-temperature heat treatment is required af-
ter ESW, and for complex-alloyed steels, in several
stages [6].

Thus, narrow-gap submerged arc welding of mas-
sive thick-walled products made of complex-alloyed
steels not only ensures high quality welded joints with
high process efficiency, but also is one of the reserves
of energy saving, which is very important at the pres-
ent time.

For the manufacture of hydraulic cylinders for
pressing equipment, it is necessary to use large-sized
cylindrical forged billets of thick metal (> 500 mm
thick) made of high-strength steels welded with girth
welds. In this case, 25 KhN3MFA steel can be consid-
ered a promising option, as a high carbon (0.25 %)
and nickel (more than 3.5 %) content ensures a suf-
ficient hardenability throughout the entire thickness,
which contributes to the stability of the strength val-
ues and service properties of thick metal. However,
information on the technological strength of welded
joints of this steel is very limited.
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Table 1. Chemical composition of the studied steel and metal deposited using the applied welding wire, wt.%

S P
Steel/wire grade C Si Mn Cr Ni Mo v
Not more than
Steel
25KhN3MFA
TU 108.11.917-87 0.20-0.25 | 0.17-0.37 | 0.20-0.50 1.40-1.80 | 3.00-3.75 0.30-0.50 | 0.08-0.15 | 0.020 | 0.020
25KhN3MFA 0.25 0.26 0.36 1.60 3.50 0.33 0.15 0.020 | 0.020
Wire
Sv-08KhN2GMYu
GOST 224670 0.06-0.11 0.25-0.55 1.00-1.40 | 0.70-1.10 | 2.00-2.50 | 0.40-0.65 - 0.030 | 0.030
Sv-08KhN2GMYu 0.11 0.31 0.95 0.80 2.00 0.60 - 0.02 | 0.025

THE AIM

of this study was to investigate the weldability of
25KhN3MFA steel and determine the possibility of
its using for critical welded structures in heavy engi-
neering.

MATERIALS AND METHODS FOR EXPERI-
MENTS AND RESEARCH

The chemical composition of 25KhN3MFA steel is
shown in Table 1. To produce welded joints, a combi-
nation of Sv-08KhN2GMYu wire (Table 1) and AN-
17 flux [8] was used, which finds its application in
power engineering for the manufacture of products
from low-alloy steels.

The regularities of forming the structure of
25KhN3MFA steel depending on the thermal condi-
tions of welding were studied using the experimental-
ly obtained continuous cooling transformation (CCT)
diagram [9]. To model the corresponding structural
changes and simulate the thermal cycles of welding,
a high-speed dilatometer of the PWI design was used.
In the experiments, the special test specimens were
heated to a temperature of 1300-1350 °C, followed
by cooling in accordance with the thermal cycles of
manual welding, automatic submerged arc welding
(with and without preheating), electroslag welding,
and welding with significant heat removal. The cool-
ing time was counted down from the A, temperature
determined in advance using a Chevenard dilatome-
ter. After the specimens had cooled completely, me-

700

tallographic analysis and hardness measurements
were performed.

Microstructural examinations were performed in
the Neophot-32 light microscope equipped with an
Olympus P-5060 optical module with computer-con-
trolled image capture. The microstructure in polished
sections was revealed by electrolytic etching ina 10 %
aqueous (distilled water) solution of chromic acid at
the following conditions: voltage 12—15 V, etching
time 1015 s; in the process of preparing microsec-
tions, the etched surfaces were repolished on the cloth
with the application of powdered chromium oxide. A
30 % solution of iron chloride (FeCl,) was used to
etch the macrosections of welded joints. The Vickers
hardness was measured using a TP-5 hardness tester
at a load of 10 kg.

For a qualitative assessment of the susceptibility
of welded joints to cracking, butt joints of the type of
technological samples of the Lehigh University (“L”
sample) [10] with a modified edge configuration - from
U- to X-shaped were used (Figure 1). The sample de-
sign elements were corrected to enable submerged arc
welding, since the original “L” sample was designed
for manual arc welding. The tests were carried out at
different preheating temperatures, but under constant
welding conditions: 2.0 mm diameter wire, one-sided
welding, / =320-340 A, U =36-38V, V=18 m/h.
The cooling rate was set by the preheating tempera-
ture in the range of 20-300 °C. For each preheating
temperature, 3 specimens were welded.

100

R
N
N
30

v

Figure 1. Technological sample
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The preheating temperature sufficient to prevent r.°C

cold cracking was estimated based on the analysis of ||| 4e,=810°C
the constructed thermokinetic diagram of austenite 800 === 777 ] =TT
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In the initial state, the microstructure of the tem-
pered steel consists mainly of sorbite (Figure 3, a)
with a hardness of HV 246. When heating to the aus-
tenitic state and cooled within the specified range
of cooling rates, the phase transformation can occur

1 23456810 2 34568102 2 34568103 2 315
Figure 2. CCT diagram of 25KhN3MFA steel
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in the bainitic and martensitic regions. No ferrite or
pearlite transformation was observed.

At a cooling rate of 0.3 °C/s, a predominantly
single-phase bainitic transformation occurs with the
formation of granular bainite (Figure 3, ). With an
increase in the cooling rate from 0.3 to ~2.7 °C/s, the
transformation takes place both in the bainitic and
martensitic regions and is accompanied by an increase
in hardness from HV 419 to 556. The structure typi-
cal of this range, obtained at w,, = 1.6 °C, is shown
in Figure 3, ¢: the structural components are lamellar
bainite and martensite. At w,, > 2.7 °C/s, only mar-
tensitic transformation occurs with the formation of
acicular martensite (Figure 3, d—i); the hardness lev-
el remains high in the entire range of applied cool-
ing rates (w,, = 2.7-100 °C/s) and is approximately
HV 520-580.

An approximate estimate of the steel susceptibili-
ty to cold cracking during welding can be performed
based on the results of studying the temperature of
end of martensitic transformation at different cooling
rates in terms of hardness level, as well as the val-
ue of carbon equivalent C_ determined with regard
to chemical composition. For example, in this case,
the IIW expression can be used [11], developed for
low-alloy steels with alloying limits that are close to
those of the studied steel:

Mn

+ Mo + + Ni
CE:C“LTJFCI Mo V+Cu N1’

5 15

It is assumed that if C_ is higher than 0.40 %, there
is a risk of cold cracking. For 25SKhN3MFA steel with
the actual composition given in Table 1, the calcula-
tion gives C_ = 0.97 %, which indicates the probabil-
ity of crack formation in welded joints. However, this
index has a drawback, as it does not take into account
the behaviour of steel during welding [11]. It is also
generally accepted that steel is prone to cold cracking
when martensitic transformation ends at temperatures
below 300 °C and the hardness of the transformation
products exceeds HV 350-360 [12—14].

The analysis of the thermokinetic diagram of the
transformation of austenite in 25KhN3MFA steel
shows that at cooling rates w,,= 1.6-100 °C/s, the
end temperature of the martensitic transformation is
in the range of 170-180 °C. Only at w, .= 0.3 °C/s, at
which partial martensite formation was still observed,
the end temperature of martensitic transformation
grew to 320 °C, and the hardness of the transforma-
tion products decreased to AV 300.

In real welding, the cooling rate of the welded joint
metal may be slightly higher than the minimum rate
obtained in dilatometric experiments. The approxi-
mate cooling rate can be estimated using analytical

%.
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equations from the theory of welding thermal pro-
cesses; to calculate the instantaneous cooling rate, the
equation of the following type was used [15]:
w = 2n\[(T-T,)*/(g/V)].

where w is the cooling rate when the bead is depos-
ited on the surface of a massive body (the calcula-
tion scheme is chosen taking into account the proba-
ble heat dissipation during welding of a thick-walled
product); A is the thermal conductivity coefficient;
T and T are the temperature for which w is calcu-
lated and the initial temperature of the steel; v is the
welding speed; ¢ = n{U is the thermal power of the
welding arc, which is determined by the product of
the effective heating efficiency of a part by the arc (),
welding current (/) and voltage (U).

For the calculations, the values of n = 0.9 (for
submerged arc welding) and A = 30 W/(m-°C) (ac-
cording to the data for 30KhN2MFA steel, which is
similar in alloying) were chosen. For a temperature
of T'= 550 °C, which is an average in the range of
600-500 °C, and an initial heating temperature of
T, =200, 300 and 350 °C, the following values of the
average cooling rate w, . were obtained:

e 10.5 °C/s at preheating up to 200 °C;

® 5.4 °C/s at preheating up to 300 °C;

e 3.4 °C/s at preheating up to 350 °C.

Atwelding without preheating —w, . =24.07 °C/s.

Therefore, under submerged arc welding con-
ditions, martensitic transformation will occur in
welded joints in the range from M_ = 380 °C to
M, = 170-180 °C with the resulting steel hardness
significantly exceeding the approximate critical level
of HV'350.

Thus, a preliminary assessment of the weldability
of 25KhN3MFA steel based on the value of the calcu-
lated carbon equivalent and the analysis of austenite
transformation regularities indicates a high suscepti-
bility of its welded joints to cold crack formation. To
prevent cracking in all types of mechanized welding,
preheating and accompanying heating is required.

Typically, welding of complex-alloyed power en-
gineering steels is supposed to be carried out with
preheating up to 350 °C and higher. However, both
preheating and a high temperature of this operation
complicate the technological process. In addition, an
excessive preheating temperature can lead to an in-
crease in residual stresses and cause microstructure
deterioration. From a physical and metallurgical point
of view, during welding of steels with martensitic
transformation, it is advisable to preheat and maintain
the interpass temperature within the M -M, range,
giving preference to temperatures close to M. This
approach enables martensitic transformation in the
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Figure 4. Solidification cracks in welds when welding samples of 25KhN3MFA steel using Sv-08KhN2GMYu wire: a — with a di-

ameter of 3 mm; b — 2 mm

area of the last produced pass, and repeated welding
heating, activating diffusion processes, causes partial
martensite decomposition — tempering of hardened
layers, as well as a decrease in the concentration of
diffused hydrogen in them; the result is an increase
in resistance to delayered fracture [16]. Limiting the
preheating level also simplifies the production pro-
cess itself.

It is advisable to clarify the preheating temperature
by welding technological samples. Preliminary tests
as well as practical experience have shown that cracks
in the welded joints of 25SKhN3MFA steel were main-
ly observed in the weld metal zone. For this reason,
“L” type samples from the Lehigh University were
used, the configuration of which facilitates the initia-
tion of cracks namely in the welds.

It was experimentally established that in all cas-
es of welding specimens without preheating and with
preheating to 150, 200, 250 and 300 °C, cracks oc-
curred in the weld zone. The cracks were detected in
the hot metal immediately after the slag crust was re-
moved.

Based on practical experience, it is known that
preheating at the level of 250-300 °C is usually suffi-
cient to eliminate cold cracks in the joints of harden-
ing power mechanical engineering steels. In addition,
their formation occurs after the end of welding and
cooling of the metal, and in some cases it occurs with-

Canliga

A ';-:'-I .
iAW R e

Figure 5. Solidification cracks when depositing bead on the surface of 25KhN3MFA steel using Sv-08GA wire with a diameter of
3 mm: g — reverse polarity; b — direct polarity

in several tens of hours. In this case, cracks formed in
the weld metal during welding and under the condi-
tion of preheating, which eliminates the probability of
namely cold cracking. Therefore, it can be assumed
that cracks in the welds formed during welding with
preheating do not belong to cold cracks.

After a full cycle of research, it was found that
cracks on 25KhN3MFA steel samples are hot cracks
formed during solidification of the weld metal.

The formation of such cracks in the welds occurred
under different experimental conditions. Changing
the wire diameter from 2 to 3 mm in order to influ-
ence the shape of the pool and orientation of the so-
lidification elements did not lead to positive results
(Figure 4). Considering the complex alloying of the
used wire, welding was performed using low-carbon
Sv-08GA wire. Such a measure also did not prevent
the appearance of solidification cracks. Cracks were
also formed when beads were deposited on the sur-
face of 25KhN3MFA steel, both in reverse and direct
polarity (Figure 5).

Analysis of the chemical composition of the weld
metal welded using Sv-08KhN2GMYu wire showed
an increased carbon content (0.17-0.18 %) near the
crack. The average composition of sulphur and phos-
phorus was within acceptable limits (S — 0.025 %,
P — 0.020 %). However, metallographic examina-
tions using local electron probe mictroanalysis re-

R X
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/.

a

Figure 6. Layout schemes of the mouthpiece in a narrow groove (a) and the nature of beads solidification (b)

vealed segregation of sulphur and phosphorus in the
area of crack initiation and propagation, which can be
considered one of the factors that may contribute to
the formation of such defects.

Also, an increased susceptibility of welded joints
of 25KhN3MFA steel to hot crack formation can be
associated with the high content of carbon and nickel
in the base metal [13], which, for example, is reflected
by the HCS index (Hot Cracking Susceptibility) [12]:

c(s+ Pyl Nlj-w
HCS = 25 100 .

3Mn+ Cr+ Mo+ V

Hot cracks do not form in a welded joint if
HCS < 4.0; in the case of large-thick high-strength
steels, hot cracks will not form if HCS < 1.6-2.0. In
our case, for 25KhN3MFA steel, HCS = 6.7, which
indicates a high susceptibility of weld metal with such
chemical composition to form solidification cracks.

During narrow-gap submerged arc welding of
25KhN3MFA steel, hot cracks formed in the first root
layer when the arc was located at a right angle to the
surface of the metal being welded. In this process, the
fraction of the base metal at stirring with the depos-
ited metal was ~50 %. At further filling of the gap
with the arc orientation at an acute angle towards the
edges, the penetration depth decreased (Figure 6), the
fraction of the base metal also decreased, but it did
not exceed the maximum level of 30 %. Under these
conditions, except for the root layer, no cracks formed
in the weld.

For comparison, the chemical composition of the
metal of the root and filling passes was evaluated. The
content of each of £, - elements in the weld was cal-
culated as a total amount of this element transferred

from the base metal and filler wire, according to the
expression:

EWMi = Z(DPMEPMZ' + DWREWRi)’

where D, , D, are fractions of the base metal (PM)
and welding wire (WR) at stirring in the weld (for the
root pass D, and D, are assumed to be equal to 50
and 50 % and for the filling passes — 30 and 70 %);
E, . E,, are concentrations of the i-th element in the
base metal and in the welding wire.

The approximate composition of different areas of
the weld metal and the corresponding values of HCS
index are shown in Table 2. For the root pass, the
rounded value of HCS is ~3.8 (actually 3.778), ex-
ceeding the corresponding value for the filling pass-
es, which was calculated to be 3. However, it should
be noted that HCS < 3 % should be considered for
the filling passes, since for these conditions, as noted
above, D, <30 %.

As is seen from the calculation results, in both
cases, HCS values were less than the critical level of
HCS = 4, but cracks still occurred in the root pass.
In addition, this value for the filling passes was high-
er than the critical value for a thick-walled joint of
increased hardness (HCS = 2), although no cracks
formed in the metal of the filling passes. Thus, the
obtained research data indicate that there is no un-
ambiguous explanation for the cause of solidification
crack formation, which, for example, is seen from the
inconsistency of welding results and evaluation of the
technological strength according to HCS criterion. In
general, solidification crack formation has a complex
mechanism, in which both metallurgical and force
factors are simultaneously manifested [13, 15]. De-
pending on the chemical composition, the segregation

Table 2. Results of calculated chemical composition of root and filling passes and HCS indices

Weld zones C Si Mn Cr Ni Mo \% S P HCS
Root 0.180 0.285 0.655 1.20 2.75 0.465 0.075 0.020 0.022 3.8
Filling pass 0.152 0.295 0.773 1.04 2.45 0.519 0.045 0.020 0.021 3.022
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Figure 7. Scheme of a welded hydraulic press cylinder

of the most harmful impurities — S and P, or C and Ni
can have a prevailed effect; in low-alloy welds which
are free from impurities, the crack formation is dom-
inated by the segregation of the latter two elements
[13, 17]. According to [17], in iron-carbon welds, low
technological strength was observed at approximately
0.1 % C and at C>0.17 %. In Fe-Ni type welds, an in-
crease in crack susceptibility occurred at Ni > 2-3 %,
The role of C and Ni in the mechanism of crack for-
mation is also associated with their influence on the
nature of primary solidification [17]. The study of the
combined effect of C and Ni using the concentration
index Ni_ (Ni_ = Ni + kC, where £ is a coefficient
depending on the C content) showed that a significant
increase in the susceptibility to solidification cracks
occurred at Nieq is greater than ~3.4 %. Under this
condition, the primary solidification with the for-
mation of 6-phase (according to the L — & scheme)
transferred to the solidification of & + y through the
peritectic reaction (L > &+ (L+3d=7y) — & +v).
A decrease in resistance to crack formation may be a
consequence of:

a) increased liquation of S and P at a decrease in
their solubility in the y-phase, in which Ni and C were
also more soluble;

b) an additional (to the overall thermal reduc-
tion) increase in the level of microdeformations near
the solidification boundary as a result of volumetric
changes caused by the formation of the y-phase at a
two-phase solidification of 6 + .

In the considered case of welding 25KhN3MFA
steel, the weld metal, depending on the degree of stir-
ring the base and weld metals may have a resulting
C and Ni content that increases its susceptibility to
solidification cracks. For example, when making root
passes due to a significant fraction of the base metal
(up to 50 %), the weld is enriched with carbon (up to
0.18 %). This level of carbon in the weld metal con-
tributes to the formation of hot cracks. The segregation
of harmful impurities (S, P) at their normal admissible
content in steel is also an important metallurgical fac-
tor in reducing technological strength. Nickel creates
an additional effect, enhancing the liquation of these

Zone of a root layer metal removal

elements and contributing to the formation of crack
initiation sites. The negative impact of a significant
dilution of the deposited metal with the base metal is
also shown on the example of beads deposited on steel
using Sv-08GA wire, when the fraction of the base
metal was 60—-80 %. In turn, a reduction in the HCS
index for the filling passes relative to the root passes
can contribute to an increase in crack resistance. In
addition, the shape of the weld cross-section and the
corresponding directions of crystallite growth during
weld pool solidification are also important factors in
the formation and prevention of hot cracks [13, 15].
The root pass is characterized by deep penetration
relative to the width of the weld pool and trancrystal-
line (counter) growth of solidification elements from
the pool walls. The formation of liquid enriched with
impurities in the axial zone at the joining of crystal-
lites in this pool shape contributes to the appearance
of cracks under the influence of welding deformations
(Figure 6).

At a wider and shallower shape of the pool with
the crystallite growth directed towards the zenith and
displacement of the low-melting liquid into the upper

Figure 8. Macrosection of a butt joint with a weld depth of 500 mm
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Table 3. Mechanical properties of welded joint of 25KhN3MFA steel, welded using Sv-08KhN2GMYu wire under AN-17 flux in the

state after high tempering

Weld metal Welded joint
o, MPa c,,» MPa 8, % v, % KCU, J/em? o, MPa’ KCU, J/em*”
Requirements for properties of welded joints
> 600 >500 >12 >40 >50 > 600 >50
Test results

786 583 16.6 55.6 115 633 72.0

783 575 16.3 51.0 137 735 62.0

788 583 16.6 55.6 122 705 115.0

785" 580" 16.5™ 54.0"" 124" 6917 83.0""
“Fracture over HAZ.
"Notch along the fusion line.
" Average value for three tests.

part, the resistance to hot cracking grows. Such solid-
ification is characteristic of filling passes. Practicing
the technology on models of industrial products con-
firmed the existence of the problem of hot cracking
only for the root passes.

For the industrial production of the hydraulic cyl-
inder body from 25KhN3MFA steel, it was agreed
to use narrow-gap submerged arc welding, which is
characterized by high efficiency and generally high
quality of thick-walled joints (Figures 7, 8). How-
ever, considering that reaching a high quality of the
root passes is problematic, after the groove had been
completely filled, it was mandatory to remove the root
layer of the weld metal by mechanical method using
machine-tool (Figure 7).

To temper the hardening structures in the joint
zone, maximize the removal of residual stresses and
improve the ductility and toughness of the metal, a
welded product is subjected to mandatory high tem-
pering. Taking into account the existing recommen-
dations and conducted tests, the tempering mode at a
temperature of 570 °C for 30 h was selected, which
provides the necessary mechanical properties of weld-
ed joints (Table 3). At the manufacturing stage and
after heat treatment, it is recommended to carefully
apply all methods of non-destructive quality testing.

The developed technological process of welding
and heat treatment of powerful hydraulic cylinder
bodies was introduced in the production of equip-
ment intended for the manufacture of damaged ele-
ments of civilian structures and parts of weapons and
equipment for the Armed Forces of Ukraine by press
stamping, in particular, assemblies of long-range
guns, cruise and ballistic missiles, which is relevant
for the military-industrial complex of Ukraine.

CONCLUSIONS

1. It 1s shown that under conditions of automatic sub-
merged arc welding of 25KhN3MFA steel using a

combination of AN-17 flux and Sv-08KhN2GMYu
wire, the metal in the joint zone undergoes harden-
ing with the formation of a predominantly martensitic
structure with a hardness of up to HV 520-580, which
causes the risk of cold cracking. The elimination of
cold cracks is achieved by preliminary/accompanying
heating to 250-300 °C.

2. During laboratory tests and narrow-gap sub-
merged arc welding of industrial mock-ups, it was
established that for the manufacture of thick-walled
products from 25KhN3MFA steel, the main problem
is the formation of solidification cracks when produc-
ing root passes; at further filling of the groove, hot
cracks were not observed.

3. Taking into account the results of experiments
and modern theoretical provisions, it was assumed
that in the considered case, the occurrence of solidifi-
cation cracks has a complex nature. The main factors
may include the enrichment of the weld metal with C
and Ni due to an increase in the fraction of the base
metal in the pool melt to 50 %, which is typical for
root passes, the corresponding intensification of the
processes of segregation of C, S and P with the for-
mation of low-melting fracture sites, as well as an
unfavourable shape of the pool with the transcrystal-
line type of growth of solidification elements. Filling
passes form when the fraction of the base metal in the
weld is reduced to 30 % or lower, as well as with a
pool shape that is favourable for the displacement of
low-melting constituent elements to its surface during
solidification, which in combination causes the ab-
sence of hot cracks.

4. For the industrial manufacture of critical prod-
ucts from 25KhN3MFA steel with a wall thickness
of up to 500 mm, the technology of automatic nar-
row-gap submerged arc welding was introduced,
which involves the removal of a metal layer with a
root pass using a machine-tool after welding the joint.
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The final operation is high tempering at a temperature
of 570 °C.

REFERENCES

1. Bashnin, Yu.A., Tsurkov, V.N., Korovin, V.N. (1985) Heat
treatment of large-sized products and semi-products at metal-
lurgical works. Moscow, Metallurgiya [in Russian].

2. Paton, B.E. (1974) Technology of electric fusion welding of

metals and alloys. Moscow, Mashinostroenie [in Russian].

3. Makara, A.M., Kovalev, Yu.Ya., Novikov, I.V. (1972) Tears in
near-weld zone during electroslag welding of structural steels.
Avtomaticheskaya Svarka, 5, 1-5 [in Russian].

4. Eregin, L.P., Malaj, A.E. (1978) Conditions of formation of
near-weld cracks-tears in electroslag welding of chrome-nick-
el-molybdenum steels. Svarochnoe Proizvodstvo, 10, 26-27
[in Russian].

5. Makara, A.M. (1963) Investigation of problems of technolo-
gy and metals science of welding of alloyed structural steels:
Collection. Kyiv, Izd-vo AN Ukr. SSR [in Russian].

6. Kasatkin, B.S., Tsaryuk, A.K., Levenberg, N.E., Pilipenko,
N.V. (1984) Technological possibilities of narrow-gap sub-
merged arc welding of medium-alloy thick steels. Avtoma-
ticheskaya Svarka, 7, 41-44 [in Russian].

7. Tsaruk, A.K., Skulsky, V.Yu., Moravetsky, S.I. (2016) Mecha-
nized narrow-gap submerged arc welding of thick-walled cy-
lindrical products. In: Medovar Memorial — Symposium 7—10
June, Kyiv, Ukraine, 82-90.

8. Kasatkin, B.S., Kravchenko, N.F., Ivanenko, V.D. et al.
(1989) Narrow-gap submerged arc welding of thick-walled
cylindrical products. Avtomaticheskaya Svarka, 5, 31-35
[in Russian].

9. Lebedev, Yu.M., Kravchenko, L.P., Danilyuk, N.N. (1978)
Procedure of modeling of welding thermodeformational cy-
cles. Avtomaticheskaya Svarka, 12, 31-33 [in Russian].

10. Kihara, H., Suzuki, H., Makamura, H. (1962) Weld crack-
ing test of high strength steel and electrodes. Welding J., 41,
36-38.

11. (1992) Steel: A Handbook for Materials Research and Engi-
neering. Vol. 1: Fundamentals. Springer-Verlag Heidelberg
and Verlag Stahleisen m.b.H., Dusseldorf.

12. Hrivnak, 1. (1984) Weldability of steels. Moscow, Mashinos-
troenie [in Russian].

13. Lippold, J.C. (2015) Welding Metallurgy and Weldability.
Wiley & Sons.

14. (2017) Materials for ultra-supercritical and advanced ul-
tra-supercritical power plants. Ed. by Augusto Di Gianfran-
cesco. Elsevier Ltd.

15. Sindo, Kou (2003) Welding Metallurgy. Second Ed. Wi-
ley & Sons.

16. Skulsky, V.Yu., Moravetsky, S.I., Nimko, M.A. et al. (2019)
Effect of reheating in multipass submerged-arc welding on
delayed fracture resistance of rotor steel welded joints. The
Paton Welding J., 3, 11-14. DOI: https://doi.org/10.15407/
tpwj2019.03.02

17. Shankar, V., Devletian, J.S. (2005) Solidification cracking in
low alloy steel welds. Sci. and Technol. of Welding and Join-
ing, 10(2), 236-243.

ORCID

A K. Tsaryuk: 0000-0002-5762-5584,
V.Yu. Skulskyi: 0000-0002-4766-5355,
V.P. Yelagin: 0000-0002-4335-5130,
I.G. Osipenko: 0000-0001-6645-7853

CONFLICT OF INTEREST
The Authors declare no conflict of interest

CORRESPONDING AUTHOR

A K. Tsaryuk

E.O. Paton Electric Welding Institute of the NASU
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine.
E-mail: tsaryuk@paton.kiev.ua

SUGGESTED CITATION

A K. Tsaryuk, V.Yu. Skulskyi, V.P. Yelagin,

I.G. Osipenko (2025) Technological strength of
25KhN3MFA steel joints in submerged arc welding.
The Paton Welding J., 4, 37-45.

DOI: https://doi.org/10.37434/tpw;j2025.04.06

JOURNAL HOME PAGE
https://patonpublishinghouse.com/eng/journals/tpwj

Received: 04.12.2024
Received in revised form: 16.01.2025
Accepted: 08.05.2025

5th Symposium on Materials and Additive Manufacturing

Additive 2026

24 - 26 MARCH 2026
HYBRID SYMPOSIUM - KASSEL & ONLINE

The 5th Symposium on
manufact and mater

als and Additive Manufacturing combines
ed aspects, focusing on both the current

state of science and implementation in practical applications.

ABSTRACT SUBN,

DEADLINE 01 SE

45




THE PATON WELDING JOURNAL, ISSUE 04, APRIL 2025

ISSN 0957-798X

DOIL: https://doi.org/10.37434/tpwj2025.04.07

SUBSTANTIATION OF NEW DIAGNOSTIC PARAMETERS
OF PIPELINE SYSTEMS EFFICIENCY

LV. Rybitskyi!, O.M. Karpash?, V.Yu. Zapeka?, P.M. Reiter', A.V. Yavorskyi', N.I. Chaban?

Tvano-Frankivsk National Technical University of Oil and Gas
15 Karpatska Str., 76019, Ivano-Frankivsk, Ukraine
?Kharkiv Ivan Kozhedub National University of the Air Force

228 Klochkivska Str., 61045, Kharkiv, Ukraine
3King Danylo University

35 Konovaltsia Str., 76018, Ivano-Frankivsk, Ukraine

ABSTRACT

One of the main tasks of technical diagnostics of pipeline systems is to ensure their reliable and at the same time energy-ef-
ficient operation. In this work, we have searched for and developed the basis for constructing mathematical models of new
informative parameters for diagnosing the technical condition and efficiency of pipeline systems. It is shown that the capacity
of a pipeline decreases when it acquires an elliptical cross-sectional configuration. It is substantiated that the presence of small
leaks in pipeline systems causes a loss of flow stability in the pipeline, the emergence of turbulent flow zones, which reduces

the efficiency of the pipeline.

KEYWORDS: technical diagnostics, informative parameters, energy efficiency, pipeline systems, mathematical model

INTRODUCTION

Technical condition of the pipeline system for trans-
portation of oil, gas and petroleum products, compli-
ance with its operating parameters within the estab-
lished limits and efficiency of operation of a pipeline
system, as a whole, directly affect the uninterrupted
and reliable supply of carbohydrates to consumers.

The problem proposed for solution in this work,
consists in an attempt to identify new diagnostic pa-
rameters, as well as in development of the basis for con-
struction of mathematical models and procedures for
evaluation of the influence of changes in these parame-
ters on the technical condition and energy efficiency of
pipeline systems. Such parameters, which are proposed
to be used, include: geometrical parameters (wall thick-
ness, diameter and cross-sectional shape of the pipe-
line), physical-chemical parameters of the transported
product (viscosity, density, temperature), hydrodynam-
ic parameters (pressure, flow rate, volumetric flow) and
parameters associated with defects (leaks, cracks, de-
formations, corrosion or erosion damage).

Parameters, which change only slightly, while in-
fluencing the efficiency of pipeline systems operation,
should include: small leaks, change in physical-chem-
ical characteristics of the transported products, as well
as a change in the cross-sectional geometry of the
pipeline: its ovality or reduction of inner radius as a
result of precipitation of heavy impurities and con-
densate in the pipeline cavity [1].

This kind of defects is determined by experimental
methods. However, the methods of mathematical sim-
ulation of such phenomena are becoming ever wider

Copyright © The Author(s)

applied, in particular, because of the complexity of
implementing the hardware methods, which is related
to the inaccessibility of the surfaces for implementa-
tion of the contact methods of investigation and con-
siderable scope of the required work.

Moreover, one of the main problems of technical
diagnostics of pipeline systems is ensuring their reli-
able and at the same time energy efficient functioning.
Thus, searching for new informative parameters of
diagnostics of the technical state and efficiency of op-
eration of the pipeline systems with development of
the respective mathematical models is an urgent task.

INVESTIGATION PROCEDURE

The problem of technical diagnostics and energy effi-
ciency of pipeline system operation can be reduced to
the problem of simulation of hydrocarbon flow in the
pipeline with the available changes of its cross-sec-
tional shape, presence of deposits on the pipeline in-
ner surface, product leakage and change in the physi-
cal-chemical characteristics of the transported product
proper, in order to develop the procedures and identify
of the defects, and establish new informative param-
eters and limits of model application. When studying
the technical condition of complex systems, which
have been in operation for a long time, in particular,
in the problems of their technical diagnostics, there
are often cases, where the occurrence of emergency
situations is caused by presence of minor disturbances
and changes affecting the system [2].

Let us consider the problem of evaluation of the in-
fluence of a change in the cross-sectional geometrical
characteristics of the pipeline and properties of the trans-
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ported substance, on the technical condition and energy
efficiency of a pipeline system. In the assumption that
the pipe has a circular cross-section, and the fluid (oil or
petroleum products) moves under the action of a stable
pressure gradient along the pipe, the speed profile is de-
termined by the Poiseuille formula [3, 4]:

w=4i(a2—r2), (1)

where w is the longitudinal flow speed of a viscous
fluid; p is the fenid viscosity; a is the radius of the
pipe, through which the fluid flows; i is the specific
pressure gradient per a unit of pipe length; r is the
radial coordinate. Here, the fluid speed profile is the
paraboloid of revolution.
The volumetric fluid flow rate calculated by (1) is
as follows:
= | w2nrdr = ina’ .
Q ! i )

Here, it should be noted that the volume flow rate sig-
nificantly depends on pipe radius and is proportional
to the fourth power of its radius. Analyzing (1) and
(2), we can draw the following conclusions: with the
change of pipe radius that may occur during deposi-
tion of sediments on its internal wall, as was noted in
[1], the volumetric flow rate reacts to it the most. Let
a, be the design radius of the pipeline, a, — its radi-
us after long-term service, a, > a,, then in each point
r =r the speed gradient Aw will be equal to:

Aw=-—(a} -a}). 3)
ap
Here, a deficit of the capacity occurs, which can be
assessed using (2) as follows:

in
AQ=@(6114 -aj). )

Using (4) transformation, AQ value can be pre-
sented in the form of:

LIPS
AQ = o 4R°A0, )
where Ad is the change in the cross-sectional radius.

To compensate for such a deficit of the transported
fluid, it is necessary to increase the relative pressure
gradient, which can be determined from the following
relationship:

. i(R-4ADR’
W= (6)
(R—AJ)
It is obvious that i, > i. Note that increase in the

pressure gradient reduces the energy efficiency of the
system operation.

Another important moment and possible informa-
tive parameter is the transported substance viscosity.
While at the initial moment of time the dynamic vis-
cosity of the fluid is equal to p and at a certain mo-
ment of time it rose to the value of p,, allowing for (1)
and (2), we will have:

Aw=—(a*—r*)———(a*-1*) =

4p, 4p,
. 7
:in_P-l(az_rz), ™
4 p,u
ina*  ina*  ina* pn, -
AQ — _ — HQ l’l'l . (8)

8u, 8 M,

To compensate for this ambiguity of the product,
by analogy with (6), we can derive the value of a cer-
tain pressure gradient, required to compensate for the
deficit:

. 4 . 4 . 4
Lma” _ima” ima” W, — i,

; Q)
8, 8w 8w
LI U el (10)
My My Holy

i_1:i(lvl2_|*l2+|*l1) i

(11)
K, M,y K

Finally, after carrying out the transformation, we get:

i =i (12)
o

It is obvious that i, > i, as p./u, > 1. Again, as we
can see from the above, increase in the pressure gra-
dient along the pipeline, leads to reduction in energy
efficiency of the pipeline system.

Moreover, analyzing equations (1) and (2) and do-
ing some transformations, we can obtain a general-
ized formula for speed gradient:

2 2
a —r

4p

i i
Aw = &i———(a* —r)du+—2ada, (13
e ( )5 I (13)
where da, di, op are the variations of the respective
values.
Similarly, we can obtain a generalized equation for
capacity deficit:
4 . 4 . 3
AQ = ™ si- ma2 du +_m4a da,
8u 8u 8u

(14

Formulas (13) and (14) allow evaluation of insuffi-
cient amount (volume) of hydrocarbon flow in the cases
of unambiguous determination of insufficient relative
pressure gradient and change in the pipeline cross-sec-
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tional geometry as a result of deposition of technological
substances on its walls and change in the fluid viscosity.

Cases also often occur, when investigation of the
real geometry of pipeline systems reveals that the pipe-
line cross-section takes on an elliptical shape. This is
due to the action of fluid-force factors (bending mo-
ment effect during shear, technological defects), which
causes additional stresses in the pipeline material, and
may lead to failure of its individual segments.

Analyzing the problem of fluid flow in the pipe,
having the shape of an ellipse in its cross-section, we
can come to the conclusion that formulas (1) and (2)
can be written in the following form [3].

For the speed profile:
2 ZZ
w(y,z)=A(1—z7—b7J; (15)
i ab (16)
2ual+b*
For volumetric flow rate:
i a’b’

= || wdydz =————, 17
0 -g 4 4 a’ +b° 4

where a (major semi-axis) and b (minor semi-ax-
. . 2 2
is) are the constants of the ellipse curve y_2+z_2:1,
ac b
which simulates a deformed cross-section.
Let us consider function:

3.3
f(x,y)=%, (18)
X +y
as the function of two variables, and let us conduct its
study for the extremum. From the system of equations
(19) we can show that the above function has the fol-
lowing critical points: x =0; y=0; x =—e; x = y:

of X’y 2x 3x*y’

6_:0:_ 2 22 2 =0,

X (x"+y7) x"+y .
g:():_ x3y32y 3x3y2 o (19)
ay (x2+y2)2 x2+y2

It is obvious that the first three conditions do not meet
the physical conditions of the problem. Thus, the func-
tion has a separate extremum, which is reached at x =y
(x, v, z) are the coordinates of the studied pipeline seg-
ment: longitudinal, transverse horizontal and transverse
vertical coordinates, respectively). This condition means
that function (18) in such a case takes on an extreme val-
ue. By carrying out the respective mathematical trans-
formations, we can prove that this is the main extremum,
i.e. the maximum of the function.

From a practical point of view it means than the
pipeline capacity is reduced with its cross-section tak-

ing on an elliptical shape, which results in the need
to increase the relative pressure gradient and leads to
lowering of the pipeline system energy efficiency [5].

The next diagnostic parameter can be derived
upon detailed consideration of the viscous fluid flow
in pipelines, containing pipe wall defects, in partic-
ular through-thickness holes, through which pipeline
leakage occurs. In this case, the technical diagnostics
problem can be presented in the form of the problem
of simulation of a flow with leakage [6].

Investigations of the stability of hydrodynamic
processes in the small leak area is important in two
respects, influencing the energy efficiency: assess-
ment of the amount of transported hydrocarbon loss;
studying the flow structure in case of small leaks of
different intensity, in terms of appearance of turbulent
flow zones, which may lead to actual reduction in the
pipeline effective diameter [7].

Mathematical simulation of the technological fluid
flow in the pipeline was performed in case of leaks of
different sizes through the pipeline wall. In order to
implement it, a system of Navier—Stokes equations is
numerically integrated, stability parameters of numer-
ical schemes are studied, informative parameters are
selected to determine the zones affected by the leak
and the limits of the model application before the flow
goes into the turbulent mode are established.

Product flow in the pipelines can be described us-
ing a system of Navier—Stokes equation, written in
the cylindrical system of coordinates [8]. There is,
however, one peculiarity of pipeline systems in terms
of their geometry, in particular flow symmetry. The
local nature of the small leak zone allows reducing
the dimensionality of the problem and, in particular,
believing that a two-dimensional flow of viscous flu-
id is considered in a channel with a wall, in which
fluid leakage through the surface is present in the
assumption that the flow becomes stationary. This
assumption is valid in particular for quasistationary
processes, when it is believed that the simulated flow
characteristics change only little with time (Figure 1).

In such a case, the system of Navier—Stokes equa-
tions is written in a two-dimensional domain as fol-

lows:
2 2
Ua—U+V6—U:—la—p+v a(2J+a(2] ,
Ox oy p Ox ox~ 0Oy
2 2
Ua—V+Va—V:—la—p+v 612/+612/ , (20
ox oy p Oy ox~ Oy
6_U+6_V:0’
ox Oy

where U and V are the components of the speed vector
in the rectangular Cartesian system of coordinates; p
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U
0 y=10

Figure 1. Flow schematic in a two-dimensional channel with leaks

is the density of the transported products; v is the co-

efficient of kinematic viscosity; p is the fluid pressure.
Boundary conditions are assigned as follows:

2 kR,
U x:():—ﬂ-i——y,
4 2p
U y:0:U|y:2R =0,
(2]
V o=V, =0,
{0 X<X,X<X,,
V —ZK:
- I/leak xe['xl;xZ]’

where [x,, x,] is the leak zone; p is the dynamic viscos-
ity of the transported products; R is the channel radius.
For speed component U] _ it is assumed that it is calcu-
lated as in the known Poiseuille model [9], which de-
scribes a stationary flow of a viscous fluid in a pipe of
around cross-section. V,_ is the fluid leak rate through
this domain. Boundary conditions (21) can be different,
depending on how the fluid leak zones are located: if
they are located on different channel boundaries, then
for the component of speed V' the speed values will
be nonzero in different segments, both at y = 0, and at
¥ = 2R. The method of solving the above problem is
known [9]. A peculiarity of solving it is the presence of
discontinuous boundary conditions (21) and absence of
the correct boundary conditions for pressure.

Differentiating the first equation of system (20)
with respect to variable x, and the second equation
with respect to variable y and allowing for the third
equation of system (20), we will get Poisson’s equa-
tion for determination of pressure:

@p Op_
6y2

) (a_Va_U_a_Ua_V]

ox’ ox Oy

The further solution scheme is as follows:
a) a certain initial approximation of pressure
p,(x, y) is assigned,

lez - —
—
v

M=o

] & =

x1 x2 ;

V| Y z
y=2R y=2R

b) system (20) is solved with boundary conditions
(21) with this distribution of p (x, y);

c) after defining speed components U and V, the
right-hand parts of equation (22) are calculated;

d) equation (22) is calculated with the following
boundary conditions:

Ploc= Po(X,);

(23)

e) after deriving the new pressure distribution, the
above algorithm returns to item (a).

This procedure should be repeated to achieve the
convergence of the iterative process. System (20)
with boundary conditions (21) is solved using abso-
lutely convergent implicit schemes of the method of
alternating directions [10], and equation (22) is solved
by the method of successive over-relaxation. The con-
vergence and stability of the above iteration method
was proved in work [11].

Initial approximation of pressure distribution was
selected with the assumption of the existence of a lin-
ear pressure gradient along the channel, used to simu-
late a pipe with a leak:

p=p,— kx. (24)
Using equation (24) for calculation of the speed
field, we can establish the dependencies between the
leak intensity and the change in flow configuration.
Simulation of a flow in a pipeline with defects
through which the fluid leaks, is conducted for the
following flow parameters, pipe geometry, properties
of fluids and gases, and linear pressure gradient along
the pipe length: average fluid speed in the pipeline is
2—-8 m/s; characteristic small leak rate is up to 50 cm/s;
dynamic viscosity of the fluid is 0.001 kg/m/s; kine-
matic viscosity is 0.000001 m?/s; pressure gradient
characteristic K = 0.064—0.096; step along the longi-
tudinal coordinate is 0.08 m; step along the transverse
coordinate is 0.025 m, which corresponds to a pipe-
line 1.25 m in diameter with 50 control points along
the transverse coordinate; number of steps along the
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Figure 2. Dependence of the longitudinal component of speed AV, and the distance to the defect at different model values of the leak

rate given in conditional units

longitudinal coordinate is 90000, which allows calcu-
lation of the speed field for a 7.2 km pipe with an 8
cm step.

Analyzing the behaviour of the longitudinal com-
ponent of speed in the near-wall zone, we can note a
regularity, which depends on the leak rate: the greater
the leak rate, the faster is the speed field monotonici-
ty violated on the leak side (Figure 2). Moreover, the
following regularity was observed: monotonicity vi-
olation, which can be defined as the difference in the
speed in two points of the grid, closest to the wall:

AV, =V(N)-V (N -1),

where N + 1 is the number of points in the computa-
tional grid along the transverse coordinate.

Violation of the speed field monotonicity occurs by
the following pattern: initially, the first monotonicity vi-
olation occurs, then the monotonicity is restored and its
subsequent loss leads to loss of stability by the computa-
tional process, schematically shown in Figure 2.

Points L, and L, can serve as a flow response to a
small disturbance, they correspond to the minimal dis-
tance at which the effect of the disturbance is already
noticeable, while points L, and L, are the points of the
loss of stability of the difference scheme. In such a case
points, L, and L, can be a diagnostic feature, while L, and
L, cannot be such a feature. The content of the processes

0.8

= 2 =
h o N

Gradient, m/s

=
1

0.3

1 | 1
0 2000 4000 6000 8000

Length, m

Figure 3. Dependence between the gradient of the longitudinal
component of speed and presence of two leaks of different inten-
sity located at a distance, leak coordinates x = 1.2 and x = 2.88 km

occurring after these points can be as follows: either the
stability of the computational procedure is lost, or the
physical pattern of the flow changes, i.e. it moves from
the laminar into a turbulent mode and further description
of the flow requires application of other models. From
the technical viewpoint such a behaviour is explained by
the fact that with fluid slowing down along the pipe it is
necessary to pump it up to ensure a certain pressure, flow
speed and specified supply volumes, respectively. This
leads to lowering of energy efficiency of the pipeline
system. An important result, given in Figure 2, is the fact
that at certain values of the leak rate (J' = 0.05), no loss
of fluid monotonicity is observed at all. Thus, the higher
the leak rate, the faster the flow reacts to it by changing
the speed monotonicity in the near-wall zone.

After making the appropriate calculations, we can
show that at leak rate values (V' = 0.05 — 0.15) the flow
preserves its stability, i.e. both the stability of the hy-
drodynamic process, and the stability of the numeri-
cal scheme are in place. With increase of the leak rate,
however, the pattern of distribution of the longitudinal
component of the speed in the near-wall zone at different
leak rates takes on a different character. In particular, the
stability of the flow is lost, which is attributable to ap-
pearance of turbulent effects of the flow and a possible
loss of stability of the difference method.

The developed model and numerical scheme of
its implementation can be also used in diagnostics of
small leaks, located at a certain distance from each
other (Figure 3).

Proceeding from the results of numerical simula-
tion of fluid flow through a channel with its leakage
through the surface, the method of assessment of the
coordinate of the leak point and its dependence on the
leak rate was determined. It was confirmed that the
problems of technical diagnostics of various-purpose
systems in mathematical terms are the problems of
studying the stability of the respective processes and
numerical schemes of implementation of the models
of such processes.
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CONCLUSIONS

As a result of the conducted studies, it was proposed to
take into account new informative parameters (geomet-
rical, physical-chemical, hydrodynamic, flaw detection)
during assessment of the actual technical condition and
efficiency of pipeline system operation, namely:

1. Change in the cross-section of the pipeline system
due to deposits of the transported technological sub-
stances, changes in the dynamic viscosity of the trans-
ported substance, and specific pressure gradient lead to
development of additional stresses in the pipeline mate-
rial and even appearance of an elliptical configuration of
the pipeline cross-section, which may result in destruc-
tion of individual segments of the pipeline.

2. Presence of small leaks in the pipeline wall,
which form as a result of corrosion, material defects,
mechanical damage, leads both to loss of the trans-
ported products, and to loss of flow stability in the
pipeline, formation of zones of turbulent (unstable)
flow, resulting in the risk of erosion wear of the pipe-
line wall and development of additional stresses in the
pipeline material. It this case, an inverse problem can
be also solved: the developed model of fluid flow in
a pipeline and numerical scheme of its realization can
be used during diagnostics of small leaks, located at a
certain distance from each other.

3. Value of specific pressure gradient. Increase in
the specific pressure gradient results in reduction of the
system energy efficiency. This lowering is indicative of
insufficient supply of the transported product. Both these
factors lead to violation of the standard mode of pipe-
line operation, and, accordingly, to changes in the physi-
cal-chemical characteristics of pipeline material.

Further investigations should be aimed at im-
provement of the methods of small leak detection, de-
velopment of new approaches to real-time monitoring
the state of pipelines and integration of mathematical
models into the systems of automatic control of pipe-
line systems. It will allow ensuring a more accurate
assessment of the technical condition of pipeline sys-
tems and preventing significant energy losses.
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INFORMATION

DEVELOPED AT PWI

WELDING IN SPACE
1984

In 1984, for the first time in the world, an experiment in outer space
was conducted on board the Salyut-7 orbital station to perform
technological processes of welding, cutting, brazing and coating
using a universal hand-held electron beam tool. The experiment
lasted 3 hours and 45 minutes. This experiment is considered the
beginning of the era of “space technologies”.

1998

In 1998 the equipment has passed all pre-flight testing in the NASA KS-135 flying laboratory
(L. Johnson Center, NASA, Houston), six dives in the pool (at the J. Marshall Center, NASA,
Huntsville) and five ascents to 6 km in the pressure chamber.

NOWADAYS

The universal electron beam gun, which is the basis of the welding
tool, is capable of working both manually (when used by an astro-
naut-welder) and automatically as part of a robot.

For the first time, a power source that oper-
ates in a vacuum has been created.

Additive technology is being developed with application of an electron
beam gun with a wire feed mechanism in a vacuum chamber for re-
pairing damage to space objects.
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