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ABSTRACT

Combined 3D printing technology including a combination of additive (layer-by-layer) surfacing with electrodynamic treat-
ment of deposited layer was considered. On the basis of mathematical modeling with the use of the Prandtl-Reiss ratio, on
the example of aluminium-magnesium AMg6 alloy, the influence of the shape of the indenter for electrodynamic treatment
on the distribution of basic parameters and components of the stress-strain state, in particular, the size of the zone of plastic
deformations and stresses, depth and width of the contact interaction zone in a metal layer interacting with a roller-indenter
moving along the normal to a layer at a speed of 1, 5 and 10 m/s across the thickness of the deposited layer was studied. It was
established that the use of a roller with a contact surface, having a shape of a semi-circle, leads to an almost uniform distribution
of compression stresses components in the deposited layer, the values of which can reach the yield strength of AMg6 alloy. The
results of mathematical modeling give reasons to recommend the use of an electrode in the form of a semicircle (EC) for the
development of combined technologies of 3D printing of volumetric metal products, which consist in combination of additive
surfacing (WAAM, plasma, microplasma surfacing, etc.) of a volumetric metal product with electrodynamic treatment of each
deposited layer.

KEYWORDS: 3D printing, additive surfacing, shaping technologies, electrodynamic treatment, aluminium alloy, impact
interaction, mathematical modeling, residual stresses, plastic deformations, roller-indenter, generatrix, elastic-plastic environ-

ment

INTRODUCTION

3D printing (additive surfacing) is a method of shaping
volumetric products on the base of digital models, the
essence of which consists in layer-by-layer reproduc-
tion of objects. The use of technologies for 3D printing
of parts based on aluminium alloys is promising in the
engineering practice of manufacturing high-tech criti-
cal structures for the aircraft and space industries. The
wide use of aluminium alloys is dictated by the fact that
they have a high chemical resistance and a better ratio
of strength to specific weight among most structural
metal materials [1]. Usually, in the aerospace industry,
AK12, AK94, 6061, 7075, AlSil2, AlSi10Mg alloys,
etc. are used for 3D printing.

A promising direction of 3D printing is the use of
welding technologies, such as layer-by-layer (addi-
tive) pulsed-arc surfacing of layers using wires as a

Copyright © The Author(s)

shaping material (WAAM technology — Wire Direct
Energy Deposition/Wire Arc Additive Manufactur-
ing), as well as plasma (microplasma) layer-by-layer
surfacing using powders or wires as additive materi-
als, etc. [1, 2]. In these technologies, the material is
deposited layer-by-layer by a robotic manipulator (or
3D positioner) according to the 3D model, as a result
of which a three-dimensional workpiece is produced
for further machining in a machine-tool with a numer-
ical control (CNC) [3, 4].

It should be noted that, from the point of view of
safe operation of aerospace engineering structures,
the presence of even minimal defects in the structure
of 3D printed parts of aluminium alloys is critically
important for making a decision on the suitability of
the specified technology. On the one hand, there is a
need to refine the microstructure and improve the fa-
tigue strength of parts produced by additive surfacing
[4]. On the other hand, in the mentioned technologies
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Figure 1. Process of 3D printing with plastic deformation of the
deposited layer by electrodynamic treatment: / — torch for 3D
printing; 2 — cylindrical electrode-indenter with the contact sur-
face in the form of a straight line; 3 — printed layer of metal
there are risks of occurrence and the need in eliminat-
ing such a defect as discontinuity of material [5].

To solve these problems, electrodynamic treat-
ment (EDT), which is one of the promising methods
of influencing the structure of the surface layers of
metal materials and regulating the stress-strain state
(SSS), can be used [6]. EDT technology can be imple-
mented in a combined process together with additive
surfacing. The EDT process of the printed (deposited)
layer is close to that in welding conditions, where the
executive device (electrode system) moves behind the
welding torch at a distance L behind it [7]. The val-
ues of L, specify the temperature 7, of heating a
printed layer as a result of the action of the thermal
cycle of surfacing, at which its electrodynamic treat-
ment can be carried out. At the same time, EDT can be
applied to a printed layer, whose metal is at elevated
or room temperatures.

Experimental and numerical methods of SSS analysis
are used to study the EDT process. The work [8] consid-
ered the results of the numerical calculation of the pro-
cess of impact interaction of the electrode-indenter with
the plate of AMg6 during EDT based on the Prandtl-Re-
iss equations [9], which describe the movement of the
medium in a planar two-dimensional formulation in the
ANSYS/LS-DYNA software package.

The electrode-indenter for compacting a printed lay-
er by the EDT method can be designed as a cylindrical
roller with a different shape of the contact surface, for
example, in the form of a straight line (Figure 1). The re-
sults of mathematical modeling of the impact of different
structural forms of the indenter during EDT on residual
welding stresses are presented in [10].

The results of [10] proved that a designed shape of
the indenter during EDT has a significant impact on the
distribution of residual welding stresses in the plate of
AMg6 alloy. Control of welding stresses, including the
formation of compressive stresses, is precisely one of

4

the important tasks in the development of additive sur-
facing technologies. Considering the abovementioned,
it should be noted that the shape of the contact surface
of the indenter for EDT should affect the characteristics
of the plastic deformation of the metal after 3D print-
ing, which is determined by the formation of compres-
sive stresses in it. Thus, optimization of the geometric
shape of the contact surface of the roller-indenter for
EDT, which performs the treatment of the deposited
layer, can generally improve the mechanical character-
istics of a printed metal.

The aim of the work is to evaluate, based on the
mathematical modeling, the impact of the shape of
the electrode-indenter on the distribution of compo-
nents of plastic deformations and residual stresses
during the formation of volumetric metal products
in the combined process of “additive surfacing - lay-
er-by-layer electrodynamic treatment”.

CALCULATION (MATHEMATICAL) MODEL
OF THE PROBLEM

Mathematical modeling of residual stress states after
EDT of welded joints is considered in detail in [8].
The scheme of the EDT process of the plate metal af-
ter 3D printing is shown in Figure 2. During EDT, the
electrodynamic pressure on the disc 2 of a non-ferro-
magnet (Figure 2, a) and the indenter 4 is the result
of the interaction of eddy currents with the pulsed
magnetic field of the inductor 1 when the contactor K
starts the discharge cycle of the capacitor C [6].

Figure 2 shows that in the EDT process, the cop-
per electrode-indenter 4 and the deposited layer 5 of
AMg6 alloy with a thickness 6 =4 mm and a width of
50 mm, which in the calculations is taken in the form
of a plate located on a completely rigid surface (work-
ing table 6), interact with impact. At the same time,
the electrode-indenter moves in the direction (along
the normal) to the plate 5 at a speed V. Geometric
symmetry in modeling allows using only a half of the
plate and indenter, located to the right of the line of
electrodynamic pressure V¥ in Figure 2, b, c¢. In mod-
eling, it is assumed that the cross-section of a printed
layer does not exceed the cross-section of the plate.

Thus, the numerical calculation using a planar
two-dimensional model in the Lagrangian setting will
correspond to the modeling of the EDT process of
the plate by electrode-indenter with a profiled contact
surface in the form of a semicircle — EC (Figure 2,
b) or in a planar shape (EP) (Figure 2, ¢). The differ-
ence between the two presented calculation schemes
consists in the fact that the contact of EC surface and
the plate occurs at a point (Figure 2, ), and the con-
tact of EP surface and the plate occurs along the line
(Figure 2, ¢).
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The creation of a mathematical model of the pro-
cess described above was carried out using a simpli-
fied two-dimensional (2D) planar setting. The prob-
lem was solved using the ANSYS/LS-DYNA software
[8—10]. A planar two-dimensional finite element in the
form of SOLID162 rectangle was used to construct
the finite element mesh of the problem. Taken into
account that the stress-strain state of solid bodies is
considered in this problem, the computer modeling
should be carried out using the Lagrangian approach
[8-10]. As is known, the Lagrangian approach uses a
moving finite-element mesh that is rigidly connected
to the environment and deforms together with it.

The presence of the abovementioned described
geometric symmetry of impact-interacting bodies al-
lows considering only half of their cross-section rel-
ative to OY axis with the simultaneous imposition of
the corresponding boundary conditions. These condi-
tions include banning the movement of nodes of the
finite element mesh (FEM) of bodies located on the
axis of symmetry in the horizontal direction OX. The
presence of the working table 6 in the scheme of elec-
trodynamic treatment of the plate (Figure 2, a) is ra-
tional to be replaced by resting on an absolutely rigid
base, which in the mathematical setting will be equiv-
alent to banning movement in the vertical direction
OY to the FEM nodes that belong to the lower surface
of the plate 5, which is in contact with the table.

A finite element with a maximum characteristic
size of 0.1 mm was chosen to construct the finite el-
ement model of the plate and electrode-indenter. The
constructed finite element models for both variants of
the calculation scheme had the same number of finite
elements (SOLID 162 type) — 4288 and the same
number of nodes — 4514, where the electrode-indent-
er had 2688 elements and 2797 nodes, and the plate
consisted of 1600 elements and 1717 nodes.

For numerical modeling of a high-speed impact
process, a continuous model of the experimental me-
dium was used [8—10]. The basis of the model is the
hypothesis about the continuity of changes in the char-
acteristics of the medium in space (coordinate, time),
which allows recording the laws of conservation of
mass, amount of motion and energy in the form of
partial differential equations.

If we choose a Cartesian (rectangular) coordinate
system to describe the adiabatic motion of an elas-
tic-plastic medium with a density p (kg/m?), then the
system of the corresponding equations in the two-di-
mensional setting will have the form [9]:

The equation of continuity:

Lepr L

= m g
Y.

I |
1 ™
an I

! !
o |l 3 e 2
Al e I N |77 V|

| d

H i

L \erio s/

C C
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Figure 2. Process of EDT of plate metal after 3D printing: a —
scheme of EDT process after 3D printing: / — inductor; 2 —
disc; 3 — torch for 3D printing; 4 — indenter; 5 — plate for 3D
printing with the thickness d; 6 — working table; C — capacitor;
K — contactor-switch; L, — distance between the torch 3 and
the indenter 4; X, ¥ — axis of action of stresses; V, — line of
electrodynamic pressure direction; V,, — direction of 3D print-
ing; ® — direction of rotation; b — geometric characteristics of
the electrode-indenter with the contact surface in the form of a
semicircle (EC), where B and C are the points along the line of
V, respectively on the outer and back surfaces of the plate 5 (Fig-
ure 2, a); ¢ — geometric characteristics of the electrode-indenter
with the contact surface of a planar shape (EP), where B and C —

similar to b)
@+p(a—u+@j=0, (1)

dt \ox oy

where u, v are the components of the velocity vector
of the medium, m/s.
The equation of motion of the medium:

du 0o, N do,,

dv 0©Oc . oo
p—= = +
dt  0Ox oy

pad
s P > 2
P dt  oOx oy @

where G, are the components of the stress tensor, Pa.
The energy equation E” for a unit of mass:

dE* . . :
p o G €y +0,,€, +20,8,,
) ou . ov . 1{ou ov 3)
€n=%> &,=7 &,=7 |t |
ox 7 ooy Y 2loy ox
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de.. .
where &5 = 7 are the components of the strain rate

dt
tensor, (s™).

To study the processes associated with large plas-
tic deformations of the medium, finite deformations
and the theory of plastic flow are used. This theory
considers the plastic deformation of a solid body as
a state of motion. The corresponding Prandtl-Reiss
ratios can be written as:

dp, .
— %= 42GAD, =2G|é, +— 2|, @
d 3

dl:c . 1 dp
—2 +2GAD. =2G|&, +— —|, 5
dt O ( »o3 j ©

dD

Oy

+2GAD. =2Gi._, 6
dt &4 ©

where G is the shear modulus, Pa; D,-/- 1s the stress de-
viator components: ‘

where p is the average normal stress, Pa:

G, +0,+0,
pP=-
3

The value of the specific power of plastic deforma-
tion is determined as:

- 3 1
A=——-0,E", , 8
v Y (Pa : sj ®
where Y is the dynamic yield strength of the material

under study.
The system of equations is closed by the equation
of the medium state in the form:

p=p(p, E). ©)

In the mathematical setting, the behavior of the
materials of the plate (aluminium AMg6 alloy) and
electrode-indenter (copper M1) under the action of
an external pulsed load was described using an ide-
al elastic-plastic rheological model of the material,
which is available in the materials library of the AN-
SYS/LS-DYNA software. For this model, the value of
the dynamic yield strength of material ¥ was accepted
to be equal to the value of the yield strength o, The
corresponding values of the parameters of this model
in the work were accepted as follows:

A plate with sizes of 500x500x4 mm of alumini-
um AMg6 alloy:

e density p = 2640 kg/m’;

e modulus of elasticity £ =71 GPa;

e Poisson’s ratio p = 0.34;

e yield strength 6 =150 MPa.

The electrode-indenter of M1 copper alloy with a
mass of 102.5 g obtains three values of V, namely, 1,
5 and 10 m/s:

e density p = 8940 kg/m’;

e modulus of elasticity £ = 128 GPa;

e Poisson’s ratio p = 0.35;

e yield strength 6 = 300 MPa.

Throughout the whole area of motion of an ide-
al-plastic medium, the ratio should be fulfilled, repre-
senting the Mises yield condition:

(10

D; +D; +D; s%YZ,
where DUI, DG2 and DG3 are the main components of
the stress deviator, Pa.

Thus, to evaluate the impact of EC and EP shape
on the EDT efficiency of AMg6 alloy after 3D print-
ing, numerical calculations of the process of their in-
teraction with the plate at the contact speeds V= 1,
5 and 10 m/s were carried out based on Prandtl-Reiss
ratios. The value of V| was set based on the electro-
physical characteristics of the capacitor C + inductor
system (Figure 2, ), which are used for EDT [8].

MODELING RESULTS AND COMPARISON
OF TECHNOLOGICAL APPROACHES

As a result of modeling, geometric characteristics of
the cross-section of the deposited (printed layer 3)
were established, Figure 1, which can be deformed by
EDT in a one pass as a result of its contact interaction
with the electrode-indenter (EC or EP) at different
values of the speed V. The values of the height /4,
and width b, of the printed layer, subjected to EDT
shaping during the period of the contact interaction
t. are given in Table 1.

The value of /,, was determined as one, equal to
the depth of the indentation as a result of a normal
introduction of the indenter into the deposited layer
at the point B (Figure 2, b, ¢) from its initial posi-
tion to the position corresponding to the end of the
contact. It was assumed that the value of %,, of the
layer, at which its deformation flush with the surface
of the plate is guaranteed, should be not less than the
depth of the indentation. The value of b, of the layer
was determined as the distance from the impact line
(axis Yin Figure 2, a) to the point that is located flush
with the surface of the plate. The calculation of the
values of h,, and b,,, which was carried out without
taking into account the conditions of compressed or
free plastic deformation [11], should be considered
simplified. But the calculation results are sufficient for
selecting the additive surfacing mode, which provides
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Table 1. Parameters of contact interaction of the electrode and geometric characteristics of the deposited layer subjected to shaping by

EDT
Number Electrode shape Electrode speed ¥, m/s | Contact duration ¢, us | Layer height /,,, mm Layer width b,,, mm
1 1 74 0.016 0.53
2 EP 5 86 0.168 1.89
3 10 102 0.451 3.06
4 1 166 0.049 1.27
5 EC 5 128 0.266 2.56
6 10 120 0.547 3.76

the required values of 4, and b, of the printed layer,
which can be subjected to EDT.

From the data in Table 1, it is seen that 7, be-
tween the layer and EP increases by 28 us (38 %) with
arise in the initial speed of movement ¥ by an order.
When using EC, on the contrary, an increase in ¥ to
10 m/s leads to a decrease in 7. by 46 us (27 %).
This is explained by the peculiarities in the energy ex-
change processes between the electrode-indenter and
the plate. In accordance with an increase in the speed
V,, the kinetic energy grows, which during contact is
converted into the energy of plastic deformation at the
place of the contact, which affects the sizes of 4, and
b, of the compacted layer on the plate.

Arise in ¥ from 1 to 5 and up to 10 m/s increas-
es the size of /,, in both problem statements. At the
same time, the values of 2,, and b, for EP increase by
10 and 3.6 times, respectively, when the speed grows
to 5 m/s, and at V; = 10 m/s, the values of 4,, and
b,, increase by 2.5 and 1.6 times. At the same time,
for EC, the growth is less rapid, the depth and width
increase at ¥/, = 5 m/s by 5.4 and 2 times, respectively,
and at ¥ = 10 m/s they increase by another 2 and 1.4
times, respectively.

To evaluate the level of plastic deformations, the
effective plastic deformations Sé’ﬁ were used, which
represent a scalar value of the plastic component of
the tensor of strain rate, which grows when the stress
state is at the level of the yield strength. The values
sé’ﬁ, were determined by the formula [10]:

J2
o ZT\/(SI —& )2 +(82 —& )2 +(83 —& )2 , (11)

where €, €, €, are the main deformations.

Although, an increase in the values of 4, and b,,
for EP is more intensive, the absolute values of the
geometric sizes of the compacted cross-section at the
same speeds are greater for EC, which leads to a cor-
responding increase in the effective plastic deforma-
tions ¢l and sizes of the plastic deformation zone
(Figure 3). It should be noted that the boundaries of
the plastic deformation zone, marked with an arrow,
were determined under the condition that g/, >0.01.

From Figure 1, it is seen that the zone of &/, dis-
tribution grows with an increase in ¥ and the shape
of the distribution changes from a circle segment to a
shape close to a trapezoid. The area of the plastic de-
formation zone increases faster during EC treatment
(Figure 3, b). EDT at ¥/, = 5 m/s does not deform the
back surface of the metal when using EP (Figure 3, a)
in contrast to the option of using EC (Figure 3, 5). On
the other hand, at the same V/, it can be seen that the
width of the deformation zone on the face surface at
EC is 2 times larger than at EP. This proves the advan-
tages of the shape EC over EP, as a technological tool
for plastic deformation of metal of the next printed
layer during additive surfacing.

Thus, the use of EDT at a speed of 1 m/s allows
obtaining the surface effect of deformation with a seg-
ment radius with the center at the contact point of 0.7
and 1.6 mm size at EP and EC shapes of the electrode,
respectively. When the speed increases to 5 m/s, EP
provides a deformation zone with a radius of 2 mm,
and EC forms a zone in the form of a trapezoid with a
larger base on the face surface of 4 mm and a smaller
base of 1.9 mm. An increase in ¥ up to 10 m/s leads
to the creation of the plastic deformation zone of in
the form of a trapezoid in both cases, with a larger and
smaller base of 3.3 and 1.1 mm, respectively, at EP,
and 6.2 and 4.7 mm, respectively, at EC.

Also, from Figure 1 it is seen, that as V| grows, not
only the sizes of the plastic deformation zone increas-
es, but also the values of €[, accordingly, it can be
said here that when applying EP, the maximum values
are formed on the contact surface of the printed layer
with the electrode closer to the plane of symmetry. In
the case of using EC, on the contrary, the peak values
of g/, are shifted by 1.8-2.0 mm from the impact
line (axis of symmetry) with the transition from the
segmental shape of the deformation zone to the trap-
ezoidal one. To compare the values of the maximum
e/ and the values of &/, at the points B and C (Fig-
ure 2, b, ¢), located along the impact line, are given
in Table 2.

Analyzing the data in Table 2 and Figure 1, it can
be said that a growth of ¥ in the general case leads
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Figure 3. Calculated distribution of effective plastic deformations € along the OX axis along the line V, (Figure 2) in the plate after
EDT EP (@) and after EDT EC (b) at the values of speed ¥, = 1, 5 and 10 m/s

to an increase in the maximum values of &}, regard-
less of the shape of the electrode. When using EP, an
increase in ¥ from 1 to 5 m/s leads to an increase in
the maximum ¢, by 2.9 times, and a further increase
to 10 m/s contributes to an increase by another 30 %.
When using EC, the corresponding growth values
are slightly higher: at 5 m/s — by 3.8 times, and at
10 m/s — by another 1.8. Thus, it can be seen that the
use of the contact surface of EC contributes to a great-
er intensity of compaction at EDT than in EP.

The geometric characteristics of the deformation
zone when using EC or EP have some differences. But
if we consider the distribution of &/, at a speed of
1 m/s, then €, concentrate on the face surface, and
their values do not exceed 6 %, with a gradual de-
crease to zero along the impact line regardless of the
shape of the electrode.

With an increase in ¥ to 5 m/s at EP, the distribu-
tion of &/, reaches the middle of the plate, but still

8

has a superficial character with the maximum values
on the contact surface being 17 % and a gradual de-
crease to almost zero on the back surface of the plate.
The use of EC forms a trapezoidal deformation zone
with the concentration of the maximum &[, atits edge
with the value of up to 17.1 %. In this case, the value
of &/, along the impact line gradually decreases from
15.1 % on the face surface to 3.8 % on the back one.
During treatment at ¥ = 10 m/s using EP, &l
have a trapezoidal distribution with the highest values
on the back and face surfaces, from 22.4 to 20.5 %, re-
spectively. In this case, the boundary of the plastic de-
formation zone represents almost a straight line, and
the maximum values of &/, are at the point C. Also,
at a distance of 2.5 mm from the face surface along
the impact line, a local reduction in &, to 8.5 % is
observed, which should be taken into account when
determining the critical zones of destruction when de-
signing printed products. At the same time, the use of
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Table 2. Values of effective plastic deformations el

Number Electrode shape Electrode-indenter Maximum Sf:ﬁ values on plate surfaces
speed, m/s values gg Face (point B) Back (point C)
1 0.06 0.06 0
2 EP 5 0.171 0.165 0.004
3 10 0.224 0.205 0.224
4 1 0.063 0.04 0
5 EC 5 0.239 0.151 0.038
6 10 0.424 0.260 0.116

EC at ¥, = 10 m/s determines the geometric shape of
the deformation zone, which is qualitatively similar
to the zone at ¥, = 5 m/s, but with a greater value of
€ry —upto42.4 %. At the same time, on the impact
line, the values of 857- decrease from the point B to
the point C from 26 to 11.6 %, respectively.

The distributions of [ (Figure 3) are the result of
the impact of the electrode shape at EDT on the over-
all intensity of plastic deformation of the metal, which
characterizes its compaction at 3D printing. With the
aim of more in-depth evaluation of the nature of the
compaction of the printed metal, the distribution of
e/ and &) components along the axes OX and OY
(Figure 2) of ¢l deformation was calculated. The
distribution of &” values determines the nature of
deformation along the direction of ¥, printing (Fig-
ure 2), and the distribution of 85 components along
the impact line of ¥, (Figure 2). The distribution of
e” components is shown in Figure 2.

Comparing & for all cases, it is seen that with an
increase in speed, the effect of the striker action on its
distribution grows. At ¥, = 1 and 5 m/s, & does not
reach noticeable values at EP, but with an increase in
V, to 10 m/s on the back surface at the point C, the
deformation zone with the value more than 19 % ¢€”
is formed. In this case, the distribution of & in the
central up to cross-section has a form that is close to
an isosceles triangle.

At the same time, at EC, a gradual increase in the
intensity of deformation with an increase in V from
1 m/s to 10 m/s is observed, where an accompanying
increase in €} on the contact surface and in the zone
near the symmetry axis (Y) is observed. At the same
time, a zone of negative values up to —26 % is formed
on the face surface on the boundary of the interaction
surface of the plate with the electrode.

When considering the distribution of &} plastic
deformation components, we have a more dynamic
picture of the change in the process with a growing
speed (Figure 5).

Considering the distribution of €/ plastic defor-
mation components at EP, the creation of a zone of
negative values on the contact surface of the plate in

the form of a circle segment is observed. With an in-
crease in V, it grows over the plane and transforms
into a trapezoid with the bases on the surfaces of the
plate.

While analyzing the action of EC, the effect from
the growth of speed is higher than when using EP.
A transition from the zone of negative values on the
contact surface in the form of a circle segment to a
trapezoid-shaped zone at ¥, = 5 m/s and a rectangle
at V, = 10 m/s is observed. The local zone of posi-
tive peak values at the border of the contact surface at
V,=1m/s is absent, but becomes noticeable at V', = 5
and 10 m/s.

In order to analyze the distribution of values of
stress state components over the thickness of the
plate, the correpsonding calculated pictures of o_(Fig-
ure 6) and o, (Figure 7) distribution were construct-
ed, which determine the characteristics of the printed
metal during EDT with the use of EC or EP.

With an increase in the initial speed of the elec-
trode-indenter, it is possible to conditionally see the
trajectory of movement of compression and tension
zones regarding the overall kinetics of changing the
distribution of field c_and G, stress components. Thus,
if we consider the distribution of o_at a speed of 1 m/s
at EP (Figure 6, a), it is possible to see the origination
of the tension zone along the plane of symmetry on
the contact surface, behind which, the compression
zone, and after it again the tension zone are created.

At a speed growth of up to 5 m/s, the extension of
a near-surface tension area from the point of impact
along the surface of the point B (Figure 2) is observed.
In this case, the compressive stress zone extends to
a half of the thickness of the plate, and across the
width — behind the area of EP contact with a printed
layer. The tension zones in the form of circle segments
with the center in the point C (Figure 2) are formed on
the back surface of the plate, where the peak value of
o _reaches 76 MPa.

A growth in the speed of V, to 10 m/s leads to an
increase in the surface tension zone across the thick-
ness of the plate and in value. In this case, the com-
pression stress zone decreases both by sizes and in
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a 10 m/s

Figure 4. Calculated distribution of plastic deformations ¢? for the electrode shape of EP (@) and EC () at the initial speeds ¥, of the

electrode of 1, 5 and 10 m/s

value, moving to the middle of the plate. At the same
time, tensile stresses in the vicinity of the point B de-
crease and the geometric sizes of the zone decrease.
The creation of a new compression zone on the back
surface symmetrically to the surface tension zone is
noted.

The plastic deformation of the deposited layer met-
al with the use of EC is more efficient (than with EP),
because it leads to the dominance of 6_compression
zones throughout the area of action and values (com-

10

pared to tension zones). At the same time, the value
and area of distribution of compression ¢_grows with
an increase in V.

At EDT by EC, already at ¥, = 1 m/s, a compression
zone of about —200 MPa is created, which extends to
the upper half of the thickness of the plate. The zone of
the highest concentration of compression stresses with a
peak value is at a depth of 1 mm from the face surface
of the plate, and its width is equal to the width of the
contact zone of EC with the metal. In the lower half of
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a 10 m/s b

Figure 5. Calculated distribution of plastic deformations &? for the electrode shape of EP (a) and EC (b) at the initial speeds ¥, of the

electrode of 1, 5 and 10 m/s

the thickness of the plate, the tension zone near the axis
of symmetry is formed, the width of which also corre-
sponds to the width of the contact zone. The maximum
values of 6_in this zone reach 25 MPa.

The growth of ¥ to 5 m/s throughout the whole
thickness of the plate in the treatment zone forms a
compression stress with two concentration zones. One
of them is created in the form of a circle segment on
the surface of the plate behind the edge of the contact
zone, and the other is formed across the thickness of

the plate with a uniform compression with the values
close to the conditional yield strength 6, of AMg6
alloy (150 MPa).

The use of EC at ¥, = 10 m/s leads to an increase
in the compression stresses to —200 MPa behind the
contact zone. In this case, the compression zone in the
thickness of the plate is shifted in its minimum to the
point C, where peak values reach —200 MPa.

At the same time, the distribution of o, has its own
features, which are shown in Figure 7. In general con-

1
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1 m/s

Figure 6. Distribution of residual c_stresses (MPa) as a result of EDT using EP (a) and EC (b) at the initial speeds ¥ of the electrode

of 1, 5 and 10 m/s

sideration of evolution of _stress component in EDT
with the use of EP, a transition from a slight change
in the stress state at ¥, = 1 m/s to the formation of
two pronounced tension and compression zones at an
increase in the speed to 5 and 10 m/s is observed. The
tension zone, which is created at the peak at the point
C, is similar to a rectangle with an elongated angle in
the direction of the dent boundary. The compression
zone, formed behind the tension zone, has a shape
similar to a triangle with a base on the back surface
and the vertex, which with an increase in the speed
approaches the dent edge. At ¥, = 5 and 10 m/s, no
significant changes in the stress state on the face sur-
face compared to the state at /= 1 m/s is observed.
When considering the distribution, the stress o,
components in EDT with the use of EC, the forma-
tion of alternate tension and compression zones is also
observed. The compression zone is created under the
dent surface in the form of a circle segment, the outer

12

radius of which reaches a half of the thickness of the
plate at V, = 1 m/s. At V= 5 and 10 m/s, the area
of the compression zone extends to the entire thick-
ness of the plate, and reaches the dent edge across its
width, reducing the area of the tension zone and mov-
ing it from the impact line. At the same time, with
an increase in speed, the shape of the tension zone
is converted into a pointed strip with the edge vertex
near the dent edge.

The results of the calculation of the values of 6,
and G, residual stress components at the reference
points along the impact line are summarized in Ta-
bles 3 and 4.

Based on the data of Table 3, it can be seen that 6,
component at ¥, = 1 m/s when using EP is exclusively
tensile and at EC acquires a negative sign already in
the upper half of the thickness of the plate. At the same
time, due to intensive plastic deformation, the values
of o_stresses at EC at ¥, = 1 m/s reach 202 MPa, i.e.
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a 10 m/s b

Figure 7. Distribution of values of residual o, stresses (MPa) as a result of EDT using EP (a) and EC (b) at the initial speeds V of the

electrode of 1, 5 and 10 m/s

they are behind the elasticity limit on the local area
under the contact surface (at a point at a distance of 1
mm from the surface).

In the range of ¥ = 5-10 m/s, the values of ¢ _ac-
quire a negative sign on the upper half of the plate
when applying EP and are exceptionally negative
when using EC. Also, at ¥/ = 5-10 m/s when using
EP, the compression 6_values on the upper half of the
plate are close to tensile 6_on the lower one.

During an increase in ¥, the use of EC allows in-
creasing the value of compression ¢_stresses and their
distribution zone. The compression stresses reach the
values close to the yield strength of the material over
the entire thickness of the metal.

Analyzing the distributions of 6 component (Ta-
ble 4), it should be noted that the value of this stress
component is significantly lower compared to o .
Thus, when applying EP, the effect on the face half of
the plate along the impact line is minimal regardless

of the speed. At the same time, at speeds of 5 and 10
m/s, an increase in tensile stresses on the back half of
the plate of up to 78 MPa is observed.

The use of EC throughout the whole speed range
initiates the formation of compression o, stresses with-
in —5——-36 MPa, except for the point at a thickness of

Table 3. Calculated values of residual stress state ¢, components
(in MPa) over the thickness of the plate (from the point B to the
point C (see Figure 2))

Point coordinate over the thickness of the plate
Electrode] 7, (along the impact line), mm
shape | m/s | (point X 5 ;|4 point
B) 0O
15 4 1 0 0
EP 5 -25 —61 -2 59 76
10 —6 -7 -16 13 32
-29 —202 -16 21 13
EC 5 —-133 —-160 —164 —-153 —128
10 —-147 —-163 —166 -177 —180

13
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Table 4. Calculated values of residual stress state 6. components
(in MPa) over the thickness of the plate (from the point B to the
point C (see Figure 2))

Point coordinate over the thickness of the plate
Electrode|  V,, (along the impact line), mm

shape ms- | (point | ) 3 4 (point

B) 0

1 —7 2 0.5 0 0

EP 5 0.1 0.1 23 61 78

10 0.1 5 12 40 60

-5 -79 —24 21 21

EC 5 0 —12 —-18 -17 -7

10 -3 —20 25 -36 40

1 mm from the face surface at a speed of treatment of
1 m/s, where 6 = —79 MPa. But on the back side, a
localized tension zone of up to 40 MPa is formed.

Based on the abovementioned comparisons of val-
ues of stress state components along the impact line
(Tables 3, 4), it should be noted that, unlike the shape
of the electrode-indenter EP, the use of EC shape
leads to the formation of almost uniform distribution
of both stress components (¢ _and 6 ) across the thick-
ness of the deposited layer. In addition, the use of EP
leads to the formation of both compression stresses,
as well as more dangerous tensile stresses with the
values that can reach half of the value of the mate-
rial yield strength. Whereas, the use of EC leads to
the formation of both ¢ and o, compression stress
components, the values of which can reach the yield
strength of the material. As was shown in [12-14],
such distribution of plastic deformations contributes
to refinement of the metal structure, and the resulted
distribution of components of compression stresses
facilitates an increase in the resistance to the destruc-
tion of products in the conditions of fatigue loads.

Thus, by combining electrodynamic treatment with
additive surfacing, an improvement in the physical and
mechanical characteristics of the material of metal prod-
ucts in 3D printing technologies can be expected.

CONCLUSIONS

1. Based on the Prandtl-Reiss ratio, numerous exper-
iments on studying the effectiveness of the influence
of the shape of the contact surface of the electrode-in-
denter for electrodynamic treatment of the deposited
layer in the technologies of additive surfacing on the
distribution of components of plastic deformations
and residual stresses in it were carried out.

2. It was established that the use of the copper
electrode-indenter in the form of a roller with a con-
tact surface in the form of a semicircle (EC) for EDT
compared to the electrode with a contact surface in
the form of a straight line (EP), which moves under
the same conditions, results in:

14

e an increase in the duration of the contact with the
deposited layer treated by 50 % and, as a result of this,
the sizes of the depth and width of the layer increase
by 55 and 35 %, respectively;

e distribution of the deposited layer of the zone of
effective plastic deformations, having a shape close to
trapezoid, across the entire thickness (in the case of
EP, the zone of &/, extends only to a half of the thick-
ness of the plate and has a shape of a circle segment),
and the values of maximum deformations at EC are
1.4 times higher than the action of EP;

e formation of almost uniform distribution of both
stress state 6_and 6 components over the thickness
of the plate, which, unlike EP, are the compression
stresses, the values of which can reach the yield
strength of AMg6 alloy.

3. The results of the mathematical modeling give
reason to use the shape of the electrode-indenter —
EC for the development of combined technologies of
3D printing of volumetric metal products, which con-
sist in the combination of layered (additive) surfac-
ing (WAAM, plasma, microplasma surfacing, etc.), a
volumetric product with electrodynamic treatment of
each deposited layer.
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FEATURES OF FORMATION AND TRANSFORMATION
OF OXIDES IN FLASH-BUTT WELDING OF K76F RAILS
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ABSTRACT

The transformation of oxide inclusions in flash-butt welding (FBW) of K76F rails was studied with the use of the Auger-micro-
probe JAMP 9500F of JEOL Company (Japan) with the X-ray energy dispersion spectrometer INCA Penta FET x3 mounted
on it and involvement of the most informative methodologies of fractographic analysis. It is shown that high-temperature oxide
inclusions without changing the aggregate state are removed as a flash. On the basis of silicon oxides on a molten surface in the
welding process, easy fusible ferromanganese and in the near-contact layer — manganese silicates are formed. The heterogene-
ity of silicon distribution is the cause of formation of clusters of silicates and formation of “matt spots” in the near-contact layer.

KEYWORDS: flash-butt welding, KF76 rails, silicates, “matt spots”

INTRODUCTION

Nonmetallic inclusions (NI) violate the integrity of
metal and, having excellent mechanical and physical
properties, exert a significant impact on its mechan-
ical and operational properties [1]. Modern convert-
er rail steels are characterized by the presence of the
following NI in the structure: globular sulphides and
manganese oxides, in-line ferromanganese sulphides,
complex oxides containing silicon, aluminium and
calcium elongated along the direction of rolling. The
listed NI represent non-removed products of deoxida-
tion and desulfurization of steel [2].

In thermal deformation conditions of welding, it
is possible to transform NI with a probable enhance-
ment of their negative impact. In [3], the problem of
flashing of ferromanganese sulphides in the near-con-
tact layer of rails is considered. The flashing is caused
by the existence of eutectics with a melting point of
1164 °C in the Fe—Mn-S system. It is shown that after
flashing, the melt spreads along the structural bound-
aries. During cooling of welded joints, opening of
metal may occur on the formed cast interlayers. Such
a defect is manifested by the means of US testing.
The joint in this case is recognized as defective. The
danger is posed by cracking over these layers during
operation after laying the rails in the track. Here it is
recommended to use a welding mode, during which
the heat input is reduced in order to hinder the pro-
cess of flashing sulphides at the stage of coagulation
before the spread of the melt along the intergranular
boundaries [4].

Simple oxides, encountered in the metal of rails,
are characterized as refractory — their melting point

Copyright © The Author(s)

is much higher than the melting point of iron —
1538 °C. At the same time, the data of studying the
state diagrams indicate the existence of easy fusible
eutectics in oxide systems [5]. The presence of easy
fusible eutectics gives grounds to suggest about a
probable flashing of both complex oxides, as well as
products of diffusion interaction of oxides with the
matrix in FBW. The formation of a liquid phase with
its subsequent crystallization may cause additional
inner stresses in the metal and reduce the properties
of joints.

The aim of the work was to establish the features
of formation and transformation of oxide inclusions
in rail steels in FBW.

PROCEDURE AND EQUIPMENT

The joints of K76F rails, produced in the K1000 ma-
chine for flash-butt welding by the technology de-
veloped at PWI of NASU, were considered [6]. The
studies of NI were performed on the fracture surfaces
of the joints after tests for static bending. The exam-
inations of the microstructure of the fracture surface
and determination of the chemical composition of
structural components were conducted with the use of
the Auger-microprobe JAMP 9500F of JEOL Com-
pany (Japan) with the X-ray energy dispersion spec-
trometer INCA Penta FET x3 of Oxford Instrument
Company, mounted on it. The power of the primary
electron beam was 10 KeV at a current of 0.5 nA
for the SEM and EPMA methods and at a current of
10 nA for the Auger-electron spectroscopy method.
The Auger-spectra were registered with the energy
separation ability AE/E = 0.6 %. Before the examina-
tions, the surface of the specimens was subjected to
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cleaning directly in the analysis chamber of the device
by argon Ar+ ions etching with the energy of 1 keV
during 10 min. The rate of SiO, etching over the ref-
erence witness specimen was 4 nm/min. The vacuum
in the analysis chamber was within 5-10°-5-10"7 Pa.

10.0kV

Metallographic examinations were performed in the
optical NEOPHOT 32 microscope, equipped with a
digital camera. Microstructure was revealed by etch-
ing of preliminary polished specimens in a 4 % alco-
hol HNO, solution.

10 um
C 0 Si Mn Fe e (0] Si Mn Fe
I 2.73 55.66 7.30 8.40 2591 1 10.68 | 39.90 8.11 | 19.24 22.07
2 5.66 50.01 0.60 4.34 39.39 2 10.46 33.86 7.12 13.95 34.63
3 1.64 51.05 0.33 5.57 41.40 3 10.95 33.47 7.63 16.99 3097
4 539 52.32 0.06 6.61 35.62 d
5 2.12 55.79 10.52 9.25 22.32

Figure 1. Microstructure of fracture surface in the area of “cold welding”: a — general appearance; b—d — results of X-ray microanal-

ysis of nonmetallic inclusions (at.%)
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1 5.99 54.25 14.49 15.53 9.74 1 2.13 56.27 14.49 14.72 12.39
2 722 48.70 15.58 10.01 18.49 2 232 67.21 13.25 9.85 1.37
3 3.20 59.61 14.73 18.37 4.09 3 271 68.41 12.48 8.60 7.81
4 10.03 4.53 0.52 0 §4.92 4 4.85 1.62 0 0.65 92.88
b c

Om

c (0] Si Mn Fe 62 (6] Si Mn Fe
1 7.44 47.70 1.62 3.16 40.08 1 2.08 55.99 7.46 6.90 27.57
2 14.52 19.82 0.05 0 65.61 2 2.19 48.24 0.59 4.94 44.04
d 3 339 52.72 5.16 6.16 32.57

e

Figure 2. Microstructure of fracture surface in the “lack of fusion” area: a — general appearance; b—e — results of X-ray microanalysis
of nonmetallic inclusions (at.%)
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(5 0 Na Mg Al Si S Cl K Ca Fe
1 65.54 23.93 0.62 0.26 1.32 1.04 0.50 0.26 0.32 2.54 3.70
2 32.24 33.83 0.31 0.51 2.08 1.09 0.40 0.50 0.23 1.29 27.52
3 65.48 5.79 4.76 16.05 1.04 2.05 1.80 3.04
4 8.34 6.74 0.40 0.92 83.60

Cc 0 Na Al Si S Ca Fe Cu
1 71.29 13.13 0.23 0.29 0.92 - 0.61 13.53 -
2 73.69 14.97 - 1.34 0.68 = - 9.32 =
3 70.75 17.11 0.10 117 0.81 0.23 0.69 9.16 -
4 7.85 3.36 = = 1.26 = S 87.53 =
% 5 67.52 24.46 = 2.13 1.29 0.15 .08 2.96 0.27

Figure 3. Microstructure of fracture surface and results of X-ray microanalysis of nonmetallic inclusions in the area of incomplete
removal of the melt as a flash: @ — refractory oxides; b — iron oxides; ¢ — secondary cracks (at.%)
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RESEARCH RESULTS AND DISCUSSION

The fracture surface of the rail joints produced on the
optimal mode is crystalline. On the opened welding
defects formed in the case of deviation of the mode
parameters from the optimal ones, the surface is vi-
sually flat. To get a more complete notion of the for-
mation and transformation of NI along with the study
on the surface of the crystalline fracture and in the
near-contact layer of the joint, the formation of struc-
tural components in the regions of such welding de-
fects as “cold welding” and “lack of fusion” was con-
sidered [7].

The peculiarity of “cold welding” consists in the
insufficient heating of rail before upsetting and, as a
consequence, a partial flashing of the end. The frac-
ture surface in this region of opening is flat (Figure 1).
Within the flat surface, refractory nonmetallic inclu-
sions, such as oxides of silicon, aluminium, com-
plex oxides, including aluminium, calcium, silicon,
globular iron oxides are observed (Figure 1, ). Near
the oxides, flashed-type silicates in the form of films
(Figure 1, ¢) and clusters of tiny globular particles are
encountered, the size of which amounts to fractions of
a micron (Figure 1, d). Globular particles are a prod-
uct of ferromanganese film fragmentation and cause a
locally tough nature of the fracture.

Lacks of fusion are formed in the places of more
intense penetration. On the fracture surface, lacks of
fusion are distinguished as smooth regions, that do not
have a distinct crystalline structure. According to the
results of X-ray microanalysis, a layer of ferromanga-
nese silicate (Figure 2, a, spectrum 3) makes a bulk
part of the lack of fusion surface. Within the lack of
fusion, films of an easy fusible iron oxide — wiistite
are encountered (Figure 2, d, spectrum 1). In the layers
of ferromanganese silicates, as well as in the wiistite
films, the clusters of globular particles with the size of
less than 1 pm are revealed (Figure 2, b, spectrum 1).
The particles are films fragmentation products of fer-
romanganese silicates and wiistite, respectively. A
negligible size of particles causes a tough nature of
the fracture in the regions of their location.

In the transition zone on the boundary of the lack
of fusion area with a crystalline fracture, the inclu-
sions of flashed-type ferromanganese silicates with a
reduced content of iron compared to the layer of fer-
romanganese silicates are encountered (Figure 2, ¢).
There, films of ferromanganese silicates with elevated
ferro content are encountered (Figure 2, e).

As is seen, the structural components observed on
the surface of the lack of fusion, belong to the Si—-Mn—
Fe—O system. The prerequisite for their formation is
obviously the presence of eutectics with a tempera-
ture of 1178 and 1117 °C [4] in the SiO,~-FeO system,
as well as unlimited solubility in the MnO—FeO sys-
tem [8]. Obviously, that in the process of welding, an
oxidation of metal of flashed rail ends occurs. On the
surface, first of all, an easy fusible iron oxide (wiis-
tite) with some content of manganese is formed. The
interaction of the near-surface silicon oxide with iron
oxide and an increase in the content of diffusion-ac-
tive manganese leads to the formation of ferromanga-
nese silicates. The source of manganese can be both
the rail metal, as well as its refractory oxides. The
presence and distribution of silicon oxide inclusions
in the surface layer determines the chemical composi-
tion and morphology of structural components of the
lack of fusion surface.

In FBW, the rail metal, flashed on the ends, is re-
moved during upsetting beyond the boundaries of a
workpiece cross-section. Together with the melt, oxi-
dation products of the surface layer and NI, contained
in the melt, are removed. While studying the fracture
area with an incomplete removal of the melt, nu-
merous inclusions of complex oxides of aluminium,
calcium and silicon were found (Figure 3, @). There,
globular and film oxides of iron are encountered (Fig-
ure 3, b). A typical feature of the microstructure is
secondary cracks of up to 100 um in size (Figure 3, ¢).
The cracks contain small oxide inclusions observed
on the background of carbon content, elevated up to
50-70 at.%. A high carbon content is associated with
its redistribution in thermal-deformation conditions of
welding and filling the volumes on the boundary of
nonmetallic inclusions and matrix [9].

Figure 4. Microstructure of near-surface layer (a) and fracture surface ()
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1 0.62 28.07 0.18 0.47 70.66 1 11.05] 8.09 | 0.32 | 1.56 78.97

2 0.80 27.63 0 0.62 70.95 2 [ 2367 4.65 0.17 |31.11 | 32.75] 3.84 | 3.81
3 0.57 28.07 0.52 1.30 69.55 3 10.29 0 |41.72 | 39.44| 3.83| 473
4 0.76 0.93 0.36 0.96 96.99 4 18.91] 5.62 0.18 [30.70 | 32.47| 6.01 | 6.11
a b

1 50.50) 35.71| 0.61 [ 0.47 | 0.54 |10.41] 0O 1.66 I |30.17|52.28| 0.29| 0.45(0.15 | 0.29 | 13.54| 0.14 | 2.54
2 18.63| 8.41 | 020 0.52 [ 0.18 | 0.59| 0.60]|69.77 2 |23.99(57.50) 0.78] 0.33(0.13 | 0 |15.91| 0.12| 1.23
3 1937 | 149 | 013063 | 0 0 0.67 | 87.39 3 |56.19(34.40) 0.33| 0.42| 0.88 | 0.14 | 5.79 | 0.05| 1.54
4 822 1262 | 011074 [006 | 0.13] 0 |87.88 4 161.43(29.82]| 0.45| 0.72| 0.33 | 0.01 | 5.96 | 0.07 | 1.09

C O Al Si S Ti Mn Fe

1 19.24 5.66 0.42 0.24 3012 | 067 33.81 9.84
P 2 5.67 1.28 0 0.59 0 0 1.04 | 91.42

Figure 5. Results of X-ray microanalysis of nonmetallic inclusions on the surface of crystalline fracture (at.%): @ — iron oxides; b —
manganese oxides; ¢ — titanium carbon oxides; d — ferromanganese sulphides
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1 3.27 66.66 1.11 16.48 11.61 0.86
2 3.36 61.08 3.15 16.70 14.73 0.99
3 2.41 68.91 1.32 16.39 6.90 0.90
B 4.43 1.57 0.11 0 0.80 93.09
3 5.51 0.86 0 0.18 0.81 90.76
6 4.70 1.50 0 0.15 111 92.54

2.88 | 66.74 0 0 |18.05 0 (1032 2.0]
31.24| 50.68( 047 | 0.16 | 10.67| 0.04 | 585 0.89
3.16 [ 59.39] 0.25| 0.06 | 18.88 0.04 |15.63 | 2.60
073 0 0.71 | 88.97
8.81 | 4.65 0 0.16 | 0.81]0.05 | 1.50 |84.02
388 [ 1.74 | 0.29 0 051 0 |0.08 |93.51

= [V IS Y Y
b
)
h
=
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=
=

. 3 um
c|l ol a|si]| S| c| M| Fe e 0 Al Si Mn Fe
1.72 [59.34[ 0.16 [17.06 | 0.33 [ 027 [18.95] 2.17 1 199 | s128| o0 | 2057 | 181 | 2435

1.85 |61.66 | 0.2]1 [16.54 | 0.20 | 0.05 | 17.76 | 1.75

1.96 163.29 | 0.04 |16.14 | 0.05 0 [17.06] 1.46

1,28 | 098|005 | 020 0 0 1.23 | 96.27
11.57 [17.56 | 0.31 | 3.96| 0.36 0 5.84 | 60.40

2.10 6225 0.06 | 2336 | 349 8.74
0.68 5826 | 022 | 16.10 | 21.05 3.69
1.91 59.21 0.11 16.63 | 18.96 3.7

| v

| b | | b =

c

Figure 6. Results of X-ray microanalysis of silicates of the near-contact layer of the rail joint (at.%): « — manganese aluminosilicates;
b, c — manganese silicates
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Notes & 0 Al Si

Mn | Fe
1 | Facets of spalling| 8.34 [ 2.74 | 0 0.25 | 0.13 | 88.55
2 | Spot 7.01 [16.52 0.45 | 4.08 | 5.86 | 66.08

Figure 7. “Matt spots” on the fracture surface of rail joints and
results of X-ray microanalysis of surfaces from the area (at.%)
On the crystalline surface of the fracture, the mi-
crostructure represents facets of intragranular spalling
with elements of plastic deformation: tongues, tear
ridges (Figure 4, b). In the microstructure, tiny inclu-
sions of manganese sulphide (Figure 5, b), globular
inclusions of iron oxide (Figure 5, a), inclusions of
oxides of alloying elements, in particular, titanium
carbon oxides (Figure 5, ¢) are present. There, clus-
ters of tiny sulphides (Figure 5, ¢) — fragmentation
products of an easy fusible film (Fe, Mn)S are en-
countered, that is formed in the near-contact layer [3].
Along with the high-temperature oxides, on the
fracture surface, flashed-type manganese silicates and
alumosilicates of up to 30 pum in size (Figure 6, a, b)
are observed. It is shown, that they have a cast struc-
ture (Figure 6, c¢). Unlike a layer of ferromanganese
silicates on the lack of fusion surface, the content of
iron in them is insignificant. The main crack during
fracture passes at a distance of about 20-50 um from
the joint line (Figure 4, a). The transformation of
nonmetallic inclusions, present on the surface of the
crystalline fracture, apparently occurs in the layer of
non-flashed metal. Considering that in the SiO,~MnO
system there are eutectics with a temperature of 1250
and 1315 °C [4], the formation of manganese silicates

in the near-contact layer, apparently, occurs due to the
diffusion interaction of surface-active manganese in
iron with silica-containing oxides.

The inclusions of silicates often form clusters.
Considering that opening of the rail metal during
loading occurs along the weakened boundary of sil-
icates with the matrix, as is seen in the fracture mi-
crostructure (Figure 6, a, b), the places of clusters of
silicates in the normative documents are attributed to
defects of welded joints that are classified as “matt
spots” (Figure 7). Their appearance in the fracture mi-
crostructure is predetermined by the peculiar distribu-
tion of silicon oxide in the rail metal. Some amount of
“matt spots” in the rail joints is acceptable. However,
the total area should not be more than 15 mm? [10].

CONCLUSIONS

1. In welding of rails, high-temperature oxide in-
clusions, in addition to silicon oxide, transfer into a
flashed layer and they are removed as a flash during
upsetting without changing the aggregate state.

2. The existence of easy fusible eutectics with a
temperature of 1178, 1117, 1250 and 1315 °C in the
oxide SiO,~FeO and MnO-FeO systems, respective-
ly, as well as unlimited solubility in the MnO-FeO
system is a prerequisite for the formation of manga-
nese silicates on the surface of flashed rail ends during
welding and in the near-contact layer of the joint.

3. Ferromanganese silicates on the flashed ends
of the rails are formed as a result of the interaction
of easy fusible iron oxide with the inclusions of sili-
con oxide and the subsequent diffusion of manganese
from the rail metal. The welding technology involves
the removal of ferromanganese silicates together with
the melt as a flash during upsetting.

4. Manganese silicates in the near-contact layer of
the joint are a product of diffusion interaction of sur-
face-active manganese in iron with silica-containing
oxide inclusions. Inclusions of manganese silicates
often form clusters as a result of a nonuniform dis-
tribution of silicon oxides in the rail metal. Due to a
weak adhesion to iron, the clusters of silicates affect
the results of testing joints on impact toughness and
static bending and are classified as defects of welded
joints, the so-called “matt spots”. Their total area is
limited and should not exceed 15 mm? [10].
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ABSTRACT

Thin-walled welded joints of corrosion-resistant high-alloy steels are used in various industries for the manufacture of critical
structures. The tendency to reduction in the mass of products in order to save costs and energy resources makes it relevant to
find the ways to solve the problem of welding such joints, including also the use of concentrated power sources such as laser
radiation. The use of laser technologies in welding thin-walled joints of high-alloy steels may be applied not only at the man-
ufacturing stage but also at the stage of repair. The high cost of treatment of such materials makes the problem of finding the
ways to avoid the formation of defects in such welded joints relevant. At the same time, it is urgent to develop technologies for
repair of thin-walled welded joints made of high-alloy steels. The article is devoted to the solution of this task namely by using
laser welding and surfacing technologies. According to the results of visual, radiographic testing and metallographic examina-
tions, the parameters of thin-walled welded T-joints of AISI 321 steel were evaluated, namely: geometry, ripple, presence of
craters, pores, their quantity, sizes, mutual position and other parameters provided by DSTU EN ISO 13919-1:2015 standard.
The analysis of the obtained data made it possible to find the presence of individual defects of welded T-joints in the form of
single pores, chain of pores, lacks of fusion, depression of the weld, lacks of penetration, shrinkage cavities and cavities in the
crater, undercuts, excess of convexity. The procedure for their elimination and prevention of their formation was developed.
It was established that thin-walled welded T-joints of AISI 321 steel after repair according to the proposed procedure have
mechanical characteristics at the level of defect-free welded joints and amount to 670-717 MPa. This allows recommending
the proposed procedure to perform the operation of repair of such joints when eliminating defects in the form of burn-outs.

KEYWORDS: laser welding, high-alloy steels, welded T-joints, repair, procedures of defects elimination, critical structures

INTRODUCTION

In many industries, structures of corrosion-resistant
high-alloy steels of small thickness (0.1-2.0 mm)
are widely used [1-3]. Butt, T-joint and fillet welded
joints of thin metal are used by developers and man-
ufacturers of all kinds of devices for delivery, redis-
tribution of flows, measurement of pressure and flow
rate of liquids and gases used in the nuclear industry,
automotive industry and rocket construction [4-6].
Their specific requirements are specified to the aim
and conditions of service of these products. Quite of-
ten, a welded joint should not only have a sufficient
strength, but also be sealed. The operation in an ag-
gressive environment at high temperatures requires
an increased corrosion resistance. In addition, these
products should have an increased reliability. This is
caused by the fact that they are usually used in criti-
cal assemblies, which, first of all, applies to aviation,
space and nuclear power engineering [7-9].

Welded joints of such parts may be produced
using different welding methods. The main among
them are argon-arc [6], microplasma, contact-roller,
electron beam and laser welding [10-12]. The lat-
ter refers to the most acceptable methods to solve
the tasks of producing small thickness joints. Laser

Copyright © The Author(s)

welding does not require vacuum chambers as elec-
tron beam welding, it allows producing narrower
welds compared to arc methods, allows carrying out
precision adjustment of technological parameters,
it is distinguished by a high stability and allows
receiving satisfactory service characteristics of the
weld during welding of thin metal.

However, when producing welded joints of thin-
sheet steels, certain technical problems arise. In the
case of excessive heat input, that occurs while welding
thin-walled parts or producing sufficiently wide welds,
residual deformations of welded structures arise [11].
This is especially clear when welding austenitic corro-
sion-resistant steels, that have a low thermal conduc-
tivity and a high linear expansion ratio [1, 3, 7]. This
enhances the curvature and deformation of edges of
thin-walled parts during welding. As a result, the gaps
between the welded surfaces increase, and, as a conse-
quence, in welding, defects in the form of burn-outs,
lacks of fusion, lacks of penetration arise and the ge-
ometry of the welded joint becomes unstable.

A high cost of treatment of such materials makes
the problem of finding the ways to avoid the formation
of defects in such welded joints relevant. At the same
time, the urgent problem is to develop technologies
for repairing thin-walled welded joints of high-alloy
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Table 1. Chemical composition of AISI 321 steel, wt.%

Grade of steel C Si Mn Ni

S P Cr Ti Fe

AISI 321 <0.1 <0.8 1-2 10-11

<0.2 <0.035 17-19 <0.6 Base

steels. The article is devoted to the solution of this
task namely by using laser welding and surfacing
technologies.

MATERIAL AND PROCEDURES
OF RESEARCH

The research material (Table 1) was high-alloy AISI
321 steel. The specimens were made from a sheet of
1.2 mm thickness. The size of the billet of a T-joint
stiffener is 320x100 mm; the size of the billet of a
T-joint flange is 300200 mm.

OPTIMIZATION MODE
OF REPAIRING WELDED JOINTS

Laser welding of welded T-joints of AISI 321 steel with
the thickness of the flange and stiffener of 1.2 mm was
performed “uphill” in a vertical position in a one pass
with a slot weld in a pulsed mode of laser radiation gen-
eration in the laboratory bench, shown in Figure 1.

The parameters of welding modes were as follows:
maximum laser radiation power P__ = 4.4 kW; aver-
age laser radiation power P, = 3.2 kW; pulse duration
T =175 %; frequency of passing laser radiation puls-
es is 250 Hz; focal length of the lens F = 300 mm;
lifting of laser radiation focus over the welded sur-
face AF' = +2 mm; welding speed V| = 4000 mm/min.
The choice of this mode is predetermined by the most
stable formation on both sides of fillets between the

Figure 1. Part of the laboratory bench for optimization techno-
logical techniques of laser welding in a vertical spatial position:
1 — head for laser welding; 2 — manipulator carriage; 3 — gas
shielding; 4 — clamp; 5 — manipulator beam (Z axis)
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flange and stiffener of the T-joint, while providing the
required geometry of the welded joint and a high level
of mechanical characteristics.

Typical defects of welded joints are normalized
by DSTU EN ISO 13919-1:2015 standards “Weld-
ing. Joints made by electron beam and laser welding.
Guidelines on quality level assessment depending
on defects. Part 1. Steel” and DSTU EN ISO 6520-
1:2015 “Welding and related processes. Classification
of geometric defects in metal materials. Part 1. Fusion
welding”. According to these standards, three levels
of joint quality are recommended: moderate “D”, av-
erage “C” and high “B”.

According to the results of visual and radiographic
testing, the parameters of thin-walled welded joints
of AISI 321 steel were evaluated, namely: geometry,
ripple, presence of craters, pores; their quantity, siz-
es, mutual position and other parameters provided by
DSTU EN ISO 13919-1:2015 standard.

The evaluation of the obtained data made it possi-
ble to establish the probability of forming individual
defects in welded T-joints, namely, single pores, chain
of pores, lacks of fusion, depression of the weld, lacks
of penetration, shrinkage cavities and cavities in the
crater, undercuts, excess of convexity. The procedure
of their elimination and prevention of their formation
was developed, which has the following content:

e to eliminate defects in the form of pores, chain
of pores, lacks of fusion, depression of the weld, lacks
of penetration — rewelding of the weld with the addi-
tion of filler material (if necessary);

e to prevent the formation of shrinkage cavities
and cavities in the crater — run off tabs; software con-
trol of smooth growth of laser radiation power at the
beginning of welding and smooth drop at the end of
welding were used;

e to eliminate undercuts, excess of convexity —
additional remelting with a defocused beam was per-
formed.

The studies on consideration of options for repair
of defects in the form of burn-outs (melt-through) and
cracks were conducted. The options of using filler
materials in the form of powder and a thin strip are
considered. During repair, as a filler material, a strip
of 0.25 mm thick of AISI 321 steel and a surfacing
powder with a fraction “150 + 53” of grade “16316”
produced by the Castolin Eutectic Company with
the following chemical composition, %: Fe — base;
0.03 C; 17.5 Cr; 13 Ni1; 2.7 Mo were used.
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Figure 2. General appearance of welded T-joint after repair weld-
ing (x25)

Below, the procedure of repair treatment on the ex-
ample of eliminating a defect in the form of a burn-out
in the T-joint was considered. Defective areas of the
specimen were subjected to repair.

As a result of the carried out works, it was estab-
lished that at the presence of defective areas with
burn-outs at the welding area, welded joints should be
repaired by the following procedure, namely (the giv-
en data for repairing the defect of 1.5x1.5 mm, as for
such that is most often encountered in visual testing of
produced welded joints):

e mechanical treatment (cleaning) of repair place;

e cleaning with acetone immediately before re-
pair;

e putting of repair patch of AISI 321 steel (& =
= 0.25 mm thick) with an area by 30—50 % larger than
a defect area;

e laser repair spot welding on the mode: laser ra-
diation defocusing AF = 30 mm, laser radiation power
P =1KkW, exposure time is 0.5 s;

e mechanical treatment (cleaning) of the repair
place after welding;

e cleaning with acetone immediately before the
next operation of repair;

e applying the required volume of filler material in
the form of powder (powder with “150 + 53” fraction
of 16316 grade, produced by the Castolin Eutectic
Company is used; it is admitted to use the analogue
of powder close to the base material as to its compo-
sition and properties);

e performance of repair surfacing for elimination
of the weld depression (formation of a sufficient rein-
forcement of the upper bead) on the mode: laser radi-
ation defocusing AF' = +30 mm, laser radiation power
P =1kW, exposure time is 0.5 s.

Performance of repair operation according to the
abovementioned procedure allows: eliminating dis-
continuities in welded T-joints; forming fillets on both
sides of a stiffener in the T-joints; forming the required
reinforcement of the upper weld bead.

Figure 3. Fusion line of weld metal of T-joint after repair welding
(x200)

METALLOGRAPHIC EXAMINATIONS

OF PRODUCED WELDED JOINTS

AFTER REPAIR

The structure in the welded T-joint after the repair
was examined according to the abovementioned se-
quence of operations. From the repaired T-joint with a
rewelded defect in the form of a burn-out, a template
was cut out, which was fixed in a metal frame by fill-
ing latacryl. After mechanical treatment (grinding and
polishing), the specimen was studied by the methods
of optical microscopy and microdurometric analysis.

The studied joint represents a T-joint, consisting of
a stiffener and a flange (Figure 2).

The cast structure of the weld is almost uniform
throughout the whole area of the joint both in the base
weld, as well as in the repaired part (Figures 3 and 4).

At the boundary of the weld of repair weld-
ing, a zone was revealed, that was still bright after
etching having a hardness in the upper part HV'1 —
3090-3510 MPa, and on the side of the flange —
HV1 — 40104210 MPa. Whereas the hardness
of the repair welding metal is on average HV1 —

e e
[ s

Figure 4. Microstructure (x500) of cast weld metal in the T-joint
with repair welding, general appearance
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Figure 6. Microstructure (x200) of initial weld and HAZ metal in
the stiffener of welded T-joint after repair welding

3510-3830 MPa with separate areas where it is re-
duced to HV1 — 3140-3362 MPa and increased to
HV1—4010 MPa.

The structure of the base weld and the weld after
repair welding is austenitic with &-ferrite, probably
contains martensite (Figures 5 and 6).

The presence of martensite is evidenced by an
increased hardness and the presence of relief in the

Figure 7. Microstructure (x1000) of repair welding metal (relief)

Figure 8. Microstructure (x500) of initial weld and HAZ metal in
the stiffener of welded T-joint after repair welding

Figure 9. Microstructure (x200) of HAZ metal and fusion line
with the flange of welded T-joint after repair welding

body of crystallites (Figure 7). This assumption re-
quires verification by local research methods.

The structure of the weld near the fusion line with
the stiffener is smaller compared to the rest of the
weld (Figure 8) and represents austenite and o-ferrite,
the width of this area is ~ 100 um. The hardness here

Figure 10. Microstructure (x200) of weld and HAZ metal of the
flange of welded T-joint after repair welding
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Table 2. Results of tests of specimens on static tension with re-
paired spot defects

idth, |Thick
Number Width, 1Cness, S Fracture place

mm mm MPa
1 25.3 717 Fracture along BM
2 25.5 670
3 252 s o84 Fracture along weld
4 25.1 o 672
5 24.9 694 Fracture along BM
6 25.3 715

is slightly lower than in other areas of the weld —
HV1 — 2740 MPa.

The structure of HAZ of the stiffener metal rep-
resents austenite and d-ferrite. The size of the austen-
ite grain in HAZ did not change compared to the base
metal (Figure 8). At a distance of up to 50 um from
the fusion line, the amount of o-ferrite increased. The
hardness in this area is HV'1 — 2450 MPa.

The structure of HAZ of the flange also consists
of austenite and d-ferrite (Figure 9), but differs by a
coarser grain of austenite — grain size No. 4.5 (GOST
5639-82). At the boundary of the grains of austen-
ite (Figure 10), o-ferrite is precipitated, the width of
the overheating area of a coarse grain is ~ 400 pm.
HAZ hardness in the overheating area is HV'1 —
2740-3090 MPa.

After repair welding, no defects in the areas of base
and repair welds and HAZ were detected. The struc-
ture of the base metal is two-phase austenitic-ferritic.
Along the direction of rolling, d-ferrite is precipitated,
the hardness is HV'1 — 20602580 MPa.

MECHANICAL TESTS OF SPECIMENS
OF WELDED T-JOINTS AFTER REPAIR
ON STATIC TENSION

The tests of welded specimens on static tension were
performed after repair. The tests were performed on
the specimens of T-joints in a quantity of 6 pieces cut
out from different tested joints. To simulate defects
in the form of burn-outs, drills (from 1 to 3 pieces at
a length of 20 mm) were performed in the specimens
prepared for tests on static tension. Defects simulated
in such a way were repaired by the spot powder laser
surfacing (Figure 11).

The results of testing the specimens with repaired
spot defects on static tension are given in Table 2.

According to the results of carried out tests of the
specimens with repaired spot defects on static tension,
the values of the tensile strength o, for all the tested
repaired welded joints are not lower than the indices
obtained for the base welded joints without repair and
the base material of the specimens (tensile strength
o, of the base welded joints is 665-712 MPa; tensile
strength o, of the base material of the specimens is

Figure 11. Photo of specimen for tests on static tension with re-
paired two spot defects

685-725 MPa). These results allow suggesting that
mechanical properties of welded joints produced after
repair by the proposed procedure meet the standards
DSTU EN ISO 13919-1:2015 and DSTU EN ISO
6520-1:2015, specified to welded joints produced by
fusion welding.

CONCLUSIONS

According to the results of visual, radiographic test-
ing and metallographic examinations, the parame-
ters of thin-walled welded T-joints of AISI 321 steel
were evaluated, namely: geometry, ripple, presence
of craters, pores; their quantity, sizes, mutual posi-
tion and other parameters provided by DSTU EN ISO
139191:2015 standard. The analysis of the obtained
data made it possible to establish the presence of indi-
vidual defects of welded T-joints in the form of single
pores, chain of pores, lacks of fusion, depression of
the weld, lacks of penetration, shrinkage cavities and
cavities in the crater, undercuts and excess of the con-
vexity. The procedure for their elimination and pre-
vention of their formation was developed.

It was established that thin-walled welded T-joints
of AISI 321 steel after repair by the proposed proce-
dure have mechanical characteristics at the level of de-
fect-free welded joints and amount to 670-717 MPa.
This allows recommending the proposed procedure to
perform the operation of repairing such joints while
eliminating defects in the form of burn-outs.
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ABSTRACT

The influence of the focusing current of electron beam welding on the nature of the formation of welded joints of aluminium
2219 alloy was investigated. It was established that when the focusing current increases, the width of the face weld grows. And
the width of the weld root depends on the real position of the electron beam focus relative to a sharp focus on the metal surface
(639 mA). Dependence of the focusing current on the distribution of copper and aluminium in the weld metal was revealed.
An increase in the focusing current from 629 to 649 mA led to an increase in the copper content in the interdendritic regions.
Energy dispersion X-ray analysis showed that the microstructure of the welded joint produced at the focusing current of 629
mA, consists of equiaxial dendrites with embedded small particles, pores and a+6-Al,Cu eutectic, separated in the interden-

dritic regions.

KEYWORDS: clectron beam welding, assembly and welding equipment, aluminium alloy, energy dispersive X-ray spectros-

copy, segregation

INTRODUCTION

Aluminium 2219 alloy is a high-strength alloy con-
sisting of aluminium, copper and manganese, which
combines good treatment ability and qualitative me-
chanical properties. Products of this alloy can be used
in the temperature range from —270 to 300 °C. At the
same time, the alloy has higher mechanical proper-
ties compared to wrought alloys of the AI-Mg alloy-
ing system [1]. This alloy is a light metallic material
with several desirable properties: low density, high
specific strength and rigidity. Therefore, it is widely
used in automotive, aircraft, aerospace and other in-
dustries that require lightweight structures [2]. The
use of 2219 alloy became particularly widespread in
the aerospace industry, namely, in the manufacture of
rocket bodies, fuel tanks, chassis elements and other
structural assemblies.

In welding alloys of the Al-Cu—Mg system, diffi-
culties are caused by a great susceptibility of the weld
metal to the formation of pores and crystallization
cracks (especially typical for alloys based on alumin-
ium). In welding alloys of an increased strength, cold
cracking is observed. A significant shrinkage during
weld crystallization, as well as high linear expansion
coefficient lead to considerable residual deformations.
In welding of hardened aluminium and thermally
strengthened aluminium alloys, the strength of the
welded joint is reduced compared to the strength of
the base metal, which creates certain problems. Sig-

Copyright © The Author(s)

nificant difficulties arise as a result of light oxidation
of aluminium in solid and molten states. The formed
refractory film of aluminium AL O, oxide hinders the
weld formation and it is a source of nonmetallic inclu-
sions in the weld metal.

Electron beam welding (EBW) compared to other
types of welding these types of alloys has several ad-
vantages. The welding process runs in vacuum, which
is important for chemically active alloys. It is also fea-
tured by a quick process of heating and cooling of the
metal, which in turn determines the minimal soften-
ing of welded joints, and the maximum level of their
strength properties. Temporary inner stresses do not
have time to affect the solidified metal, i.e., crystalli-
zation cracks have no time to arise. For high-strength
aluminium alloys, it is possible to avoid metal soften-
ing in the near-weld zone at high welding speeds that
provide minimal thermal influence on the base metal
[3]. The use of EBW allowed reducing the volume of
molten metal of the weld pool and dimensions of the
heat-affected zone (HAZ) and this led to a decrease in
the rate of growth of elastic-plastic deformations in
the temperature range of brittleness and an increase in
the margin of technological strength of material to be
welded [4, 5].

To produce welded joints with the required prop-
erties, it is necessary to optimize EBW parameters.
The focusing current is one of the main EBW param-
eters, which affects the focus position and, thus, the
total power density created by the electron beam on
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Table 1. Chemical composition of plates of 2219 alloy, wt.%

Al Cu
6.23

Mn \ Fe Si /n Zr Ti
0.32 1 0.09 | 0.13 | 028 | 0.03 | 0.1 | 0.07

Base

the surface of the materials to be welded. Until now,
there is no information on the study of the influence
of the focusing current on the microstructure and the
mechanical properties of AA2219 alloy welded by
electron beam. Only individual authors investigated
the influence of the focus position and the angle of
incidence of the beam on the behaviour of the molten
pool in the welding AA2219 alloy. It was found that
the smallest porosity in the welds of AA2219 alloy
was observed when the focus was applied by 8§ mm
lower than the surface of the metal to be welded [6].
At the moment, other results of studying the alloy,
considered in the work, are unknown. The studies and
obtained results are unique and contribute to explain-
ing the influence of the focusing current on the geom-
etry and microstructure of welded joints of aluminium
2219 alloy.

The aim of this work is to investigate the effect of
the EBW focusing current on the geometry and mi-
crostructure of welded joints of aluminium 2219 alloy
at a constant input energy of welding and accelerating
voltage.

PROCEDURE OF WORK PERFORMANCE

For the study, the plates of aluminium 2219 alloy of
10 mm thickness were used.

The chemical composition of the base material of
aluminium 2219 alloy was measured using the X-ray

Figure 1. Scheme of EBW using horizontal beam in a horizontal
plane

fluorescence spectroscopy. For measurements, the
portable X-ray Delta line analyzer of the Innov-X
Company was used. The chemical composition was
measured in three different places and average values
were calculated. XRF results are given in Table 1. A
small amount of zirconium (0.1 wt.%) causes a change
in grain, namely, reduces the grain size of the alloy.

The point EDS analysis of a local chemical com-
position was performed in an equiaxial zone near
the penetration boundary for welded joints produced
during focusing currents of 629 and 649 mA.

The chemical composition was analyzed using the
energy dispersive X-ray spectroscopy method (EDS):
JEOL 7600F SEM FEG with X-max 50 mm?analyzer
of the Oxford Instruments Company.

The welding process took place in an electron
beam welding installation of UL-209M type.

The configuration of the installation involves a
movable intrachamber welding gun with a computer
numerical control (CNC) for movement of a cantile-
ver type. This mechanism provides a linear movement
along the three Cartesian coordinate axes (along the
chamber — X, across — Y and vertical — Z), as well
as the inclination of the gun at an angle of 90° in the
Z-X plane (from the “vertical” position of the gun
to the “horizontal”). In this case, this “inclination”
is performed by rotating the entire cantilever beam,
which is the base of the mechanism for movement
along the Y axis. The beam itself can move freely in
the Z—X plane within most dimensions of the welding
chamber.

The welding gun unit can have an additional de-
gree of freedom — rotation axis of the gun in a plane
parallel to the Y axis — usually at = 45° (i.e., axis of
this rotation is perpendicular to the Y axis).

The installations of this type are completed with a
high-voltage welding source with a capacity of 15 %,
30 or 60 kW (at an accelerating voltage of 60 kV)
depending on the specific materials to be welded and
their thickness.

For welding of plates of different sizes, assembly
and welding equipment was developed, in which a
batch of butt joints with a through penetration at dif-
ferent welding parameters was welded.

It is known that due to a high thermal conductivity
of aluminium, special requirements are specified to
the types of welded joints. The uniform weld forma-
tion is achieved only at a symmetrical arrangement
of the heating source relative to welded edges. At the
same time, the scheme of EBW using the horizontal
beam in the horizontal plane was chosen (Figure 1).
Such an arrangement of the welding pool facilitates
the degassing of a liquid metal and its refinement,
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Figure 2. Face and root appearance of welds produced at different
values of focusing current, mA: a, b — 629; ¢, d — 634; e, f —
639 — acute focus; g, h — 644; i, j — 649

Table 2. Parameters of welding plates of 2219 alloy

Accel-
eration cusing

voltage, | current,
kV mA

629
634
639
644
649

Welding Fo-

current,
mA

Welding
speed,
mm/s

Input
energy,
J/mm

Speci-
men

85 20 60 255

[, I N OS I NS

which in turn reduces the requirements for cleanliness
and quality of preparation of surfaces to be joined.

RESEARCH RESULTS

At the first stage, the effect of the focusing current on
the shape and geometry of the welds was considered.
For this purpose, the following welding modes were
selected (Table 2). On these modes, plates of 2219 al-
loy were welded.

Welding was carried out with different focusing
currents (Table 2), namely: 629, 634, 639, 644 and
649 mA, where the value of 639 mA is a sharp fo-
cus, i.e., the focusing current is on the surface of
the plate to be welded (Figure 2, e, f). For the study,
welds with the minimum 629 mA and the maximum
of 649 mA focusing currents were selected. Other pa-

634 mA 639 mA

629 mA

Figure 3. Influence of focusing current on welds geometry

7 m/ )
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Figure 4. Dependence of the width of face weld (1), weld root (2)
and cross-section area (3) on the value of focusing current
rameters (welding current, welding speed, etc.) were
not changed.

Figure 3 shows cross-sections of the welds pro-
duced on different focusing currents. According to
this picture, it is possible to evaluate the proportional-
ity of the width of the weld to its length.

The measurements showed that the growth of the
width of the facial part of the weld is directly propor-
tional to the growth of the focusing current. Howev-
er, it is impossible to state this regarding the root. At
smaller values of the focusing current, the root width
is smaller than at acute focus. But already at much
larger values of the focusing current, the width of the
root decreases (Figure 4).

To analyze the microstructure of welds, the meth-
ods of scanning electron microscopy (SEM) and en-
ergy dispersive X-ray spectroscope (EDS) were used.

The microstructure of the base metal of alumini-
um AA2219 alloy is presented in Figure 5. The alloy
microstructure consists of elongated grains of a solid
aluminium solution (a); tiny and coarse bright parti-
cles distributed mainly on grain boundaries. In the im-
age obtained with the help of backscattered electrons
(BSE), a significant difference in brightness between
the particles and matrix indicates the presence of
heavy elements. According to the chemical composi-
tion of the base metal, copper is considered to be this
element. In addition, the presence of copper was con-
firmed by quantitative and qualitative EDS analysis.

644 mA 649 mA
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Figure 6. Microstructure of weld metal (focusing current is
629 mA)

Microstructure of the welded joint produced at a
focusing current of 629 mA consists of equiaxial den-
drites with embedded tiny particles, pores and o + 0
Al Cu eutectics, separated in the interdendritic regions
(Figure 6). The local elemental composition, which
was measured from four regions (Spectra 1-4) is giv-
en in Table 3. Spectra 1 and 3 were obtained from the
interidendritic regions, enriched by separated alloying
elements. Compared to dendrites, these zones look
brighter and contain about 14 at.% of copper. Accord-

Figure 7. Microstructure of weld metal (focusing current is
649 mA)
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Table 3. Chemical composition of weld metal according to EDS
analysis (focusing current is 629 mA) (at.%)

Spectra (¢} Al Mn Fe Cu
1 6.05 79.43 0.14 0.27 14.10
2 2.65 93.72 0.17 - 3.46
3 3.21 82.15 0.22 0.37 14.06
4 3.15 95.40 0.13 - 1.32

Table 4. Chemical composition of weld metal according to EDS
analysis (focusing current is 649 mA) (at.%)

Spectra (0} Al Mn Fe Cu
1 2.00 96.78 0.14 — 1.08
2 0.37 94.91 0.13 — 4.59
3 7.90 71.96 0.14 0.33 19.67
4 2.74 95.57 0.15 — 1.54
5 0.57 94.57 0.18 — 4.67
6 3.95 72.86 0.11 0.31 22.79

ing to the binary diagram aluminium-copper, eutectic
may be identified, containing a(Al) + 0(ALCu). In
Spectrum 2, a decrease in the copper content and an
increase in the aluminium content were observed. The
aluminium content revealed in Spectrum 2, amounted
to 93.7 at.%. The highest amount of aluminium was
measured in the region marked as Spectrum 4, where
95.4 at.% of aluminium was detected.

According to the binary phase Al-Cu diagram, at a
homogeneous crystallization, the alloy contains about
2.36 % of a(Al) + 0(ALCu) eutectics. However, the
process of crystallization during welding is usually
heterogeneous. This leads to the microsegregation of
Cu. Therefore, the amount of eutectics in the welded
joint is higher than 2.36 %, and the content of Cu in
the matrix a(Al) is lower than 5.65 % [7].

The EDS analysis conducted in the weld metal
with the focusing current of 629 mA relative to the
selected regions is shown in Table 3.

Microstructure of the welded joint produced at a
focusing current of 649 mA is shown in Figure 7 and
Table 4. The dendritic microstructure was formed af-
ter crystallization of the melt pool. The local chemical
composition was measured in Spectra 1-6. Spectra 1
and 4 represented dendrites with a high aluminium
content. Thus, in these spectra, more than 95 at.% of
aluminium were measured in these spectra. In this
case, a solid aluminium solution was recorded. An
increase in the copper content was observed in Spec-
tra 2 and 5. On the image of backscattered electrons,
these places were slightly brighter compared to pre-
vious ones. The copper content, which was observed
in these places, amounted to 4.6 and 4.7 at.%, respec-
tively. The brightest zones in the deposited metal were
observed in Spectra 3 and 6. In such places, a signifi-
cant increase in the copper content was observed. On
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Figure 8. Linear EDS scanning through dendritic zones, in the metal of welds produced using focusing current: a — 629; b — 649 mA

the other hand, the drop of aluminium content was
observed in the abovementioned Spectra 3 and 6.
Spectrum 3 was characterized by the content of about
19.7 at.% of copper. In Spectrum 6, 22.8 at.% of cop-
per was revealed. This is associated with the segre-
gation, when interdendritic regions are enriched with
alloying elements, in our case, it is mostly copper. The
eutectics consisting of a(Al) + 0(ALCu) can be high-
lighted in this place, as it follows from the abovemen-
tioned binary diagram. In addition, in Spectra 3 and 6,
iron was also recorded.

A high cooling rate, characteristic of EBW, not
only contributes to the microsegregation, but also
improves the solubility of Cu in Al, which is usually
lower than 2 % in the conditions of a uniform crys-
tallization process. In addition, it was found [8], that
if the current increases, more copper amount diffus-
es into a solid substance. According to our observa-
tions, an increase in the focusing current from 629 to
649 mA has led to an increase in Cu content in the
interdendritic regions. However, with the higher Cu
content on the grain boundaries, the sensitivity to hot
cracking can increase significantly.

Linear EDS scanning along the interdendritic
regions were carried out in the metal of welds pro-
duced using focusing currents of 629 (Figure 8, @) and
649 mA (Figure 8, b). The placement of aluminium
and copper was observed across the white lines given
in (Figure 8, a, b). In the interdendritic region, a clear
increase in Cu and a sharp decrease in Al were record-
ed. This phenomenon is associated with the presence
of microsegregated eutectics in the interdendritic re-
gions. The presence of eutectics was also confirmed
by local quantitative EDS analysis.

CONCLUSIONS

1. The influence of the current focusing of electron
beam welding on the formation of welds of alumin-
ium 2219 alloy for the plates of up to 20 mm thick-
ness was investigated. It was established that with an
increase in the focusing current, the width of the face
weld grows. In turn, the width of the weld root de-
pends more on the real position of the focus of the
electron beam relative to a sharp focus (639 mA).

2. The dependence of the focusing current on the
distribution of copper and aluminium in the weld met-
al was revealed. An increase in the focusing current
from 629 to 649 mA has led to an increase in the con-
tent of copper in the phase precipitates placed in the
interdendritic regions. An increase in the copper con-
tent led to the formation of eutectics in the mentioned
interdendritic regions. In the regions of the spectra,
where a decrease in the aluminium content was re-
corded, also an increase in the copper content was ob-
served, associated with segregation.

3. With the help of the energy dispersion X-ray
analysis, the microstructure of the weld metal at dif-
ferent focusing currents was determined. Thus, coars-
er dendrites are formed at the expansion of the weld,
which in the tested range of beam focusing corre-
sponds to the higher value of the focusing current.

4. The local quantitative EDS analysis confirmed
the presence of a. + 6(Al Cu) eutectics in the interden-
dritic regions of the weld metal.
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FOR PRODUCING LOW-HYDROGEN FUSED FLUXES

1.O. Goncharov, V.V. Holovko, A.P. Paltsevych, A.M. Duchenko
E.O. Paton Electric Welding Institute of the NASU

11 Kazymyr Malevych Str., 03150, Kyiv

ABSTRACT

The influence of the technology of producing welding fused fluxes on the content of hydrogen in them and nature of its thermal
desorption was investigated. From the fluxes produced by the method of duplex process (sequentially operating gas-flame and
electric-arc furnace), hydrogen is mainly removed at temperatures to 600 °C. It was established that the content of diffusion
hydrogen in the deposited metal in welding under the fused fluxes, produced by the method of duplex process, is approximately
by 30 % lower compared to fluxes produced in gas-flame furnaces. The use of fused semi-products in the composition of a

charge while producing agglomerated fluxes was proposed.

KEYWORDS: hydrogen, automatic arc welding under the fused fluxes

INTRODUCTION

Hydrogen embrittlement and the formation of pores
in welds are common, dangerous and insufficiently
studied causes of fracture of many steel metal struc-
tures [1, 2]. In welding of high-strength steels under
the influence of a thermal cycle in the metal, the for-
mation of structures is probable, which, on the one
hand, contribute to the significant strengthening of
the metal, and on the other hand, increase its tenden-
cy to the formation of cold cracks [3, 4]. The abil-
ity of metal to resist the initiation and propagation
of cold cracks is improved when the concentration
of diffusion hydrogen in it decreases. The conditions
were established, under which the risk of formation
of cold cracks in welded joints is reduced to a min-
imum. Thus, in the case of limiting the cooling rate
of the metal in the temperature range of 600-500 °C
to 10 °C/s, and the content of diffusion hydrogen in
the deposited metal to 4 cm?/100 g, the stress level
that can be withstood by the metal of the heat-affected
zone (HAZ) of welded joints of steels with a carbon
equivalent C_= 0.35-0.45 % without the formation of
cold cracks, amounts to 90 % of its yield strength [5].

It is generally known that the main cause for the
formation of pores in the welds during welding steels
is an increased content of hydrogen in the welding
pool metal and its release at the moment of crystal-
lization as a result of an abrupt decrease in solubility
[6]. The hydrogen content in the weld metal, in excess
of which pores are formed in the welds during weld-
ing of low-alloy steels under manganese-silicate flux-
es, amounts to 12—14 cm? per 100 g of weld metal [7].

The arc in automatic submerged arc welding burns
in a closed envelope created by a molten slag and a
layer of flux. The access of hydrogen to the arc zone

Copyright © The Author(s)

from the outside is complicated. The sources of satu-
ration of the welding pool with hydrogen are flux, oil
and rust on the surface of the welding wire and on the
metal edges to be welded. Moreover, the flux is deter-
mined as the main source of hydrogen. Therefore, it is
important to study the content of hydrogen in welding
fused fluxes and the process of its thermal desorption,
the creation of technologies for the production of
low-hydrogen welding fused fluxes.

PROCEDURE FOR STUDIES
OF HYDROGEN CONTENT
IN WELDING FLUXES

In order to control the processes of fluxes dehydration
in the process of their production and use in welding,
it is important to know the peculiarities of the course
of the process of'its desorption during the heating pro-
cess. To measure the content of potential hydrogen in
the coatings of electrodes, fluxes, cores of flux-cored
wires, a method [6] of gradual heating of specimens
to a temperature of about 1000 °C in an argon flow
with conversion of compounds containing hydrogen
was proposed. To avoid errors in the measurement
of hydrogen due to the release of O,, N,, CH,, CO
and CO,, a chromatographic method of analysis was
proposed, which has high sensitivity and separation
ability for the abovementioned compounds. As a re-
sult of the constant heating rate, it is possible both to
determine the total water content at a temperature of
900-1000 °C, as well as to determine the nature of
its bond with the substance under study (hygroscop-
ic, adsorbed on the surface of grains, crystal hydrate,
crystallization, zeolitic, dissolved in the form of OH
groups). The error in measuring the amount of hydro-
gen is not more than 7 %. Each peak of thermal de-
sorption in the chromatograms is a peak of hydrogen
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evolution. The hydrogen content was recalculated on
100 g of the substance under study using a graduated
factor of 0.57 mm® H /mBC obtained immediately be-
fore this work was carried out.

STUDY OF THE INFLUENCE
OF FLUX MELTING TECHNOLOGY
ON THEIR HYDROGEN CONTENT

In general, the technology of producing welding fused
fluxes involves melting charge materials in a flux melt-
ing furnace, producing a homogeneous melt of the re-
quired chemical composition with the following gran-
ulation. Granulation provides obtaining flux grains of
the required size and bulk weight. After granulation,
fluxes are calcined, dispersed in appropriate sieves
and delivered to the user. Depending on the chemical
composition and technical requirements for fluxes,
different types of furnaces (gas-flame and electric-arc)
and methods of granulation (wet, into water) and dry
(in air) can be used [8]. Until recently, Ukraine ranked
first in the world in terms of production of fused flux-
es. In Ukraine, fluxes of the MnO-SiO-CaF, slag
system are produced most massively (more than
80 % of the total volume). These are general-purpose
glass-type fluxes (AN-348A, OSTs-45, AN-348V and
ANTs-1) for welding carbon and low-alloy steels and
pumice-like fluxes (AN-60, AN348AP, OSTs-45P)
for high-speed welding of steel structures of the same
type. The first are usually produced in gas-flame fur-
naces, and the latter in electric-arc furnaces. In both
cases, fluxes are granulated into water. Namely, the
fluxes of this slag system were taken as objects for re-
search. The aim of the work was to study the influence
of technological factors on the hydrogen content at
various stages of producing welding fused fluxes. The
work was performed in industrial equipment at the fa-
cilities of PRJSC “Zaporizhskloflus”. This equipment
is composed of gas-flame and electric-arc flux melt-
ing furnaces installed side by side with the possibility
of their simultaneous operation. This makes it possi-
ble to direct the slag melt from one furnace to another
(duplex process). Granulation can also be performed
both in wet (into water) as well as in dry (into metal
moulds) method.

Gas-flame and electric-arc flux melting furnac-
es differ in temperatures, to which the slag melt is
brought. In the gas-flame furnace, the temperature

does not exceed 1400 °C, and in the electric-arc fur-
nace it can reach 1700 °C. Therefore, in order to de-
termine the influence of the temperature of the slag
melt on its hydrogen content, AN-348AP flux was
produced by the method of duplex process. In the
course of melting, samples were taken first at the out-
let from the gas-flame furnace, then at the outlet from
the electric-arc furnace. The temperature of the slag
melt during sampling was determined by an optical
pyrometer. These samples were calcined on a thick-
walled metal surface, as a result of which a glass-type
structure was obtained and preserved until the anal-
ysis in a sealed container, which made it impossible
for them to absorb moisture from the surrounding
atmosphere. The research results given in Table 1,
showed that the hydrogen content in the slag melt
in the gas-flame furnace at the melt temperature of
1400 °C was 40.6 cm*/100 g (sample 1), in the elec-
tric-arc furnace at the melt temperature of 1530 °C it
was 14.8 cm?/100 g (sample 2).

When the temperature was further increased to
1700 °C, the hydrogen content in AN-348AP flux
melt decreased to 6.9 cm®/100 g (sample 3). It should
be noted that not only the temperature of the slag melt
determined the final hydrogen content in it. The de-
crease in hydrogen content is also explained by bet-
ter conditions for removing hydrogen from the melt
in the electric-arc furnace compared to the gas-flame
furnace due to more intensive mixing of the melt. In
addition, during the combustion of gas in the atmo-
sphere of the gas-flame furnace, a significant amount
of water vapours accumulates (up to 15 % by analogy
with steel-making furnaces). Therefore, even a signifi-
cant exposure of the melt in this furnace and the use of
low-hydrogen raw materials will not allow reducing
the content of dissolved hydrogen in the melt below a
certain limit. On the contrary, in the electric-arc fur-
nace, there are conditions for an additional reduction
in the concentration of hydrogen in the molten slag,
because the probability of removing gases released
from the melt during melting through gas extractors
exists. In addition, intensive burning of the carbon lin-
ing and graphite electrodes leads to a decrease in the
concentration of hydrogen in the slag, as is the case in
steel melting slags.

Thus, the technology of flux melting using the
method of duplex process leads to a decrease in the

Table 1. Hydrogen content in fluxes at different stages of production

Type of flux melting Temperature of slag melt | Hydrogen content in the Hyd.rogen content in the
Flux . S finished flux after wet
furnace in the furnace, °C slag melt, cm’/100 g . 3
granulation, cm*/100 g
AN-348A Gas-flame 1400 40.6 (sample 1) 44 (sample 4)
AN-348AP Duplex-process 1700 6.9 (sample 3) 62 (sample 5)
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Figure 1. Chromatograms of thermal desorption of hydrogen from fluxes: @ — AN-348A flux (sample 4) H = 44 cm?/100 g (gas-flame
furnace); b — AN-348AP flux (sample 5) H = 62 cm?/100 g (duplex process)

hydrogen content in the slag melt by approximately
6 times compared to flux melting in the gas-flame
furnace. It is clear that during dry granulation, the
hydrogen content in the finished flux remains at the
level of its content in the slag melt. The influence of
melt granulation into water on the total hydrogen con-
tent in the flux remains unexplored. In order to find
out this issue, the melts were granulated during sam-
pling 1 and 3 according to the usual technology for the
production of fluxes in the gas-flame and electric-arc
furnaces. After granulation, the fluxes were calcined
in the industrial drum dryers that provided a tempera-
ture of the flux at the output from the drying drum
of 250-300 °C, as is determined by the technological
documentation for the production of fluxes, were dis-
persed and packed. At this stage, the hydrogen con-
tent of the specimens taken from the bags as-delivered
was investigated.

It was established that the temperature of the melt
before the start of granulation significantly affects the
final hydrogen content in the flux. Thus, at a slag melt
temperature of 1400 °C, the grains with a glass-type
structure are formed. At the same time, the hydrogen
content after wet granulation increases by approxi-
mately 10 % (from 40.6 to 44 cm?/100 g (final hy-
drogen content in AN-348A flux (sample 4)). When a
slag melt heated to a temperature of 1700 °C comes
into contact with water, a vapour envelope with high
water vapour pressure forms around the melt parti-
cles. Considering the low viscosity of the slag melt
at such temperatures, cavities are formed in the flux
particles, occupying up to 80 % of the total volume of
the flux. These cavities are filled with water vapours,
which condenses during cooling. In general, this leads
to an increase in the hydrogen content in the flux by

approximately 9 times (from 6.9 to 62 cm’/100 g (fi-
nal hydrogen content in AN-348AP flux (sample 5)).

The studies of thermal desorption of hydrogen
showed that the main part of moisture from AN-
348AP flux is removed while heating to 600 °C (in
contrast to AN-348A flux, from which hydrogen is
removed at temperatures close to the melting point
of the flux and, of course, enters the welding pool).
To confirm this fact, Figure 1 shows chromatograms
of thermal desorption of hydrogen from AN-348A
flux — gas-flame furnace + granulator — sample 4)
and AN-348AP flux — duplex process + granulator —
sample 5).

To reduce the hydrogen content in the fused flux,
the use of electric-arc furnace or the duplex process
while melting flux can be recommended, which al-
low bringing the melt to a temperature of 1700 °C
and using dry granulation fluxes. However, for the
fluxes of the studied MnO-SiO_—CaF, slag system,
the use of the duplex process is more appropriate. In
addition to limiting the hydrogen content, the duplex
process provides a significant reduction in the content
of sulphur and phosphorus in fluxes and, at the same
time, prevents undesired increased losses of the main
components in fluxes of this slag system. As a result,
the dependence on scarce, expensive high-quality
raw materials is reduced and the possibility of using
wastes of metallurgical, welding and mining produc-
tion in the production of fluxes is achieved, and their
competitiveness grows [9, 10]. In order to reduce the
hydrogen content in the flux produced by the method
of duplex process, it was proposed to bring the melt to
a temperature of 1700 °C, hold it at this temperature,
then lower the temperature of the melt to 1400 °C
and only then granulate it into water. To check these
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Figure 2. Chromatograms of thermal hydrogen desorption: ¢ — OSTs-45 flux (gas-flame furnace) H = 36 cm*/100g; b — OSTs-45M

flux (duplex process) H =30 cm?/100 g

recommendations, the content and nature of thermal
desorption of hydrogen from vitreous flux OSTs-45
(gas-flame furnace) and glass-type flux OSTs-45M
(duplex process) were investigated. OSTs-45M flux
was produced by heating the melt to 1700 °C, holding
the melt at this temperature for 20 min, cooling the
melt to 1400 °C and granulating it into water. Com-
paring the fluxes produced by the method of duplex
process (OSTs-45M and AN-348AP), it should be
noted that the total hydrogen content in OSTs-45M
flux is 2 times lower than that of AN-348AP flux (30.0
and 62 cm®/100 g respectively). This can be explained
by the fact that the melt of OSTs-45M flux is cooled to
a temperature of 1400 °C before granulation. As a re-
sult, a flux with a glass-type grain structure is formed.
Comparing OSTs-45 and OSTs-45M fluxes, which
differ in the production method, it is worth noting that
both fluxes have the similar glass-type grain struc-
ture. The total hydrogen content in OSTs-45M flux
(30 cm3/100 g) compared to OSTs-45 flux produced in
the gas-flame furnace (36 cm®/100 g) is slightly lower.
It was found that these fluxes differ significantly in the
nature of hydrogen desorption during heating process
(Figure 2). From Table 2 and the chromatograms of
fluxes produced in the gas-flame furnace (AN-348A,

OSTs-45), it is seen, that the main amount of hydrogen
is removed at temperatures close to the melting point
of the flux (990 °C). The fluxes produced by the meth-
od of duplex process (OSTs-45M and AN-348AP) are
characterized by the fact that hydrogen desorption
from them occurs at lower temperatures (mainly up to
800 °C). Even for pumice-like AN-348 AP flux, which
has a high total hydrogen content (62 cm?/100 g), only
9.3 cm?/100 g is released during exposure at 990 °C.
For glass-type OSTs-45M flux, this value amounts to
8.7 cm?/100 g of flux.

At the next stage of studies, the influence of the
total content of hydrogen in the fluxes and the na-
ture of its thermal desorption on the content of diffu-
sion hydrogen in the deposited metal during welding
was determined. The content of diffusion hydrogen
in the metal of welds was determined by the meth-
od of chromatographic analysis according to GOST
23338-91 using OB 2178 gas analyzer designed at
PWI. The objectivity of the results of measuring the
amount of diffusion hydrogen is predetermined by the
fact that the hydrogen released from the specimen in
a sealed metal chamber is measured by the method of
gas chromatography. The reliability of the results of
measuring the content of diffusion hydrogen is con-

Table 2. Total content and nature of thermal desorption of hydrogen in welding fluxes

Production method Total Amount of hydrogen removed during heating in the temperature
Fl Grain content range, cm’/100 g/%
ux
Type Granulation | Structure (), . . . . Higher than

of furnace method em¥/100g | 0-20°C | 200-600 °C | 600-800 °C | 990 °C 990 °C

AN-348A Gas-flame 44 2.6/6 4.0/9 5.3/12 3.5/8 28.6/65
OSTs-45 Wet Vitreous 36 1.8/5 4.0/11 5.0/14 9.7/27 15.5/43

OSTs-45M Duplex 30 4.5/15 6.9/23 5.4/18 4.5/15 8.7/29

AN-348AP process Pumice-like 62 24.2/39 14.2/23 6.9/11 7.4/12 9.3/15
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Table 3. Content of hydrogen in fluxes and deposited metal

Content of hydrogen in flux, Content of hydrogen in metal, cm?/100 g
Flux grade cm¥/100 g of flux :
[H],,» deposited metal [H],., weld
AN-348A 44 6.8,7.4;7.7/ 173 2.2;24;2.6/24
AN-348AP 62 4.7,52;54/5.1 1.6;1.6; 1.7/ 1.6

firmed by numerous comparative tests of it with the
mercury method of analysis according to ISO 3690
standard [11].

The specimens to analyse the content of diffusion
hydrogen in the deposited metal were produced by the
method of depositing a bead on an assembled speci-
men of 10G2FB steel. Before welding, the specimens
were kept at a temperature of 800 °C for 1 h. The
welding wire of Sv-10GINMA grade with a diame-
ter of 4 mm was stripped from the coppered coating
and degreased. The surfacing was carried out on a
direct current of reverse polarity on the mode: I =
= 550-600 A, U, = 32-34 V, V= 36 m/h. The pa-
rameters of the welding mode were determined from
the conditions of providing the input energy required
by GOST 23338-91 (not more than 3 kJ/mm), pro-
ducing welds with geometric dimensions that allow
an easy separation of the specimen from the run-off
tabs (with width up to 22 mm and height up to 6 mm).
The deposited specimen was cooled with water at a
temperature of 0 °C for 3 s and immersed in liquid
nitrogen. When a temperature of 196 °C was reached,
the run-off tabs were removed, and the specimen was
preserved in liquid nitrogen before carrying out the
analysis. Three specimens were produced for each
flux sample. Immediately before welding, all fluxes
were calcined at a temperature of 300 °C for 1 h. The
content of diffusion hydrogen was calculated accord-
ing to ISO 3690.

From Table 3, it is seen that the content of diffu-
sion hydrogen in the deposited metal when using the
technology of duplex process in the production of flux
is approximately by 30 % lower compared to the tra-
ditional technology of melting fluxes in the gas-flame
furnace. At the same time, from the results of studying
the nature of thermal desorption of hydrogen, shown
in Figure 1 and in Tables 2, 3, it is seen that the content
of diffusion hydrogen in the deposited metal is deter-
mined not by the total content of hydrogen in the flux,
but by the amount of hydrogen removed from the flux
at temperatures close to their melting point. It is clear
that this hydrogen cannot be removed from fluxes by
calcination of fluxes at a temperature of 300—400 °C
for 1 h recommended by GOST 9087-81, which
should be performed immediately before welding. It
is known from [12], that such hydrogen is dissolved in
the form of OH groups during melting in the furnace.

L.e., the amount of dissolved hydrogen is determined
by the method of flux production.

Taking into account the obtained positive results
regarding the reduction of hydrogen content in weld-
ing fused fluxes produced by the technology of duplex
process, the use of fused semi-products in the charge
of agglomerated welding fluxes is promising.

CONCLUSIONS

1. It was established that the technology of melting
flux using the method of duplex process leads to a de-
crease in the total hydrogen content in the slag melt
by almost 6 times compared to melting flux in the gas-
flame furnace.

2. When pouring the slag melt into water during
granulation, the hydrogen content in the flux increases
nonuniformly depending on the initial temperature of
the melt: by 10 % at a melt temperature of 1400 °C
and approximately 9 times at a melt temperature of
1700 °C.

3. It was established that depending on the temper-
ature of the slag melt before granulation into water,
the nature of thermal desorption of hydrogen chang-
es. The main amount of hydrogen from the glass-type
fluxes granulated at a melt temperature of 1400 °C is
removed at temperatures close to their melting point
(over 990 °C). For pumice-like fluxes, granulated at a
melt temperature of 1700 °C, the main part of hydro-
gen is removed at temperatures of up to 800 °C.

4. Recommendations for the creation of technol-
ogy for the production of low-hydrogen fused fluxes
were developed. To reduce the hydrogen content in
the fused flux, it was recommended to use the duplex
process when melting the flux, which allows bring-
ing the melt to a temperature of 1700 °C and using
dry granulation fluxes. In the case of wet granulation,
it is necessary to bring the melt to a temperature of
1700 °C, maintain it at this temperature, then lower
the temperature of the melt to 1400 °C and only then
granulate it into water.

5. It was established that the content of diffusion
hydrogen in the deposited metal when using welding
fused fluxes produced by the method of duplex pro-
cess is approximately 30% lower compared to the op-
tion of using fluxes produced in the gas-flame furnace.

6. In order to further reduce the hydrogen content
in the weld metal, a promising direction is conducting
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research on the use of fused semi-products as part of
the charge in the production of agglomerated fluxes.
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ABSTRACT

Approaches to synthesis of Ag, Cu nanoparticles in liquid matrices and on the surface of both organic and inorganic powders
and granules of different dispersity for biomedical purposes were analyzed. The advantages of nanoparticle synthesis by the
methods of physical deposition in vacuum over the methods of chemical and hybrid synthesis are given. The high effectiveness
and advantage of deposition from the evaporator with a directed vapour flow in vacuum are shown, compared to the classical
crucible evaporation scheme. Optimal technological modes of deposition from the evaporator were established for achieving
uniformity of the directed vapour flow. The dependence between the target temperature, efficiency of the evaporation scheme
and evaporator to target distance was experimentally determined.

KEYWORDS: nanoparticles, electron beam evaporation and deposition, composites, dispersed systems, silver, copper, direct-

ed vapour flow, vacuum

INTRODUCTION

Due to the size effect, nanoparticles (NP) have unique
properties, which allows them to be used as compo-
nents of modern materials for a wide range of appli-
cations, such as optics, catalysis and biomedicine. Re-
search works are carried out in the areas of diagnostic,
therapeutic and prophylactic applications of Au, TiO,
Ag, Cu, Zn, Si, CeO and Pt nanoparticles [1, 2].

ANALYSIS OF LITERATURE DATA
AND PROBLEM STATEMENT

Today, there are thousands of different NP synthesis
methods that allow obtaining stable colloidal solutions
of single-dispersed NP and discrete coatings with NP
on powders and granules. However, not all presented
synthesis methods are suitable for expanded produc-
tion because of a low efficiency, poor reproducibility
or complex purification processes [3—5]. The avail-
able technological variants of obtaining such systems
with a certain degree of conditions can be divided
into three main groups: chemical, physical, hybrid
(bio-assisted methods, green synthesis) [6]. Typically,
chemical methods are low-cost and allow obtaining a
large amount of NP. However, several disadvantag-
es can be distinguished, among which contamination
by precursor chemicals, use of solvents and forma-
tion of dangerous by-products. The so-called bio-as-
sisted methods, biosynthesis or green synthesis also
attract the attention of many researchers due to the
ecological nature of these processes, which contrib-
ute to the involvement of biological systems or be-
cause they are directly related to biological systems

Copyright © The Author(s)

[6-8]. These methods use, among other things, bac-
teria, fungi, viruses, yeast and plant extracts for NP
synthesis. Although biological procedures are very
promising, the main problem is the reproducibility of
processes. In addition, the exact mechanisms, which
are the basis of NP formation with the help of green
plant extracts, are still not clarified. Physical methods
are valuable because they are free from contamina-
tion with solvents, reducing agents and other reaction
products [9]. However, the rate of production is rel-
atively low, and the cost of production is very high,
mainly due to the power consumption to maintain the
necessary pressure and temperature conditions used
in the process of synthesis. The methods of chemi-
cal synthesis and mechanical grinding do not fully
meet the requirements to obtaining chemically pure
NP metals. The most promising among the physical
methods used for NP synthesis are methods based on
the vapour phase condensation (VPC), which can be
classified taking the power source as the basis. They
include methods of magnetron, electrical discharge,
pulsed-arc, ion-plasma synthesis, etc., among which
electron beam exceeds all the mentioned sources by
the specific power capacity, ease of control, efficiency
and locality of heating. It should also be noted that de-
spite the relative chemical purity of obtained nanopar-
ticles, VPC methods have a low efficiency inherent in
most physical methods. Since the formed vapour flow
is distributed according to the law (cos ¢) throughout
the whole volume of the working chamber, it leads
to undesirable consumption of condensing material,
especially during the synthesis of nanoparticles from
expensive metals (Cu, Ag, Au, Pt), and also to some
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extent limits the list of materials, that can be used
as a target (liquids, powders) [10]. In [10, 11] it was
demonstrated that it is possible to use electron beam
evaporation with the subsequent deposition in vacu-
um (EB-PVD) by means of an evaporator and a steam
line, which allows directing the vapour flow directly
to the target at an angle of 45°. The use of an evapora-
tor with a vapour flow direction at an angle of 90° can
increase the evaporation efficiency and increase the
reproducibility of the NP synthesis process. In [12,
13], the possibility of using the EB-PVD method with
a directed vapour flow for the synthesis of Ag and Cu
nanoparticles in the size range of 20—40 nm in liquid
matrices based on monomers, precursors of polyure-
thane, fatty and synthetic oils was demonstrated. Also
the possibility of producing discrete coatings from Ag
and Cu nanometer size on powders and granules of
different dispersion [14] and medical bandages was
presented [15].

AIM OF WORK AND TASKS OF RESEARCH

is to determine the optimal parameters of the techno-
logical scheme of electron beam evaporation using
an evaporator with a directed vapour flow to achieve
a high efficiency and reproduction of the process of
nanoparticle synthesis in the volume of liquid matri-
ces-carriers and on the surface of powders, granules,
tissues. To achieve the set aim, the following tasks
were solved: to produce evaporators with the ability
to direct a vapour flow at a set angle; develop a pro-
cedure and adapt electron beam equipment for deter-
mination of efficiency and distribution of vapour flow
over the target surface; set the technological mode of
a directed deposition of silver and copper, that will
provide a high value of the efficiency and reproduc-
ibility of the NP synthesis process.

o

MATERIALS, EQUIPMENT
AND RESEARCH METHODS

Experimental works on determination of the efficien-
cy of the technological scheme of using evaporators
with a directed vapour flow and uniformity of vapour
flow distribution on the target surface was carried out
in the electron beam unit UE-142. Heating of the ma-
terials and transferring them to the vapour phase was
carried out by an electron gun at 20 kV accelerating
voltage with 5-10° Pa vacuum level in the work-
ing chamber. The evaporation schemes (angular and
vertical) were developed and applied with the direc-
tion of a vapour flow from the top down (Figure 1).
The vapour flow was directed at a negative angle to
a horizontal plane of 45 and 90°, respectively. As an
evaporator material, the refractory material graphite
was used. For the steam line, molybdenum was used,
which has a chemical resistance at high temperatures
against evaporated metals: silver and copper.

The vapour flow above the target was formed in
the form of a cone. The capture of as larger volume
of the formed vapour flow by the target as possible
can be realized when the distance from the steam line
to the target is reduced and the area (of the surface)
of the target itself is increased. At the same time, the
distance between the steam line and the target affects
not only the efficiency, but also the heating of the tar-
get at the expense of heat transfer. The distance from
the reactor steam line to the surface of the dispersed
liquid was determined based on the value of efficien-
cy, thermal effect and uniformity of the distribution of
vapour flow of the metal over the target surface. The
length of the steam line was chosen based on the op-
timal length, at which condensation of the metal from
the vapour flow on the surface of the inner walls of the
molybdenum tube does not occur.

b

Figure 1. Technological schemes of vapour flow deposition: ¢ — angular; b — vertical, where / — electron beam gun; 2 — graphite
evaporator with a molybdenum steam line; 3 — directed vapour flow; 4 — liquid matrix
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a

b

Figure 2. Uniformity of vapour flow distribution on the surface of a test copper disc, depending on the location of a graphite evapora-
tor, %: a — angular scheme of vapour flow deposition; b — vertical one, where / — direction of vapour flow

The deposition was performed on the surface of a
flat copper disc with a diameter of 90 mm. The size
of the disc corresponded to the inner diameter of the
copper water-cooling bowl, in which the target mate-
rial (liquid or powder) was placed. Before deposition,
the surface of the disc was cleaned and degreased with
technical alcohol. The disc was arranged on the place
of the bowl so that the axis of the steam line coincid-
ed with the centre of the copper disc. The distance
between the evaporator and the disc corresponded to
the distance between the evaporator and the surface
of the liquid, powderlike target. Before placing the
copper disc, it was weighed in the vacuum chamber.
After conducting the experiment on the deposition of
a directed vapour flow on the surface of the disc, its
weight was recorded repeatedly. Similarly, before the
experimental works and after, the weight of a silver
weighed amount was recorded. Knowing the amount
of evaporated silver and the weight gain of the copper
disc, the efficiency was determined based on the pro-
portion. Also, with the help of a chromel-alumel ther-
mocouple, the temperature of the copper disc during
the deposition process was recorded.

At the next stage of the experimental works, the
process of vapour flow distribution on the target sur-
face was determined. For this aim, witnesses were
manufactured — copper flat squares of 10x10 mm.
The witnesses were placed on the copper disc surface
along and across the horizontal and vertical diameter
of the copper disc in a 10 mm step in order to de-
termine the vapour flow distribution over its surface.
The same as for the copper disc, the weight of the
witnesses was recorded before deposition and after.
Having established the amount of evaporated silver,
previously weighing the silver weighed amount be-
fore the experiment and after, based on the proportion,
the percentage weight gain on each witness relative to
the total weight gain on the witnesses was determined.
On the basis of the obtained data, the diagrams of the
vapour flow distribution on the target surface for both
types of evaporators were constructed (Figure 2). The

statistic data were processed using the computer soft-
ware complex Statgraphics.

RESEARCH RESULTS AND DISCUSSION

Experimental works on the determination of vapour
flow distribution over the target surface showed that
the obtained results indicate a nonuniform vapour flow
distribution for the angular evaporator (Figure 2, a).
The vapour flow concentration gradient is observed
along the target at an interval of 12-16 and 12-6 %
for the left and right sides of the target, respectively.
To the left side of the target, 67 % of the deposited
material and for the right one, 33 % accounts. For a
vertical evaporator (Figure 2, b), a gradient of the va-
pour flow concentration was observed from the cen-
tre to the end of the target, as was evidenced by the
vapour flow distribution interval of 16—-10 % for the
left as well as for the right parts of the target. This
indicates the relative uniformity (symmetry) of the
vapour flow distribution for the left and right sides of
the target and is explained by the coincidence of the
steam line axis with the target centre.

The distribution of the vapour flow was deter-
mined with the help of a cover glass of the same area,
the mass of which was compared before deposition
and after. A series of experimental works was carried
out for two types of evaporators — vertical and angu-
lar one. It was found that depending on the distance
to the target, the efficiency of the evaporator with an
angular orientation of the steam line ranged from 16
to 18 %, and with a vertical one was 36—40 %. Based
on the fact that the efficiency of the vertical reactor is

Table 1. List of experimental data

Distance from the
steam line to the cop-
per disc surface, mm

Efficiency of evapora-
tion scheme, %

Surface temperature
of the copper disc, °C

25 61 116
45 56 72
65 40 47
85 33 41
115 22 36
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2.2 times higher than the angular one, and such loca-
tion provides a more uniform distribution of a vapour
flow, for the further study, a scheme with a vertical
arrangement was selected. The obtained experimental
data of efficiency and temperature ratio of the copper
disc-target depending on the distance to the target are
given in Table 1.

CONCLUSIONS

1. The proposed variant of evaporators with the pos-
sibility of evaporated material (Ag, Cu) formation
in a set direction of an intensive vapour flow makes
it possible to reduce its consumption by 610 times
compared to the traditional scheme.

2. It was determined that the efficiency of the evap-
orator with an angular steam line orientation amounts
to 1618 %, and with a vertical one it is 22—61 %. The
evaporator with a vertical steam line orientation has a
higher uniformity of the vapour flow distribution over
the target surface compared to the angular evaporator,
which provides the higher value of the reproducibil-
ity of the nanoparticles synthesis process in the vol-
ume of liquid matrices - carriers and on the surface of
powders, granules and tissues. The optimum distance
amounts to 70 mm, since such values do not exceed
the boundary temperature and a rather high value of
efficiency of the evaporation scheme.
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ABSTRACT

It was found that a combination of the advantages of ultrasonic testing and electronic speckle-interferometry in the case of
elimination of their disadvantages is the base for development of the method of non-destructive evaluation of residual welding
stresses in full-scale structures. A procedure of non-destructive evaluation of the distribution of residual tensile welding stresses
in the weld zone of a butt welded joint was developed. It is based on a simultaneous application of ultrasonic testing and elec-
tronic speckle-interferometry and fulfillment of the condition of “area equality” of the epures of balanced compressive and ten-
sile residual stresses. The procedure was proposed for the application on specimens of single-pass welded joints of thin-sheet
constructions from metallic materials with a stable structure. The subject of the study is tensile residual welding stresses in a
MIG-welded specimen of a butt joint of structurally stable 1561 aluminium alloy. Residual welding stress 6 component lon-
gitudinal relative to the weld was evaluated in the plate central area. It was found that the discrepancy of the values of residual
welding stresses near the center of the welded joint of 1561 aluminium alloy is equal to approximately 0.1c,, for this material,
which corresponds to the claimed accuracy of the methods. Based on the research results, a range of procedures was proposed
for the non-destructive evaluation of the residual welding stresses in full-scale welded structures, based on a combination of
ultrasonic testing and electronic speckle-interferometry.

KEYWORDS: residual welding stresses, ultrasonic testing (UT), electronic speckle-interferometry (ESPI), butt joint speci-
men, MIG welding, compressive and tensile testing, longitudinal component of stresses, aluminium alloy, procedure of non-de-

structive evaluation of stresses

INTRODUCTION.
RELEVANCE AND AIM OF THE WORK

Residual welding stresses (RWS), arising after welding
in structural elements, are one of the factors that deter-
mine the strength, reliability and service life of products.
For engineering practice, the development and improve-
ment of experimental methods for stress determination,
which are divided into two groups — destructive and
non-destructive, are traditionally relevant [1].
Destructive methods are based on the measurement
of deformations occurring when a welded structure
element is completely or partially destroyed. They are
quite common in scientific research. However, the use
of destructive methods is not always appropriate for
high-cost full-scale products and structures being in
operation. Therefore, in engineering practice, non-de-
structive methods for RWS evaluation are used,
during implementation of which, an examined struc-

Copyright © The Author(s)

ture remains undamaged. This is the main advantage
of non-destructive methods over destructive ones.
Among non-destructive methods, the most famous
are X-ray, magnetic and ultrasonic (UT-method) [2].
The latter is currently used both in the industry of
Ukraine and abroad to measure residual stresses aver-
aged over the thickness of the material [3—5]. Howev-
er, for the correct evaluation of RWS, the UT-method
has certain limitations related to the peculiarities of
welded joint formation. Thus, the zone of tension (ac-
tive) of RWS in the weld and in the area around it is
formed by the field of plastic compression deforma-
tions, the values of which are characterized by a rather
high gradient. A reliable evaluation of components of
the plane stress state when applying the UT method,
based on the propagation of elastic waves in metallic
materials, is possible only in the field of elastic stress-
es [1]. In the zone of tensile RWS, formed as a result
of plastic deformation of the weld metal and near-
weld zone during shrinkage of the deposited metal,
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Table 1. Characteristics of RWS evaluation methods

Thickness
Methpd ?f RWS. of metal Base of Advantages of the Drawbacks of the
Number | determination/Avail- . measur. Accuracy of the method
o with RWS method method
ability of standard B, mm
4, mm
1. It is possibile to regis-
ter RWS on the surface | 1. Local surface damage
| ESPI-method/DSTU - 10 +0.1c,, in all areas of | of metal and membrane. while drilling.
8852:2019 - ’ RWS 2. It is possibile to regis- | 2. Difficulties in drilling
ter RWS on the base of solid materials.
By, = 1 mm.
1. It is impossible to
obtain RWS on the
metal surface.
. 1. There i t .
+0.1c, , in the zones of cre1sno nee(.i ° |2 Averaging of RWS on
L 02 destroy metal during .
joints, where the values RWS registerin the base of measuring
2 UT method/none >3 10.0 of elastic-acoustic coef- . g . £ B, =10 mm.
. . 2. It is possibile to apply ur
ficients were experimen- 3. It is necessary to
. the method on full-scale . :
tally determined determine elastico-
structures. . .
acoustic coefficients of
various zones of welded
joint.

the values of elastic-acoustic coefficients differ from
their values in the elastically-strained metal [6]. This
reduces the reliability of RWS evaluation in the plas-
tically-strained zone of the metal without establishing
their values for this zone [7].

For engineering practice, it is relevant to obtain
reliable values of tensile RWS, which (in contrast to
compressive RWS) have a negative effect on the ser-
vice life of welded structures. In addition, the values
of RWS when using the UT-method are averaged on
the measuring base B, of the UT-waves transducer,
which is 10 mm. The half-width of tensile RWS distri-
bution in the weld zone, which have a high gradient, is
comparable to the value of B . Therefore, the use of
the UT-method does not allow setting the peak values
of RWS in the center of the weld and close to it. How-
ever, the determination of RWS by the UT-method in
the reactive compression zone, which is character-
ized by an insignificant stress gradient, the absence of
plastic deformations and shrinkage of the weld metal,
is implemented with satisfactory accuracy (Table 1).

In modern studies, to determine RWS, the method
of electronic speckle interferometry (ESPI-method) is
used, which is based on the elastic unloading of RWS
as a result of drilling holes with a diameter d, and a
depth /2, of 1 mm on the surfaces of examined areas of
a welded joint, and can be considered as conditionally
non-destructive [8]. Tensile RWS when measured by
the ESPI method are averaged on the base B, = d,.
This implements a localized determination of RWS,
i.e. minimizes their averaging due to a small measure-
ment base, which results in a high reliability of eval-
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uating the peak stress values in the center of the weld
(in contrast to the UT-method).

The characteristics, advantages and disadvantages
of both methods of RWS evaluation are summarized
in Table 1, from the data of which it can be seen that
the combination of advantages of both methods while
excluding their disadvantages will allow improving
the reliability of non-destructive determination of
RWS in full-scale welded structures.

THE AIM OF

the work is the development of RWS evaluation pro-
cedure, which is based on the combination of advan-
tages of UT- and ESPI-methods.

PROCEDURE, OBJECT AND SUBJECT
OF RESEARCH

As an object, the processes of RWS determination in
a butt joint specimen were studied using the UT- and
ESPI- methods.

RWS were studied in welded joints of aluminium
alloy with a stable structure, during welding of which
no microstructural phase transformations occur in the
melting zone and HAZ, which are associated with the
volume effects and can lead to a change in residual
stresses from tensile to compressive.

Consideration of the residual stress state of the
welded joint when comparing membrane and surface
stresses is correct for small thicknesses and in a sin-
gle-pass welding. Therefore, the subject of the research
was RWS in a plate of a structurally stable 1561 alu-
minium alloy with the dimensions of 320%205x5 mm
with a longitudinal butt weld (Figure 1, a), produced
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b

Figure 1. Specimen of butt joint of 1561 alloy: « — outer appear-
ance of butt joint specimen, where a solid arrow shows the direc-
tion of o _action, a dotted line — the direction of stress registration
by the UT and ESPI methods; » — macrosection of welded joint
by a single-pass MIG welding. The appearance of the
macrosection of the welded joint is shown in Figure 1,
b. MIG welding mode, residual longitudinal f £, and
transverse A , A, deflections of the plate after welding
are presented in Table 2.

It can be seen that the values f,-f, and A, A, are
insignificant and do not exceed 1.5 mm, which ex-
cludes considerable differences between the values of
membrane RWS and on the plate surfaces.

Diagnostics of the longitudinal (along the weld) o
component of RWS in the central part of the plate was
carried out using the ESPI- and UT-methods [8, 9].
The choice of 6 component (Figure 1) for evaluat-
ing RWS is predetermined by its larger values in the
tension area (compared to the transverse component
G,). The consequence of this is a more significant in-
fluence of 6_(compared to c,) on the characteristics of
the loads of the joints in operating conditions.

When registering the values of o stresses using
the UT-method, the UT-waves transducer was moved
along the surface of the plate on the side of the weld
root along its central cross-section in the directions
indicated by the dotted arrows in Figure 1, a.

When applying the ESPI-method, the stress values o
on the surface of the specimen were registered on both
sides of the plate in the weld center and at a distance of
7 mm from it in the directions indicated by the dotted

Oy, MPa

80 -

Dy

O¢

y, mm

Figure 2. ¢_stresses in the central cross-section of welded joint
specimen of 1561 alloy (Figure 1), obtained by the UT-method
(curve 7) and the ESPI-method (point D), where 2 is a straight
line, showing the gradient of growing tensile RWS, S1 is the area
of the compression epure, S2 is the area of the tension epure
arrow (Figure 1, a). The values of membrane 6_ were ob-
tained by averaging the values of stresses over the thick-
ness on the surface of the specimen on the corresponding
areas of the outer and back surfaces of the plate.

RESULTS OF EXPERIMENTS
AND THEIR DISCUSSION

Figure 2 shows o_stress distributions (curve /) in the
central cross-section of the welded joint specimen
(Figure 1), produced by the UT-method. The straight
line 2 shows the gradient of growing tensile RWS in
the active zone.

Taking into account the fact that the application of
the UT-method excludes the determination of stresses
in the center of the weld, the value of 6 in this area
was performed by the ESPI-method (point D in Fig-
ure 2). Epures of tensile and compressive RWS should
have equal areas, i.e. be “balanced”. Thus, the area S1
of the curvilinear surface between the 0—Y axis and
the curve 4B (compression zone) should be equal to
the area S2 of the quadrilateral BCDO (tension zone)
(Figure 2). However, in this quadrilateral, the position
of the point C remains undefined on the straight line 2,
since the UT-method does not allow measuring tensile
o_stresses in the area close to the weld metal.

Table 2. MIG welding modes and deflections of butt joint specimen from 1561 alloy

Welding speed V,, | Welding current | Welding voltage | Grade/diameter of U mm AJ/A,, G,,» MPa
mm/s I,A U,V filler d, mm 12y mm (for BM)
10 240 26.5 ER5356/1.6 1.0/1.5/1.2 1.5/1.5 180

Note. f, and f; are the deflections of longitudinal edges of the plate; f is the longitudinal deflection of the plate along the weld; A, and A, are
the deflections of transverse edges of the plate, respectively, at the beginning and end of the weld; BM is the base metal.
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Figure 3. Residual o_stresses in the central cross-section of
welded joint specimen of 1561 alloy (Figure 1), obtained by the
UT-method (curve /) and the ESPI-method (curve 2)

In the quadrilateral BCDO, the length of the side
BO (the size of the width of the tensile stress zone)
and the length of the side DO near the right angle,
which in the selected scale of the ordinate axis cor-
responds to the value of the tensile 6_ stresses in the
center of the weld produced by the ESPI method, are
unchanged. Thus, the condition of equality of the ar-
eas S1 = 82 is set by the position of the point C on
the straight line 2 (Figure 2). The coordinate of this
point C on the ordinate axis (if the condition S1 = §2
is fulfilled) determines the value of 6_ stresses in the
area near the weld, and the center of the weld on the
abscissa 0—Y axis. Thus, the fulfillment of the condi-
tion S1 = §2 determines the position of the point C on
the straight line 2 (Figure 2).

The distribution of o stresses in the central
cross-section of the plate (UT—method) which was ex-

Ox

D E

S3=54

\ 5

Figure 4. Epure of membrane RWS obtained using the procedure
according to variant 1, where S3 and $4 are the areas of the ten-
sion and compression epures, respectively, points D and E are the
values of RWS in the weld center and in the fusion zone
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tended to the point C, is shown in Figure 3 (curve 7).
The coordinates of the point C were determined under
the condition that the corresponding areas of the ten-
sion and compression epures are equal. With the use
of the ESPI method, the values of membrane _in the
center of the weld (point D) and near it (pomt Cl)
were obtained, which are shown by the straight line 2.
It should be noted that obtaining reliable values of 6_
in the region C1-D by the UT-method is impossible.

When comparing the values of _at the points C and
C1 (Figure 3), obtained by the UT- and ESPI-methods,
respectively, it can be seen that their difference does
not exceed 18 MPa, i.e., it is close to 0.1c, for 1561
alloy (Table 2), which corresponds to the claimed ac-
curacy (Table 1).

Based on the abovementioned results, the proce-
dure of diagnosing RWS in thin-sheet full-scale struc-
tures with single-pass welds, which is based on the
combined application of UT- and ESPI-methods, is
promising. However, it should be noted that the pro-
posed procedure has certain limitations. Thus, with
significant thicknesses and multipass welding, there is
always a non-uniform distribution of residual stresses
over the thickness, even with a change of sign, and the
determination of the averaged stresses over the thick-
ness is not of interest. Eliminating these limitations
is the direction of further research, including using
methods based on other physical principles.

§3 =54

h . 2 Fhol

Figure 5. Procedure of RWS evaluation according to variant 2:
a — epure of membrane RWS, where areas S3, S4, points D and
E are similar to Figure 4; b — location of holes / and 2 for stress
evaluation by the ESPI-method, respectively, on the outer and
back surfaces of the weld
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Figure 6. Procedure of RWS evaluation according to variant 3: « — curve / — epure of membrane RWS obtained by the ESPI-method
on the witness specimen; curve 2 — epure of membrane RWS, obtained by the UT-method in the reactive compression zone of the
witness specimen; b — 1 — area of the epure of membrane compression RWS, obtained by the UT-method on the structure; 2 — area
of the epure of membrane tensile RWS, constructed by the method of analogies

It is possible to use the procedure in three variants.

VARIANT 1

(Figure 4) is the express-evaluation of RWS by the
UT-method, which allows a quick non-destructive de-
termination of the general level of tensile stresses in
the active zone on a full-scale structure. When apply-
ing the procedure, the condition of equal stresses in
the center of the weld (point D) and near it (point F)
is accepted. At the same time, the geometric shape of
the tension epure is taken in the form of a trapezoid
(Figure 4). This excludes the determination of the fea-
tures of RWS formation in the central part of the joint,
which is a disadvantage of this procedure despite its
advantages such as speed and ease of implementation.

1. Stages of RWS evaluation according to variant 1:

1.1. Distribution of RWS in the reactive zone
(compression) is determined by the UT-method.

1.2. The area of the compression epure $4 is calcu-
lated (Figure 4).

1.3. Under the condition S3 = $4, the height of the
trapezoid with the area S3 of the tensile stresses epure
(Figure 4) is calculated, which on the ordinate axis
determines the value of RWS at the points D (weld
center) and £ (fusion zone).

VARIANT 2

is the evaluation of RWS (Figure 5) by a combination
of ESPI- and UT-methods, which allows obtaining the
values of tensile RWS in the active zone on a full-
scale structure with minimal mechanical impact on
the surface of the weld metal.

The minimization of the impact is achieved due to
the application of the ESPI-method for determination
of RWS (in Figure 5, a, point D) exclusively on the
areas of root reinforcement in the weld center (on the
condition of free access to them). At the same time,
the heights of the reinforcement 4, and the root &,
of the weld should be greater than 4, as is shown in

Figure 5, b. After the determination of RWS values on
both surfaces of the weld, the holes for stress regis-
teration can be (if necessary) removed by mechanical
methods of metal layers from the mentioned surfaces,
provided that the thickness 6 of the working cross-sec-
tion of the base metal is preserved.

2. Stages of RWS evaluation according to variant 2:

2.1. The value of membrane RWS in the weld cen-
ter is determined by the ESPI-method (in Figure 5, a,
point D).

2.2. The UT-method determines the distribution of
RWS in the reactive (compression) zone.

2.3. The area of compressive stresses $4 is calcu-
lated (Figure 5, a).

2.4. Under the condition S3 = 5S4, where S3 is the
area of the tensile stress epure, the coordinates of the
point £ and the relative value of RWS (Figure 5, a)
are calculated similarly to the method corresponding
to Figure 2.

VARIANT 3

is the non-destructive evaluation of RWS (Figure 6)
in full-scale structures by combining the ESPI and UT
methods with the simultaneous use of a witness spec-
imen from a similar material. Basing on the method
of analogies, the procedure allows obtaining values
of membrane tensile RWS in the specimen, which are
equal to the stresses in a full-scale structure. The er-
ror between the distributions of compression RWS in
the specimen and the structure should not exceed the
claimed accuracy of the methods (Table 1). This is
achieved by the equivalence of such components of the
criterion of similarity of the specimen and structure as
their geometric characteristics and welding modes.

3. Stages of RWS evaluation according to vari-
ant 3 (Figure 6):

3.1. The ESPI-method is used to determine the dis-
tribution of membrane RWS in the witness specimen
(Figure 6, a, curve ).
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3.2. The UT-method is used to determine the distri-
bution of RWS in the reactive zone (compression) in
the witness specimen (in Figure 6, a, curve 2).

3.3. The UT-method is used to determine the distri-
bution of RWS in the reactive zone (compression) in a
full-scale structure (in Figure 6, b, area I).

3.4. The characteristics of the compressive stress
epures of the specimen and structure are compared
according to the curve 2 (Figure 6, a) and the curve
in the area / (Figure 6, b) and their identity within the
accepted measurement error is established.

3.5. Taking into account the results of the item 3.4
(identity of the compressive stress epures of the spec-
imen and structure), the distribution of tensile RWS
in the structure is constructed by the method of analo-
gies (in Figure 6, b, area 2).

Analyzing the abovementioned results, it should
be noted that a combined application of the UT- and
ESPI-methods allows minimizing their disadvantages
(Table 1) while combining their advantages. This cre-
ates prerequisites for the development of a number of
procedures for the non-destructive determination of
stress states in full-scale welded structures.

CONCLUSIONS

1. It was established that the combination of the ad-
vantages of the UT- and ESPI-methods while elimi-
nating their drawbacks is the basis for developing a
method for non-destructive determination of RWS in
full-scale structures.

2. It was established that the difference in the val-
ues of tensile RWS in the butt joint weld zone of 1561
aluminium alloy, obtained by the UT- and ESPI-meth-
ods, is close to the index 0.1c, , for this material, which
corresponds to the claimed accuracy of the methods.

3. A procedure for the non-destructive determina-
tion of peak values and distribution of tensile RWS
in the butt joint weld zone was developed, which is
based on the combined application of the UT- and
ESPI-methods and compliance with the condition of
“equal areas” of the epures of balanced tensile and
compressive residual stresses.

4. Based on the results of the research, three types
of procedures for the non-destructive determination
of RWS in full-scale welded structures were proposed
based on the combination of UT- and ESPI-methods.
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