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STRUCTURE AND CRACK RESISTANCE
OF SPECIAL STEELS WITH 0.25-0.31 % CARBON
UNDER THE CONDITIONS OF SIMULATION
OF THERMAL CYCLES OF WELDING

O.M. Berdnikova, V.A. Kostin, V.D. Poznyakov,
O.A. Gaivoronskii, T.O. Alekseenko and I.1. Alekseenko
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

The impact of thermodeformational cycle of welding on structural-phase transformations in the HAZ metal of armour
steel of 30Kh2NMF type with different carbon content (0.25; 0.29 and 0.31 %) was studied. At the next stage, structural
changes in model samples—simulators with 0.31 % carbon at different cooling rates (3.8; 12.5 and 21 °C/s) and their
fracture mode after bend testing were studied. As a result of the performed studies, it was established that the structure
ensuring the optimum level of strength and fracture toughness, forms when low cooling rates are used (below 3.8 °C/s).

13 Ref., 3 Tables, 6 Figures.

Keywords: special high-strength steel, thermodeformational welding cycle, thermokinetic transformation dia-
grams, heat-affected zone, microstructure, fracture mode, crack resistance

In the middle of the previous century, special ar-
moured vehicles were made predominantly from
steels of the following alloying systems: Cr—Mn—Mo;
Cr—Ni—Mn—V, Cr—Ni—Mn—Mo, etc., which had 0.7—
1.5 % Mn, 0.7-2.5 % Cr, 1.1-3.0 % Ni, 0.1-0.2 % V,
0.2-0.6 % Mo and 0.25-0.5 % carbon [1]. Further
development of special steels followed the path of
optimization of their chemical composition and ap-
plication of special heat treatment modes that al-
lowed increasing the hardness, ultimate strength and
decreasing the content of carbon and sulphur, lower-
ing the risks of cold cracking. Tempered martensite
structure is the main structural component of these
steels. Such steels are high-strength steels with 6, >
1300 MPa and 6, > > 1500 MPa.

Nowadays, heat-hardened high-strength steels al-
loyed by Cr, Ni, Mn and Mo with carbon content from
0.25 to 0.50 % which are additionally alloyed with
V, Al, and B, are widely used during manufacture of
welded components and bodies of wheeled armoured
vehicles. Depending on their purpose, special steels
can have medium > 2850 MPa, increased > 3350 MPa
and high > 3630 MPa hardness, which they develop
after the respective heat treatment [2, 3].

One of the main requirements made of the welded
joints of special steels, consists in that the hardness of
metal in the joint HAZ should not be lower than that

of base metal hardness. As structures from the men-
tioned steels are not hardened after welding, but are
subjected to low-temperature tempering, it becomes
obvious that the required values of HAZ metal hard-
ness should be formed after welding.

It is known [4, 5] that the mechanical properties
of metal are determined by its structural composition.
Moreover, formation of the structure in the metal of
welded joint HAZ depends not only on the chemical
composition of steels, but also on the temperature-time
cooling modes — thermal cycles of welding. Under
certain conditions, when the metal is cooling down at
a low rate after heating, it can be softened. And with
increase of the cooling rate, its hardness and static
strength usually increase.

However, welded joints of high-strength medi-
um-carbon alloyed steels are prone to cold cracking.
This is associated with formation of hardening struc-
tures and residual stresses in the HAZ metal [6—9].
Local preheating is used, in order to reduce the risk
of cold cracking in the welded joints of these steels.
On the one hand, it allows controlling the Kinetics of
phase transformations and forming structures with
higher cold cracking resistance, and on the other
hand — creating the conditions for active desorption
of hydrogen from the welded joint metal. In a num-
ber of cases, however, welding high-strength special
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steels with more than 0.25 % C content becomes an
insoluble problem for many developers of armoured
vehicle design.

On the other hand, the problems in development
of new high-strength steels for armoured vehicles still
remains urgent. So, presence of defects in the welded
joint zone was found recently in a number of cases at
manufacture of armoured vehicle bodies from steel of
30Kh2N2MF type, even before their use [10]. This
points to the fact that the problem of producing sound
welded joints can be related not only to technological
features of armoured welding, but also to the quality
of the steel proper, namely uniformity of its structure,
chemical composition and presence of defects.

In order to clarify the possible circumstances of
appearance of low-quality welded joints of the bod-
ies of armoured vehicles for the Ukrainian army, it is
necessary to precisely determine the structural state
of steel, applied in production, in as-delivered condi-
tion and possible structural-phase changes, occurring
during welding of this steel. It is also necessary to take
into account the rather broad range of carbon content
(from 0.25 to 0.35 %), characteristic for this steel.

Brittle fracture resistance that is usually assessed
by fracture mechanics criteria, also is a significant
factor, determining the reliability of technical means
from armoured steels.

Therefore, the main objective of the work, was
evaluation of the impact of thermal-deformational
cycles of welding (TDCW) on structural-phase trans-
formations in the HAZ metal of armoured steel, de-
termination of their structural inhomogeneity and es-
tablishing the relationship between the structure that
forms and brittle cracking susceptibility (crack resis-
tance) of this steel with different carbon content.

Materials and experimental procedures. At
the first stage of the work, the structure-phase trans-
formations in the HAZ metal of armoured steel of
30Kh2N2MF type with different content of carbon
(Table 1) was studied at simulation of TDCW, using
Gleeble 3800 complex [11, 12]. In keeping with the
method, cylindrical steel samples of 6.0 mm diameter
and 80 mm length were used, which were heated up
to the temperature of 1250 °C in vacuum. Simulation
cycles were selected in keeping with the established
parameters of the thermal cycle in the HAZ of weld-
ed joints of 20 mm thickness at mechanized welding
in shielding gas atmosphere. Accordingly, the rate of

sample heating in Gleeble 3800 complex was equal
to approximately 210 °C/s in the temperature range
of 20-1200 °C, cooling rate was W, = 2.5-30 °C/s
in the temperature range of 600-500 °C. When study-
ing the kinetics of austenite decomposition the tem-
perature of the start and end of transformation was
determined by the tangent to the dilatometric curve,
and the ratio of phases that formed as a result of trans-
formation, was established by the random linear inter-
cept method [13].

Atthe second stage, the structural changes and frac-
ture mode of armoured steel with 0.31 % carbon were
studied, depending on the cooling rate (w,,, = 3.8, 12.5
and 21 °C/s), using a complex of light metallography
research methods (Versamet-2, Neophot-32) and an-
alytical scanning microscopy (SEM-515, PHILIPS
Company, Netherlands). The images were recorded,
using Olympus digital camera. Microhardness of the
structural components and integral microhardness of
the HAZ metal were measured in the microhardness
meter M-400 of LECO Company at the load of 100 g
(HV 0.1) and 1 kg (HV 1) to GOST 2999-75).

Experimental results and their analysis. Base
metal of armoured steel with 0.25 % carbon content
in as-delivered condition without heat treatment (HT)
is characterized by the rolled texture; its structure is
mainly represented by upper bainite (Figure 1, a). In-
tegral hardness of metal is HV, = 2830-2960 MPa.

The metal structure changes under the impact of
TDCW. Generalized results of the studying the impact
of the cooling rate on the structural-phase transforma-
tions in the HAZ metal of welded joints of armoured
steel with 0.25 % carbon, are shown in Figure 2, a in
the form of a thermokinetic diagram of transforma-
tion of overcooled austenite. As shown by the con-
ducted studies, in the range of cooling rates w,,, = 2.5~
30 °C/s the transformation of overcooled austenite in
the HAZ metal of steel with 0.25 % carbon occurs
exclusively in the martensite region. The temperature
of the start of martensite transformation is equal to
360 °C, the temperature of its end is 150 °C (Fig-
ure 2). It should be also noted that at increase of the
cooling rate the size of martensite packets is reduced
from 34 to 12.5 mm, and integral hardness HV, rises
from 3680 to 5070 MPa.

Studies of armoured steel with 0.29 % carbon con-
tent (after heat treatment) showed that the rolled tex-
ture in the metal is not as clearly manifested as in steel

Table 1. Chemical composition of armoured steel with different content of carbon, wt.%

Material C Si Mn Cr Ni Mo Cu \% Al Ti S P
0.25 1.24 0.71 1.68 2.20 0.24 <0.02 0.18 0.032 0.019 0.007 0.01
Armoured steel 0.29 0.78 0.73 1.68 2.0 0.30 <0.02 0.18 0.036 0.016 0.009 0.012
0.31 93.3 1.16 0.74 1.16 2.26 0.3 0.2 0.04 0.024 0.01 0.016
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Figure 1. Structure of base metal of armoured steel with different carbon content, % C: a— 0.25; b —0.29; ¢, d — 0.31 (x200, reduced
two times at printing)
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Figure 2. Thermokinetic diagram of transformation of overcooled austenite in the HAZ metal of armoured steel with carbon con-
tent, %: a— 0.25; b — 0.29; ¢ — 0.31

4 ISSN 0957-798X THE PATON WELDING JOURNAL, No. 5, 2020



SCIENTIFIC AND TECHNICAL

Table 2. Structural parameters: packet size (D ); volume fraction (V,
metal of samples of armoured steel (0.31 % C) at different cooling rates (W

fr

6/5)

%); microhardness (HV) of structural components in the HAZ

Cooling rate w,, °C/s
Parameter
3.8 125 21
V.o 88-90 % M 93-95% M 95-98 % M
w0 70 10-12 % B, 5-7%B, 3-5% B,
Dp, pm 35-80 20-70 15-50
HV. MPa 4420 (B) 4880 (B) 4800 (B)
' 4980—-5600 (M) 5030-6060 (M) 5360—6810 (M)
“Volume fraction of structural components was determined by the method of transmission electron microscopy (this material will be included
into the next publication).

without HT. Metal structure is more uniform, and
consists of dispersed martensite (Figure 1, b), integral
hardness of metal is HV, = 4420-4560 MPa. Figure 2,
b shows the generalized results of studying the impact
of cooling rate on structural-phase transformations in
the HAZ metal of welded joints with 0.29 % carbon,
in the form of thermokinetic diagram of transforma-
tion of overcooled austenite.

In the HAZ metal of armoured steel with 0.29 %
carbon, the overcooled austenite transformations in
the range of cooling rates w,, = 2.5-30 °C/s occurs
also in the martensite region, similar to the previous
case. Unlike steel with 0.25 % carbon, in steel with
0.29 % carbon the temperature of the start of marten-
site transformation is somewhat lower and is equal to
350 °C, that of the end of transformation is 140 °C
(Figure 2, a, b). At increase of the cooling rate, the
size of martensite packets decreases from 35.6 to
12.5 um on average, integral value of microhardness
increases from 4390 up to 5420 MPa.

Results of the conducted studies show that unlike
steel, where carbon content is equal to 0.25 %, in the
HAZ metal of steel with 0.29 % carbon, a martensit-
ic structure of higher hardness and strength forms at
cooling rate w,,, > 15 °C/s.

Investigations of armoured steel with 0.31 % car-
bon in as-delivered condition (without HT) showed
that the structure of predominantly upper bainite
forms at a small amount of lower bainite (Figure 1, c).

After HT (quenching and high-temperature temper-
ing) the steel structure changes and consists of mar-
tensite and lower bainite (Figure 1, d).

Thus, in the considered range of cooling rates, the
transformations of overcooled austenite in the HAZ
metal of steel with 0.31 % carbon occur exclusively
in the martensite region. Irrespective of the sample
cooling rate, martensite transformation starts from the
temperature of 360 °C, and ends at the temperature of
150 °C (Figure 2, ¢). With increase of the cooling rate,
the size of martensite packets decreases, similar to the
previous cases, from 34 to 12.5 um on average.

With the purpose of further studying the structur-
al-phase changes in the model samples-simulators
from armoured steel, depending on the cooling rate
(W,; = 3.8; 12.5 and 21 °C/s), investigations of steel
with 0.31 % C were conducted by the methods of light
and scanning electron microscopy. At metallographic
investigations the following structures: bainite, mar-
tensite, and their parameters: packet size (D »)> volume
fraction of the structures (V,, %), which form in the
metal of HAZ overheated zone, were studied, as well
as the respective microhardness changes (Table 2).

It was established that at increase of the cooling
rate from w,,, = 3.8 up to 12.5 °C/s and w,,, = 21 °C/s,
the volume fraction of martensite becomes greater at
reduction of the fraction of the bainite component,
structure refinement (packet size is reduced 2 times)

Figure 3. Microstructure (x500) of HAZ metal of model samples of armoured steel, cooled at different rates w

b—125¢c—21
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Table 3. Results of fracture toughness testing of armoured steel

(0.31 % C) at different cooling rates (W)

Cooling rate w, °C/s

Critical coefficient 615

of stress intensity 38 125 21

K,., MPa-m*? 110 85 70

1c”

and increase of microhardness (by 13 % on average)
(Table 2, Figure 3).

In order to evaluate the crack resistance of the HAZ
metal of armoured steel samples at different cooling
rates w, ., investigations of the impact of structural fac-
tors on the fracture mode at three-point bend testing
at external load were conducted. Mechanical testing
showed that the largest values of fracture toughness,
namely the critical coefficient of stress intensity K =
= 110 MPa-mY? of the metal was obtained at cooling
rate w,, = 3.8 °C/s (Table 3). K, value decreases at in-
crease of the cooling rate up to w,, = 12.5 and 21 °C/s.
Such changes of fracture toughness are associated with
the impact of the cooling rates on the structural-phase
changes in the metal of the studied samples, namely
reduction of the amount of lower bainite and increase
of the amount of the martensite component.

Mechanical testing was followed by detailed frac-
tographic analysis of the structure of sample fractures,
taking into account the fracture modes, and parame-

Figure 4. Fracture mode by fracture zones of armoured steel (w,
of main crack propagation; f — in the final fracture zone (a-d, f— x1550); e — x810)

6

6/5

ters of microrelief elements of the fracture surface by
the characteristic fracture zones: fatigue crack zone
(near the notch); main fracture zone; final fracture
zone (Figures 4-0).

Fractographic studies of the sample produced at
cooling rate w, . = 3.8 °C/s, showed the uniform type
of quasibrittle fracture in the fatigue crack zone, with
quasicleavage facet size d. = 2-7 um, and local areas
of the tough component (dpit =2 — 5 um), Figure 4 a,
b. At transition to the main crack zone, the fracture
mode is predominantly (V. = 90 %) ductile with pit
size dpit = 24 um (Figure 4, ¢, d). The main crack
zone is characterized by the presence of isolated sec-
ondary cracks of length L = 10-15 pum (Figure 4, e).
In the final fracture zone, the fracture mode is also
ductile with pit size dpit =2-7 um (Figure 4, f).

At increase of the sample cooling rate up to w,, =
=12.5 °C/s, quasibrittle fracture with the size of qua-
sicleavage facets d. = 3-10 pm and local areas of the
ductile component (d ; = 2-5 pm) was found in the
fatigue crack zone brittle fracture, Figure 5, a, b. At
transition into the main crack zone the fracture mode
is predominantly ductile (V, = 75-80 %) with pit size
dpit =2-6 um (Figure 5, c, d, e) and secondary cracks
are absent. In the final fracture zone, fracture mode is
ductile with pit size dpit =2-8 um (Figure 5, f).

= 3/8 °C/s): a, b — in the fatigue crack zone; c, d, e — in the zone

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 5, 2020
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Figure 5. Fracture mode by zones of armoured steel fracture (w.,. =21 °C/s): a, b — in fatigue crack zone; c—e — in the zone of main
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s = 21 °C/s): a—c in fatigue crack zone; d, e — in the zone of main
crack propagation; f — in final fracture zone (@, b, d—f — x1550; a — x810)

Figure 6. Fracture mode by the zones of armoured steel fracture (w
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At w,, = 21 °C/s, the fatigue crack zone demon-
strates a uniform type of quasibrittle fracture with
quasicleavage facet size d. = 3—15 pm and secondary
cracks of length L = 10-15 pum, their volume fraction
being V. =2 % (Figure 6, a—C). At transition into the
main crack zone, the fracture mode is predominantly
ductile (V, =70 %) with pit size d ; = 2-6 um (Fig-
ure 6, d, e). The main crack zone is characterized by
presence of isolated secondary cracks of length L =
= 8-15 um (Figure 6, e). In the final fracture zone, the
fracture mode is also tough with pit size d ; = 2-8 um
(Figure 6, f).

Thus, it was found that at w,, = 3.8-21 °C/s the
fracture mode in the fatigue crack zone is quasibrittle.
However, in the zone of the main crack development,
the fracture mode changes at increase of the cooling
rate: volume fraction of the ductile fracture becomes
smaller (V. =90 to 70 %). In the quasibrittle fracture
sections (V, = 10-30 %) the size of quasicleavage
facets becomes larger in the presence of secondary
cracks on the fracture surface.

As a result, fractographic studies showed that the
optimum structure of armoured steel of 30Kh2N2MF
type, from the view point of phase composition, mi-
crohardness and minimum parameters of the fracture
surface relief elements, at maximum volume fraction
of the ductile component is achieved at cooling of the
HAZ metal at the rate w,, = 3.8 °C. This is related to
increase of the amount of lower bainite and reduction
of the quantity of the martensitic component.

Conclusions

It is found that under the conditions of simulation of
thermal cycles of welding (w,, = 2.5-30 °C/s) of ar-
moured steel of 30Kh2N2MF type with 0.25-0.31 %
carbon in shielding gas atmosphere, the transforma-
tion of overcooled austenite in the HAZ metal occurs
exclusively with formation of the bainite-martensite
structure.

Increase of the cooling rate (up to w,.=21 °C/s) in
welding with armoured steel (0.31 % C) leads to low-
ering of the fracture toughness coefficient from 110 to

70 MPa-m*? that is due to increase of the martensitic
component (up to 97-98 %) at increase of metal mi-
crohardness.

Optimum fine-grained martensite-bainite structure
of the metal of armoured steel (0.31 % C), from the
view point of phase composition, microhardness, and
minimum volume fraction of quasibrittle fracture at
mechanical testing for fracture toughness, forms at
the metal cooling rate W, = 3.8 °C/s, that ensures the
metal crack resistance.
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EFFECT OF MODE OF ELECTRON BEAM WELDING,
HEAT TREATMENT AND PLASTIC DEFORMATION
ON STRENGTH OF JOINTS OF ALUMINIUM 1570 ALLOY

V.V. Skryabinskyi, V.M. Nesterenkov, M.O. Rusynyk and V.R. Strashko
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

The effect of the rate of hardening the weld metal during EBW process and the temperature of the subsequent heat
treatment on the strength of welded joints of aluminium 1570 alloy was studied. The rate of «hardening» the weld metal
was measured by submerging thermocouple into the molten metal of weld pool. At an increase in welding speed from
2.8 to 16.8 mm/s, the rate of «hardening» grows from 5-102 to 1-10* °C/s and the subsequent heat treatment of welded
joints increases their strength to the level of strength of the base metal of stamped semi-finished products of 1570 alloy.
It was established that during electron beam welding, the welding speed and, consequently, the rate of «hardening» do
not affect the strength level of heat-treated joints. The optimal mode of heat treatment is artificial aging at a temperature
0f 350 °C and 1 h duration. It is possible to increase the strength of welded joints of 1570 alloy to the level of strength of
rolled plates by 30 % applying a cold plastic deformation or by 20 % applying deformation with a subsequent artificial

aging. 10 Ref., 3 Tables, 9 Figures.

Keywords: electron beam welding, aluminium alloy, welded joints, welding speed, heat treatment, strength

Scandium is the most effective hardener and modifier
of aluminium alloys among other rare-earth metals.
The main obstacle to the widespread use of scandium
in metallurgy has always been its high cost. Howev-
er, the development of new technologies for scandi-
um extraction and production of Al-Sc master alloys
made it possible to create industrial aluminium alloys
of Al-Mg system alloyed with scandium [1].

The high-strength aluminium 1570 alloy is based
on the well-known AMg6 alloy. The main difference
between 1570 and AMg6 alloy is that it is additional-
ly alloyed with the scandium element in the amount
of 0.15—0.35 %. The introduction of 0.5 % Sc in the
Al=6.5 % Mg alloy provides an increase in 6, by 1.5
times and o, twice, reaching 430 and 260 MPa, re-
spectively [2]. The main increase in strength is pro-
vided with the introduction of small additives of scan-
dium (0.2 %). The level of strength properties of 1570
alloy largely depends on the type of semi-finished
product and can range from 370 to 450 MPa for o,
and from 240 to 340 MPa for 6,,. The higher the de-
gree of deformation during pressure treatment and the
lower the pressure treatment temperature, the high-
er the level of strength properties. Highly deformed
cold-rolled sheets have the maximum strength, and
massive hot-deformed semi-finished products manu-

“By hardening the authors understand superfast crystallization.

factured with a small degree of deformation have the
minimum strength [3]. One of the reasons for the pos-
itive effect of scandium on the strength characteristics
of Al-Mg system alloys is the stability obtained as a
result of pressure treatment of the nonrecrystallized
structure, which is predetermined by the formation of
secondary particles of Al,Sc phase precipitated during
heating and by the deformation from supersaturated
solid solution. The second reason for hardening is
the direct strengthening action of Al,Sc phase parti-
cles [4]. Even small additions of scandium (0.15 %)
cause a sharp increase in the temperatures of the be-
ginning and end of recrystallization [5]. The strength
of Al-6.5 % Mg—Sc alloys remains almost the same
before recrystallization, and after its beginning it
changes slightly.

Alloys of AlI-Mg—Sc systems belong to the group
of heat unhardened, because they are not subjected to
heat treatment in the form of «hardening» and subse-
quent aging. However, the technological parameters
for manufacture of semi-finished products of 1570 al-
loy are selected so as to provide the maximum transi-
tion of scandium to supersaturated solid solution (i.e.
hardening) and regulated decomposition of this solu-
tion during subsequent heating (i.e. aging) [6]. The
predominant mode of artificial aging was determined
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in [7], where the effect of aging temperature on hard-
ness and electrical resistance of Al-Mg-Sc alloys was
studied. It was found that artificial aging at the tem-
peratures of 150—200 °C is accompanied by a slight
increase in hardness. In the case of increasing aging
temperature to 250350 °C, an effective hardening
of alloys is observed. The maximum values of hard-
ness are reached after artificial aging at 350 °C within
0.5—1.0 h. The decomposition of a solid solution ab-
normally supersaturated with scandium is character-
ized by high temperature, short incubation period and
high stability of properties during heating to 300 °C.
The data on the heat treatment modes that strengthen
welded joints produced by EBW are not available in
the literature.

During welding the weld metal is not subjected to
pressure treatment and the only factor influencing the
fixation of scandium in a supersaturated solid solu-
tion and, consequently, the ability of the molten metal
to strengthening during artificial aging, is the rate of
«hardening», i.e. in our case, the rate of cooling the
weld pool metal immediately before crystallization.
On the experimental AlI-Mg—Sc alloys, maintaining
scandium at 0.4—1.0 %, it was found that at a hard-
ening rate of 10? °C/s, scandium partially turns into a
supersaturated solid solution and is partially solidified
in the form of intermetallics. At a rate of «hardening»
of 10° °C/s much more scandium passes in the su-
persaturated solid solution, which contributes to 102
times increase in the density of precipitations of the
strengthening of Al,Sc phase, formed during aging [8,
9]. Using such a highly concentrated heat source for
welding as an electron beam, it is possible to change
the welding speed in a wide range, changing the cool-
ing rate of the weld pool metal, i.e. the rate of «hard-
ening». Thus, we will probably be able to change the
amount of scandium fixed in the solid solution, which
will affect the strength of welded joints after further
artificial aging.

3
e e

|

Figure 1. Scheme of measuring temperature of weld pool metal:
1 — electron beam; 2 — weld; 3 — thermocouple; 4 — balancing
lever; 5 — holding wire; 6 — spring; 7 — self-recording device

10

The aim of this work is to determine the rate of
«hardening» the weld metal at EBW of aluminium
1570 alloy, as well as the temperature of artificial ag-
ing and the degree of plastic deformation of welded
joints, providing maximum increase in their strength.

It was of interest to determine the dependence of
real cooling rate of the weld pool metal before crys-
tallization (which for 1570 alloy will be the rate of
the weld metal «hardening») on the welding speed.
The experiments were performed in EBW of plates
of aluminium AMg6 alloy (closest as to its chemi-
cal composition to 1570 alloy) of 15 mm thickness.
The welding modes were selected in such a way as to
provide a guaranteed penetration with the formation
of a uniform weld reinforcement. A brazed joint of
a chromel-alumel thermocouple was immersed in the
tail part of the weld pool and its values were recorded
with a self-recorder. The temperature of the weld pool
was recorded directly, and the instantaneous cooling
rate was determined as the tangent of the angle of in-
clination of the temperature function tangent to the
diagram at the point of interest. In order to reduce the
inertia of the measurements, the diameter of the wire
for manufacture of thermocouples was chosen as the
minimum possible (0.1 mm). The thermocouple read-
ings were recorded with a N338 type recorder. The
speed of the tape feed was 100 mm/s. The scheme of
the experiment is shown in Figure 1.

The plates of AMg6 alloy were welded with an
electron beam 1 to form a weld 2. Thermocouple 3
was fixed at the end of the balancing lever 4, located
in such a way that in the lower position of the bal-
ancing lever the brazed joint of the thermocouple was
immersed in a liquid metal pool on the weld axis. The
balancing lever was in equilibrium under the action
of the spring 6 on the one side and the holding steel
wire 5 on the other. Thermocouple 3 was connected
to the self-recorder 7. Before conducting the experi-
ment, thermocouple 3 was lifted by rotating the bal-
ancing lever 4 at an angle of about 45° with respect to
the plane of the welded plates, stretching the spring
6 and fixing this position by securing the end of the
holding wire 5. In this position, the scheme of mea-
suring the temperature of weld pool was ready for op-
eration. During welding the holding wire was cut by
the electron beam at the moment of crossing, and the
balancing lever under the action of the spring lowered
the brazed joint of the thermocouple in the tail of the
weld pool. The lowering accuracy was adjusted by the
position of holding wire relative to the brazed ther-
mocouple, based on the actual dimensions of the weld
pool, measured experimentally for different welding
modes. Despite some primitiveness of the measure-
ment scheme, it was possible not only to record the
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Figure 2. Examples of experimentally measured curves of cool-
ing weld pool metal in EBW of AMg6 alloy at different speeds:
1—56;2— 16.8 mm/s

cooling curves of the weld metal, but also to record
horizontal planes on them, which indicate the release
of latent heat of crystallization. Metal cooling curves
of the weld pool and weld for different EBW speeds
are shown in Figure 2.

As is seen from Figure 2, at the beginning of the
curve there is a sharp jump in temperature from 20 to
1200 °C. Then the temperature decreases exponential-
ly. From the obtained curves, the cooling rates of the
weld pool metal before crystallization were calculat-
ed (Figure 3). With an increase in the welding speed
from 2.8 to 16.8 mm/s (from 10 to 60 m/h) the cool-
ing rate increases from 5-10% to 1-10* °C/s. It should
be taken into account that the error due to the inertia
of the temperature measurement scheme could affect
only the underestimation of the actual cooling rates.
In this regard, we will consider these cooling rates to
be minimal and in EBW of 1570 alloy will call them
the rates of «hardening» the weld metal.

Investigations of the effect of the rate of «harden-
ing» of the weld metal on the strength of welded joints
were performed on stamped plates of 1570 alloy with a
°Cls

Veools

10000 +

8000

6000

4000

1

2000

1 1 | 1 1
56 84 112 140 268 V., mm/s

0 2.8

Figure 3. Dependence of cooling rate of weld pool metal before
crystallization on welding speed in EBW of AMg6 alloy
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Figure 4. Facial side and root of the weld of specimens from
stampings of 1570 alloy with a thickness of 30 mm, welded at the
speeds of 2.8 (a) and 16.8 mm/s (b)

thickness of 30 mm. The experiments were performed
in the electron beam welding machine UL-209M with
the power source ELA 60/60 with a voltage of 60 kV.
In EBW, the beam current and the focusing current
were chosen from the condition of a guaranteed pene-
tration and formation of the reverse weld bead. A cir-
cular scanning of a beam with a diameter of 1.5 mm
and a frequency of 600 Hz was used. Two welding
speeds were chosen: 2.8 and 16.8 mm/s, which corre-
spond to the minimum and maximum speeds used in
industry for EBW of high-strength aluminium alloys
[10]. The appearance of welds is shown in Figure 4.

Cross-sections of welded joints are shown in
Figure 5.

Welds have a width of about 3 mm with almost
parallel boundaries of the penetration zone in the cen-
tral and lower parts. From the side of the beam inlet,
there is an increase in the width of the penetration
zone to 4.5 mm for a welding speed of 16.8 and up to

|IIII|IIII'lII_1|IIII|I_II.&{ I

[T

al

Figure 5. Cross-sections of joints of plates of 1570 alloy welded
at a speed of 2.8 (a) and 16.8 mm/s (b)
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Table 1. Chemical composition of base metal and weld metal of stamped semi-finished product of 1570 alloy, wt.%

Location Chemical composition, %
of determination Al Mg Mn sc zr Si Fe Cu Zn
Base metal Base 6.45 0.32 0.16 0.025 0.041 0.07 0.014 0.02
Weld Same 6.35 0.31 0.16 0.025 0.040 0.06 0.015 0.02
HRB HRB
100 l')]/ I 100
I/ 11
90 90
4
20 I 1 1 1 1 1 1 1 1 20 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 L,mm 0 2 4 6 8 10 12 14 16 L,mm

b

Figure 6. Distribution of hardness in the cross-section of joints welded at a speed of 2.8 (a) and 16.8 mm/s (b): curves 1 — welded

joints without heat treatment; 2 — the same after artificial ageing

6 mm for a speed of 2.8 mm/s. At a welding speed of
16.8 mm/s, the weld has a uniform reinforcement on
the front facial side and weld root and on the side of
the beam inlet, the weld was formed with a decrease
of about 1 mm in welding with 2.8 mm/s speed.

The chemical composition of the weld metal and
the base metal of the stamped plates of 1570 alloy was
determined using the equipment DFS-36 for spectral
analysis. The results of the analysis are given in Ta-
ble 1. As is seen from Table, the evaporation of alloy-
ing elements in EBW of 1570 alloy is insignificant. It
is possible to note only a small decrease in the content
of magnesium which losses make about 0.1 %.

The hardness measurements were used to assess
the degree of decrease in strength and change in the
properties of the weld metal and HAZ. The Rockwell
device with a load on a steel ball of 600 N according

Table 2. Temporary resistance o, of welded joints of stamped
semi-finished product of 1570 alloy with a thickness of 30 mm
without heat treatment and after artificial aging for different weld-
ing speeds

Rate of «hard- o, of welded
Welding speed, . o, of welded joint, joint after artifi-
ening» of weld | . .
mm/s al. °C/ MPa cial aging
m
s at 350 °C, MPa
326-332 383-386(%)
. 2
28 =510 328 384
329-332 385-387(%)
104
1.8 ~110 331 386
“In the numerator the minimum and maximum values and in the
denominator the mean value of three dimensions are shown; (¥) —
fracture of 100 % of specimens occurred on the base metal outside
the HAZ.

12

at 350 °C; lines I — weld axis; II — fusion line

to the scale B with a ball diameter of 1.0 mm was
used. The measurement results are shown in Figure 6.

The hardness of the weld metal after welding is
HRB 81-82. Artificial aging at a temperature of
350 °C increases the hardness of the weld metal to
the HRB 92—94 and even makes it by 2—3 units higher
than the hardness of the base metal. In the near-weld
zone before and after heat treatment some decrease
in hardness (by 1—3 units) is observed. The width of
HAZ is about 3 mm for welding speed of 2.8 mm/s
and, accordingly, decreases with increasing speed to
16.8 mm/s.

The strength of welded joints before and after arti-
ficial aging was determined by the tensile test of stan-
dard round specimens with a working part diameter of
9.0 mm. The test results are given in Table 2.

From Table 2 it is seen that the strength of welded
joints both before and after heat treatment depends lit-
tle on the rate of «hardening» of the weld metal. The
fracture of tensile specimens occurs in the area with
the lowest strength. Prior to artificial aging, such an
area is a weld. After aging, all specimens fractured
along the base metal outside the HAZ, i.e. aging at
350 °C strengthens the weld metal to a level above
the strength of the base metal. This is also evidenced
by the measurements of the hardness of welded joints.
This can be explained only by the fact that in EBW
of 1570 alloy in the solid solution of the weld metal
a larger amount of scandium is fixed than in the alloy
itself during manufacture of stamped semi-finished
products. Accordingly, during further heat treatment,
the density of the precipitation of strengthening parti-
cles Al Sc in the weld will be higher than in the base

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 5, 2020
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Figure 7. Dependence of temporary resistance of joints of plates of
1570 alloy of 26 mm thickness on temperature of artificial aging

Figure 8. Nature of fractures of specimens after tensile tests of
1570 alloy artificially aged at different temperature

metal. Thus, in the range of welding speeds from 2.8 o, MPa
to 16.8 mm/s, the strength of the weld metal will be
higher than the strength of the base metal. Thus, in 420
cases where the heat treatment of the joints is provid-
ed after welding, the speed of EBW of 1570 alloy can 400
be adjusted in a wide range without fear of reducing

. 380
their strength.

Investigations of the effect of artificial aging tem- 360
perature on the strength of welded joints of 1570
alloy were performed on rolled plates and stamped 340
semi-finished products. The plates of 26 mm thick- 4
ness were welded at a speed of 14 mm/s, stamping 320 -
of 60 mm thickness is 1 mm/s. The welded joints of - ; : . .

the plates were artificially aged at the temperatures
from 280 to 450 °C for 1 h. The dependence of the
strength of the joints of the plates of 1570 alloy on ag-
ing temperature is shown in Figure 7. The given data
show that in the temperature range of 280—340 °C an
effective strengthening of welded joints occurs. At
the temperatures of 340—360 °C, the temporary re-
sistance of the joints is maximum, and with a further
increase in temperature, it begins to decrease. The
decrease in strength at the aging temperature above
360 °C is probably predetermined by the beginning of
recrystallization processes. All specimens subjected
to aging at a temperature of 340 ° C and higher, frac-
tured throughout the base metal outside the HAZ (see
Figure 8). Thus, the optimal mode of heat treatment

0 10 20 30 40
Degree of hardening, %

Figure 9. Temporary resistance of joints of plates of 1570 alloy
with a thickness of 26 mm depending on degree of hardening:
1 — welding + hardening; 2 — welding + hardening + heat treat-
ment

of welded joints of 1570 alloy produced by EBW is
artificial aging at 350 £ 10 °C for 1 h.

Table 3 shows the results of tensile tests of spec-
imens cut out from the base metal and welded joints
of various semi-finished products of 1570 alloy with-
out heat treatment and after artificial aging. The Table
shows that the aging of welded joints at a temperature
of 350 °C makes it possible to increase their strength
by 50—70 MPa, and to reach the level of strength of

Table 3. Temporary resistance o, (MPa) of base metal and welded joints of various semi-finished products of 1570 alloy without heat

treatment and after artificial aging

. . Welded joint after Welded joint after
Type of semi-finished product Base metal Welded joint artificial aging at 320 °C | artificial aging at 350 °C
. 402-415 320-332(%) 347-385(*) 392-402(%)
Plate of 26 mm thickness 410 325 367 396
. . 377-395 318-336(%) 372-383(%) 380-390(%)
f hick
Stamping of 60 mm thickness 185 325 379 184
“In the numerator the minimum and maximum values and in the denominator the mean value of five dimensions are shown; (*) — fracture
of specimens occurred on the weld metal; (**) — fracture of specimens occurred on the base metal outside the HAZ.
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the base metal of the stamped semi-finished product
of 1570 alloy before welding.

In order to achieve a uniform strength of welded
joints of rolled plates of 1570 alloy with the base met-
al, they were subjected to cold plastic deformation by
rolling. Before rolling the reinforcement and the root
of the weld were removed to the level of plates sur-
face. The direction of rolling coincided with the di-
rection of welding. The strength of welded joints de-
pending on the degree of plastic deformation is shown
in Figure 9.

As the degree of deformation increases from 0 to
40 %, the strength of the joints increases from 320 to
420 MPa. At a plastic deformation of 30 %, the weld-
ed joints become equal in strength to the base metal of
the rolled plates. Some of the specimens after rolling
were heat-treated in a mode that provides the maxi-
mum increase in strength of the joints of 1570 alloy
(artificial aging of 350 °C for 1 h). Heat treatment in-
creases the strength of all specimens, and to achieve
equal strength of the joints of rolled plates with the
base metal it is enough to conduct plastic deformation
by 20 %.

Conclusions

1. Measurements of the rate of «hardening» of the
weld metal in EBW of the Al + 6 % Mg alloy and
investigations of its effect on the ability of welded
joints of 1570 alloy to strengthening during heat treat-
ment were carried out. With increasing welding speed
from 2.8 to 16.8 mm/s, the hardening rate increases
from 5-10% to 1-10* °C/s. In this range of hardening
rates, the artificial aging of welded joints of 1570 al-
loy increases the strength of the weld metal above the
strength of the base stamping metal. This effect can
be explained by the fact that in EBW more scandium
passes into the solid solution of the weld metal than
during the manufacture of semi-finished products of
1570 alloy. During artificial aging of welded joints,
a larger amount of strengthening particles of Al_Sc is
precipitated from the solid solution in the weld metal
than in the base metal. Thus, in cases where artificial
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aging of joints is used after welding, their strength
does not depend on the speed of EBW.

2. Artificial aging of welded joints of 1570 alloy of
1 h duration provides the greatest increase in strength
at an aging temperature of 350 °C. In this case, the
welded joints produced by EBW become equal in
strength to the base metal of the stamped semi-fin-
ished products.

3. It is possible to produce welded joints of 1570
alloy equal in strength with the rolled plates using
cold plastic deformation by 30 % or deformation by
20 % with a subsequent artificial aging.

1. Mukhachev, A.P., Kharitonova, E.A., Skipochka, D.G. (2016)
Scandium and its alloys with aluminium. Voprosy Atomnoj
Nauki i Tekhniki, 1, 45-50 [in Russian].

2. Drits, M.E., Toropova, L.S., Bykov, Yu.G. (1980) Influence of
REM on mechanical properties of alloy Al-6.5 % Mg. Metall-
ovedenie i Termich. Obrab. Metallov, 10, 35-37 [in Russian].

3. Elagin, V.I., Zakharov, V.V., Rostova, T.D. et al. (1991) Struc-
ture and properties of wrought semi-finished products from
aluminium alloys with scandium. Tekhnologiya Lyogkikh
Splavov, 12, 21-28 [in Russian].

4. Drits, M.E., Pavlenko, S.G., Toropova, L.S. et. al. (1981) On
mechanism of scandium effect on improvement of strength
and thermal stability of alloys of Al-Mg system. DAN SSSR,
257(2), 353—356 [in Russian].

5. Elagin, V.I. (1970) About alloying of wrought aluminium al-
loys with transition metals. In: Physical metallurgy of alloys
of light metals. Moscow, Nauka, 51-59 [in Russian].

6. Filatov, Yu.A. (2014) Alloys of AI-Mg—Sc system as a special
group of wrought aluminium alloys. Tekhnologiya Lyogkikh
Splavov, 2, 34—41 [in Russian].

7. Drits, M.E., Toropova, L.S., Anastasieva, G.K. et al. (1984)
Influence of homogenizing heating on properties of alloys
of Al-Sc and Al-Mg-Sc systems. Izv. AN SSSR, Metally, 3,
196-201 [in Russian].

8. Berezina, A.L., Segida, E.A., Monastyrskaya, T.A., Kotko,
A.V. (2008) Influence of crystallization rate on abnormal
oversaturation of Al-Mg-Sc alloys. Metallofizika i Novejshie
Tekhnologii, 30(6), 849857 [in Russian].

9. Fedorchuk, V.E., Kushnaryova, O.S., Alekseenko, T.A., Fal-

chenko, Yu.V. (2014) Peculiarities of alloying of weld metal

of high-strength aluminium alloy welded joints with scandi-

um. The Paton Welding J., 5, 30-34.

Ternovoj, E.G., Bondarev, A.A. (2012) Electron beam weld-

ing of thick-wall shells of aluminium AMg6 and M40 alloys.

Ibid., 4, 8-14.

10.

Received 14.04.2020

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 5, 2020



SCIENTIFIC AND TECHNICAL

https://doi.org/10.37434/tpwj2020.05.03

PROBLEMS AND PROSPECTS OF SURFACING OF COPPER
AND COPPER PARTS BY WEAR-RESISTANT LAYERS (Review)

A.A. Babinets?, 1.0. RyabtseVv?, I.P. Lentyugov?, I.1. Ryabtsev?, Yu.V. Demchenko?! and A.I. Panfilov?
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The prospects for application of the methods of arc and plasma-powder surfacing, in order to increase the wear resis-
tance of copper parts, are shown, proceeding from the results of literature analysis. Selection of promising materials
was performed for deposition of copper-resistant layers on copper surfaces by these methods. Comparative evaluation
of physico-mechanical properties of copper and the main alloying elements of promising surfacing materials was per-

formed. 31 Ref., 1 Table, 6 Figures.

Keywords: surfacing of copper, wear-resistant layer, increase of wear resistance, copper, dissimilar metals, weld-

ability, fusion zone

Copper has such unique properties, as high electric
and heat conductivity, ductility and corrosion resis-
tance, which it preserves in a broad range of tempera-
tures (—253-500 °C) [1-7]. Such properties allow
widely using copper and its alloys in different indus-
tries, when manufacturing cable and electric contact
products, heat exchangers, moulds, tuyeres, pipelines,
chemical apparatus components, etc.

At the same time, owing to low heat- and wear resis-
tance [8], copper has limited application in some metal-
lurgical industries, in particular, under the conditions of
contact with molten metal, high-temperature gas flows,
aggressive gases and abrasive substance. Copper parts
wear rapidly under such extreme service conditions.
Moreover, such defects as burn-through, corrosion,
cracks, etc., can form on their surfaces and welds [5—9].

In this connection, the question arises of improve-
ment of fatigue life of copper parts, manufacturing
which often involves the need to join copper and its
alloys to steel and alloys of other alloying systems
[3]. Proceeding from the fact that repair of units, re-
placement equipment and spare parts make up a con-
siderable portion of product cost in industry [10], the
question of improvement of wear resistance of copper
parts, which are operating under difficult conditions
of elevated temperatures and mechanical loads, dif-
ferent kinds of wear, corrosion and other unfavour-
able factors, is quite urgent now.

One of the possible solutions of this problem is
creating protective deposited layers with high service

properties on the copper parts. Up to now, however,
mostly the questions of direct welding of copper and
its alloys to steel, as well as steel surfacing by copper,
bronze or brass, in order to save nonferrous metals,
have been well studied [1-9]. The counterquestion on
copper surfacing by wear-resistant alloys of different
alloying systems, today remains practically unstudied.
This is, primarily, related to great difficulties arising
at deposition of alloys, having much higher melting
temperature, lower heat conductivity and other phys-
ico-mechanical properties, which differ significantly
from similar characteristics of copper.

Analysis of the methods to produce wear-re-
sistant layers on copper surfaces. Questions of
weldability of such dissimilar materials as steel and
copper, while ensuring the required physico-chemi-
cal properties of both the wear-resistant layer, and the
entire part as a whole, requires development of such
technological processes, which take into account not
only metallurgical compatibility, but also the differ-
ence in the physical properties of the materials being
joined: heat conductivity, heat capacity, melting tem-
perature, electric conductivity, coefficients of thermal
expansion (CTE), etc. [1].

Analysis of publications [11—14, etc.] shows that
thermal methods of deposition of coatings of differ-
ent composition are the most often used, in order to
solve this problem, and there as also scattered data on
application of some solid-phase surfacing or welding
methods.
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Figure 1. Microstructure of a copper sample with aluminium underlayer and Cr—Ni spraying [11]: 1 — copper base; 2 — porous layer;

3 — a-phase

So, the method of thermal deposition of coatings
became rather widely applied in industry, due to its
versatility, which allows applying diverse materials:
metals (including refractory metals of W and Mo
type), Ni and Co based metals, ceramics based on Zr
oxides, etc. [15].

It was proposed to apply this process [11] also
for improving the resistance of some copper parts,
operating under the conditions of high-temperature
gas-abrasive wear. For this purpose, layers of alumin-
ium-containing coating 0.1-0.5 mm thick were ap-
plied on the copper surface. However, despite the fact
that average resistance of parts strengthened by such
a method, increased 1.5-2.0 times, an uncontrollable
appearance of damage was noted, which was caused
by sudden delamination of the coating in service, as a
result of low strength of the produced joint and con-
siderable difference between CTE of the coating and
copper (Figure 1) [11].

In order to eliminate this drawback, the authors of
[8] recommended applying additional heat treatment,
during which aluminium diffuses into copper. This
was supposed to increase the strength of adhesion of
the coating to the base metal, and to enable producing
a layer, having higher high temperature and wear re-
sistance, compared to copper.

However, heat treatment does not always improve
the strength of adhesion of the coating and copper
base [11]. It is explained by the fact [5] that diffusion
of coating elements into copper results in a significant
lowering of their concentration in the diffusion layer
and increase of the amount of brittle oxides in it that,

Blei: iz, i da b A

Figure 2. Microstructure of the subsurface layer of the coating, obtained after thermal spraying and strengthening heat treatment [16]:
a — availability of microcracks under the surface; b — formation of plates and their delamination
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contrarily, may promote delamination of part of this
layer from the coating side.

In work [16] this phenomenon was considered in
greater detail. One can see from Figure 2 that micro-
scopic cracks are present between the coating and the
base, which at long-term operation under wear come
together to form fragments (Figure 2, b), delaminate
and form plates of wear products. The authors of
the same work note that delamination is a dominat-
ing wear mechanism of specimens produced by this
method, and the method proper is labour-consuming
and has a low productivity.

In work [17] it is noted that application of plasma
method of deposition of protective coatings of differ-
ent composition on a copper base allows increasing
the wear resistance, compared to pure copper 1.5-3.0
times. It should be noted, however, that application
of thin coatings (0.5-0.7 mm) under the conditions
of gas-abrasive wear does not allow a significant im-
provement of the fatigue life of such parts.

It is common knowledge that surfacing methods
became widely applied, both in manufacture of new
and in repair of worn parts [10], as they allow a signif-
icant improvement of their fatigue life through depo-
sition of layers of different composition, which differ
from base metal by their physico-chemical properties
[18, 19]. In addition, surfacing allows achieving much
higher strength of bonding of the base and deposited
metals, than at deposition of thermal coatings.

However, surfacing of steel exactly with nonfer-
rous metals, and not vice versa, has been quite well
studied so far. For the first case, the simplest and most
effective is application of the methods of consum-
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able-electrode surfacing, with application of special
gases or fluxes as a protective environment [9, 20].

It should be noted that the main disadvantage of
arc surfacing methods is a considerable penetration
depth that may lead to excess mixing of nonferrous
metal with steel, and appearance of cracks and pores
in the deposited layer [20]. However, despite the fact
that the great penetration depth is characteristic, for
instance, submerged-arc welding, it, nonetheless, is
quite often used in welding copper and steel parts,
5-40 mm thick [9, 14. 21].

Gas-shielded surfacing is characterized by great-
er versatility. Its main advantage is the impossibility
of visual observation of the process of its prompt ad-
justment, if required [20, 22]. Special surfacing meth-
ods, such as pulsed-arc surfacing with split or strip
electrode, etc., allow reducing the penetration depth.
They, however, have certain limitations as to their
adaptability to manufacture, for instance, at strip sur-
facing of products of a complex shape [20].

At the same time, proceeding from the data in tech-
nical literature and practical experience [23, 24], it is
known that in surfacing with electrodes and wires, the
penetration depth can be reduced due to optimization
of electric parameters of arc surfacing and application
of small diameter wires (up to 2.0 mm).

It is also known that plasma surfacing is one of the
surfacing methods, which ensure minimum penetra-
tion of the base metal that allows reducing the fraction
of its participation in the deposited layer [4, 25, 26].
In addition, its offers the advantages of a wide range
of adjustment of surfacing mode parameters, and pos-
sibility of applying a wide class of materials, as well
as performance of product preheating without appli-
cation of extraneous heat sources [4, 17, 25].

In technical literature, however, the data on ap-
plication of both the arc and plasma surfacing to
strengthen the surfaces of parts from pure copper are
quite scarce. For instance, in work [26], a methods of
plasma surfacing of aluminium bronzes with cobalt
and nickel alloys is described. Practically the only
mention about the methods of pure copper surfacing
with steel and alloys is found in works [17, 27], which
describe the method of producing protective layers
1.5-2.0 mm thick by electron beam surfacing. When
this method is used, good adhesion of the protective
material based on refractory metal carbides to the
copper surface has been achieved, while the fatigue
life of parts with such strengthening increased up to
two times.

At the same time, this method has certain disad-
vantages. In addition to rather complex and rather ex-
pensive equipment, during deposition part of the pow-
der being deposited does not reach the weld pool [27].
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In order to solve this problem, the authors of work
[27] made cardinal changes in the technology of elec-
tron beam surfacing: at the first stage, flame spraying
of the coating was performed, which was then melted
by the electron beam. However, such additional oper-
ations made the deposition process even more com-
plicated and increased the probability of appearance
of different defects in the surfaced product.

We should separately mention such special meth-
ods of producing a steel-copper bimetal joint, as ex-
plosion welding, pressure welding with preheating,
friction stir welding, high-temperature synthesis, etc.
[12, 13, 17, 28]. Despite the fact that these methods
allow making a rather reliable joint, their application
to produce wear-resistant layers is often essentially
limited by the geometrical dimensions and shapes of
the parts proper. In addition, they also have their dis-
advantages, for instance with the detonation method,
air voids can form on the joint boundary that may lead
to erosion failure of the coating or its spallation [13].

Selection of wear-resistant materials for deposi-
tion on copper surfaces. Proceeding from the data of
literature analysis, we can single out several classes of
materials, which are suitable for the above-mentioned
service conditions [10, 25]:

e heat-resistant steels, complexly alloyed by chro-
mium, molybdenum, nickel, etc.;

e high-carbon high-chromium iron-based steels
(Sormite type);

e alloys on nickel or cobalt base.

Heat-resistant steels of Fe—-C—Cr-Mo-V alloying
system are widely used for strengthening metallurgi-
cal equipment components, operating under thermal
cycles, and high dynamic loads, in combination with
abrasive wear. Steels with a high tungsten content
have the highest hardness and heat resistance at high
temperatures. However, thermal stability and impact
toughness of such steels is comparatively low [10].
Tungsten replacement by molybdenum (complete or
partial) lowers the heat resistance of the steel, but
essential increases its thermal stability. Steels of this

Figure 3. Appearance of the tuyere head of a blast furnace, sur-
faced by electron beam method [27]
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class are prone to cracking at surfacing, so surfacing
is performed with preheating and sometimes concur-
rent heating.

High-carbon high-chromium steels with carbon
and chrome content up to 5 and 30 %, respectively,
are widely applied for surfacing parts operating un-
der the conditions of intensive wear at high temper-
atures (up to 1000 °C) [10]. Different methods can
be used for surfacing by these materials. However,
surfacing technology is associated with considerable
difficulties, in connection with prevention of crack-
ing. Preheating and concurrent heating of the part up
to 600 °C are mostly used for this purpose, and after
surfacing the part is placed into a furnace heated up
to the temperature of 650—700 °C and slowly cooled
together with it.

Nickel-based alloys have high high-temperature
resistance, high thermal fatigue resistance, high resis-
tance against different kinds of corrosion and low sus-
ceptibility to cracking at surfacing. Some of the most
common grades of this type of alloys are Hastalloy
and Inconel of alloying systems of Ni—-Cr—Mo-NDb
type [10]. By the data of numerous studies [6, 7, 21,
27, and oth.], application of materials, alloyed with
nickel, allows producing metal with better indices of
weldability, corrosion and wear resistance. In addi-
tion, by some data [21], additional alloying with nick-
el at cast iron surfacing by copper alloys promotes a
more uniform distribution of base metal in the depos-
ited metal without formation of individual iron inclu-
sions in the upper layer of copper.

Cobalt-based alloys of Co-C-Cr-W alloying
system are characterized by high wear, high-tempera-
ture and corrosion resistance, etc. in many aggressive
media [10]. Hardness of such alloys at temperatures
above 650 °C in higher than that of nickel-based al-
loys. The main disadvantage of cobalt alloys is their
high cost, as well as cracking susceptibility.

In terms of weldability, mutual solubility of the
main alloying elements of steels and alloys, men-
tioned above, as well as copper, is important. Consti-
tutional diagrams of the respective binary systems are
given in Figure 4 [29].

1) Carbon. Constitutional diagram of Cu—C state
(Figure 4, a) shows that copper is in equilibrium with
carbon in the solid and liquid state. Carbon solubil-
ity in liquid copper in wt.% is as follows: 0.0001 at
1100 °C; 0.00015 at 1300 °C and 0.003 at 1700 °C.
There are data that near the boiling temperature cop-
per dissolves up to 1 wt.% (5 at.%) C, which precipi-
tates from the solution in the form of graphite even at
rapid quenching [29].

2) Iron. Copper forms a solution with iron with
up to 3.0 % iron solubility in molten copper up to the
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temperature of 1025 °C (Figure 4, b). Copper solubil-
ity in y-Fe at temperatures of 1470, 1370 and 1100 °C
is equal to 10.0; 12.0 and 8.0 at.%, respectively. In this
system two peritectic and one euitectoid equilibria are
in place, and at strong overcooling (overcooling de-
gree of 100 °C and higher) an area of nonmixing in
the liquid state appears. Critical mixing temperature
is 20 °C below the liquidus temperature at equiatomic
bonding [29].

3) Nickel. Among structural metals, only in Cu—
Ni system its component metals have unlimited mu-
tual solubility, and are characterized by formation
of a continuous row of solid solutions (Cu, Ni) with
face-centered cubic structure during crystallization
(Figure 4, c). There are also some calculated data on
the availability of the separation boundary of the solid
solution and critical point of nonmixing, which corre-
spond to Ni concentration of 69.7 at.% and tempera-
ture of 342 °C and are related to magnetic transforma-
tion of Ni [29].

4) Cobalt. Cu—Co system (Figure 4, d) is a dia-
gram of peritectic type. Eutectoid transformation is in
place in the solid state. Maximum solubility of cop-
per in a-Co is achieved at the temperature of 1367 °C
and is equal to 19.7 at.%. In alloys of Co—Cu system
strong overcooling (by 100 °C and more) results in
appearance of an area of nonmixing in the liquid state,
which is almost symmetrical relative to the joint axis.
At equiatomic bonding, the critical mixing point is lo-
cated 90 °C below the liquidus curve [29].

5) Chromium. In keeping with Cu—Cr constitu-
tional diagram (Figure 4, e), this system demonstrates
the presence of a eutectic equilibrium and existence
of two solid solutions based on Cu and Cr. However,
the nature of phase-equilibria in the high-temperature
region at concentrations of 0—55 at.% Cu is ambig-
uous. It is believed that monotectic equilibrium at
the temperature of 176748 °C and concentration of
18.8 at.% Cu is in place in the entire concentration
range in alloys containing from 4 up to 45 at.% Cu.
The area of separation of the two liquids extends from
18.8 to 45 at.% Cu in a narrow temperature range, the
upper limit of which is not higher than 1900 °C. Also
confirmed is the existence of a two-phase region (lig-
uid + Cr) in the concentration range of 42—97 at.% Cr
at the temperature of 1550 °C. Maximum solubility of
chromium in copper at the temperature of 1076.6 °C
is equal to 0.89 at.% [29].

6) Molybdenum. Constitutional diagram of Cu-Mo
was not plotted experimentally, due to the fact that Cu
and Mo do not mix in the liquid and solid state, while
mutual solubility of the components at the temperature
of 900 °C is extremely small. Therefore, the constitu-
tional diagram of this system, which is shown in Fig-
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Figure 4. Constitutional diagrams of Cu-C (a), Cu—Fe (b), Cu—Ni (c), Co—Cu (d), Cr—Cu (e) and Cu—Mo () binary systems [29]

ure 4, f, was derived exclusively by calculation methods,
in keeping with which the monotectic and eutectic equi-
libria are in place in the system. Mo solubility in Cu is
equal to 1.91 and 2.50 at.% at temperatures 1900 and
2100 °C, respectively, and Cu solubility in Mo is equal
to 2.3 at.% at the temperature of 950 °C [29].

In view of the above-said, quite promising are the
ideas on copper surfacing by wear-resistant alloys
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based on iron, nickel or cobalt, complexly alloyed
by other elements, which have high mutual solubility
with copper. This should promote reduction of chem-
ical inhomogeneity and lowering of the probability of
precipitation of individual inclusions, both in the base
and in the deposited metal.

Problems of weldability of alloys based on iron,
nickel and cobalt in welding with copper. Consid-
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ering the possibility of deposition of wear-resistant
alloys on the copper base, it should be noted that by
some data [30], in copper welding to steel, application
of increased content of iron powder leads to negative
impact on the quality of the produced joint. This is
caused by higher concentration of iron dendrites on
the fusion boundary that, on the one hand, ensures an
increase of weld hardness and its strength, but at the
same time reduces weld ductility, leading to defect
formation in it, thus lowering the service properties of
the welded joint [21].

At the same time, copper joint with nickel can be
relatively easily produced by the methods of fusion
welding without filler or with a filler of copper, nickel,
and copper-nickel alloys [1-3]. The fusion boundary
of such a joint is clear-cut and has well-defined tran-
sition layers. However, in keeping with the data of
work [3], this is not regarded as a disadvantage, as the
strength of this joint is rather high and fracture runs
beyond the fusion zone.

In order to assess the weldability of alloys based
on iron, nickel and cobalt with copper, it is necessary,
first of all, to compare their main properties (Table).

One can see from the Table, that the essential dif-
ference in some physical properties of these metals
can impair their weldability. In addition, higher oxi-
dation of copper and considerable absorption of gases
by it have a negative effect on weldability [4].

By the data of [4, 9, 22], the following main fac-
tors can be singled out, which affect the weldability of
alloys based on iron, nickel and cobalt with copper:

e high heat conductivity of copper that leads to
high cooling rates and need to apply the welding heat
sources with very high heat input, or considerable
temperatures of preheating and concurrent heating,
and most often both the one and the other;

e much lower temperature of copper melting;

e short time of weld pool existence in the liquid
state that limits the possibilities of its metallurgical
processing and requires active deoxidizers;

e considerable CTE of copper that makes more
complicated fastening and preservation of the posi-

tion of the parts during welding, and that determines
the need to take additional measures against the struc-
ture deformation;

e high fluidity of copper that limits the used po-
sitions of the parts being surfaced, and, for instance
during deposition of circular beads in surfacing cylin-
drical parts;

e significant impact of impurities on copper prop-
erties and weldability that requires application of met-
al with strictly regulated content of oxygen, bismuth,
lead, sulphur and antimony;

e high sensitivity of copper to hydrogen, that re-
quires taking special measures to lower its content in
the welding zone, in order to prevent porosity;

e light oxidation of copper in the molten state
which leads to formation of low-melting eutectics
that lowers the weld metal resistance to solidification
cracking.

Under the impact of these factors, several main
problems are singled out which are characteristic for
welding copper and the above-mentioned alloys: for-
mation of hot cracks, including those filled by nonfer-
rous metal; formation of brittle interlayers, as well as
significant interpenetration on copper-alloy boundary
[1-3, 20]. The data given below disclose the outlined
problems in greater detail. However, they mainly con-
cern welded joints of copper-steel type or cases of
copper deposition on steel, as the questions of fusion
welding of copper with alloys on nickel and cobalt
base are hardly covered in technical literature.

By the data of work [2], in welding copper to steel,
at increase of copper content in the weld metal above
3 %, the hot cracking susceptibility rises abruptly. In
this case, at solidification of weld metal, copper, ow-
ing to limited solubility in steel, precipitates on the
grain boundaries, and cracks form under the impact of
tensile stresses and Rebinder effect.

Initial penetration of copper along the steel grain
boundaries that proceeds under the impact of the cap-
illary effect, diffusion and dissolution of steel in cop-
per, is further facilitated by that the surface energy on
Fe—Cu boundary is approximately two times smaller

Comparison of crystallographic and physical properties of pure copper, iron, nickel and cobalt [31]

Characteristic Cu Fe Ni Co
Atomic mass 63.54 55.85 58.69 58.93
Crystalline lattice type f.c.c. l: Ecbcb f.c.c. f.c.c.
Melting temperature, °C 1083 1535 1453 1494
Boiling temperature, °C 2310 2450 2732 2960
Coefficient of thermal expansion by 1 °C, 108 17.06 12.15 13.6 12.5
Heat conductivity, W/(m-K) 413 94 107 122

Specific heat capacity, J/(kg-K) 385 449 500 244
Specific electric resistance, Ohm-m, 108 1.68 10.0 6.99 5.68
Density, kg/m® 8930 7850 8900 8900
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than that on Fe—Fe boundary. Therefore, the strength
on grain boundary, which is in contact with liquid
copper, turns out to be lower, and tensile stresses, de-
veloping in the metal, are sufficient for final rupture
of the weakened boundary and instantaneous filling of
the newly formed crack by copper (Figure 5). Nonfer-
rous metal penetration into steel to the depth of more
than 2.5 mm in some cases lowers the static, and par-
ticularly, fatigue life of steel [2]. Alongside cracks in
the usual sense, defects of the type of «healed» cracks
completely filled with copper or copper alloy, are
characteristic for steel surfacing with copper.

In order to eliminate these defects, in work [3], it
is proposed to add a certain amount of aluminium to
the weld pool. In this case, the produced welded joints
of copper with low-carbon steel had higher values of
mechanical properties in the presence of aluminium
in the weld, compared with the respective character-
istics without aluminium. Moreover, aluminium addi-
tion to the weld pool was favourable for the structure
of the weld metal and near-weld zone.

b n\“h . £4 , -
Figure 5. Fusion zone in argon-arc spraying of Br. A5 bronze on St3 steel (a) and Br. ANZh6-3-1 bronze on steel 20 (b), X300 [2]
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Weldability of copper with steel impairs formation
of brittle interlayers in the near-weld zone on the fusion
boundary (Figure 6). Their formation and development
are associated with diffusion of some elements from
steel into copper. In order to prevent formation of inter-
layers of this type, it is recommended to perform pre-
liminary deposition of layers from alloys, which reduce
the possibility of formation brittle interlayers and iron
transition into copper and vice versa [2].

Studying the physico-mechanical properties of
welded joints of copper-low-carbon steel, exposed
to variable temperatures in service, showed [14] that
at up to 2 % mass fraction of iron, the weld metal
strength is equal to that of base metal (copper) in the
entire testing temperature range. Iron content in cop-
per above 7 % leads to an abrupt lowering of the joint
ductile properties that may lead to hot cracking. Com-
plex evaluation of mechanical properties, long-term
strength, thermal cycle fatigue and fracture mode
showed that when welded joints of copper-low-car-
bon steel are exposed to increased and variable tem-

Figure 6. Brittle interlayers in the fusion zone at plasma surfacing of steel 20 with Br.AMts9-2 bronze (a) and of 38KhNMA steel with

Br. KMTs3-1 bronze (b), X300 [2]
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peratures in service, 3—6 % iron content in the weld
metal is optimum [14].

As to the depth of copper-steel interpenetration,
according to the data of [2], the admissible pene-
tration depth, which does not affect the mechanical
properties of steel, is limited by 0.3—0.5 mm. By other
data [3], however, copper alloy penetration into high-
strength steel to the depth of up to 1.2 mm practical-
ly does not affect the static and cyclic strength under
tension, static and impact bending of bimetal samples.

Problems of surfacing copper with alloys based
on iron, nickel and cobalt and methods of solving
them. Considering the possibility of deposition of
wear-resistant layers on a copper base, the above-men-
tioned problems, arising when producing the steel (al-
loy)-copper welded joint, are complemented by prob-
lems caused by the technological features of running
of such a process.

Firstly, as was noted earlier, this problem remains
practically unstudied today — known are just a few
cases of mentioning the methods of electron beam
surfacing of copper with different grades of steel in
technical literature. These results, however, do not al-
ways look valid or economically justified.

Secondly, all the known wear-resistant steels and
alloys have much higher melting temperature, than
copper (<1500 °C against ~1100 °C). At first glance,
this should lead to increased penetration of copper.
However, due to the high heat conductivity of copper
(more than 4 times higher than that of steel — see
the Table), the drops of molten deposited metal can
quickly loose heat that will lead to an abrupt lowering
of fluidity and wettability, and, hence, to poor forma-
tion of the deposited metal on the copper surface, or
even to absence of formation and fusion. It is well
known [9] that in butt welding of steel sheets, copper
backing is quite often used in production, in order to
ensure complete penetration and good formation of
the reverse surface of the weld. After welding is over,
this backing is rather easily removed and does not
have any traces of adhesion to the weld.

In addition, due to its higher heat conductivity,
copper will heat very quickly during surfacing, that
increases the probability of overheating and subse-
quent through penetration of the copper base.

Thirdly, the above differences in the physical prop-
erties of steel and copper will lead to high temperature
gradients and high cooling rates, as well as a short
time of staying of the weld pool in the liquid state.
This may lead to appearance of individual copper
inclusions at weld pool solidification that further on
lower the deposited metal performance.

In view of the absence of any recommendations in
the technical literature on the features of running of
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the process of pure copper surfacing with nickel and
cobalt alloys (as with iron based alloys), we can only
proceed from the data on physico-chemical properties
of these metals, considering the fact that both nickel
and cobalt, similar to iron, differ greatly from copper
by their melting temperature and heat conductivity.
Therefore, at copper surfacing by the above alloys,
the above-mentioned regularities will be true for them
to a certain extent, as they were determined for the
cases of copper welding to steel and surfacing of cop-
per and its alloys with steel.

Solving all the above-mentioned problems re-
quires a thorough and substantiated selection of the
surfacing technique and technology, surfacing materi-
als, as well as staying within a rather narrow tempera-
ture range of preheating and concurrent heating of the
copper parts. In view of the foregoing and practical
experience, such surfacing methods as gas-shielded
arc surfacing with wires of the respective alloying, as
well as plasma-powder one by alloys based on iron,
nickel and cobalt, look promising.

Here, application of technological measures re-
ducing the penetration and fraction of base metal in
the deposited metal, as well as adjustment of energy
input of surfacing, can have a positive effect on the
quality of fusion of the wear-resistant layer and the
copper base. At arc surfacing, the most widely spread
in industry, this can be achieved through application
of small-diameter electrode wires (1.2—2.0 mm dia);
moderate electric modes, in which a stable transfer of
electrode metal and minimum base metal penetration
are ensured, as well as application of pulse, magnet-
ic-pulse and other technologies. In our opinion such
a comprehensive approach, on the one hand, should
promote sound fusion of the wear-resistant layer
with copper, and on the other hand, it should not al-
low overheating of the copper base that may lead to a
change of the geometrical dimensions of the part.

Thus, despite considerable difficulties, arising at
wear-resistant arc or other methods of copper sur-
facing, these processes are quite promising, in terms
of ensuring a considerable extension of fatigue life
of copper parts, operating under the conditions of
abrasive and gas-abrasive wear, as well as wear at
high-temperature friction of metal against metal.
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IMPROVEMENT OF CRACK RESISTANCE
OF BANDED SUPPORT ROLLS
AT HIGH-SPEED SURFACING WITH LOW ENERGY INPUT

S.V. Shchetynin, V.1. Shchetynina and S.P. Desyatskii
Priazovskyi State Technical University
7 Universitetskaya Str., 87555 Mariupol, Ukraine. E-mail: shchetynin.sergey2012@gmail.com

The objective of the work is improvement of deposited metal crack resistance and development of the process of high-
speed surfacing of banded support rolls with a low energy input. In order to achieve the set objective, we developed the
process of improving the crack resistance due to high-speed surfacing of banded support rolls with a low energy input.
In keeping with the equation of heat propagation at high-speed surfacing with a low energy input, increase of deposition
rate is accompanied by lowering of the heat input, narrowing of melting isotherm width and HAZ. Calculation and
experimental methods were used to establish that at increase of deposition rate, lower heat input results in decrease
of deformations and welding stresses, and reduction of the HAZ, where cold cracks form, that prevents delamination
of the deposited metal. Melting and solidification rates rise, time of the pool staying in the liquid state is reduced that
prevents liquid metal flowing out of the weld pool and improves deposited metal formation. Established regularities
were the base for development of the process of high-speed surfacing with low energy input, at which the heat input and
welding stresses decrease, HAZ is reduced and deposited metal delamination is prevented, melting and solidification
rates increase, time of the pool staying in the liquid state becomes shorter, and crack resistance of banded support rolls
becomes higher. Developed process of high-speed surfacing of banded support rolls with a low energy input provides a
lowering of the heat input and welding stresses, HAZ reduction, increase of melting and solidification rates and crack
resistance, and absence of deposited metal delamination or band failures. 11 Ref., 6 Figures.

Keywords: high-speed surfacing with low energy input, melting isotherms, heat input, welding stresses, HAZ, crack

resistance, banded support rolls

In manufacture of banded support rolls by fitting the
band on the axle with tension, stresses develop in the
band that is why it is necessary to ensure minimum
residual welding stresses in surfacing, which, adding
up with the inherent stresses, cannot lead to band frac-
ture. The band is made from high-carbon 90KhF steel
prone to hot and cold cracking. Therefore, increase of
crack resistance of banded support rolls is an import-
ant science and technology problem.

Cold and hot crack resistance is largely determined
by the speed and energy input of the surfacing process.
Itis generally known that at reduction of energy input,
the probability of cold cracking becomes higher, due
to increase of the cooling rate [1, 2]. M.M. Prokhorov
[1], however, notes that considerable reduction of the
energy input and increase of the heating rate may lead
to lowering of cold cracking probability.

In order to increase the crack resistance, of great
importance are the works on studying the stress-strain
state of welded structures [3—5], which are of consid-
erable theoretical and practical interest.

Banded support rolls of 3000 mill with body diam-
eter of 2.1 m, body length of 3 m, and weight of 120 t,
are made by pulling a heated band over the axle. Here,

the band diameter becomes greater and after cooling
it is reduced, that ensures band fitting on the axle with
tension. Here, inherent residual stresses develop in
the band.

Support rolls, which prevent sagging and fracture
of cast iron working rolls, are operated under the con-
ditions of high specific pressures that leads to wear
and reduction of their diameter. Therefore, after op-
eration, arc surfacing is performed for strengthening
and reconditioning.

Due to inherent residual stresses and deposition of
a band from 90KhF steel, prone to cracking, it is nec-
essary to ensure minimum residual welding stresses
at surfacing, which, while adding up with the inherent
residual stresses, may lead to band fracture.

As was established, at arc surfacing of banded sup-
port rolls at high energy input of 2.2 MJ/m, after heat
treatment and slower cooling, the band broke before
it was mounted in the rolling mill. Fracture mode was
brittle, the band cracked, and a piece of the band flew
like a shell with high Kkinetic energy. The energy, ap-
plied to the band, at deposition with a high energy in-
put, was transformed into kinetic energy.
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An effective method to increase the crack resist-
ance is high-speed surfacing at low energy input, the
impact of which on crack resistance of the deposited
metal is insufficiently studied [6—8].

The objective of the studies is improvement of the
deposited metal crack resistance and development of
the process of high-speed surfacing of banded support
rolls with low energy input that prevents band break-
ing.

High-speed surfacing with a low heat input corre-
sponds to the scheme of bead deposition on a massive
body by a powerful quickly moving arc, for which
the temperature field is described by the developed
by M.M. Rykalin [9] equation of the process of heat
propagation:

2

9 f%
21 (—X) ’

where g, is the effective thermal power of the arc (g, =
= 0.241Un,, 5356.8 cal/s); A is the heat conductivity
coefficient, 0.1 cal/cm-s-°C; a is the thermal diffusiv-
ity (0.1 cm%s); V is the deposition rate (2.08; 1.39;
0.695 cm/s); X is the abscissa along the surfacing di-
rection, cm; Y is the ordinate normal to the surfacing
direction, cm; | is the current (800 A); U is the arc
voltage (31 V); n_ is the effective efficiency (0.9 in
submerged-arc welding).

For body surface Z = 0, the equation of heat propa-
gation at high-speed surfacing at a low heat input has
the following form:
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Calculation of isotherms at wire electrode surfac-
ing is performed on a personal computer by a spe-
cially developed program, for base metal surface (Z =
= 0), the thermal condition of which determines weld
formation.

The adequacy of the equation of the process of
heat propagation at high-speed surfacing with a low
heat input was confirmed by good convergence of the
calculated and experimental data of melting isotherms
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Figure 1. Dependence of melting isotherm on deposition rate:
1—25;2—50;3—75m/h

and weld width, obtained at high-speed surfacing with
PD-Np 25KhS5FMS wire of 3.6 mm diameter, with flux
AN-26P of plates from St.3 steel of 30x300%x400 mm
size. Arc surfacing was conducted in the following
mode: current of 750-800 A, arc voltage of 30-32 'V,
speed of 0.7; 1.4; 2.1 cm/s. Here, the heat input was
equal to 3.3; 1.65; 1.1 MJ/m. VDU 1604 rectifier was
used as the heat source.

As was established, at increase of the deposition
rate, the width of melting isotherms becomes smaller
(Figure 1), that is in good agreement with the experi-
mental data on weld width, as a result of lowering of
the heat and energy input.

At arc surfacing, vacancies develop in the depos-
ited metal under the impact of thermal excitation [1],
as the energy of vacancy appearance is smaller than
that of formation of interstitial atoms. In the zone of
vacancy occurrence, the static equilibrium of the forc-
es of interatomic interaction is disturbed, that leads
to shifting of adjacent atoms from their equilibrium
positions, microdistortion of the crystalline lattice,
microstresses, increase of dislocation density and re-
sidual welding stresses.

Cracks form, when welding stresses become great-
er than the interatomic bonds [6]. Therefore, in order
to avoid band breaking at surfacing the banded sup-
port rolls, it is necessary to ensure minimum residual
welding stresses, which are determined by heat input
and deformations.

In order to study the impact of deposition rate
on longitudinal deformation, surfacing of plates
(8%120%900)-10° m and (30x120x900)-10° m was
performed by a composite electrode at different
speeds.

In keeping with literature data [8], the dependence
of residual welding stresses on deposition rate is as
follows:

GZqu—a
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Figure 2. Regularity of the impact of deposition rate V on de-
formations f (1, 2) and welding stresses ¢ (3, 4) in plates of
(30x120x900)-10° m (1, 3), (8x120x900)-10°m (2, 4) size
where 1 is the Poisson’s ratio (for carbon steel pu =
=0.33); E is the modulus of elasticity (for carbon steel
E = (2.0-2.1)-10° MPa); q, is the effective thermal
power (J/s); V is the deposition rate, m/s; q./V is the
energy input, MJ/m; F is the plate cross-section, m2,

Longitudinal plastic deformation of the plates de-
pends on residual welding stresses [8]:
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Figure 3. Temperature field at deposition at the rate of 25 (a), 50
(b), 75 m/h (¢): 1 — T = 700; 2 — 1100; 3 — 1539 °C
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where | is the plate length, m; o, is the critical value
of welding stresses, Pa.

Critical value of residual welding stresses, which
leads to plastic deformation is [8]:

_nZE ) 2 P
o =12 | T (6)

where 9 is the plate thickness, m.

At stresses above the critical value, plastic defor-
mation of the plate occurs.

It follows from the given expressions, that the re-
sidual welding stresses are directly proportional to

plate deformation [8]:
2 2
N E (ﬁj , MPa. (7

f2E
0613212 12\

As was established, at increase of the deposition
rate and lowering of the energy input, decrease of the
heat input results in reduction of base metal deforma-
tion and residual welding stresses (Figure 2) that con-
siderably increases the crack resistance.

Cold cracking resistance of the deposited metal
is largely determined by the residual welding stress-
es, which add up at deposition that leads to cracking.
Deposition of wear-resistant layer is performed in
five or greater number of passes, therefore welding
stresses increase abruptly, and deposited layer thick-
ness on the radius is limited by the value of 0.025 m,
exceeding which leads to considerable increase of re-
sidual welding stresses and deposited metal delamina-
tion in the zone of fusion with the base metal. This is
confirmed at surfacing of working rolls of 1700 mill,
when at deposition of 0.04 m on the radius, the depos-
ited metal separated from the base metal. Therefore,
investigations were conducted at five-layer surfacing.
Weld metal properties were found by measuring the
HAZ, which was determined by melting isotherms at
1539 °C and at the temperature of 1100 °C.

As was established (Figures 3, 4), with increase of
the deposition rate and lowering of energy input, the
heat input and HAZ are decreased that ensures lower-
ing the susceptibility to cold cracking and deposited
metal separation.

In the weld pool crater, the arc melts the base met-
al with the speed of welding on the axis, which rises
from 25 to 50 and 75 m/h with increase of welding
speed (Figure 5). As the base metal in the crater melts,
in the area of the side edges the speed drops from the
welding speed to zero in the area of crater transition to
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Figure 4. Dependence of HAZ width of deposition rate V (1) and
energy input g, (2)

the tail part of the weld pool, where the solidification
rate of liquid metal of the weld pool rises from zero in
the area of the side edges, to the welding speed on the
axis of the pool tail part.

Three times increase of the heating rate, from 200
up to 600 °C, has a greater impact on refinement of
the austenite grain, than does the increase of the cool-
ing rate by 25 times, from 10 up to 250 °C [10], that
should be taken into account, when studying the brit-
tle fracture and cold cracking susceptibility.

The regularity of the change of base metal melting
rate in the weld pool crater and of the solidification
rate in the pool tail part coincides with the melting
isotherm, in keeping with the equation of heat propa-
gation at high-speed surfacing with low energy input.

Crack resistance largely depends on the rate of
heating and melting, cooling and solidification, and
time of the pool staying in the liquid state.

At high-speed surfacing with low energy input for
a powerful quickly moving heat source, the time of
the pool staying in the liquid state is determined by
the equation for the melting isotherm and weld pool
length [9]:

q, .
Tn = 2V G

®)

from which it follows that the time of the pool staying
in the liquid state depends on the surfacing speed and
energy input:
t=—>=2_ °C.
17 2mAVT ©)
w
With increase of the deposition rate, the time of the
pool staying in the liquid state is reduced (Figure 6),
that results in prevention of liquid metal flowing out
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Figure 5. Base metal melting rate v (/—3) and solidification of
weld pool liquid metal v_ (4—6) at deposition rate of 25 m/h (1, 4),
50 (2, 5) and 75 (3, 6)

of the weld pool and ensuring sound formation of the
deposited metal.

In order to increase the crack resistance of band-
ed support rolls, a method of high-speed surfacing
of high-carbon steels [11] with a low energy input of
1.1 MJ/m was developed, using the following mode:
current of 750-800 A, arc voltage of 30-32 V, and
deposition rate of 75 m/g.

The process effectiveness was confirmed at high-
speed surfacing of banded support rolls of 3000 mill
with low energy input, at surfacing which with low
energy input the band did not break. High-speed sur-
facing of the rolls was performed with preheating
up to 300-350 °C, by deposition of a buffer layer by
7Zv08G2S low-carbon wire of 4 mm diameter, with
AN-60 flux, and deposition of a wear-resistant lay-
er by PD-Np-25KhS5FMS flux-cored wire of 3.6 mm

n.s

46}

1 1 1 | 1
0.7 1.2 1.7 33 2.7 32 ¢/V, Ml/m
L L L L 1 1 I‘,

0.5 0.8 1.1 1.4 1.7 20 V.10 m/s

Figure 6. Dependence of the time of the pool staying in the liquid
state t, on melting rate V (1) and energy input g, (2)
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diameter with flux AN-26P and energy input of
1.1 MJ/m, heat treatment and retarded cooling.

Preheating temperature, with increase of the car-
bon content, rises from 150-200 °C for steel 45, to
300-350 °C, for steel 90KhF.

After arc surfacing, in order to lower the welding
stresses, roll heat treatment is performed in the follow-
ing modes: roll temperature before heat treatment —
300 °C; heating up to the temperature of 400450 °C
at the rate of 5-10 °C/g; soaking at this temperature
for 8-10 h; cooling to the temperature of 300 °C at the
rate not higher than 10-15 °C/g.

After the temperature of 300 °C has been reached,
the roll is placed into a thermostat for retarded cool-
ing.

The developed process of high-speed surfacing of
banded rolls at a low energy input ensures minimum
heat input and residual welding stresses, reduction of
the HAZ, cold cracking susceptibility and probability
of deposited metal delamination; increase of melting
and solidification rate, improvement of crack resis-
tance and no band breaking.

Conclusions

1. Adequacy of the equation of heat propagation at
high-speed surfacing with a low heat input is con-
firmed by good convergence of the calculated data of
melting isotherms and experimental data on the weld
width.

2. Proceeding from the calculated-experimental
data, it was found that at high-speed surfacing with a
low energy input, the heat input and residual welding
stresses, HAZ, cold cracking susceptibility and prob-
ability of deposited metal delamination, and time of
the pool staying in the liquid state are reduced, while
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melting and solidification rate is increased, that im-
proves the crack resistance of banded support rolls.

3. The process of high-speed surfacing with a low
energy input of banded support rolls was developed,
which ensures lowering of the heat input and residual
welding stresses, reduction of the HAZ, increase of
the melting and solidification rate, and cracking re-
sistance, absence of deposited metal delamination or
band breaking.
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MICROSTRUCTURE OF TITANIUM ALLOYS PRODUCED
BY THE METHOD OF LAYER-BY-LAYER ELECTRON BEAM
SURFACING USING THE WIRE OF GRADE Ti6Al4V

V.M. Nesterenkov, M.O. Rusynyk, O.M. Berdnikova, V.A. Matviichuk and V.R. Strashko
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

The specimens of products of titanium alloy of various shapes using the wire of grade Ti6Al4V were produced by
electron beam surfacing. In the deposited layers no defects were detected. In the course of the work, the investigations
of microstructure, phase composition and mechanical properties of the specimens were carried out. For the deposited
metal, the structure consisting mainly of lamellar-acicular a’-phase is typical. The structure contains a small amount
of B-phase, which lies in the form of thin interlayers layers between the acicular precipitations of a’-phase. It is not
detected using the optical microscope, however can be detected applying electron microscopy and X-ray examinations.
The microstructure of the deposited metal is mostly equilibrium and granular, gradient in sizes and microhardness.
The microhardness of the boundary zones differs from the microhardness of the grain matrix, which may be associated
with the difference in the content of alloying elements. Towards the top of the built specimen, the hardness decreases
slightly. 9 Ref., 1 Table, 9 Figures.

Keywords: additive technologies, electron beam gun, electron beam surfacing, titanium alloy, metallography, mi-

crostructure, microhardness

Today, additive technologies is one of the promising ar-
eas that are rapidly developing in industrial production.
The market of additive technologies consists of produc-
tion of the equipment and its maintenance, development
of the software, models of the future parts and creation
of products according to drawings of the customer.

The additive equipment includes many software and
hardware machines that perform various tasks and func-
tions. Among them, manufacture of products according
to the digital model applying the method of layer-by-lay-
er deposition of consumables remains common [1].

Laser additive technologies have become the most
widespread. However, to create large, material-inten-
sive products like housings, an increased efficiency
of layer-by-layer surfacing is required. In this case,
it is most advantageous to use the energy of the elec-
tron beam, which is focused and supplied directly into
the zone of alloy by the electron-optical system of the
electron beam gun (EBG).

The use of electron beam additive technologies in
aircraft and turbine construction, where light, chemi-
cally active materials based on aluminum and titani-
um are used, is especially relevant. The process takes
place in vacuum, which allows surfacing a part with-
out additional shielding gases, at the same time main-
taining the purity of the original material.

In this work, the studied material was titanium
Ti6Al4V alloy, produced by electron beam surfacing.

Titanium alloys are one of the main structural ma-
terials currently applied in various industries. Among
titanium alloys Ti6Al4V is widespread. It is wide-
ly used in aerospace and medical fields. Namely in
these industries the task of rapid and simple creation
of a wide range of nomenclature products [2, 3] from
Ti6Al4V alloy is set.

The aim of the work was to study microstructures
and microhardness of specimens from Ti6Al4V alloy
made by layer-by-layer growing using electron beam
additive technology by filler wire.

To achieve this aim, the following tasks were set
in the work:

e holding the specimens welded in vacuum by the
wire of grade Ti6Al4V;

e study of microstructure of the deposited specimens;

e measurement of microhardness of specimens.

Electron beam surfacing using wire. The surfac-
ing technology consists in layer-by-layer deposition of
metal in the form of a wire, which is melted by elec-
tron beam gun to produce a workpiece, the geometry of
which is as close to the final product as possible. The
advantage of the technology is a high speed of product
manufacturing, which is up to 12 kg/h. The technol-
ogy allows manufacturing large-sized metal products,
including those of refractory and heat-resistant alloys
with a high density and homogeneity [4].
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Figure 1. Electron-beam installation with mechanism for moving
and feeding wire for surfacing

A high repeatability of the results of electron beam
surfacing technology in combination with the flexibili-
ty of the process control allows forming parts with the
required structure and specified properties. During the
surfacing process, the electron beam creates a pool of the
molten metal on the surface of a part. The part being de-
posited moves relative to the fixed electron gun and the
filler wire feed mechanism, or the electron gun with the
wire feed device moves relative to the fixed base [5, 6].

To manufacture product specimens, a wire with
the diameter of 2 mm of grade Ti6AI4V was used.
Surfacing was carried out in the electron beam instal-
lation equipped with the mechanism for moving and
feeding wire (Figures 1, 2).

For investigations linear and cylindrical specimens
were deposited.

The process of electron beam surfacing takes place
in vacuum chamber (Figure 1). The wire is fed from the
coil by electric motor with reducer through the guide
channel 1 and the nozzle 2 to the surfacing zone (Fig-
ure 2). In the process of surfacing, the variable parame-
ters are wire feed rate and beam current. The surfacing
is layer-by-layer, after each pass the manipulator is ris-
en to a set value in the coordinate Z—Z. The cylindrical
specimen was produced by rotating the surface to be
deposited 3 by means of the vertical rotator 4 (Figure 2,
a) relative to the fixed EBG 5. The linear specimen was

Chemical composition of the wire Ti6Al4V, wt.%

\Y Al
3.5-4.5|5.5-6.75

Fe N 0 H C
0.4 0.05 0.2 <0.015 | 0.08

produced by moving EBG 5 with the wire feed manip-
ulator relative to a rigidly fixed plate 6.

Thus, the following specimens were produced: cylin-
drical — with a diameter of 70 mm, 30 mm height and a
wall thickness of 9—10 mm. And a linear one of 100 mm
length, 40 mm height with a wall thickness of 7.8 mm.

The chemical composition of the wire of Ti6Al4V
alloy is given in the Table.

Metallographic examinations. To reveal micro-
structure, the polished sections of deposited spec-
imens were etched in a special reagent for etching
titanium and its alloys of the following composition:

e hydrofluoric acid — 1 part;

e nitric acid — 1 part;

e water — 1 part.

Metallographic examinations were carried out in the
microscope «Neophot-32» at different magnifications.
The digital images of microstructures were obtained
with the help of the «Olympus» camera. The Vickers
hardness of the examined metal was measured in the
microhardness tester M-400 of the Company LECO at
the loads of 1.0 kg (HV10) throughout the entire height
of the sections with a step of 500 um and 0.1 kg (HV1)
for detailed examinations of the structure.

Cylindrical specimen. The specimen consists of 14
layers of deposited metal (Figure 2). Metallographic ex-
aminations of the deposited metal show that the structure
mainly consists of recrystallized grains of different sizes
with different degrees of etching. In the areas of the de-
posited metal no microdefects were detected.

In the lower part of the specimen (Figure 3, lay-
ers 1—4) the grain structure is mainly uniform, but as
to the grain size the structure is gradient: D_ (min) =
=500-700 pm; Dg (max) = 1800—2000 um. Figure 4, a
shows the change of the minimum and maximum grain
sizes (Dg) and the length of the crystallites (L ) through-
out the height of the specimen in the deposited layers.

Figure 2. Specimens deposited by electron beam: a — cylindrical; b — linear
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Figure 3. Microstructure of metal in the lower zone of the specimen: a, b — fragments of microstructure: a — x100; b — %25

The hardness distribution is nonuniform. The
values of hardness (HV10) and its change through-
out the entire height of the cylindrical specimen are
graphically shown in Figure 4, b.

During the transition to the next layers, the forma-
tion of large crystallites throughout the entire height of
the specimen and a slight decrease in hardness with its
relatively uniform distribution and characteristic val-
ues of HV10-2750-2820 MPa are observed (Figure 4,
b). Tt is established that in the recrystallized areas of
the deposited metal the hardness is in the range from
HV10-2600 to HV10-3130 MPa (Figure 5). In a more
detailed examination of the structure (at a magnifica-
tion of x100) the following was established. For the de-
posited metal, the structure is characteristic, consisting
mainly of a lamellar-acicular o’-phase (Figures 5, 6).

In the boundary zones of o'-phase, the etchability
of which is weaker than the grain matrix, the hardness
amounts to HV1-2870-3660 MPa. The microhardness
of the boundary zones differs from the microhardness of
the grain matrix, which may be associated with the dif-
ference in the composition of the alloying elements [4].

According to [7], the structure obviously contains
a small amount of B-phase, which lies in the form of
thin interlayers between the acicular precipitations of
a'-phase and is not detected by optical microscope,
but is determined by electron microscopy and X-ray
examinations.

In deposition of the surfacing layers, as a result of
heat treatment, throughout the height of the specimen,
the structure represents large crystallites with a homo-
geneous lamellar-acicular structure of o’- phase at the
microhardness HV1-2830-3220 MPa. The sizes and

Deposited layers (1-14)
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Figure 4. Change of structural parameters in the deposited layers: a — grain size (Dg); b — microhardness (H710)
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Figure 5. Microstructure of metal in the middle part of the specimen: a, b — fragments of microstructure: a — x100; b — %25
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Figure 6. Microstructure of metal in the upper zone of the specimen: a, b — fragments of microstructure: a — x100; b — x25

g NS

Figure 7. Microstructure of metal in the lower zone of the linear specimen: a, b — fragments of microstructure: a — x25; b — x200

a shape of needles and plates depend on the purity
and cooling rate of the metal [8]. The middle layer of
the deposited metal is characterized by a thickening
of the acicular component of a’-phase (Figure 5). It is
known that with decreasing cooling rate the acicular
precipitations of a’-phase are thickened [7].

Linear specimen. Surfacing consists of 12 lay-
ers (Figure 2, b). No structural defects were detected.

Y

Figure 8. Microstructure of metal of the linear specimen in the upper zone: a, b — fragments of microstructure: a — x25; b — x100
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Metallographic examinations of the deposited metal
showed that as well as in the cylindrical specimen, the
structure consists of recrystallized grains of different
sizes with different degrees of etchability.

In the lower part of the specimen (Figure 7, layers
1-8) the grain structure has a mixed character: relatively
equilibrium grains and grains of irregular shape.
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Figure 9. Change of structural parameters in the deposited layers: a — grain size (Dg); b — microhardness (HV10)

The grain size (D ) in this zone is about D, =
= 500—1600x700—4000 pum. The distribution of mi-
crohardness is relatively uniform. During the transi-
tion to the next layers (9—12), the formation of large
crystallites of the size up to hxL_ = 2000x7000 pm is
observed (Figures 8, 9, a).

The values of hardness (HV10) and its change
throughout the entire height of the linear specimen
are shown in (Figure 9, b). In the lower layer HV10-
3030 MPa. At the transition to the next layers the hard-
ness slightly decreases to HV10-2790-3010 MPa. It
was established that the hardness throughout the en-
tire height of the deposited metal is in the range from
HV10-2630 to HV10-2930 MPa.

During a detailed examination of the deposited met-
al (magnification x100) it was found that the structure
consists of a lamellar-acicular o’-phase (Figures 7, 8).
The microhardness in the inner volumes of the grain
structure is HV1-2210-2970 MPa. In the boundary
zones of grains there are no areas with a low etchabili-
ty. Their structure is the same as the grain matrix. This
indicates the absence of chemical heterogeneity in the
local areas of the structural components [7].

Conclusions

1. The applied technology of multilayer surfacing al-
lows producing structure of cast metal without defects
in the deposited layers.

2. Investigations of the structure of multilayer sur-
facing showed that in the lower layers mostly equilib-
rium grain structure is formed, gradient in sizes and
microhardness (HV1).

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 5, 2020

3. Massive crystallites are formed throughout the
entire height of the investigated specimens (except for
the lower layers). The inner lamellar-acicular struc-
ture of a'-phase grains is homogeneous and larger
than in the lower layers.
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The paper considers the possibility for applying automatic orbital welding using nonconsumable electrode in helium or
plasma welding using the methods of autopressing or successive penetration to produce welded joints of pipe elements
of spirals in high-pressure heaters. The results of testing this technology and the optimal modes of producing position
welded joints of pipe elements in spirals of high-pressure heaters of NPP power units are presented. A description of
technical proposals on creation of domestic welding equipment for implementation of the proposed technology was
presented. It is shown that the use of the developed technology applying domestic equipment can significantly increase
the labour efficiency when producing welded joints of pipe elements in spirals of high-pressure heaters and significantly

improve their quality. 13 Ref., 3 Figures.

Keywords: high-pressure heaters, spirals of high-pressure heaters, automatic orbital welding, nonconsumable
electrode, autopressing or successive penetration, constricted arc, helium arc or plasma welding, position butt joints

of pipelines, plasmatron

Pipelines (including high-pressure ones) of NPP pow-
er units with WWER light-water reactors, as well as
with reactors with boiling water are operated, asa rule,
in the conditions of simultaneous exposure to high
temperatures, elevated pressure, significant masses of
water and/or water steam, as well as penetrated radi-
ation. High-pressure pipelines can also include pipe
structures of spirals of high-pressure heaters (HPH),
which are important, fundamentally necessary and
critical elements of the second circuit of NPP pow-
er units. The feed water, entering HPH spirals under
pressure, is heated to the required temperature, after
which this water enters the heat exchanger — steam
generator (SG), where it is converted into steam, sup-
plied to the turbine, which drives electric generators
of the NPP power unit [1-3]. The characteristic fea-
tures of HPH spirals are the presence of welded joints
of pipe elements of spirals, as well as the parameters
of the medium — feed water, supplied to the spiral
at a rated pressure of 12.0 MPa (120 kgf/cm?), where
this water is heated to a temperature of 235 °C, as a
result of which in the course of HPH operation the
welded joints of their spirals undergo corrosion-ero-
sion wear. Therefore, designing, manufacture and re-

L.M. Lobanov — http://orcid.org/0000-0001-9296-2335

pair of HPH spirals have their own specifics [3, 4],
which determines the technical requirements to the
material, design and welded joints of HPH. There are
single- and double-plane designs of HPH spirals, but
single-plane spirals are the most widespread.

As to its design, the HPH spiral consists of three
pipe elements joined by two welded butt joints. The
billets for these elements are lengthy sections of a pipe
with a rated diameter of 32 mm and a rated wall thick-
ness of 4.0 mm of carbon steel 20. The length of one
of the straight sections («central»), which are used as
billets for pipe elements of HPH spiral, is 7000 mm,
the other two straight sections are 5980 and 5403 mm,
respectively, while the «central» section has an area
with a S-shaped bend, which, according to the design
documentation (DD), is produced before welding,
which leads to different spatial positions of longi-
tudinal axes of different areas of this section. All the
abovementioned sections on the side of their ends have
a V-shaped opening 1-24-1 (C-24-1), which is formed
by means of a preliminary machining treatment. After
producing welded joints of pipe elements, carrying out
their heat treatment and non-destructive testing, from
the pipe structure, produced in such a way by means of

© L.M. Lobanov, N.M. Makhlin, V.Ye. Popov, D.S. Oliyanenko and O.V. Kovalyuk, 2020
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a special device, the spiral structure proper is formed.
To the direct inlet and outlet areas of this structure,
shanks are welded-on and heat treatment and non-de-
structive testing of its welded joints are carried out.

Until now, during manufacture and renovation re-
pair of HPH spirals even in the factory conditions in or-
der to produce welded joints of these spirals in domes-
tic practice only manual multipass argon arc welding
(TIG) with filler wire feed is used, the main problems
of which are insufficient efficiency of these technolog-
ical processes, impossibility in maintaining stability of
quality of welded joints due to its dependence on the
«humany factor, need in training and attractment of ex-
perienced high-skilled welders. Therefore, providing
the growth of welding efficiency and stability of qual-
ity of welded joints of HPH spirals during their man-
ufacture and renovation repair at domestic enterprises
through the use of automatic or mechanized welding
represents an urgent scientific and technical task.

To solve this problem, the possibilities of using var-
ious methods of arc welding, including automatic or-
bital welding using nonconsumable electrode in argon
(GTAW), manual and automatic orbital welding using
nonconsumable electrode in argon with activating fluxes
(ATIG and GTAW-A respectively) and mechanized (au-
tomatic) welding using consumable electrode in mixture
of shielding gases were previously investigated and an-
alyzed [4]. During these investigations, it was taken into
account that according to the Rules and Norms in the
nuclear power engineering (PN AE) and other standard
documents in Ukraine, welded joints of pipe elements
of HPH spirals in the state of straight sections of pipes
with a rated diameter of 32 mm and a rated wall thick-
ness of 4.0 m and the opening of the edges being 1-24-1
(C-24-1) of steel 20 should be produced with a complete
(100 %) penetration with a maximum reinforcement
(2.0 = 1.0) mm and the convexity of the root weld of not
more than 1.5 mm or its concavity, which does not exceed
0.6 mm. The displacement of edges of pipe elements of
HPH spirals should not exceed 0.4 mm, and according
to PN AE G-7-010—89, welded joints of these pipe ele-
ments can be classified as the category III (subcategory
IIIc). In accordance with the results of the previous in-
vestigations, it was experimentally established that it is
fundamentally impossible to achieve the required stable
quality of welded joints of HPH spirals and their 100 %
penetration by using GTAW process applying the meth-
ods of autopressing or successive penetration, developed
already in the 1970s and 1980s in the Research and De-
sign Institute of Assembly Technologies (NIKIMT) [5,
6]. Most likely, this is explained by the fact that, first-
ly, steels of pearlite class (to which steel 20 belongs) as
compared to the steels of austenite class are character-
ized by a much lower coefficient of linear expansion and
a significantly higher thermal conductivity, which makes
it impossible to provide sufficient compressive forces for

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 5, 2020

the necessary thermoplastic deformations. Secondly, the
rated wall thickness of HPH spiral pipeline is 4.0 mm,
and the ratio of the wall thickness S to the rated outer
diameter of the pipeline Dp is only 0.125, i.e. close to
the lower limit of applicability of GTAW applying the
methods of autopressing or successive penetration [5, 6].
It was also found that the most effective way to produce
welded joints of HPH spirals, as well as other high-pres-
sure pipelines of NPP units, is mechanized multipass arc
welding using consumable electrode in shielding gas
mixture (it was found that to produce high-quality pipe
joints of HPH spirals two welding passes are enough)
[4]. However, it should be noted that the proposed tech-
nology can be implemented only in the case of using a
stationary torch, rotary butts of welded products and in-
novative technological equipment.

According to the requirements of the effective DD
on HPH, welded joints of pipe elements of their spi-
rals are subjected to 100 % non-destructive and se-
lectively destructive testing. Among the non-destruc-
tive methods of testing the use of visual-instrumental
control (VIC) and radiographic testing (RT) are en-
visaged [7]. In compliance with the corresponding
requirements of the effective production and techni-
cal documentation (PTD) and DD on these products,
during a selective destructive testing of welded joints
of pipe elements of HPH spirals, the check of chem-
ical composition of weld metal and determination of
mechanical properties of welded joints as well as me-
tallographic examinations are carried out.

Based on this, in the course of experimental and
technological investigations, namely these non-destruc-
tive and destructive testing methods were used, and to
perform testing by VIC and RT methods, metallograph-
ic examinations, mechanical tests and determination of
chemical composition of weld metal and heat-affect-
ed-zone, the personnel of the department of the chief
welder and the metal inspection service SE «Atomen-
ergomash», SE «NNEGC Energoatom» were attracted,
as well as the certified standard means available at them.

The analysis of the previously proposed technical
solutions and practice have convincingly proved that
the implementation of mechanized arc welding of ro-
tary welded joints of HPH spirals using consumable
electrode in shielding gas mixture is a rather complex
task, which in the vast majority of cases is difficult
to perform as far as it requires a complicated and ex-
pensive complex of technological equipment for its
implementation, where one of the most important ba-
sic components is an innovative horizontal rotator [8].

Therefore, at PWI together with the Scientific and
Engineering Center of welding and control in the field
of nuclear energy additional investigations were con-
ducted to determine the possibility of using constrict-
ed arc welding methods for automatic orbital welding

35




INDUSTRIAL

of position butts by the methods of autopressing or
successive penetration.

The method of helium arc welding is a variety of
welding using nonconsumable electrode and it has
much in common with argon arc welding using non-
consumable (tungsten) electrode (TIG). The main
disadvantage of argon arc TIG and hence GTAW is a
free-burning arc, which (especially at low currents) is
characterized by a low stability in time and space and
a low current density in the anode spot. As the current
grows, the diameter of the column of a free burning arc
increases, and the concentration of a thermal power on
a welded product decreases, which causes an increase
in the width of the weld and heat-affected zone (HAZ).
In addition, moving away from the tungsten electrode,
the temperature of the column of a free burning arc
decreases sharply, due to which its ability to penetrate
noticeably decreases [9—12]. Therefore, in the case of
TIG, and hence GTAW, in order to achieve stability of
weld quality, it is necessary to clearly maintain in ad-
vance the predetermined values of length of welding
arc, which requires the necessary presence of devices
and mechanisms or mechanical arc length stabilization
systems (ALS) or electronic devices and mechanisms
that provide automatic arc voltage regulation (AAVR)
in the design of welding heads for GTAW.

The mentioned drawbacks of a free-burning argon
arc are excluded during an intense constriction (contrac-
tion) of welding arc, which can be achieved in different
ways. The most common among them is the use of he-
lium as a shielding gas or a special torch — a plasmatron
with a separate supply of plasma-forming and shielding
gases and the mandatory presence of a low-power aux-
iliary («pilot») arc that burns between the electrode and
the plasmatron nozzle [11, 12]. The process of welding
by constricted arc with the use of plasmatron was called
«plasma welding». The column of the constricted plas-
ma arc, which has a temperature of 20000 K and higher,
is rigidly stabilized along the axis of the nonconsum-
able electrode. A high concentration of heat flow of this
column on a welded product allows producing welded
joints with a deep penetration and a relatively small
width of the weld and the HAZ with increasing welding
speed, resulting in an increased quality of welded joints.
Increasing the guaranteed penetration depth by several
times as compared to a free-burning arc allows joining
metals of up to 30 mm thickness in a one pass (at the
corresponding values of the main arc current and con-
sumption of plasma-forming and shielding gases), and
is much higher than that of a free-burning arc, the spatial
stability of a constricted arc — to simplify the equipment
for automatic welding, because in the case of a constrict-
ed arc the need in such devices and mechanisms as ALS
or AAVR that support the set values of arc length or
voltage constant during the welding process is eliminat-
ed [11, 12]. The separate supply of plasma-forming and
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shielding gases makes it possible to use various mixtures
of gases during welding (including those with enriched
chemically active gases, which is excluded in the case
of a free-burning arc). The use of a low-power auxiliary
(«pilot») arc provides the stability of welding process in
an extremely wide range of welding currents, including
their rather small values — up to 0.1 A, which allows
welding metals of such small thicknesses that are unat-
tainable with TIG, — up to 0.01 mm thick.

In the vast majority of cases, helium arc and plasma
welding is performed by an arc of direct polarity («mi-
nus» on the electrode) in continuous or pulsed modes
or in a mode of welding current modulation, which
burns between the tungsten electrode of the torch for
TIG or GTAW or the plasmatron and a welded product
(in plasma welding — jets of plasma-forming gas —
usually argon). Depending on the physicochemical
properties of welded metal, to prevent the interaction
of the molten pool of a liquid metal and the near-weld
zone with the atmosphere in the case of plasma welding
on the periphery of the arc a shielding gas: argon, heli-
um, CO,, mixtures of argon with hydrogen, argon with
helium, argon with nitrogen and other mixtures is sup-
plied [11, 12]. As the current source of the main (weld-
ing) arc, an adjustable rectifier of inverter or thyristor
type with steeply descending (preferably with «verti-
cal») external volt-ampere characteristics (VACh) and
control of the pulse-width modulation method (PWM)
is used. As a current source of a low-power auxiliary
(«piloty) arc, usually a low-power rectifier, which is
not regulated or regulated stepwise (also with steeply
falling VAChs) is used, which is made in the form of
a diode rectifier or converter or of the type AC-DC or
DC-DC — power (250—500) V-A.

The sequence of stages of the cycle of automatic
orbital helium arc or plasma welding, which is shown
in Figure 1, is the following.

When the welding head of the automatic machine
for orbital helium arc or plasma welding is mounted
on a welded product and fixed on it, the cycle of these
welding methods begins after the START signal with
the time interval «gas before welding» («pregasy) is
supplied, during which the supply of shielding gas to
the torch for helium-arc welding or supply of plas-
ma-forming and shielding gases to the plasmatron and
their free laminar flow from them are provided.

At the end of the specified time interval by means
of a special device (exciter) a noncontact ignition of
the main arc (in the case of helium arc welding), or
auxiliary («pilot») arc (in the case of plasma weld-
ing) occurs, which burns between the nonconsumable
(tungsten) electrode (with the arising of these arcs, i.e.
at the establishment of a stable arc discharge, the ex-
citer automatically switches off), which causes either
the excitation of the main arc (in the case of helium
arc welding) or blowing of a plasma flame from the
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!
or plasma welding of position butts of pipe elements of HPH spirals

of NPP power units: t, — time interval «gas before welding» («pregas»); t, — time interval «smooth increment» of the main (welding)

arc current; t, — time interval «heating-up»; t, — time interval du
extinction»; t, — time interval «gas after welding» («postgas»)
plasmatron. At the same time, in the installation for
plasma welding, the open-circuit voltage in the cur-
rent source of the main (welding) arc is switched on,
which is excited at the lowest value in the range of
welding current control when the surface of a welded
product is touched with a flame from the plasmatron.

During the time interval «smooth increment» the
welding current gradually increases from the smallest
value of the control range to its preliminary set (pro-
grammed) operating value, which eliminates the elec-
trodynamic impact on the nonconsumable electrode
of the torch for helium arc welding or plasmatron
(«shock» of the electrode).

At the moment of ending the time interval «smooth
increment» the time interval «heating-up» begins,
during which the formation of a molten pool of liquid
metal on a welded product is provided, and the duration
of this time interval is much shorter as compared to a
free-burning arc. At the moment of ending the time in-
terval «heating-up» on the electric drive of the rotator
of the welding head, a signal of permission is automat-
ically supplied and the faceplate of this head with the
torch or plasmatron fixed on it begins rotating around
the position butt of a high-pressure pipeline with a pre-
liminary set (programmed) and stabilized speed (weld-
ing speed), while the welding current either remains
unchanged or changes in accordance with a predeter-
mined (programmed) pulsed mode, and in the latter
case at the moment of ending the time interval «heat-
ing-up» a pause of welding current begins.
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ring which welding proper takes place; t, — time interval «smooth

From the moment of ending the welding proper the
STOP signal is supplied automatically (or manually)
and during the time interval «smooth extinguishing»
a smooth drop of welding current from operating
to practically zero value begins. Thus, if the pulsed
mode or the mode with modulation of welding current
is provided, then, starting from the moment of reach-
ing the equality of welding current values in a pulse
and a pause, welding current will drop synchronously.
At the same time both rewelding of a crater, as well
as «overlapping» of an initial area of welding are pro-
vided, and at the moment of ending the time interval
«smooth extinguishing» during plasma welding, the
current of an auxiliary («pilot») arc is also automati-
cally switched off, and also rotation of the faceplates
of the welding head and the supply of a plasma-form-
ing gas to the plasmatron are stopped. In addition, the
time interval «gas after welding» («postgas») begins,
during which the welding zone is blown with a shield-
ing gas. At the moment of ending this time interval,
the welding cycle is completely finished.

The functional-block diagram of the installa-
tion for automatic orbital plasma welding, designed
at the Scientific and Engineering Center of welding
and control in the field of nuclear energy, is shown
in Figure 2. The installation is based on the domestic
automatic machines ADTs 625 U3.1 and ADTs 628
UKhL4 for GTAW previously designed at PWI to-
gether with the Scientific and Engineering Center of
welding and control in the field of nuclear energy. The
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functional-block diagram of the hardware-software
complex for automatic orbital helium arc welding is
given in [13] and does not differ from the diagram of
the complex for automatic orbital argon-arc welding.

When in PWI together with the Scientific and En-
gineering Center of welding and control in the field of
nuclear energy additional invesitgations were carried
out to determine the possibility of using welding po-
sition joints of pipe elements of HPH spirals of NPP
power units by a constricted arc, the specimens-simu-
lators of pipe elements of HPH spirals of steel 20 with
a rated outer diameter of 32.0 mm and a wall thickness
of 4.0 mm were used, the ends of which were treated
in accordance with the requirements to welded joints
of type 1-21-1 (C-21-1) and 1-21-2 (C=39), which
are regulated by PN AE G-009-89, PN AE G-010-89
and OST 24.125.02-89.

To conduct investigations on the specimens-simula-
tors of HPH pipe elements of (32x4) mm, a model of
an experimental installation was created, which includ-
ed a modified model of the automatic machine ADTs
625 U3.1 for GTAW, the unit of autonomous cooling
of the experimental model of the automatic machine
ADTs 628 UKhL4 for GTAW, experimental model
of the installation UMPDS-0605 UKhL4 for arc and
microplasma welding using nonconsumable electrode
and two current sensors — the main and auxiliary («pi-
lot») arc, based on the Hall effect. The power part of
the power source (power sources of the main (welding)
arc), welding head ADTs 625.03.00.000 (where in the
case of plasma welding instead of the standard torch
for welding using nonconsumable electrode in inert
gases the plasmatron Yu7M3. 045.011-01 with a lig-
uid (water) cooling was installed, control system of the
experimental model of the automatic machine ADTs
625 U3.1 for GTAW and the experimental model of the
autonomous cooling unit BVA-02 was installed. The
basic parameters of the automatic machine ADTs 625
U3.1 for GTAW are given in [13].

The ends of the specimens-simulators of pipe ele-
ments of HPH spirals of steel 20, prepared for experi-
mental welding in accordance with the requirements of
standard documents, were subjected to automatic orbit-
al helium arc and plasma welding using the methods
of autopressing or successive penetration. Previously,
applying the TIG method two or three tacks were pro-
duced for each weld, for which an experimental model
of a specialized power source 1Ts 617 U3.1 for GTAW
or TIG was used. For experimental welding of posi-
tion butt joints of specimens-simulators of high-pres-
sure pipe elements of (32x4) mm of HPH spirals, the
modernized experimental models of the installation
UMPDS-0605 UKhL4 and the power source ITs 617
U3.1, as well as the automatic machines ADTs 625
U3.1 and ADTs 626 U3.1 for GTAW, the control sys-
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tems of these devices and the experimental model of
the plasmatron U7M3.045.011-01 were used.

According to the results of several series of exper-
imental welding it was established that:

e butt welded joints of specimens-simulators of
high-pressure pipe elements of HPH spirals of NPP
power units with WWER type reactors, produced us-
ing automatic orbital helium arc or plasma welding,
provide the required penetration depth (Figure 3) and
have almost no unacceptable defects, spattering and
splashes of a welded product, which allows not only a
significant (at least 68 times) increase in efficiency (as
compared to the existing technology), but also a great
simplification and reduction in the cost of both prepara-
tion for welding as well as for technological equipment
to produce the abovementioned welded joints (as com-
pared to the technological equipment for mechanized
arc welding using consumable electrode in a mixture
of shielding gases). Moreover, a constricted arc weld-
ing completely meets the requirements of PN AE
G-009-89, PN AE G-010—89 and OST 24.125.02—89;

e the use of automatic orbital helium arc or plasma
welding to produce welded joints of pipe elements of
HPH spirals of NPP power units with WWER-type re-
actors is an energy-saving process, because the imple-
mentation of the abovementioned welding methods
requires welding current (main arc current), which
is 1.3-2.0 times lower than during welding using
free-burning argon arc;

e to produce high-quality welded joints of HPH
spiral pipe elements of NPP power units by means of
automatic orbital helium arc or plasma welding us-
ing the methods of autopressing or successive pene-
tration, the optimal range of welding modes should
have the following values of parameters: in case of
welding position butt joints of pipe elements of HPH
spirals (32x4), the current of the main arc (welding
current) should be in the range from 65 to 80 A, the
current of the auxiliary («piloty») arc during plasma
welding should be in the range from 3to 7 A, arc volt-
age should be in the range from 14 to 16 V during
helium arc welding and from 9 to 11 V during plasma
welding, the length of the main arc should be in the
range from 0.5 to 1.1 mm during helium arc weld-
ing and from 3 to 6 mm during plasma welding, the
speed of rotation of the faceplate of the welding head
should be from 7 to 10 rpm, the number of full-ring
passes should be 1-2. The installation (complex) for
automatic orbital helium arc welding of joints of HPH
spiral pressure elements of NPP power units should
at least include the main arc current source (main-
ly of inverter type) with steeply falling (preferably
«vertical») VAChs, a torch mounted on the faceplate
of the welding head, modified welding heads ADTs
625.03.00.000 (with the own rotator and controller),
welding cycle control unit (WCCU) to control the
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Figure 2. Functional-block diagram of the installation for automatic orbital plasma welding of position butt joints of high-pressure
pipelines of NPP power units designed at the Scientific and Engineering Center of welding and control in the field of nuclear energy

welding process, the cyclogram of which is shown
in Figure 1, interface unit (controller unit) for com-
munication with all other components of automatic
machines for orbital welding and the unit of launch
protection equipment (ULPE), which provides the
possibility of realizing kEMERGENCY STOP» after
the command of the operator or automatically with
almost instantaneous and complete deenergization
of all without exception components of the hard-
ware-software complex for automatic orbital weld-
ing and introduction of their additional protection
against a long-term overload on current consumption
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and against a steady short circuit, and in the case of
automatic orbital plasma welding, there is a built-in
or separate unit of auxiliary («pilot») arc with steeply
falling VAChs and its excitation unit, plasmatron de-
signed for the highest value of the main arc current,
autonomous cooling unit of the plasmatron, WCCU,
interface unit (controller unit) and ULPE;

e in the process of automatic orbital welding of
joints of pipe elements of HPH spirals of NPP power
units, stability with accuracy of not worse than +5 %
of such parameters as the main arc current (welding
current) at its length of up to 1.5 mm in the case of
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Figure 3. Macrostructure of welded joint of specimen-simulator
of pipe elements of HPH spiral (position joints), produced using
automatic orbital helium arc welding by the method of autopress-
ing, where on the left a weld is shown formed in a one pass by
automatic orbital helium arc welding, and on hte right the weld
is shown formed by automatic orbital argon arc welding applying
the same method

helium arc and from 3 to 8 mm in the case of plas-
ma welding, as well as the speed of rotation of the
faceplate of the welding head (welding speed) should
be provided; the duration of the stages of which the
welding cycle is composed, should be provided with
an accuracy of not worse than +10 %, and the need in
the use of preliminary tacks is excluded;

e the duration of the welding cycle during helium
arc or plasma welding is (maximum) from 4 to 5 min
against (30—32) min according to the existing technolo-
gy of manual argon arc welding with the filler wire feed.

Conclusions

1. Automatic orbital helium arc or plasma welding of
position joints of pipe elements of HPH spirals (32x4)
are promising and the most cost-effective methods of
welding during the manufacture and renovation repair
of these welded structures.

2. The use of automatic orbital helium arc or plas-
ma welding of position butt joints of HPH pipe ele-
ments of NPP power units allows not only a signifi-
cant (at least 68 times) increase in welding efficiency
(as compared to the existing technology) and a sig-
nificant improvement in the quality of welded joints
of the mentioned pipe elements, which significantly
simplifies and reduces the cost for both preparation
for welding as well as for technological equipment to
produce the abovementioned welded joints (as com-
pared to the technological equipment for mechanized
arc welding using consumable electrode in a mixture
of shielding gases).

3. The equipment for automatic orbital helium
arc welding has a simpler structure as compared to
the equipment for automatic orbital plasma welding,
therefore, automatic orbital helium arc welding is
more preferred.

4. Technical proposals on designing the installations
(complexes) for automatic orbital helium arc and plasma
welding of position butt joints of pipe elements of HPH
spirals of NPP power units were developed.

5. The scope of the basic optimized parameters of
the modes of automatic orbital helium arc or plasma
welding of the joints of pipe elements of HPH spirals
was determined.
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6. It is established that the values of the parameters
of the modes of automatic orbital helium arc or plas-
ma welding (such as the main arc current (welding
current) at its length of up to 2.5 mm in the case of
helium arc welding and from 3 to 8§ mm in the case
of plasma welding, as well as welding speed — the
speed of rotation of the welding head faceplate),
which correspond to the scopes of the basic optimized
parameters of the modes of automatic orbital helium
arc or plasma welding of joints of pipe elements of
HPH spirals with a rated outer diameter of 32 mm and
a rated wall thickness of 4.0 mm using nonconsum-
able (tungsten) electrode with an accuracy of not less
than =5 %, and the duration of the stages of which the
welding cycle is composed, should be provided with
an accuracy of not worse than £10 %.
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DEVELOPMENT OF INDUCTORS FOR BULK
AND SURFACE HEAT TREATMENT OF WELDED BUTT JOINTS
OF RAILWAY RAILS

0.S. Prokofiev, R.S. Gubatyuk, O.S. Pismennyi, S.V. Rymar and Ye.O. Panteleymonov
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

The paper presents the concept of bulk and surface heat treatment of the welded butt joint of a railway rail by two or
more inductors with the purpose of achieving favourable phase transformations of metal and normalizing its structure
in the weld zone. Performed computations and experiments resulted in development of split inductors without magnetic
circuits, which allow performance of bulk and surface induction heat treatment. Conducted experiments on heating a
welded butt joint of a rail by the developed split inductors without the magnet cores demonstrated heating uniformity
characteristics acceptable for bulk heat treatment of rails, limit temperatures and rates of heating of the main rail work-
ing areas both on the surface and in-depth of a narrow heating zone. 19 Ref. 2 Tables, 8 Figures.

Keywords: inductor, induction heating, bulk heat treatment, surface heat treatment, welded butt joint of railway

rails, normalizing of weld zone metal

In connection with development of high-speed rail-
way transportation in Ukraine, the task of producing
high-quality continuous welded rails of greater length
and increased strength from hypereutectoid steels re-
mains urgent. In Ukraine and in a number of countries
in the world, rails are joined by flash-butt welding,
both in the stationary rail-welding enterprises, and un-
der the road conditions, by the technology and with
application of equipment developed by PWI. Weld
heat treatment is more and more often used in the
world practice, in order to improve the metal structure
in the weld and near-weld zone, and increase the reli-
ability of the welds [1].

In metallurgical enterprises the rails are heat treat-
ed during manufacture. Engineering solutions for
performance of induction heat treatment (HT) of the
entire rail surface [2], or its head surface [2, 3] are
known. Some inductor designs allow performance of
HT in keeping with the technical requirements, which
were in force during their development, but need up-
grading now, in connection with the change of the
composition of rail steel, which is close to alloyed
steels, their manufacturing method, and change of the
cross-section geometry towards the reinforcement.
For these purposes, PWI developed an inductor de-
sign, which ensures more effective heating of the rail
head surface [4].

At the same time, requirements to the rail welded
butt joint become higher. Welded butt joints of rails of
R65 type from low-alloyed steel (Cr—Si—V) of K76F

grade, manufactured in Ukraine, at increase of the
train speed and of the load in the wheel-rail system
also require HT [3], in order to avoid formation of un-
favourable structures and produce normalized struc-
ture of the metal, with the structure becoming clos-
er to the base metal both by its kind and mechanical
values, as well as reduction of unfavourable residual
stresses.

HT performance is also due to the need to correct
the technological inheritance of the quality values
(properties) of the metal in the weld zone, which starts
from metallurgical processing and runs through the
entire process of rail manufacture. The technological
inheritance of metal quality includes fluctuations of
the distribution of chemical elements, mechanical val-
ues and local stress-strain state, which are of a random
nature and have an essential impact on the structure
life cycle [5], if they occur in the weld zone.

In order to conduct HT of welded butt joints of
the railway rails, the most effective is application of
induction heating [1], performance of which is regu-
lated by technical normative guidelines [6] and use of
equipment, with which it is performed. The working
tools of the induction units are inductors, which can
be with and without magnetic circuits.

The work on development of the technology of per-
formance of induction HT of the welded butt joints of
railway rails and designing the respective equipment,
is performed by many countries of the world [1]. In
RF SPC «Magnit M» Ltd. developed complexes for
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HT of rails [7, 8], which include multiturn inductors
without magnet cores. Such complexes operate under
the shop and track conditions with working current
frequency of 6.0-8.0 and 2.4-8.0 kHz. For construc-
tion of the railways, split single-turn high-frequency
inductors with parallel conductors without magnetic
circuits were developed in PRC [9, 10].

PWI performed work on development of the tech-
nology and portable equipment to ensure uniform heat-
ing of the rail weld with reduced heating zone [11, 12]
for 2.4 kHz working frequency of current. The equip-
ment is designed for correspondence of normative re-
quirements [6] to the European standard EN 14587-
21-2005. Used as a work tool, is a split inductor with
magnetic flux concentrators in the form of magnetic
circuits [13, 14], which ensures in a sufficiently short
time (180 s) the required bulk uniform heating to the
specified temperature of all the rail areas.

The objective of the work is description of devel-
opment at PWI of a test sample of a complex-shaped
split inductor without magnetic circuits with a narrow
zone of bulk heating of the welded butt joint of R65
rail, at 2.4 kHz working frequency of current.

The base of development of a test sample of com-
plex-shaped split inductor without magnetic circuits,
was the concept of performance of bulk and surface
HT of the butt welded joint of a railway rail by two or
more inductors.

The development was mainly focused on perfor-
mance of bulk HT of a welded butt joint as the main
operation.

The test sample of a complex-shaped split induc-
tor without magnetic circuits and its main character-
istics and geometrical parameters were determined by
preliminary calculations of a model of an induction
system of «inductor-workpiece», taking into account
the above requirements to HT of welded butt joints.
Preliminary results on development of inductors for
HT of both the welded butt joint of the rails and of the
rails proper were also taken into account.

Because of the complex cross-sectional shape of
railway rails, different volume of the metal in its ele-
ments, namely its head, web and foot, and well as the
difference in the geometry of different types of rails,
it is rather difficult to perform uniform induction bulk
heating of the main working elements of the rail. And
it is exactly fulfillment of this condition which en-
sures high-quality HT of the welded butt joint. How-
ever, even in this case, short zones of lower hardness
form on both sides from the inductor edges along the
rail longitudinal axis. This is due to the steel exposure
to the impact of the temperature field in the region of
700-350 °C, for sufficiently long time for formation
of incomplete recrystallization zone. At rail operation,
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surface deformations can develop in these areas from
rolling wheels.

In order to avoid this phenomenon, the concept was
proposed of performance of bulk and surface HT of the
welded butt joint of the railway rail by two and more
inductors, in order to obtain favourable phase transfor-
mations of metal and normalizing its structure in the
weld zone. For this purpose, it is proposed to perform
in incomplete recrystallization zones additional surface
HT by a pair of inductors for producing surface hard-
ening of the metal in these zones. Surface HT can be
performed simultaneously with bulk HT, or after per-
formance of bulk HT by the main inductor. The electric
and geometrical parameters of the additional pair of
inductors and thermal heating cycle can differ from the
parameters and cycle of the main inductor.

It is desirable to perform surface HT at higher
frequency of current (more than 2.4 KHz), in order
to reduce penetration of induced currents and ther-
mal flows in-depth of the rail metal. Here, the met-
al is not exposed to intensive thermal impact inside
the rail. The thermal fields which propagate from an
additional pair of inductors over the rail surface pro-
mote refinement of the metal grains, producing uni-
form structures in the specified rail areas of a lower
hardness, and also promote increase of its hardness
and shortening of the extent of the above-mentioned
zones of metal softening on the rail surface. Surface
HT can be performed around the entire perimeter of
the rail cross-section or over the head surface.

As the volume of the metal of welded butt joint of
the rail, subjected to surface HT, is smaller than the
volume of metal, subjected to bulk HT, smaller power
is required for its performance, and even smaller — at
surface HT of just the rail head, respectively.

In development and manufacturing of the structure
of a split inductor without magnetic circuits for bulk
HT of welded butt joints of railway rails, the follow-
ing factors should be taken into account:

e possibility to perform HT under stationary con-
ditions in rail-welding enterprises, on the track, in
particular, in a confined space and on the already as-
sembled railway track at its repair;

e complexity of inductor design, which is due to
bringing together — bringing apart its branches rela-
tive to the rail;

e possible presence of electric contact at closing
of the inductor branches with provision of its reliable
connection and unhindered passage of high-frequen-
cy current through it, particularly, at long-term use,
that determines reliable operation of the entire split
inductor.

When developing the designs of split inductors
without magnetic circuits to perform bulk HT of weld-
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Figure 1. Performance of bulk HT of the welded butt joint of a
railway rail of R65 type by split inductor without magnetic cir-
cuits

ed butt joints of railway rails, the test sample of one-
piece inductor without magnetic circuits (Figure 1)
for rail-welding enterprises and materials of works [2,
15—17] were taken as the base.

The design of a split inductor without magnetic
circuits with electric contact for joining the two in-
ductor branches (Figure 2) was developed, in which,
compared to the inductor in Figure 1, the distances
between the rail side surfaces and the inductor were
reduced and equalized. Such an inductor is designed
to perform surface HT of rails, as it can quickly and
uniformly heat a narrow zone around the entire pe-
rimeter of the rail to uniform small depth by higher
frequency currents (more than 6 kHz). The inductor
is designed to perform HT in rail-welding enterprises
and on the track.

A design of a split inductor without magnetic cir-
cuits or electric contact between the two parts of the
inductor (Figure 3) was developed, in which, com-
pared to the inductor in Figure 2, the distances be-
tween the side surfaces of the rail and the inductor
were corrected, in order to ensure uniform bulk heat-
ing of all the rail parts. The inductor is designed to
perform bulk HT in rail-welding enterprises and on
the track.

This inductor design greatly simplifies its manu-
facture and use and improves the reliability of its op-
eration, as the electric contact between its branches is
absent. However, due to large distances between the
rail side surfaces and the inductor and greater length
of induction wires, the inductance and resistance of
the inductor increase, leading to greater electric losses
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Figure 2. Design of a split inductor without magnetic circuits
with electric contact for closing inductor branches, designed for
conducting surface HT of narrow surfaces of rails

and the need to increase the capacitance, that com-
pensates the system inductance, and this leads to its
higher price during production and operation.

A design of the split inductor without magnetic
circuits was proposed, in which the task of uniform
bulk heating of all the main parts of the rail is solved
comprehensively. The design has different distances
between the side surfaces of the rail and the inductor,
but much smaller than in the design in Figure 3. Un-
like the previously considered designs, this inductor
has different configuration in the longitudinal direc-
tion of the rail (Figure 4). The design contains high-
er reliability electric contact with greater area of the
surfaces being joined, which are removed beyond the
inductor working zone. The inductor is designed to
perform bulk HT in the rail-welding enterprises and
on the track. This inductor design for uniform bulk

18

Figure 3. Design of a split inductor without magnetic circuits or
electric contact between the inductor halves, designed for bulk HT
of railway rails
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Figure 4. Design of a split inductor without magnetic circuits
with higher-reliability electric contact taken out of the working
zone, for closing the inductor branches, which is designed to con-
duct bulk HT of railway rails

heating of rail parts was defined as the priority one for
implementation.

The procedure of work [18] and the data of earlier
conducted experiments on performance of bulk HT by
the inductor in Figure 1, which was also designed by
this procedure, were used for estimated calculation of
the parameters of split inductor without magnetic cir-
cuits (Figure 4).

The following parameters were taken as the base
ones: f is the induction current frequency; S is the the
cross-sectional area of the rail elements and their per-
centage value S, of the total cross-sectional area; | is
the length of the rail areas around the perimeter.

Based on the dependencies between the electro-
magnetic characteristics [18] and geometrical pa-
rameters of railway rail of R65 type, which is to be
heat-treated, calculation of the electromagnetic and
geometrical parameters of «inductor-rail» system was
performed, using the dependence of specific surface
power p on magnetic field strength H at frequency
f = 2.5 kHz [18], which is close to that of the avail-

Table 1. Parameters of the induction system at heating of R65 rail

able power source TPChT-160/2.4 and similarity of
distribution of the strength of the magnetic field [19],
which forms at distance 6 between the surface of the
object being heated and the inducing conductor.

The main parameters of the system have been de-
termined and calculated: S, Mare the surface area of
the rail elements which are heated, and their weight;
H, p are the magnetic field strengths and specific pow-
ers on the heating surfaces of rail elements; A is the
depth of magnetic flux penetration into the rail ele-
ments; o is the distance (nonmagnetic gap) between
the heated surfaces of the rail elements and the in-
ductor; P are the powers applied to the rail elements
at heating.

The listed parameters at the start of heating, when
the rail metal has magnetic properties, are shown in
Table 1.

Proceeding from the rail configuration, the high-
est magnetic field strength should be created in the
most massive area of the surface — the rail head. On
smaller bodies and thinner areas, the magnetic field
strength should be lowered.

A test laboratory sample of this inductor (Figure 5)
from sheet copper with reinforcement by water-cooled
tubes was manufactured, which allows conducting
bulk HT of the welded butt joint of the rails.

The inductor ensures a more concentrated distribu-
tion of the magnetic field in the rail head, due to a con-
tinuous conductor over its surface and small clearance
(gap) between the conductor and the rail. Above the
rail web and foot the inductor conductors are made in
the form of two parallel branches, the area of which
becomes smaller towards the foot, thus reducing the
heated area under them. In the foot area, the conduc-
tors are also removed from each other that enables
heating to be performed in the area of the thinnest end
portions of the foot — the base points. In terms of

Parameters Head Web Foot Rail
Cross-sectional area S, cm? 28.19 23.57 30.89 82.65 [6]
Cross-sectional area S, , % 34.1 28.5 37.4 100.0

Heating area under the inductor, S,, cm? 79.1 124.7 129.0 332.8

Length around the perimeter I, cm 18.5 29.0 30.0 775

Rail element mass M, kg 8.375 5.940 8.066 22.381
Distance between the inductor and surface 8, cm 0.8-1.0 24-2.8 2.6-3.2 -
Magnetic field strength H, A/cm 1200.0 765.5 740.0 -
Specific surface power p, W/cm? 290 145 130 -
Penetration depth A, cm 0.120 0.095 0.090 -

Applied power P, kW 22.944 18.081 16.770 57.775
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Figure 5. Laboratory test sample of a split inductor without magnetic circuits

design, the gap between the inductor conductors and
the rail is made with its increase from the head to the
web and foot. Such an inductor design allowed uni-
form heating to be performed.

Conducting experiments on performance of induc-
tion bulk HT of the welded butt joint of the railway
rail demonstrated achieving almost simultaneous and
uniform heating of parts of different weight and area,
namely the head and foot and quite close to them
heating of the web center, without its overheating. It
should be noted that the temperature at the ends of the
rail base points after passing the phase transformation
point A, (Curie point) stabilized, and practically did
not rise further on, because of complete disappearance
of the metal magnetic properties, which is associated
with the magnetic field penetration into the zone of
the volume of base point ends, that lead to reduction
of the density of eddy currents, which heat the metal

of base point ends, that is not critical as the base point
ends are no the most loaded elements of the rail.

It is experimentally confirmed that the power ap-
plied during performance of induction bulk HT to
each part of the rail, is close to the power determined
by calculations.

Bulk HT of the welded butt joint of the rails by a
split inductor without magnetic circuits was performed
in a narrow zone (40 mm) on both sides from the trans-
verse weld. Rail heating was conducted in the labora-
tory equipment, which included: power source — thy-
ristor frequency of 160 kW power and 2.4 kHz current
frequency (TPChT-160/2.4) converter: matching sin-
gle-phase high-frequency transformer TZ-800 (harden-
ing transformer), battery of cosine capacitors for com-
pensation of the reactive power; and test inductor.

Monitoring of electric parameters of the unit was
performed as follows: digital multimeters UNI-T

-

Figure 6. Scheme of location of 10 thermocouples in the conditional cross-section of the rail
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Figure 7. Heating of welded butt joint of R65 rail by a test split
inductor without magnetic circuit

UT70V and Velleman DMV 1090; phase meter F2-1;
Rogowski belt.

Measurement of temperature field in the rail weld
was performed by sensors in the form of chromel-alu-
mel thermoelectric converters (thermocouples) of
K type of 0.75 mm diameter. Thermocouples were
welded to the rail, using low-power capacitor weld-
ing source. Four thermocouples 1-4 were placed in
the rail head (Figure 6), at the depth of 6, 12, 19 and
25 mm from the rolling surface, respectively; thermo-
couple 5 was installed in the place of head transition
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Figure 8. Dependencies of temperature T on time t in points 1-70
(thermocouple numbers) in the conditional cross-section of the rail
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to the web; 6 — at 9 mm depth in the narrowest part
of the weld; 7 — at the depth of 22 mm in the place
of the web transition to the foot; 8 — at 10 mm depth
at the end of the rail base point; 9 and /0 — in the rail
foot at the depth of 10 and 14 mm, respectively.

Conversion of the thermocouple signal took place
due to connection of 10-channel ADC ISP-DAS
M-7018 and galvanic decoupling block ISP-DAS
i-7561U. Visualization of the results of temperature
measurement in time was performed on the comput-
er monitor, using a special program of measured data
processing.

Figure 7 showed the welded butt joint of R65 rail
heated by a test split inductor without magnetic circuit.

Dependencies of temperature T (°C) in points 1-10
of the conditional cross-section of the rail on time t(s)
are given in Figure 8, and the numerical temperature
values in these points are given in Table 2.

Experimental data show the ability of the devel-
oped inductor to heat the surface layers of the rail head
up to the temperature of 1000 °C, which is even high-
er than metal normalizing temperature of 825-875 °C,
at relatively uniform distribution of the temperature
field in the main working areas of the rail volume.

Maximum temperature of 1000 °C was reached
during time t, = 135 s, which was taken as the start of
the process of soaking at this temperature up to t, = 215
s and was continued At =t, —t, = 80 s. Then the inductor
was switched off and the heating process stopped. Rail
cooling occurred under natural conditions.

In the temperature curves (Figure 6), their
smooth inflection can be observed from the start
of heating up to time t, when the temperature in
different sections of the rail rises abruptly at the
rate v, =7.3-20.1 °C/s (mean value of 10.5 °C/s)
(Table 2), and then its increase slows down and
the heating rate drops to v ., = 0.8-4.1 °C/s
(mean value of 3.1 °C/s). Abrupt temperature rise is
observed at the start of heating, when the rail metal
is in the magnetic state, and the depth of magnetic
field penetration into the surface layers is minimum,
and the density of eddy currents, which heat the met-
al, is maximum. After the temperature has passed
through the Curie point (phase transition point A ,,
approximately 770 °C for steel), the metal layers by
the depth are gradually becoming nonmagnetic, depth
of magnetic field penetration into the metal becomes
greater, and the density of eddy currents in it smooth-
ly becomes smaller, that leads to slowing down of the
heating process and, usually, to the need to increase
the power from the source. In different areas and in
different volumes of the rail this process proceeds in
different ways, depending on the state of the magnetic
and nonmagnetic metal, during the heating process.
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Table 2. Temperature values in points 1-10 of the conditional cross-section of the rail

Thermocouple numbers (Figure 6)
Mean value
1 | 2 | 3 | 4 | 5 | 6 | 7 | 8 | 9 | 10
Temperature T,, °C of the start of the soaking process, reached during heating time t, = 135 s
1000 990 962 943 962 906 970 794 979 977 948
Temperature T, °C at the end of the soaking process, which is achieved during heating time t, = 215 s
985 985 984 981 985 882 955 772 950 951 943
Temperature difference AT = |T, — T,|, °C on the boundaries t, and t, of range At of soaking time (At =1t,—t, =80 s)
15 5 22 38 23 24 15 22 29 26 22
Maximum temperature T, °C in soaking time range At
1000 1000 990 995 994 907 978 796 981 982 962
Minimum temperature T__ , °C in soaking time range At
985 | 985 | 962 | 943 | 962 | 882 | 955 | 772 | 950 | 951 | 935
Difference between the maximum and minimum temperature AT =T —T |, °C, in soaking time range At
8 8 28 45 27 23 23 21 30 27 24
Temperature difference AT, o =T 00c = Toac °C in soaking time range At
0 0 10 5 6 93 22 204 19 18 38
Temperature difference AT, oo = 170000 = Toinhs °C» in soaking time range At
15 | 15 | 38 57 38 | 118 45 | 228 | 50 | 49 | 65
Metal heating rate in the magnetic state Vg °C/s
10.8 9.5 8.5 7.3 8.5 115 9.0 20.1 9.9 9.7 10.5
Metal heating rate under the impact of the nonmagnetic state up to the start of the soaking process Vomgazr “C/8
2.7 3.0 4.1 3.6 4.1 2.0 3.7 0.8 3.4 3.6 3.1
Rate of temperature change during soaking, v, °C/s
0.2 0.1 0.3 0.5 0.3 0.3 0.2 0.3 0.4 0.3 0.3

In massive parts of the rail, such as the head, the
foot and places of the web transition to the head and
the foot, the heating process occurs smoothly at rates
Ve = 7-3-11.5 °C/s and Vimg = 2:0-4.1 °C/s (Table 2),
without any significant inflections of the temperature
curves, which during the entire duration of heating are
located in clusters, that is the consequence of correct-
ly determined geometrical parameters of the induc-
tor. The rate of temperature change during soaking is
equal tov,, = 0.1-0.5 °C/s (mean value of 0.3 °C/s).

The rail base points are thin and heat the fastest
at the beginning, but at their complete heating above
the Curie point, the rise of temperature in them be-
comes considerably slower, as the depth of magnetic
field penetration coincides with base point thickness,
current density becomes smaller, as does the pow-
er consumed in their heating. Slowing down of the
heating is observed also in the rail web center. More
over, these areas, more than others, are affected by
the cooling process due to convection and radiation,
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in connection with the larger cooling area per a unit
of metal mass.

During soaking at the temperature, the differ-
ence in the temperatures in different areas of the rail
is small (Table 2), that is the difference between the
temperatures at the start T, and at the end T, of the
soaking range is AT = |T, - T,| = 5-38 °C (mean val-
ue of 22 °C), between their maximum T__and mini-
mumT . valuesitisAT . =I|T —T  |=8-45°C
(mean value of 24 °C), and between limit temperature
of 1000 °C and maximum and minimum temperature
values it is AT, o e = 1 D000 cc = Lud = 0-204 °C
(mean value of 38 °C), AT, -c.oin = 1 T1000 - = Toinl =
= 15-228 °C (mean value of 65 °C). If we ignore the
temperature in the rail base points, then the upper limit
values of temperature difference will be even smaller.

Thus, the developed split inductor without the
magnetic circuits, ensures the temperature in the main
rail areas, acceptable for bulk heating of the rail weld-

ed butt joints.
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Further studies should focus on producing a split
inductor without the magnetic circuits for surface HT
of incomplete recrystallization zones that form after
performance of bulk HT.

Conclusions

1. Modern development of railway transportation is
going along the path of construction of continuous
track with application of new high-strength rails from
alloyed steels of higher strength and wear resistance.
Stringent requirements are made also of welded butt
joints of the rails as an integral part of the continuous
track. Achieving metal normalizing, reducing unfa-
vourable residual stresses in the welded joint zone due
to performance of HT and improvement of its quality
is an urgent task.

2. Implementation of the proposed concept of bulk
and surface induction heat treatment of the HAZ of
welded butt joints of the rails will allow producing
normalized metal structures, which will promote im-
provement of metal characteristics.

3. Based on the conducted calculations and ex-
periments, analysis of the features of the geometrical
forms and weights of the rail in its different areas was
the basis for development of split inductors without
magnetic circuits for the possibility of conducting
bulk and surface induction heat treatment.

4. Conducted experiments on performance of heat-
ing of a welded butt joint of rail of R65 type by a test
sample of the developed split inductor of a complex
shape without magnetic circuits at current frequency
of 2.4 kHz showed acceptable for bulk heat treatment
of rails values of heating uniformity, limit tempera-
tures and rates of heating the main working areas of
the rail, both on the surface, and in-depth of the nar-
row heating zone of 40 mm.

5. Development of a test sample of a com-
plex-shaped split inductor without magnetic circuits
by the performed calculations and the conducted ex-
periments on heating the welded butt joint of rail of
R65 type, confirmed the correctness of the calculation
model of the «inductor—workpiece» induction system.
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ADDITIVE TECHNOLOGIES OF POLYMER MATERIALS
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The paper gives the analysis of the state of the art of 3D technologies of polymer materials, which is based on pub-
lications presented both in open sources as well as in a wide range of scientific and technical journals, including the
own experience of the authors in 3D printing using thermoplastic and thermosetting polymers. The history of additive
technologies, state of the art and trends of the development of the market of three-dimensional printing are considered.
The classification of the most widespread in the world technologies of additive manufacturing of products from poly-
mer materials depending on the methods of processing plastics is offered, their short description is given, their features,
advantages and disadvantages are presented. 27 Ref., 1 Table, 6 Figures.

Keywords: additive technologies, 3D printing, polymer materials

The current pace of industrial development requires
the choice of production technologies that can be
implemented in the shortest possible terms with the
involvement of minimal monetary investments to
obtain high-quality products as a result. Nowadays
these requirements are met by additive technologies
(Additive Manufacturing, Additive Fabrication or
AM-, AF-technologies), which find an increased ap-
plication in all spheres of human life and are one of
the most interesting and promising areas of industrial
production [1, 2]. The additive technologies are also
called the technologies of layer-by-layer synthesis,
3D printing, 3D technologies, rapid prototyping, lay-
er-by-layer modeling, digital production, etc.

The generalized term «additive» is accepted to de-
note a group of technologies that allow layer-by-layer
creation of three-dimensional objects based on the data
of CAD (Computer-Aided Design) model by gradual
adding a source material to the future product, which
differs from traditional methods of a part forming when
an excess material is removed from the workpiece ar-
ray applying mechanical treatment. The CAD model is
a digital mock-up of the object, which should be formed
with the use of additive technologies in the 3D printer.
The three-dimensional CAD model can be both deve-
loped according to the own design applying the method
of computer designing, as well as to create from the data
collected by means of 3D-scanner.

The essence of Additive Manufacturing (AM) can
be illustrated as follows.

The key feature of 3D printing is a significant re-
duction in the duration of a process chain from the idea
or drawing to the process of manufacturing a product,

and at the same time a reduction in labor, material and
power consumption of manufacturing. Thus, additive
manufacturing makes it possible to create final func-
tional products directly from the designer or engineer
through the computer and the printer without the use
of additional technological operations.

Although 3D printing is considered to be one of the
major discoveries of the XXI century, in fact, additive
technologies appeared in 1984, when the American re-
searcher Charles W. Hull, founder of the Company 3D
Systems, developed the technology of layer-by-layer
«growing» of physical three-dimensional objects from
a photopolymer composition [3]. The technology was
called «stereolithography» (STL). The author received a
patent for his invention only in 1986, and a year later, the
engineer presented to the public his industrial device for
three-dimensional printing [4]. As far as the term «3D
printer» appeared only in 1993, the machine of Charles
Hull was called a «stereolithography apparatus.»
Around the same time, other 3D printing technologies
began to be developed. In 1985, Michael Feygin pro-
posed the technology of lamination called LOM (Lam-
inated Object Manufacturing), which allows binding
individual layers of material using a special bead heated
to a certain temperature [5]. In 1986, Carl Decard, an
associate of the University of Texas, applied for a patent
describing the process of rapid prototyping of products
using the technology of SLS (Selective Laser Sintering)
[6], the essence of which consists in layer-by-layer sin-
tering of the powder material by a laser beam. In 1989,
Scott Crump, later the founder of Stratasys, announced
the development of fused deposition modeling (FDM)
technology. When using this technology, the formation
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Basic methods and technologies of additive manufacturing from polymer materials

Method of forming 3D 3D printing technology

Essence of technology or the principle of creating

fabrication (FFF)

products 3D objects
. .. . Successive deposition of layers of molten
. F d t deling (FDM) or fused fil t . . .
Extrusion using deposition modeling ( ) or fused filamen thermoplastic polymer material, which reproduce

the contours of the digital model

Stereolithography (SLA or SL)

Use of photopolymer resins solidifying under
the action of ultraviolet radiation

Photopolymerization

Digital light processing (DLP)

Use of photopolymer resins solidifying when
illuminated by a digital LED projector (DLP)

Polyjet

Layered solidification of liquid photopolymer material

Multi jet modeling (MIM)

under the action of ultraviolet radiation

Selective laser sintering (SLS)

Successive sintering of layers of powder material
using high power lasers

Melting of thermoplastic powder layers by means

Granulation Selective heat sintering (SHS) of a thermal radiator
Color jet printing (CJP) (formerly known as Layer-by-layer gluing and painting of composite
three-dimensional printing — 3DP) powder bases on plastics
Manufacturing of objects by the method Layer-by-layer gluing of film materials with
Lamination of LOM — laminated object manufacturing the subsequent formation (cutting) of model

or PSL — plastic sheet lamination

by means of a laser beam or the cutting tool

of the object is carried out in layer-by-layer deposit-
ing, in other words by surfacing of a molten thread of
thermoplastic material, which is extruded through the
extrusion head onto the cooled platform. Then the pro-
cess of development of the new technologies and im-
provement of the existing ones was accelerated and in
1993 a breakpoint came, which made additive methods
of manufacturing products to be widely available, and
the term «3D printing» to be known around the world.
The students Jim Bradt and Tim Anderson of the Mas-
sachusetts Institute of Technology, who were operating
on a dissertation on powder-based inkjet printing, in-
troduced layer-by-layer synthesis into a conventional
desktop printer [8]. In 1995, Tim and Jim founded the
Company Z Corporation, which launched the technolo-
gy at the market. In 2012, the technology was acquired
by the Company together with the 3D systems Corpo-
ration. Today, under its brand the former models of Z
Corporation are sold worldwide.

Nowadays, the market of three-dimensional print-
ing is growing rapidly and replenished with new mod-
els of unique production equipment, the possibilities
of which are almost limitless. Printed parts and assem-
blies of aircraft, printed car body, printed residential
construction, printed clothing, printed medical im-
plants represent far not the whole list of achievements
of modern additive technologies. However, the most
interesting thing is that it is possible to print using al-
most any materials: polymers, engineering plastics,
composite powders, different types of metals, ceram-
ics, sand, concrete, wood, and recently even food and
biological substances [9—11]. Due to the availability
and practicality 3D printing with the use of different
types of plastic is the most common today.
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All the technologies of 3D printing by plastic (Ta-
ble) are based on four basic methods of processing
polymer materials used in the industry for manufac-
turing of plastic products: extrusion, photopolymer-
ization, granulation and lamination.

The most widespread 3D printing technologies
which are used in everyday life (in the office) and
industry are the formation of products applying lay-
er-by-layer surfacing (FDM) and stereolithography
(SLA). But, nevertheless, each of the abovementioned
technologies finds its consumer, and also has advan-
tages and features that arouse interest. Let us review
each 3D printing technology in more detail.

FDM/FFF 3D printing. FDM layer surfacing is
the most widespread 3D printing technology in the
world, based on millions of 3D printers from the
cheapest to industrial 3D printing systems. To create
products applying FDM method of 3D printing, fila-
ment is used made of various thermoplastic materials,
which are delivered in the form of coils. The filament
can be of two standard diameters: 1.75 and 3 mm de-
pending on the printer specification [12].

As in all 3D printing technologies, the first step in
making a physical object is construction of a digital 3D
model. The 3D model in STL format is transmitted to
the 3D printer software. The program automatically (or
manually by operator) places the model in the virtual
space of the operating chamber. Then the program, if
necessary, calculates the elements of auxiliary struc-
tures — supporting structures for overhanging ele-
ments of the object and calculates the required amount
of consumables, as well as the time for «growing» the
prototype. Before starting the process of printing, the
model is automatically divided into horizontal layers
and the ways of moving extruder (print head) are cal-
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Figure 1. Scheme of extruder of FDM 3D printer (2) and the process of creating a three-dimensional model (b) by it [13]

culated. Extruder represents a device equipped with
a mechanical drive for supplying filament, a heating
element for its melting and a nozzle through which a
direct extrusion-ejection of a molten polymer material
on the surface of a product is carried out (Figure 1, a).

The received settings are saved, the model is con-
verted into the control code for the 3D printer. Then
the filament from the coil is unwound for its introduc-
tion into the extruder and directly the process of 3D
printing is started: the extruder melts the filament and
with a high accuracy in thin layers supplies the melt
of the polymer material onto the operating surface
of the 3D printer according to the printing algorithm
and CAD of 3D-model. After deposition the layer,
the polymer material is cooled and solidified, and the
platform on which the object is formed is lowered to a
level equal to the thickness of the deposited layer. The
movement of the head and the platform in 3 planes
(Figure 1, b) is set by an algorithm developed in ad-
vance with the help of a special software.

After the process of product manufacturing is com-
pleted, the auxiliary structures are removed (manually
or dissolved in a special solution), and the finished
product can be used in a printed form or subjected to
any method of further processing.

The main advantages of FDM 3D prinitng are ease
of using and the absence of special requirements for
the room (suitability for using in the office); low cost
of FDM printers and consumables; the possibility of
using a wide range of types of plastic, depending on
the needs and colors.

The main disadvantages of the technology are the
need in creating supporting structures for overhang-
ing elements, which after completion of printing have
to be removed; low separating capacity, which leads
to layering of the surface of the manufactured model;
presence of thermal shrinkage is possible, which leads
to a change in the size of a product after cooling.

SLA 3D printing. Stereolithography is not only
one of the first 3D technologies of additive manufac-
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turing in the world, but also one of the most pretentious
[14—16]. That is why it is most in demand in the med-
ical field, for example, for manufacture of implants,
etc. As a consumable it uses liquid photopolymer resin.
Under the influence of laser radiation on those parts of
the photopolymer that correspond to the walls of the
specified object, their layer-by-layer solidification and
the formation of the finished product occur.

SLA 3D printing as well as printing by the FDM
method, in parallel with construction of the object de-
mands using of the supporting structures, which serve
for fixation of a part of a product to the base of the
platform and prevent deformation of the manufac-
tured model in the presence of overhanging elements
in it. There are two basic structures of stereolithogra-
phic 3D printers: conventional, which is used more
often in industrial devices, and the so-called «3D SLA
upside down printing», which is less common and
found mainly in desktop 3D printers.

In the conventional variant of the SLA 3D printer
the laser is located above, and the operating platform
gradually lowers down (Figure 2). In a tank filled
with a special liquid (mixture of photopolymer and re-
agent-solidifier), which looks like epoxy resin, a mesh
platform is immersed to a depth of not more than 0.05—
0.13 mm (this is precisely the thickness of one layer).
After that, the laser is activated, as a result of which
the liquid solidifies on certain parts of the material and
sticks to the platform. Thus, the 3D printer creates the
first layer of the product. Each layer represents a 2D
image that is traced by a laser, according to the data
embedded in a three-dimensional digital model. Then,
the platform is lowered by one step, equal to the thick-
ness of one layer, down (in the Z coordinate) and after
leveling the surface of the liquid material, the laser is
reactivated, continuing to build the next layer on the
X=Y coordinate axes. The cycles of forming layers are
repeated before construction of a product.

The principle of 3D printing process used in desk-
top 3D printers is identical, with the only difference
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Figure 2. Scheme of SLA 3D printing process [17]

that the laser is located under the container with a
photopolymer, and during construction of products,
the platform does not lower, but gradually rises.

The feature, which is common to both variants, is
that a product should be washed in special solutions to
complete 3D printing, as well as irradiated with ultravio-
let light. The first is required for the final cleaning of the
manufactured model from photopolymer remnants, and
the second for complete solidification of a product.

The main advantages of SLA 3D printing are high
accuracy of construction of the finished product; the
obtained model has a high compressive strength and
ability to withstand temperatures of up to 100 °C;
ability of producing complex models with preser-
vation of small elements of decor; small amount of
wastes; wide selection of consumables.

The main disadvantages of the technology are the
massiveness of the equipment (large size and weight);
high cost of the equipment and consumables; lack
of possibility to use different materials in one cycle;
shrinkage of the material during solidification, result-
ing in low flexural and impact strength; the need in
ultraviolet treatment of the product after printing.

DLP 3D printing. Based on the SLA 3D printing
method, several other methods of additive technolo-
gies were developed, one of which is DLP 3D printing.
The difference between these methods is that instead
of a laser, DLP 3D printers use a digital LED projec-
tor, which illuminates the entire layer simultaneous-
ly and not gradually like a laser in stereolithography
does [18, 23]. It is assumed that DLP printing allow
reproducing objects faster. However, this difference
is not so great as to replace SLA 3D printers from the
market of 3D printing.

As in SLA technology, there are two variants of
devices for DLP 3D printing: in one the construction
of the object occurs from the bottom-up (the operat-
ing platform is lowered), and in the other on the con-
trary — the construction of the object occurs from the
top-down (the operating platform rises).
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The main advantages of DLP 3D printing: higher
printing speed as compared to SLA 3D printers; high
printing accuracy; large selection of consumables; af-
fordable cost of equipment due to the use of DLP pro-
jectors in printers, which are much cheaper than laser
systems (as in SLA).

The main disadvantages of the technology: accu-
racy of printing is inferior to the accuracy of SLA 3D
printing and depends not only on the 3D printer, but
also on the used material (the more it is filled with pig-
ments and light blockers, the more accurate products
will be printed from it) and the environment (during
polymerization namely in DLP printers a lot of heat is
released, which leads to the acceleration of chemical
reactions); the need for additional irradiation of the
product after printing for final solidification.

Multi-jet 3D printing (polyjet and MJM 3D print-
ing). 3D printing using PolyJet and MJM technology is
similar to printing with a conventional inkjet 2D print-
er, but instead of using ink, layer-by-layer spraying of
liquid light-sensitive polymer materials takes place on
a special inner pad with a subsequent irradiation of each
layer with ultraviolet light [19, 23]. MJM and PolylJet
technologies are almost indistinguishable from each
other. The difference in names is predetermined by the
corresponding patents: Multi Jet Modeling technology
belongs to the Company 3D Systems, and PolyJet — to
the competing Company Stratasys.

With the help of a printhead equipped with noz-
zles, from which liquid consumables: the model mate-
rial — material A and the support material — material
B (Figure 3) are sprayed in thin layers in accordance
with the computer CAD 3D model. Each layer is po-
lymerized by the light of an ultraviolet lamp immedi-
ately after deposition. The layers are deposited to each
other to create the specified three-dimensional model.
As a result, a full-color three-dimensional object is
produced that can be used immediately after the print-
ing process is completed without additional surface
treatment. The material of the supporting structures
for the overhanged elements of the future model, used
in the printing process, is easily removed after printing
mechanically or washed off with water or dissolved in
a special solution (for PolyJet 3D printing) or melted
in a special furnace (for MJM 3D printing).

The main advantages of multi-jet 3D printing
(PolyJetand MJM) 3D are high accuracy (0.016—0.085
mm) and speed of building models with a complex
geometry, excellent physical and mechanical proper-
ties of products; easy removal of supports, absence of
contact with liquid photopolymer and simple replace-
ment of heads; possibility of surface treatment (glu-
ing, grinding, painting, priming, deposition of various
coatings, etc.); ability to print with different materials
during manufacture of a single 3D model in a single
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working cycle; possibility of application in the office;
high speed of manufacturing of large-scale projects.

The main disadvantage of the technology is the
high cost of 3D printing.

SLS 3D printing. Selective laser sintering is one
of the methods of 3D printing, which is widely used
in expensive professional 3D printers and is char-
acterized by high quality of products [21]. With its
help it is possible to achieve the result close to the
reproduction of products by injection molding. This
procedure allows creating fully finished products of
complex geometric shapes within a matter of hours,
which explains its popularity among industrial orga-
nizations around the world.

The process of SLS printing consists in lay-
er-by-layer sintering of powder material particles to
form a physical object according to the specified CAD
model. Sintering of the material occurs under the in-
fluence of a beam of one or more lasers (Figure 4).

Before the start of the construction process, a
special section of the 3D printer is filled with con-
sumables, after which the process of 3D printing is
started. It is interesting that immediately before re-
production, the consumables are heated almost to the
melting point, which facilitates and accelerates the
operation of the SLS installation.

With the help of a laser installation and a scanning
mirror, the laser beam is directed to the necessary ar-
eas of powder, sintering them together. After sintering
the first layer, a special mechanism adds a thin layer
of powder on the top of it, and the process takes place
again until a complete construction of the product. In
the process of printing, the platform of the operating
chamber is constantly lowered (the step is equal to
the thickness of the printed layer). Thus, the area of
interaction between the material and the laser beam is
always on the same level, and the reproduction of the
object occurs from the bottom-up.

The SLS process does not require a construction
of special support structures. Here, in capacity of sup-
porting structures for construction a model of a com-
plex geometry an unused powder is used, which after
removal of the finished product is cleaned and can be
reused for printing.

The main advantages of SLS 3D printing tech-
nology are the ability of creating complex models
of high strength and quality (almost without visible
layer-by-layer structure on the models); no need in
constructing supports; high speed and efficiency of
printing: SLS printers do not require a full melting
of particles of the material that allows them to work
much faster than other powder 3D printers; the pro-
cess is almost waste-free — unused material (up to
90 % of powder) can be reused for printing.
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Figure 3. Scheme of PolyJet 3D printing process [20]

The main disadvantages of the technology are the
complexity, cumbersomeness and a high cost of equip-
ment; possible contamination during manufacturing:
the powder is volatile and in case of careless handling
it rises into the air, clogging the surrounding space and
getting into the human lungs; it requires a long-term
preheating of the powder, as well as time for cooling
the finished model before removing the powder rem-
nants; the complexity of processing the product after
printing (annealing) in the special furnace for final sin-
tering of the powder; shrinkage of a part after annealing
sometimes reaches the values of 30 % (and on average
8—10 %) from the initial volume.

SHS 3D printing. Selective heat sintering is a 3D
printing technology that is similar to selective laser
sintering. The only significant difference is the use of
an infrared radiation source instead of a laser for melt-
ing layers of thermoplastic powder [19, 23].

The process of SHS 3D printing is as follows: onto
a plate made of quartz glass (mask), using a special
material that reflects infrared radiation, a pattern is
applied corresponding to the inverted cross-section
of the current layer of the object. Then, the required
amount of consumables for construction of one layer
is supplied to the operating platform. The powder is
spread with a special roller, and its excess is removed.

Focusing lenses

Laser : ;
Moving mirror
Powder spreader

Laser beam
Powder supply \ i
Moving bottom
for powder V-

Product
Powder

supply

Piston
Moving bottom
of operating chamber

Piston

Figure 4. Scheme of SLS 3D printing process [22]
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The quartz plate is located between the construc-
tion area and the radiation source. Once everything
is ready, the sintering of the first layer begins. As far
as the radiation goes through the plate, those its parts
that reflect the radiation do not leave a trace on the
operating platform. The remaining parts of the pow-
der are sintered between each other. Upon completion
of the first layer, the operating platform is lowered to
the level of one layer, then the next portion of pow-
der is deposited, the old pattern of the quartz plate is
removed and a new one is deposited. This is how the
whole model is built. After the end of 3D printing, a
product is removed from the 3D printer, it is removed
from the platform and cleaned of excess material. If
necessary, the further processing is performed.

The main advantages of SHS 3D printing technology
are high printing speed; the cost of SHS of the 3D printer
and the cost of 3D printing on it is many times lower as
compared to SLS with 3D printers; no need in construc-
tion of supports; the material left after printing can be
reused, which reduces the cost of the process; the ability
to create products with a complex geometry.

The main disadvantages of the technology are a
low power efficiency, due to which the choice of con-
sumables in this technology is much smaller; the need
in additional annealing of the obtained products to
achieve a higher strength; a lower strength of finished
products as compared to the products made applying
other industrial technologies.

CJP 3D printing. Color inkjet 3D printing allows
a quick creation of both monochrome and colored ob-
jects from a composite powder [23]. As consumables
two types of material are used — basic and binding.
The basic material is powder plastic, which is used to
form layers of the product, while the binder in the form
of an adhesive substance simultaneously glues togeth-
er the particles of the material in the required places
in accordance with the computer 3D model and paints
them in a preliminary specified color. First, the poly-
mer powder is uniformly distributed in a thin layer over
the entire platform plane of the operating chamber of

. Cartridges with gluing substance e
Chamber Printing heads

with material

Product

Building
chamber
Platform

Figure 5. Scheme of CJP 3D printing process [24]
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the 3D printer (Figure 5), then a binder is applied to it
and the platform is shifted down to the thickness of the
layer (in the range from 0.089 to 0.102 mm). Then the
process is repeated and as a result of subsequent cycles
the finished product is formed layer-by-layer.

The powder, which is not used during the print-
ing process to form a model (does not glue together),
acts as a supporting structure, which allows creating
objects with a complex geometry. At the end of 3D
printing cycle, the same residual powder can be col-
lected and reused. After the formation of a product
is completed, a polymer powder remains on its sur-
face, for the removal of which a cleaning chamber is
provided in the 3D printer, which operates with the
help of a compressed air. Then, the formed product
is impregnated with cyanoacrylate, better known as
«superglue» to increase strength and long life, as well
as to achieve brighter colors.

The main advantages of the technology SHS 3D
printing are low cost of manufacturing prototype due to
a low cost of the material and its waste-free use; high
speed of 3D printing and quality of models; available
color palette reaches 390000 shades; the accuracy of
construction surfaces with various degrees of complexi-
ty ranges from 0.4 to 0.1 mm; the wall thickness ranges
from 0.5 mm, the layers are in the range from 0.089 to
0.102 mm; the prototypes are easily polished, glued and
painted; lack of supporting structures.

The main disadvantages of the technology are that
the models have a hygroscopic surface of high rough-
ness and products require a careful processing after
molding due to their brittleness.

LOM 3D printing. Manufacturing of three-dimen-
sional objects by the method of lamination consists in
layer-by-layer gluing of materials in the specified co-
ordinates (from a computer 3D-model) with the subse-
quent cutting of remainders [23, 25]. As the consum-
ables usually polyvinylchloride (PVC) film is used with
a thickness of 0.15 mm in five colors: semi-transparent
(amber), red, blue, cream, black. The product is formed
on a special substrate of a movable (up and down) plat-
form, which is supplied with consumables from a roll
or in a separate sheet, distributed under a certain pres-
sure and heated to the desired temperature by a roller
(Figure 6). After that, the contour of the first layer of
the model is cut with a laser. After that, the platform is
lowered to the height of one layer, the roll is rotated (or
a new sheet is applied) and the next layer of material is
applied on the top of the first layer, on the lower part of
which the binder is usually applied. Due to heating and
depositing under pressure, a gluing (lamination) of lay-
ers occurs. The process of cutting layers and applying
new sheets of material is repeated until the complete
formation of a final product.
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At the end of the 3D printing process, a part is
removed from the 3D printer and cleaned of scraps.
Then, if necessary, additional mechanical treatment:
grinding, varnishing, painting is carried out.

The main advantages of LOM 3D printing tech-
nology are the possibility of full-color printing with
a high resolution along the X and Y axes; availabil-
ity and cheapness of consumables; for models with
overhanging or horizontally protruding elements the
formation of supporting structures is not required.

The main disadvantages of the technology are the
extremely limited choice of materials for creating mod-
els; insufficiently high strength of products in the plane
of layers — there is a risk of delamination; increased
surface roughness; the thickness of the layer depends
entirely on the thickness of the used sheet material, due
to which the model is formed rough, and mechanical
treatment for smoothing is not always available, as it
can lead to delamination; a large amount of consum-
ables (trimmings) goes to waste; manufacturing with
increased fire hazard and smoke emission.

Conclusion

According to analysts, the prospects for today are such
that in the near future, three-dimensional printing will
be used in all areas of human activity [27]. Therefore,
it is not surprising that the pace of development of
additive technologies is rapidly increasing every year
and today in the dynamics of development the market
of additive technologies is ahead of other industries.
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BRIEF INFORMATION

Basic characteristics of installation KL139

Developed in PWI
EBW INSTALLATIONS FOR GRANULAR METALLURGY

Installations for granular metallurgy are designed for de-
gassing, filling and vibration compaction of granules in

capsules with a subsequent sealing applying electron beam
welding.

In the installations the following technological opera-
tions are performed:

e heating and degassing of products (capsules) to re-
move adsorbed moisture and gases from the inner and outer
surfaces;

e degassing of granules when filling a product;

e vibrocompaction of granules in a product during fill-
ing process;

e clectron beam welding of the plug, installed in the
neck of a product;

e cooling of a filled and sealed product in vacuum.

The E.O. Paton Electric Welding Institute produces
three standard sizes of installations for granular metallurgy:
KL168, KL114 and KL139.

1 Overall dimensions of installation, mm:
length 7980
width 4470
height 3140
2 Weight of installation, t 10
3 Inner dimensions of vacuum chamber, mm:
length 1500
width 1300
height 1854
4 Maximum dimensions of product to be welded, mm of a cylinder type
diameter 600
height 650
of a disc type (vertical position)
diameter 800
width 400
5 Weight of product to be welded, kg, max 1000
6 Depth of weld, mm, not less than 6
7 Working vacuum in the vacuum chamber, Pa, not worse than 2,66-102
8 Working vacuum in the gun, Pa, not worse than 6,67-107
9 Leakage into an empty and clean chamber, Pa‘l/s (mm Hg-1/s), not more than 5(0,0375)
10 Time for evacuation of the vacuum chamber (up to 2.66-10- Pa), min, not more than 30
11 Temperature of product heating, °C, max 600
12 Amplitude of product vibration, mm, max 2
13 Range of product vibration frequency, Hz 5-30
14 Power unit with high-voltage power source of 6 kW/60 kV:
accelerating voltage, kV 60
range of welding current control, mA 1-100
15 Cycle of preparation, heating, filling and welding of one product, working shifts 1-2
16 Technical parameters provided by the Customer:
e power supply — in accordance with the standard of Germany DIN EN 60 204, item 4.3 380 B, 50/60 I'u
e power consumption, kV-A, not more than 120
e consumption of cooling water, I/h 5340
e temperature of cooling water at the inlet, °C 15-20
e pressure of cooling water, kg/cm?, not less than 3
e pressure of compressed air, kg/cm?, not less than 5
e room temperature, °C, not more than 30
o humidity, %, not more than 70
® presence of air conditioning +
e presence of crane with a load-carrying capacity of at least 1.5 t +
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