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ABSTRACT

In the modern additive manufacturing of parts, the LPBF method has become widespread, which implies the technology of
laser melting of a metal powder layer, that significantly expands the possibilities for optimizing the geometry of products. For
parts manufactured using the traditional method (casting, deformation), it is known that the surface roughness can significantly
affect the level of mechanical properties, since protrusions and depressions are stress concentrators. Parts manufactured using
additive manufacturing technologies have an increased roughness, but their structural state after manufacturing is significantly
different from traditional metal. It is often necessary to operate without subsequent mechanical surface treatment of products
manufactured by the LPBF method. In the work the effect of roughness, the presence or absence of mechanical treatment of the
working area of the samples on the mechanical properties under static tension conditions was determined. From the analysis of
the profilometric curve and microstructure, it was found that samples without mechanical treatment have periodic protrusions,
which is related to the texture formed during the manufacture. The average values of the mechanical properties do not differ
significantly (less than 6.6 % for various characteristics) depending on the presence or absence of mechanical treatment, but
deviations from the average within the sample regarding the values of tensile strength and reduction in area for samples without
mechanical treatment are many times larger compared to the interval of value fluctuations within the sample for samples with

mechanical treatment.

KEYWORDS: LPBF technology, roughness, stainless steel, mechanical properties

INTRODUCTION

As manufacturing processes continue to improve and
develop, the demand for more rapid and less expen-
sive manufacturing processes has led to the devel-
opment of a number of rapid prototyping (RP) pro-
cesses. Using additive manufacturing, almost any
geometry with variations in size and complexity can
be produced with a high degree of accuracy [1, 2].
The main limitation for the manufacture of parts with
the methodology of topological optimization applied
to them, which may contain internal channels of com-
plex configuration, technological holes and remov-
al of non-working elements to reduce weight, is the
complexity of their final mechanical treatment due to
their small size (e.g., holes, channels), geometric de-
sign features and the inability to bring the tool to a
part. These complications necessitate designing of a
CAD-model that takes into account and predicts man-
ufacturing processes and features to prevent surface

Copyright © The Author(s)

geometry defects in the finished product (e.g., incom-
plete fusion of holes) that cause their impassability
during the process of manufacturing, etc.

Many researchers have considered the issue of
final surface treatment of a part [2—5], the so-called
post-treatment of parts by chemical, electrochemi-
cal and physical effects, which allows achieving the
required surface roughness or cleaning as an alter-
native to mechanical treatment or as an intermediate
one before further mechanical treatment. However, it
should be noted that achieving the required surface
roughness by these methods has a number of disad-
vantages, which were mentioned in [6—10], namely:
loss of geometric parameters in the areas of a part
with protruding edges, which is associated with more
intensive electrochemical polishing processes in this
area [10—11]; the presence of intergranular corrosion
formation in the Down-skin areas; insufficient clean-
ing due to sintering of powder particles in the melt-
ing processes in the zone of metal-powder interaction
during manufacturing.
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Table 1. Actual chemical composition of 316L steel powder, wt.% [13]
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Figure 1. Particles of the source material of 316L powder at x200 magnification (a) and the results of granulometric analysis () [13]

Theresults of studies [ 7-11] indicate that the rough-
ness level of standard testing samples significantly
affects the values of the final mechanical properties.
This is even reflected in the standard technical doc-
umentation as requirements for the maximum allow-
able roughness of testing samples. However, it should
be noted that this conclusion was made in relation to
testing samples made by the traditional manufacturing
method. This is mainly associated with the fact that in
the technological processes of manufacturing testing
samples using the traditional manufacturing method,
there may be defects in the form of inconsistencies and
inclusions: pores, cracks, carbides, nitrides, interme-
tallic phases, Laves phases, etc. that have a negative
impact on the final mechanical properties, in addition
to surface roughness. But, as is known from studies
[12], mainly due to the rather high density of sam-
ples manufactured by the LPBF technology, namely
99.7-99.9 %, and taking into account the peculiarities
of the processes of crystallization and the formation
of an unbalanced highly dispersed structural state at
high cooling rates, it was found that the conditions
of the required roughness can be neglected, since the
presence of elevated roughness may not have a signif-
icant effect on the final mechanical properties without
the presence of a high rate of defects or deviations

VRa2.25%!
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Figure 2. Geometric parameters of testing samples

from the typical structure for parts made by the LPBF
technology.

Based on the above, the study of the influence of
roughness on the final mechanical properties is an im-
portant issue of materials science in additive manu-
facturing, since service properties can determine the
final operational properties and the life of a part.

THE AIM

of this work is to study the effect of roughness of 316L.
stainless steel samples made by the LPBF technology on
mechanical properties under static tensile conditions.

MATERIAL AND RESEARCH METHODS

In this work, tensile testing samples in the working area
without and with mechanical treatment were investigat-
ed, fabricated in the Alfa-150D 3D printing machine
manufactured by ALT Ukraine LLC with a 150x150
mm printing area equipped with an ytterbium laser with
a wavelength of 1064 nm, the protective medium is ar-
gon gas circulating in the working chamber.

The samples were manufactured in the vertical
direction with a working zone diameter of 5 and
6 mm (with an allowance for subsequent mechani-
cal treatment) and a working zone of 25 mm length.
The rational printing parameters that allowed obtain-
ing a density of the finished product of 99.9 % were
as follows: thickness of the deposited layer 40 pm,
distance between tracks 0.1 mm, power 220 W, beam
speed 1070 mm/s, scanning strategy — staggered
fields 2.5%2.5 with a rotation angle of 67° relative to
the previous layer [13] from metal powder of 316L
austenitic steel with the actual chemical composition
presented in Table 1, whose particle size analysis is
shown in Figure 1. The selected material mainly con-
sists of austenite and is not prone to the formation of
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Figure 3. Profilometric surface curves of testing samples (a) and microstructure of testing samples 1 (b) and 3 (¢) before tensile tests:
1, 2 — without mechanical treatment; 3, 4 — with mechanical treatment

an intermetallic phase as a result of short-term heating
and cooling during heat treatment.

The samples were machined to final dimensions
(Figure 2) using a HAAS ST10 lathe; five passes
were made in the working area with a tool feed rate of
0.1 mm and a speed of 400 rpm.

Mechanical properties were determined by ten-
sile testing using a standard method in an INSTRON
machine. Roughness control was performed by two
methods: using a DANA-260 roughness gauge and
microstructural analysis in an AxioVert 200MMat op-
tical microscope using specialized software Image].

RESEARCH RESULTS

As a result of evaluating the surface condition of
testing samples, it was found that the roughness of
samples 1 and 2 without mechanical treatment in
the working area was 24.41 ym (R) — 6.76 um (R )
and 24.56 um (R) — 6.78 um (R ), respectively, the
roughness of samples 3 and 4 after mechanical treat-
ment was 2.28 pm (R ) — 0.50 pm (R ) and 2.26 pm
(R)—0.56 um (R ), respectively. Figure 3 shows the
profilometric curves of the reference surface of 4 mm

long testing samples and the surface microstructure of
samples before testing.

From the analysis of the profilometric curve and
microstructure (Figure 3, a, b), it was found that sam-
ples 1 and 2 without mechanical treatment have peaks
at approximately equal distances from each other,
which is associated with the texture formed during
the crystallization of the base metal and local cyclic
heating on the surface. These peaks and areas are the
main stress concentrators during loading, which can
lead to premature failure. Based on the results of the
analysis of the curves of testing samples 3 and 4 (Fig-
ure 3, a, ¢), it was found that the roughness of these
samples is insignificant, the range of fluctuations does
not exceed the value of 4 um. It can be assumed that
the mechanical treatment properly levelled the sur-
face of a testing sample without the presence of areas
that could be stress concentrators during loading.

As a result of the tensile tests, stress-strain curves
were obtained and the main mechanical properties were
determined, which are shown in Table 2 and Figure 4.

From the analysis of the determined mechanical
properties, it was found that in terms of average val-

Table 2. Results of determining the mechanical properties of samples made of 316 L stainless steel by the LPBF technology with dif-

ferent surface conditions of the working zone

1
:225; Condition ¢, MPa A,c,% | o,,MPa [A o, % 3, % A8, % v, % AV, %
1 Without mechanical 626.9 2.3 561.6 -2.8 46.0 -1 66.3 +4,52
2 treatment 657.0 +2.29 594.0 +2.72 47.0 +1 60.4 —4.,5
Medium 641,9 — 577.8 — 46.5 63.3 —
3 Mechanical treatment 677.9 +1.26 587.6 —-1.56 43.9 +0.9 65.1 -0,07
660.7 -1.28 569.3 +1.57 43.0 —0.9 65.2 +0,07
Medium 669,3 — 578.4 — 434 65.15 —
Notes. A, 6/c,,/5/y is the deviation (%) from the average value within the sample.
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Figure 4. Stress-strain curves of 316 L stainless steel testing sam-
ples made by the LPBF technology with different surface condi-
tions of the working zone: 1, 2 — without mechanical treatment;
3, 4 — with mechanical treatment

ues of samples 1 and 2, which were tested without
preliminary mechanical treatment of the working
zone, they have lower values of strength characteris-
tics, namely: tensile strength — 641.9 MPa and yield
strength 577.8 MPa, i.e. by 4.09 and 0.1 %, respective-
ly, compared to samples with mechanical treatment
of the working zone, namely: 669.3 and 578.4 MPa,
respectively. However, it should be noted that the av-
erage values of the ductility indices varied in different
directions: the average values of relative elongation
(46.5 %) of testing samples 1 and 2 are 6.6 % higher,
and the average values of reduction in area (63.3 %)
are 2.8 % lower than the average values for samples
3 and 4, namely, relative elongation — 43.4 % and
reduction in area — 65.15 %. These results for the
ductility characteristics, namely: relative elongation
and reduction in area are mainly associated with the
opening and elongation of high roughness zones, as
noted in [14-16].

The comparative analysis of the mechanical prop-
erties of testing samples 1 and 2 showed that samples
which did not undergo the stage of mechanical treat-
ment after manufacturing, have a deviation from the
average value of £2.5 % of the tensile strength and
yield strength within the sample, and testing samples
3 and 4 have a deviation from the average value of
+1.4 %. From the analysis of deviations in the ductili-
ty characteristics, namely relative elongation from the
average by groups, it was found that testing samples 1
and 2 without mechanical treatment have a spread of
values in the range of +1 %, while testing samples 3
and 4 have a spread of values in the range of £0.9 %.
As for the reduction in area, it was found that sam-
ples 1 and 2 have a range of deviations from the av-
erage of £4.51 %, and samples 3 and 4 — +0.07 %.
Thus, it can be concluded that the average values of

mechanical properties do not change significantly
depending on the presence or absence of mechanical
treatment, but it should be noted that the deviations
from the average values of tensile strength and reduc-
tion in area for samples without mechanical treatment
(1 and 2) in the middle of the sample are much larger
compared to the range of fluctuations within the sam-
ple for samples with mechanical treatment (3 and 4).

CONCLUSIONS

1. It has been found that samples of 316 L steel made
by the LPBF technology using rational technological
parameters at a powder working layer thickness of 40
um have a roughness of 24.41-24.56 um (R ); 6.76-6.78
um (R ); the surface profile has peaks at approximately
equal distances from each other, which is associated with
the texture formed during the crystallization process and
local cyclic heating of the surface.

2. A comparative analysis of the mechanical prop-
erties determined on 316 L steel samples made by
the LPBF technology revealed that the strength char-
acteristics of samples with a working zone without
mechanical treatment in the state after manufacturing
have lower average values (tensile strength and yield
strength are 4.09 and 0.1 % lower, respectively) com-
pared to the average values of these characteristics de-
termined on similar samples with mechanical treatment
of the working zone. The average values of the ductil-
ity indices changed in opposite directions: the values
of relative elongation of samples without mechanical
treatment were 6.6 % higher, and the values of reduc-
tion in area were 2.8 % lower than the average values
for similar samples with mechanical treatment.

3. The analysis of the mechanical properties of 316 L
steel samples determined after tensile tests, which were
manufactured by the LPBF technology, revealed that
the spread of values within the sample relative to the
average value of the yield strength and reduction in
area is insignificant (1.0-2.5 %) regardless of the pres-
ence or absence of mechanical treatment. However,
the deviations from the average values of the tensile
strength and reduction in area for samples without me-
chanical treatment within the sample are many times
greater compared to the range of fluctuations within the
sample for samples with mechanical treatment.
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ABSTRACT

When permans explore the Moon, not only the development of specialized electron beam welding equipment, but also auxiliary
equipment, which is the workplace (WP) of a cosmonaut-welder, is very relevant. The paper describes the working project for
the manufacture of the cosmonaut-welder WP, which is adapted for performing electron beam welding and related technologies
with a hand tool in Earth orbit and on the surface of the Moon. The development of the WP took into account the peculiarities
of the surface of the Moon and, first of all, the reduced gravity compared to the Earth, low temperature, and the presence and
action of lunar dust (regolith). It is shown that the main technical characteristics of the cosmonaut-welder WP are: transport
dimensions, mass characteristics, service area, selection of the chassis design of the mobile WP, as well as the specific choice of
the electric drive and its power supply (autonomous, solar battery, battery or onboard network of the space station). The object
of research and calculations was the typical design of the lunar module of DB “Pivdenne” Enterprise. The proposed workplace
of the cosmonaut-welder is made in the form of a folded “cradle”. In the transport position, it should take up a minimum of
space and have a minimum weight. Several variants of the cosmonaut-welder workplace are proposed and considered accord-
ing to the following parameters: dimensions in the transport position, the number of moving elements from the point of view of
the influence of lunar dust — regoliths, the weight of the structure, convenience and ease of transfer from the transport position
to the working position. Calculations of the necessary weight of the cosmonaut-welder workplace for performing work on the
surface of the Moon have been carried out. The measures that ensure the reliability of the operation of the cosmonaut-welder
workplace in open space and on the surface of the Moon are given.

KEYWORDS: workplace, cosmonaut-welder, electron beam welding, spacecraft engineering

INTRODUCTION

During exploration of the near-earth space and the
surface of the Moon, it will be necessary to perform
mounting, and in a number of cases also repair-res-
toration operations. Electron beam welding is a pri-
ority technology during fabrication of structures in
spacecraft engineering, which allows producing reli-
able joints with guaranteed tightness without lower-
ing of their strength and with preservation of weight
and dimensional characteristics [1]. Over the recent
years this welding process has regained its popularity
among the researchers [2].

New generation electron beam tool developed at
PWTI for performance of welding and related process-
es, is capable of operating both in the manual (during
work performance by cosmonaut-welder), and in the
robotic version.

There are many situations, when we cannot do with-
out the cosmonaut-researcher. These are non-standard
situations, when it is necessary to assess the scope of
violations, and determine the methods for performing
the work or repair operations. There is a large number
of operations, (primarily, repair-restoration operations or
fixing the fragments of large-sized structures), for which
it is difficult or impossible to prepare in advance. More-
over, occurrence of emergency situations is probable,
which require performance of urgent technological oper-

Copyright © The Author(s)
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ations, such as cutting, welding or brazing, during which
the process and scope of operations will be determined
by the cosmonaut directly in site.

During exploration of the Moon a lot of attention
is given to establishing long-term lunar bases (LLB)
and the infrastructure for these constructions. Taking
into account the special physical conditions on the
surface of the Moon, i.e., first of all, superhigh vac-
uum (up to 107" Pa), the required tightness of LLB
structures can be ensured using welding. Therefore,
development of specialized electron beam welding
hardware and auxiliary equipment, which is the cos-
monaut-welder workplace (WP) is relevant in explo-
ration of the Moon.

Welding operator WP developed at PWI, is de-
signed for performance of technological and repair
operations in service of base modules on the surface
of the Moon. It is required for operator movement to
the place of performance of the operations of mainte-
nance and repair of the space module skin, with the
possibility of its lifting, tilting and rotation around the
vertical axis [3].

During work performance in the Earth orbit, with
the height close to 300 km, the movement of the fly-
ing object is accompanied by frequent changes of day
and night: during every 90 minutes of flight the man
is in the dark for 45 min. Human adaptation to the
sun’s rays, the brightness of which is doubled, also
becomes relevant. Therefore, there is the need for ar-
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tificial lighting for the cosmonaut-welder workplace
during operation in complete darkness.

THE OBJECTIVE

of this work is creation of cosmonaut-welder work-
place, meeting the modern requirements to space
hardware, and using modern component base and ad-
vanced materials.

To achieve this objective, PWI “Space Technol-
ogy” Department developed the working design for
manufacturing cosmonaut-welder WP which is adapt-
ed for performing electron beam welding with the
hand tool in the Earth orbit or on the surface of the
Moon. During performance of this work, the peculiar-
ities of the lunar surface were taken into account, first
of all, reduced gravity, compared to Earth, low tem-
perature and presence and impact of the lunar dust.

CREATION OF THE WELDING
OPERATOR WORKPLACE

The following concept was proposed: develop a
workplace of cosmonaut — welding operator, provid-
ing the opportunity of comfortable work of a man in a
spacesuit during performance of the above-mentioned
operations when mounting LLB structures and for
other operations.

The welding operator WP was developed, pro-
ceeding from the conditions that it will be necessary
to weld LLB structure elements 3000 mm in diameter,
6000 mm long and 6 mm thick.

The main technical characteristics of cosmo-
naut-welder WP are as follows: transport dimensions,
weight characteristics, service area, selection of the
mobile WP chassis design, as well as specific choice
of the electric drive and its power supply (auto-
monous, solar battery, battery or on-board network of
the space station). WP should be made in the form of a
folded structure, which in the transport position takes
a minimum volume at minimum weight, depending
on the selected structure material.

In this work a typical design of lunar module of
DB “Pivdenne” enterprise was taken as the object of
study. The horizontal orientation module is an alu-
minium welded structure of a cylindrical shell, frame
and torispherical bottoms. The module outer diameter
is equal to 3000 mm, and WP supports are adjustable
by 100 mm by height.

Figure 1 shows the general view of a typical lunar
module design [4]. For increase of the amount of move-
ment in height, the supports provide the possibility of ad-
ditional manual adjustment (possibility of extending the
movement by 100 mm). Sequential connection of such
blocks into one structure with various purposes, such as
residential and research modules, allows creating a base,
sufficient for the man to stay on the Moon.

Taking these factors into account, several design
variants of the cosmonaut-operator WP were pro-
posed and considered, in compliance with the fol-

Figure 1. General view of a typical design of a lunar module of
horizontal orientation with protection [4]: / — power shell with
external coating; 2 — pressurized doors; 3 — mounting supports;
4 — docking device; 5 — pressure release device

lowing requirements: minimal overall dimensions in
the transport position, limited number of mobile el-
ements, minimal structure weight due to the selected
heat-hardenable aluminium alloy 2219 with heat-re-
flecting coating over the entire structure surface [4, 5].
Convenience and ease of its transfer from the transport
into the working position are provided. Convenience
of performance of technological work can be provid-
ed due to operator position with different manipulator
positions: from minimal lower position to maximal
upper one. Possibility of the operator taking the inter-
mediate positions is also provided, for instance when
performing repair of defects on the module surface. In
this variant the operator is an inclined position. Con-
sidering the effect of reduced gravity, the comfort of
performing the technological operations is impaired,
which requires reliable fixation of the operator rela-
tive to the work object.

During work performance on the surface of the
Moon, the specialized cosmonaut-welder WP is one
of the most complex tasks for realization of manu-
al electron beam welding in the general complex of
hardware for working in space [6]. Solving this prob-
lem will enable fixing the cosmonaut-welder for pre-
cise coordination of complex motions during welding.

Long-term operation and maintenance of such
complex and volumetric equipment requires de-
velopment of means for installation and scheduled
preventive repair. It can be shell perforation as a
result of accidental mechanical impact or from a
meteorite strike. One of the main elements to solve
this task is development of a welding tool and
welder workplace to repair defects resulting from
such phenomena.

Technical characteristics of welding operator
workplace include the following; transport dimen-
sions, weight characteristics, material for manufac-
ture, service area, selection of the design of mobile
workplace chassis, as well as specific choice of the
electric drive and its power supply [7].
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Figure 2. Tentative overall dimensions of a cosmonaut in a spacesuit

Figure 2 shows the tentative overall dimensions of a
cosmonaut in a spacesuit. The welder’s platform — “cra-
dle” was developed for these data. A single variant of the
“cradle” was developed, as this device is directly con-
nected with the welding operator and cannot change.

The workplace proper is made in the form of a
folded “Cradle” (Figure 3). It should take up mini-
mum space and have minimum weight in the transport
position. Special grips are holding the “cradle” frontal
frame in the transport position and provide fixation of
all the elements in such a shape. In the working posi-

Figure 3. “Cradle” in the transport position
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tion, the grips are holding the “cradle” side frames in
the vertical position. Mounted on the workplace plat-
form is a bracket to prevent slipping of the welder’s
feet during the workplace tilting, when working in the
upper zone. Workplace tilting at an angle of approx-
imately 30° is ensured by pitch drive, and workplace
rotation by an angle of £15° is performed by swing
drive. Both these drives are located at the end of the
other lever of workplace movement.

Figure 4 shows the intermediate transformations
of the “cradle” from the transport into the working po-
sition. The process of deployment of all the structure
elements is shown sequentially. The locking handrail
is opened and closed by welding operator by turning
the handle, when entering the “cradle”.

OPTIONS OF COSMONAUT-WELDER
WP DESIGN

Several options of cosmonaut-welder workplace have
been proposed and considered based on the following
parameters: overall dimensions in the transport po-
sition, number of mobile elements, structure weight,
convenience and simplicity of transferring from the
transport into the working position. The quality of
welding operations performance largely depends on
the position of cosmonaut-welder. Welding operations
are performed by a man in a spacesuit in the vertical
position. Figure 5 shows the variants of operator’s
position during performance of work on repairing
defects on the module surface. Here, we had to tilt
the operator. This is quite possible, in view of the low
gravity value. The cylinder (the outer diameter of
which is equal to 3000 mm) is resting on adjustable
supports. The technical proposals were developed,
proceeding from these initial data. Workplace inclina-
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tion at an angle of ~300° is provided by a step drive,
and the workplace rotation by an angle of £150° is
performed by the rotation drive.

The above-mentioned variant has better parame-
ters of transport stowage the mobile workplace. The
workplace should be transported using a four-wheel
trolley with controlled stops.

Results of selection of operator workplace variants
were used to make a 2D model, based on the men-
tioned variant. In some intermediate positions, the op-
erator platform did not allow moving along the mod-
ule outer surface.

For the platform to pass, it was necessary to move
the workplace trolley, but such actions are inadmissi-
ble, as the trolley should stand on jack supports during
the operator working in the workplace. This neces-
sitated some changes in the length and position of
manipulator base mounts. Manipulator base fasteners
were moved to the position under the rear wheel axle;
length of the first lever was increased to 1500 mm and
length of the second lever — to 1800 mm.

Figure 5, f shows the upper position of the work-
place, which enables servicing the module upper
surface. This model allowed observing how the in-
teraction of the operator, workplace and the module
housing occurs during movement from the lower to
the upper point, which commands the operator should
issue from the control panel to the manipulator. The
Table 1 gives the new dimensions of the welding op-
erator workplace.

Workplace control panel should have the follow-
ing commands. For the trolley: forward, backward,
left, right, lower, raise the jacks. For workplace ma-
nipulator: forward, backward, up, down, left, right,
tilt, straight, initial position. Initial position is when
the operator is in the lowest position (Figure 5, a).

Figure 4. General layout of the welding operator platform and
arrangement of the technological block with the seat for the tool
and control panel in the “cradle”: welding operator platform (a),
manipulator with drives 7, 2, 3, 4 (b)

The next stage of the work was selection of the
principles of placing and choosing the drives, mounted
on WP manipulator “arm” (Figure 4, b). Several vari-
ants of drive placing were considered. Drives / and 2
should be responsible for movement of the platform
with welding operator and power supply and control
modules. More over, these drives are responsible for
movement of the structure of the workplace proper.
The weight of welding operator in the spacesuit is
~220 kg. Weight of all the modules is ~25 kg. Weight
of the workplace structure should be ~130 kg. Thus,
the total weight of all the elements, moving in space,
is ~ 375 kg. On the Moon the weight is 6 times low-
er, than on the Earth, i.e. it is equal to ~62.5 kg. The
distance from the center of fastening of the first lever
to the center of gravity is ~2 m. Then, the moment re-
quired for movement of the welding operator is equal
to 125 kg/m. Drives I and 2 have up to 165 kg/m mo-

Figure 5. Intermediate phases of workplace positioning during maintenance of the module

1




N.V. Piskun et al.

Table 1. Dimensions of operator workplace

Parameter Value, mm
Base between WP wheels 3000
Length of WP manipulator first lever 1500
Length of WP manipulator second lever 1800
Module diameter 3000
Depth of WP platform 820
Height of WP platform 1060
Width of WP trolley 220
Distance between trolley surface 100

and first lever mounting axis

ment and drives 3 and 4 — 40 kg/m. At the stage of
technical proposals the following drives were select-
ed: gear motors NMRV 150/075 and NMRYV 090/040.

Several variants of placement of the drives for con-
trolling the manipulator arm position, WP inclination
and rotation in the trolley base were considered. The
most optimal is the WP manipulator variant with plac-
ing of the drives for controlling the manipulator arm
position, WP inclination and rotation at the trolley base,
which reduces the load on the manipulator even more,
and greatly improves its characteristics. In this case, the
weight to be moved in the smallest and the service area
is greater than with all the other variants.

WP reliability is ensured by the following mea-
sures:

e application of verified component base with the
required parameters and characteristics, ensuring their
operation under the conditions, which are in place at
different stages of ground-based training and during
experiment performance;

e ensuring the quality of manufacturing, in accor-
dance with the quality system acting at the enterprise;

e using the required safety factors during design
and engineering optimization;

e conducting the required scope of ground-based
experiments with application of advanced procedures,
using limit testing modes with simulation of the con-
ditions in place in standard and emergency situations.

CONCLUSIONS

1. Welding operator WP which is designed for per-
formance of technological and repair operations in
service of the station modules on the surface of the
Moon, is an integral part of welding equipment.

2. Welding operator WP is necessary for operator
movement from the place of performance of the oper-
ations on maintenance and repair of the space module
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skin with the capability of its lifting, tilting and rota-
tion around the vertical axis.

3. Development of a specialized WP of cosmo-
naut-welder is one of the most complicated tasks in the
overall complex of hardware for work performance in
space. It enables fixing the cosmonaut-welder which
is required for precise coordination of complex move-
ments, ensuring quality and stable manual electron
beam welding in orbit or on the surface of the Moon.
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ABSTRACT

Heat-resistant titanium-based pseudo-a-alloys have become widely applied in many sectors of modern industry, which is
due to a high level of their specific mechanical properties at higher temperatures. Application of electron beam welding
technology is the most rational when manufacturing parts and components from heat-resistant titanium alloys. Its special
feature are high rates of cooling of the weld metal and HAZ, which complicates welding of heat-resistant titanium alloy
Ti-6.5A1-5.3Zr-2.2Sn—-0.6Mo0—-0.5Nb—0.75Si, where the high silicon content ensures lower ductility characteristics at room
temperature. The influence of electron beam welding on the weld metal and HAZ structure, and on the mechanical properties
of the heat-resistant titanium alloy Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb—0.75Si was studied. It was found that application
of electron beam welding with local heat treatment at 750 °C leads to reduction of the size of packages with Widmanstatten
morphology from 50-100 to 20—-50 um and increase in welded joint strength from 996 to 1041 MPa, which corresponds to base
metal strength.

KEYWORDS: heat-resistant titanium alloy, microstructure, mechanical properties, electron beam welding, local heat treat-

ment

INTRODUCTION

Heat-resistant titanium alloys combine high specific
values of strength, increased characteristics of fatigue
and crack propagation resistance, as well as corrosion
resistance [1, 2]. However, establishing the possibil-
ity of producing sound welded joints of advanced
heat-resistant titanium alloys is an urgent task in view
of the growing requirements to engine components
being designed [3, 4]. Heat-resistant titanium-based
pseudo-a-alloys are considered promising materials
in aviation and space engineering, and automotive
industry, owing to preservation of the a-structure at
elevated temperatures, which is due to maintaining
the temperature of polymorphic (0—f)-transforma-
tion at the highest possible level. During polymorphic
(o—P)-transformation, the hexagonal close packed
crystal lattice of the more heat-resistant o-titanium
loses its stability and develops into a cubic body-cen-
tered modification of the less heat-resistant B-titanium
[5, 6]. The highest heat resistance is demonstrated by
doped alloys of Ti—Si—X systems due to formation in
the cast state of a framework of strengthening phases
arising during eutectic crystallization [7]. One of the
directions for increasing the titanium alloy heat resis-
tance is creation of in-situ composites based on refrac-

Copyright © The Author(s)

tory silicide compounds. In Ti—Al-Si system a contin-
uous series of eutectic compositions forms along the
surface of isoconcentration of isoconcentration close
to 10 at.% Si, where o-Ti is the matrix, and Ti,Si, has
the role of strengthening phase [8, 9]. One of such
promising alloys is the experimental pseudo-a-alloy
Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo0—0.5Nb-0.75Si, which
can be used to manufacture parts of GTE turbocom-
pressor rotor, as well as of the engine and cooling sys-
tems of internal combustion engines (ICE), because
their specific weight will be two times less, compared
to traditional materials [10, 11].

The great majority of structures from heat-resistant
titanium alloys are manufactured using the technolo-
gies of electron beam welding (EBW) [12, 13]. EBW
features are high quality of welding zone protection
from contact with atmospheric gases and welding
performance in one pass, as well as the possibility of
conducting local heat treatment (LHT) of the welded
joint in the vacuum chamber right after welding. The
possibility of performing local heating and further
heat treatment in the vacuum chamber is an essential
advantage of EBW technology [14, 15]. Preheating of
the welded joints is a rather effective technological
measure which is used in welding high-strength steels
to prevent cold cracking [16—18].
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Table 1. Modes of electron beam welding of heat-resistant titanium alloy Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb—0.75Si

Beam Welding Preheating LHT LHT
Mode . .
current, mA speed, mm/s temperature, °C temperature, °C duration, min
1 90 7 - - -
2 —»— —»— 400 - -
3 —»— —»— —»— 750 10

EBW features high rates of cooling of the weld
metal and HAZ, which results in lower strength of
the welded joint of heat-resistant titanium alloys in
as-welded condition. In case of performance of weld-
ed joints on promising heat-resistant titanium al-
loy Ti—6.5A1-5.3Zr-2.2Sn—-0.6Mo—0.5Nb—-0.75Si,
EBW is more complicated in connection with the
high content of silicon, which is several times higher
than silicon solubility in titanium in the weld metal
[19]. Influence of the thermal cycle of welding leads
to structural changes in the weld metal and HAZ of
this alloy resulting in development of a stressed state
and in formation of cold cracks, considering the low
ductility of silicon-alloyed metal [20, 21].

Thus, it is necessary to study the weldability of
new generation heat-resistant titanium alloys and to
determine the technological welding modes, which
will provide an optimal structure of the weld metal
and HAZ, in order to achieve a set of high mechanical
properties of the welded joints with the strength not
less than 90 % of that of the base material.

The objective of this work is studying the influ-
ence of electron beam welding on the structure of
weld metal and HAZ, as well as mechanical proper-
ties of welded joints of heat-resistant titanium alloy
Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb-0.75Si.

MATERIALS
AND EXPERIMENTAL PROCEDURE

Heat-resistant titanium alloy Ti—6.5A1-5.3Zr—2.25n—
0.6Mo—0.5Nb—0.75S1 is highly sensitive to the ther-
mal cycle of welding. Therefore, it is necessary to
study the influence of such technological measures,
available for electron beam welding, as preheating
and local heat treatment in the vacuum chamber, on
the possibility of producing defectfree welded joints.

Electron beam welding was performed in UL-144
machine fitted with ELA 60/60 power unit. Plates
made cut out of an ingot of heat-resistant titanium al-
loy of Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb-0.75Si
system produced by electron beam melting, were used
for investigations [22]. Hot-rolled plates from the
above-mentioned alloy 10 mm thick were produced
in a reversible two-roll rolling mill 500/350 of Skoda
Company [23]. Rolling began at the temperature of
1050 °C, the temperature of the end of rolling was
not lower than 800 °C. After rolling, the metal was
annealed at 900 °C for 1 h.

Chemical composition of experimental alloy
Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb-0.75Si was as
follows, wt.%: Ti — base; Al — 6.4-6.8; Zr — 5.1—
5.4, Sn — 1.8-2.5; Mo — 0.55-0.75; Nb — 0.5-0.6;
Si—0.74-0.76.

EBW of 10 mm thick samples was performed. Sam-
ples of heat-resistant Ti—6.5A1-5.3Zr-2.2Sn—-0.6Mo—
0.5Nb-0.75Si alloy were assembled without edge prepa-
ration or a gap. EBW modes for heat-resistant titanium
alloy Ti—60.5A1-5.3Zr-2.2Sn—0.6Mo0—0.5Nb—0.75Si are
given in Table 1. Figure 1 shows an example of a welded
joint of heat-resistant Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—
0.5Nb-0.75Si alloy produced by EBW without applica-
tion of preheating or LHT.

Power of the electron beam during preheating and
LHT was 3 kW, which ensured up to 750 °C tempera-
ture in the treatment zone. The width of the treatment
zone with preheating and LHT along the weld was
30 mm. The temperature in LHT zone was monitored
with thermocouples and recorded using a multichan-
nel potentiometer KSP4. Figure 2, b gives an example
of the thermal cycle in welding with preheating up to
400 °C, Figure 2, ¢ presents the recorded thermal cy-

a

b

Figure 1. Welded joint of heat-resistant titanium alloy Ti—6.5A1-5.3Zr-2.2Sn-0.6Mo—0.5Nb—0.75Si made by EBW (mode 1), in

as-welded condition: a — face; b — root side
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Figure 2. Thermal cycle in the HAZ in EBW of heat-resistant
Ti—6.5A1-5.3Zr-2.2S8n-0.6Mo—0.5Nb—0.758Si alloy: a — without
preheating or LHT; b — with preheating to 400 °C; ¢ — with
preheating to 400 °C and further LHT at 750 °C

cle in welding with preheating to 400 °C and postweld
LHT at 750 °C.

Examination of transverse sections of EB welded
joints on heat-resistant Ti—6.5A1-5.3Zr-2.2Sn—
0.6Mo—0.5Nb—-0.75Si alloy showed that the macro-
structure of the base metal, weld metal and HAZ is
more homogeneous in the condition after preheating
and LHT (Figure 3).

. . o : : 100 um| [h

Figure 3. Macrosection of as-welded joint of heat-resistant titani-
um alloy Ti—6.5A1-5.3Zr-2.2Sn-0.6Mo-0.5Nb—0.75Si made by
EBW (mode 3)

MICROSTRUCTURE

OF EB WELDED JOINTS OF HEAT-RESIS-
TANT TITANIUM ALLOY
Ti—6.5A1-5.3Zr-2.2Sn-0.6Mo0-0.5Nb-0.75Si

The Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb—0.75Si al-
loy belongs to the group of pseudo-a-alloys, in which
the a-phase is the alloy matrix, and a certain amount of
the B-phase can form, depending on the specific con-
ditions of microstructure formation. Studies of the ini-
tial alloy structure immediately after rolling was over,
showed that the metal in as-rolled condition has a fine-
grained structure, formed by globular (equiaxed) grains
5-15 um in size, whereas precipitates of -phase crys-
tallites are observed along the boundaries of a-phase
grains in relatively small amounts (Figure 4).

Before welding, the alloy was vacuum annealed at
the temperature of 900 °C. Microstructure analysis indi-
cates that annealing led to a change in the alloy structure
morphology (Figure 5, a). During cooling after anneal-
ing, a Widmanstatten structure (basket weave structure)
was formed, which consisted of a- and B-phase platelets.
The size of individual packages of the Widmanstatten
structure, assessed by the maximal length of the platelets
in the package was 2050 um (Figure 5, b) which is in-
dicative of a significant increase in the size of grains of
the matrix o-phase during annealing.

Figure 6 shows the microstructure of weld metal
of EB welded joint of heat-resistant Ti—6.5A1-5.3Zr—
2.2S8n—-0.6Mo—0.5Nb—0.75Si alloy. Image magnifica-
tion is determined by the scale mark on the respective
photo. Microstructure analysis indicates that a typical
dendrite structure of cast metal forms in the weld zone
(Figure 6, a). It is dense and no defects such as poros-
ity, cracks or nonmetallic inclusions are detected in it.

20 um

Figure 4. Microstructure of the central zone of a hot-rolled sheet of Ti—6.5A1-5.3Zr-2.2Sn-0.6Mo—0.5Nb—0.75Si alloy in as-rolled
state
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The size of dendrite branches on the section surface can
be tentatively assessed by the difference in etchabili-
ty of individual areas, and it is equal to 100-500 pm.
Dendrite area boundaries have no excess phase pre-
cipitation, and are not the weak points of the material.
It is important that rapid cooling of the molten weld
metal in EBW results in formation of rather dispersed
packages of Widmanstatten morphology in the dendrit-
ic areas with package size (by the size of the largest
platelets) in the range of 20-50 wm, which is close to
the characteristics of dispersion of base metal structure.

Considering the high rate of cooling to tempera-
tures below T, the intragranular structure of the
weld metal is represented by martensite acicular
o'-phase (Figure 6, b), which forms due to f—a’
transformation. The primary grain boundaries have a
thin intermittent a-fringe, the thickness of which is
close to 1-2 um. The martensite needle thickness is
1-2 pm. Dispersed particles of titanium silicides of up
to 1 um size, as well as an intermittent layer between

.

o »

Figure 5. Microstructure of the central zone of a 10 mm hot-rolled sheet of Ti—6.5A1-5.3Zr—2.2Sn—0.6Mo0—-0.5Nb—0.75Si alloy in
as-annealed condition

- P

the martensite platelets are also present in the weld
metal (Figure 6, ¢).

Microstructure analysis of the HAZ metal of EB
welded joint of heat-resistant titanium alloy Ti—6.5A1-
5.3Zr-2.2Sn-0.6Mo0—0.5Nb—0.75Si indicates that the
HAZ metal preserves the main morphological and di-
mensional characteristics of the base metal (Figure 7).

Obviously, B-phase precipitation in the a-phase
matrix, as well as potential formation of a,-phase
(Ti,Al) precipitates under the impact of the welding
heat and partial decomposition of metastable f-phase
blocks the growth of matrix grain. This assumption
is further confirmed by a certain reduction of the
amount of B-phase observed in the HAZ, compared
to the base metal structure. The HAZ width is equal to
approximately 500 um. HAZ metal consists of equi-
axed grains with lamellar intragranular structure, the
thickness of a-platelets in the colonies being equal to
1.5-5.0 um (Figure 7, b). Dispersed particles from less
than 1.0 to 1.5 um size are localized, mainly, within

Figure 6. Microstructure of weld metal of EB welded joint of heat-resistant Ti—6.5A1-5.3Zr—2.2Sn—-0.6Mo—0.5Nb—0.75Si alloy in

as-welded condition

16



STRUCTURE AND PROPERTIES OF WELDED JOINTS OF HEAT-RESISTANT TITANIUM ALLOY

* A e "

s

the platelets. In some places there are elongated layers
of another phase between the adjacent platelets of up
to 3—8 um length (Figure 7, ¢, d).

Determination of microhardness distribution
in EB welded joint of heat-resistant titanium alloy
Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb-0.75Si in
as-welded condition led to the conclusion that the mi-
crohardness level in different areas of the welded joint
is very heterogeneous (Figure 8).

The greatest microhardness values are recorded in
the weld metal at the level of 3000 MPa. The lowest
level of 2400 MPa was found in the base metal, and

y ¥ 20 um

c _ | XY ld b TRV iy
Figure 7. Microstructure of HAZ metal of EB welded joint of heat-resistant Ti—6.5A1-5.3Zr—2.2Sn—0.6Mo—0.5Nb—0.75Si alloy in
as-welded condition

Sum

the medium one of 2500 MPa was determined in the
HAZ metal. It should be noted that a heterogeneous
microhardness distribution causes the heterogeneity
of the welded joint mechanical properties.

In order to ensure microstructure homogeneity, and
homogeneous distribution of microhardness in differ-
ent areas of welded joints of heat-resistant titanium
alloy Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb-0.75Si,
EBW with preheating to 400 °C was used.

Microstructure analysis of weld metal of welded
joint of heat-resistant Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—
0.5Nb—0.75Si alloy, made by EBW with preheating to

H, MPa
Measurement
3400 HAZ  direction
P wy
i iz | O] )
3000 - A \
/\\ Y \ BM Weld BM
2600 - lﬂvf \ A /
2200 F \
1800 - BM HAZ Weld HAZ BM
=
| 1 1 1 1 1 1 | 1
0 1 2 3 4 5 6 7 8 9 10
Distance, mm

Figure 8. Distribution of microhardness () in EB welded joint of heat-resistant titanium alloy Ti—6.5A1-5.3Zr—2.2Sn—0.6Mo—0.5Nb—

0.75S1 in as-welded condition
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400 °C indicates formation of a typical dendrite struc-
ture of cast metal in the weld zone (Figure 9). It is
dense and no defects such as porosity, cracks or non-
metallic inclusions are indentified in it. The weld met-
al consists of equiaxed primary -grains, elongated in
the direction of heat removal. The equiaxed grains are
localized predominantly along the weld axis.

There is an a-fringe along the primary grain bound-
aries, the thickness of which is 1.5-7.0 pm (Figure 9,
a). The size of the dendrite branches in the section
plane can be tentatively assessed by precipitation of
the a-phase interlayers along the boundaries of the
dendrite areas. It is equal to 200—300 pm. Precipitation
of such interlayers decreases the structure homoge-
neity and may potentially facilitate crack propagation
during fracture. The intragranular structure consists of
martensitic a-phase, which mainly forms small-sized

Figure 10. Microstructure of HAZ metal of welded joint of heat-resistant Ti—6.5A1-5.3Zr—2.2Sn—0.6Mo0—0.5Nb—0.75Si alloy, made by
EBW with preheating to 400 °C, in as-welded condition
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Figure 9. Microstructure of weld metal of welded joint of heat-resistant Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb—0.75Si alloy, made by
EBW with preheating to 400 °C, in as-welded condition

colonies, the colony width being 5-20 umm (Figure 9,
b). Platelet thickness is from 1 to 2 um. Chains of dis-
persed particles are observed between a-phase plate-
lets.

As in the case of welding without preheating, ac-
celerated cooling of the molten weld metal results in
formation of rather dispersed packages of Widman-
statten morphology in the dendritic areas. In this case,
however, coarser packages with the size (by the size
of the largest platelets) in the range of 50—100 um are
formed that is larger than in welding without preheat-
ing, and larger than in the base metal structure. Com-
bined with formation of a-phase interlayers on the
boundaries of the dendritic areas and on the bound-
aries of individual Widmanstatten packages, this can
potentially facilitate crack initiation and propagation
during destruction.

Sum
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Figure 11. Distribution of microhardness (/) in welded joint of heat-resistant Ti—6.5A1-5.3Zr—2.2Sn—0.6Mo-0.5Nb-0.75Si alloy

made by EBW with preheating to 400 °C, in as-welded condition

Analysis of metal microstructure in the HAZ
of the welded joint of heat-resistant titanium al-
loy  Ti—6.5A1-5.3Zr-2.2Sn—-0.6Mo0—-0.5Nb—-0.75Si,
produced by EBW with preheating to 400 °C, indi-
cates that structure coarsening is observed in the HAZ
in welding with preheating, compared to base metal
structure (Figure 10). HAZ metal consists of equiaxed
primary grains of 50-300 pm size (Figure 10, b, ¢)
with an a-fringe, the thickness of which is 1-7 pm.
The intragranular structure is made up of lamellar
a-phase, which forms small colonies of up to 20 pm
size (Figure 10, ¢, d). Platelet thickness is 1.5-5.0 pm.
Isolated dispersed particles and their clusters are ob-
served in the gaps between the platelets (Figure 10, d).

Similar phase precipitates were observed also in
other areas of the welded joint of this alloy, as well as
in the welded joint made by EBW without preheating.
It can be noted, that structure of welded joints pro-
duced by EBW without preheating and with preheat-
ing is identical in the corresponding areas.

Thus, while the main morphological characteristics
of base metal (basket weave structure) are preserved,
the Widmanstatten package size is somewhat larger, and
formation of a-phase interlayers is observed on package
boundaries. Additional supply of thermal energy into the
welding zone due to preheating in EBW promotes tem-
perature increase in the welding zone and slows down
the cooling after completion of the welding process, that
leads to significant coarsening of the weld structure and
occurrence of grain growth processes in the HAZ.

Establishing the microhardness distribution in
EB welded joint of heat-resistant titanium alloy
Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb-0.75Si in the
condition after welding with preheating to 400 °C,
led to the conclusion that the microhardness level in

different areas of the welded joints is also very het-
erogeneous (Figure 11). The highest microhardness
values are recorded in the weld metal at the level of
3000 MPa. The lowest level was found in the base
metal at 2400 MPa.

To ensure a uniform distribution of microhard-
ness and a homogeneous microstructure in different
areas of welded joints of heat-resistant titanium alloy
Ti—6.5A1-5.3Zr-2.2Sn-0.6M0—0.5Nb—-0.75Si, EBW
with preheating to 400 °C and LHT at 750 °C for
10 min was used (mode 3, see Table 1).

Analysis of the produced welded joint microstructure
(Figure 12) indicates that a typical dendrite structure of
cast metal forms in the weld zone. It is dense, and no de-
fects such as porosity, cracks or nonmetallic inclusions
were revealed in it. The size of dendrite branches on the
section surface is equal to 100-150 um. The boundaries
of the dendritic areas do not contain any excess phase
precipitates and are not the material weak points. It is
important that rapid cooling of the molten weld metal
results in formation in the dendritic areas of rather dis-
persed packages of Widmanstatten morphology with
package size (by the size of the largest platelets) in the
range from 20 to 50 um, which is close to the character-
istics of dispersion of the base metal structure.

Smaller primary B-grains of 100-150 pm size (Fig-
ure 12, a) form in the weld metal than in the case of sim-
ple EBW with grains of 300400 pum size. In addition
to equiaxed primary grains localized near the axis, the
weld metal also contains non-equiaxed grains, elongated
in the direction of the heat removal (Figure 12, 5). The
intragranular structure of the weld metal is of lamellar
type (Figure 12, ¢), platelet width being 1-2 pm. Dis-
persed particles 1 pum in size or less are located both
along the platelet boundaries, and in the spaces between
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Figure 12. Microstructure of weld metal of welded joint of heat-resistant Ti—6.5A1-5.3Zr—2.2Sn-0.6Mo—-0.5Nb-0.75Si alloy, made by

EBW with LHT at 750 °C

them (Figure 12, d). It is obvious that the dispersed par-
ticles are titanium silicides (Ti Si,), which form in the
alloy being welded, due to its increased silicon content,
which is higher than its solubility in a-titanium.

The structure of HAZ metal of the samples with
different heat treatment is given in Figure 13. Micro-

structure analysis shows that the HAZ preserves the
main morphological and dimensional characteristics
of the base metal (Figure 13, a).

No differences were observed in the structure af-
ter application of different heat treatment modes. A
clearer definition of a-phase platelets due to B-phase

[ 20 um |

Figure 13. Microstructure of HAZ metal of welded joint of heat-resistant Ti—6.5A1-5.3Zr—2.2Sn—0.6Mo—0.5Nb-0.75Si alloy, made
by EBW with LHT at 750 °C
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precipitation along the platelet boundaries and, pos-
sibly, formation of intermetallic particles, is seen in
the HAZ structure (Figure 13, ¢). Dispersed particles
I pm in size and less are located both in the fusion
zone near the HAZ along platelet boundaries, and in
the spaces between the platelets (Figure 13, d). Grain
size in the HAZ metal is equal to 200-500 pm.

Although application of different heat treatment
modes did not lead to any significant changes in the
welded joint microstructure, the difference in the inten-
sity of structure etching and in the amount of 3-phase on
the boundaries of a-phase platelets suggests that the me-
chanical properties of the joints could change under the
thermal impact, as a result of relaxation of mechanical
stresses and formation of excess phases.

Thus, the technology of electron beam welding of
heat-resistant Ti—6.5A1-5.3Zr—2.2Sn—0.6Mo—0.5Nb—
0.75Si alloy with LHT allows producing a tight joint
without porosity, cracks or nonmetallic inclusions. At
EBW without heating a relatively fine-grained weld

structure forms and there is no HAZ microstructure
coarsening.

DISCUSSION OF THE RESULTS

It should be noted that a considerable coarsening of
the weld structure and increase of grain size in the
HAZ are observed in EBW with preheating to 400 °C.
Therefore, use of just heating for EBW of heat-resis-
tant  Ti—6.5A1-5.3Zr-2.2Sn—-0.6Mo—0.5Nb—-0.75Si
alloy is not rational. It can be explained by an unde-
sirable range of cooling rates at EBW with only the
preheating. So, the cooling rate in the HAZ in EBW
without preheating or LHT is equal to 88—131 °C at
700-800 °C, the cooling rate in the HAZ in EBW
with preheating is 30-50 °C/s, and the cooling rate
in EBW with preheating to 400 and LHT at 750 °C is
8.3-8.8 °Cls.

Determination of microhardness distribution in the
welded joint of heat-resistant titanium alloy Ti—6.5Al—
5.3Zr-2.2Sn—0.6Mo—0.5Nb—0.75Si produced by EBW
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Figure 14. Microhardness distribution in EB welded joint of heat-resistant titanium alloy Ti—6.5A1-5.3Zr—2.2Sn—0.6Mo-0.5Nb-0.75Si
in the condition after LHT at 750 °C for 10 min (a), after annealing at 850 °C for 1 h (b)
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Table 2. Mechanical properties of EB welded joints of heat-resistant titanium pseudo-a-alloy Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb—

0.75S1, in as-welded condition

Mode Tp’,, °C T,,°C G, MPa G,,» MPa 3, % KCV, J/em?
As-annealed base metal - - 1027 996 2.7 13.9
EBW, mode 1 - - 996 901 - 12.3
EBW with preheating, mode 2 400 - 910 840 - 17.9
EBW with LHT, mode 3 —»— 750 1041 1012 - 17.4

with LHT suggested that microhardness distribution in
different areas of the welded joint is still nonuniform
(Figure 14, a). Note that the proposed LHT widened the
welded joint HAZ. The width of base metal area, where
an increase in microhardness values to 3000 MPa oc-
curred, expanded to that of the LHT zone, in this case to
30 mm. Furnace annealing should be used to achieve a
completely homogeneous metal of the weld, HAZ and
base metal. So, vacuum annealing of the welded joints
at the temperature of 850 °C intensified the diffusion
processes, which resulted in alloying element redistri-
bution in the welded joint structure. Microhardness dis-
tribution in EB welded joint of heat-resistant titanium
alloy Ti—6.5A1-5.3Zr-2.28n-0.6Mo—0.5Nb—-0.75Si in
as-annealed condition showed that the microhardness
level in different areas of the welded joints is homoge-
neous, being at the level of base metal microhardness
of 2100-2300 MPa.

Determination of mechanical properties of EB
welded joint of heat-resistant titanium pseudo-a-alloy
Ti—6.5A1-5.3Zr-2.2Sn—-0.6Mo—0.5Nb—0.75Si led to the
conclusion that the lowest strength values in as-welded
condition are demonstrated by joints made by EBW with
preheating to 400 °C, and they are equal to 910 MPa
(Table 2) or 88 % of BM strength after annealing. The
strength values are the highest in welded joints produced
by EBW with LHT at 750 °C (mode 3, see Table 1) and
they are equal to 1041 MPa, which is at the level of BM
strength. Welded joints made by simple EBW without
application of additional technological measures, have
medium values of strength at the level of 996 MPa or
97 % of BM strength.

The main difference of welded joints of heat-resis-
tant titanium pseudo-a-alloy Ti—6.5A1-5.3Zr—2.2Sn—
0.6Mo—0.5Nb—-0.75Si is the fact that application of
just the preheating leads to coarsening of the welded
joint microstructure and deterioration of their me-
chanical properties, while for pseudo-f3-alloys EBW
in combination with preheating allows producing a
finer microstructure of the welded joints, increasing
the welded joints strength and ensuring equal strength
of the welded joints to base metal [24].

Thus, EBW application in combination with LHT
when producing welded joints of heat-resistant tita-
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nium pseudo-a-alloy Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—
0.5Nb-0.75Si allows making welded joints equal in
strength to the base metal, and additional furnace
annealing should be used to ensure a homogeneous
structure in all the zones of the welded joint, including
the HAZ.

CONCLUSIONS

1. Investigations of the structure of welded joints of
heat-resistant titanium alloy Ti—6.5A1-5.3Zr—2.2Sn—
0.6Mo—0.5Nb—0.75Si revealed that application of
EBW with LHT at 750 °C leads to reduction of the
size of packages with Widmanstatten morphology
from 50-100 to 20-50 um and increase in welded
joint strength from 996 to 1041 MPa.

2. EBW of heat-resistant Ti—6.5A1-5.3Zr—2.2Sn—
0.6Mo—0.5Nb—0.75Si alloy with application of just the
preheating leads to a significant coarsening of the weld
structure and to occurrence of the grain growth process-
es in the HAZ with larger packages of Widmanstatten
morphology of 50-100 um size forming in the metal,
which is greater than in the base metal structure, and to
deterioration of the welded joint mechanical structure.

3. Determination of the mechanical properties
of the welded joints of heat-resistant titanium pseu-
do-a-alloy  Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb—
0.75Si produced by EBW with application of addi-
tional technological measures, such as preheating
and local heat treatment, suggests that welded joints
made by EBW with LHT at 750 °C have the greatest
strength values, equal to 1041 MPa, which is at the
level of base metal strength.

4. A technological process of EBW of heat-resis-
tant titanium pseudo-a-alloy Ti—6.5A1-5.3Zr—2.2Sn—
0.6Mo0—-0.5Nb—0.75Si with LHT is proposed, which
envisages preheating of the welded joints to the tem-
perature of 400 °C and LHT at 750 °C, which ensures
formation of a highly homogeneous fine microstruc-
ture in welded joints and provides strength values of
the joints of 1041 MPa in as-welded condition, which
is at the level of base metal strength.
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ABSTRACT

Reducing CO, emissions is of paramount importance, in order to address the issues of global warming. The negative contribu-
tion of Ukrainian metallurgists to atmospheric pollution over the past 20 years amounted to about 1 bln t of carbon dioxide by
the year 2020. The solution can be found in the transition to the production of “green steel”, i.e. steel manufactured from direct
hydrogen-based reduction iron. Under the conditions of applying plasma heating, high temperatures lead to a rapid melting of
pellets, thermal decomposition of oxides occurs, and a reducing agent (hydrogen) is activated. Decomposition of oxides during
the heating and melting process accelerates the overall process of pellet reduction to wiistite. And only in that moment, the use
of hydrogen for reduction of iron and its deoxidation becomes justified. It was established that forming of a wiistite melt is
possible without the use of a reducing agent during plasma melting in an argon atmosphere.

KEYWORDS: direct reduction, pellets, thermal decomposition, kinetics, magnetite melt, dilution with iron, wiistite

INTRODUCTION

Steelmaking is a large source of greenhouse gases. In
2022, 1.91 t of CO, were emitted per t of steel. The
production of 1 t of steel, depending on the smelting
method, emits 0.4-2.4 t of CO,. The CO, emissions
intensity and power consumption are calculated based
on the weighted average steel production using differ-
ent schemes: blast furnace — oxygen converter, blast
furnace — electric arc furnace and direct reduced iron
production in an arc furnace [1].

In 2023, the top 10 polluting countries increased
their industrial emissions to a record 24.5 bln t of CO,
compared to 23.9 bint (+2.5 %) in 2022. The three ma-
jor polluters were China, the United States and India,
which together accounted for more than 53 % of all
industrial emissions. China emitted a record 11.2 bin t
of CO,, which is an increase of 642 mIn t compared to
2022 and the highest annual growth since 2011 [2, 3].
As for Ukraine, according to Ukrmetalurgprom, its
metallurgical enterprises produced 6.19 min t of steel
in 2022, and 6.23 mln t in 2023. Experts predict that
Ukrainian steelmakers will be able to increase steel
production to 7-8 min t. It should be noted that this
forecast can be considered very optimistic, and the
main reason here is the loss of a number of enterprises
in Donetsk region, as well as the forced shutdown of
a number of other enterprises [4, 5]. If we assume an
average CO, emission of 1.4 t per t of steel, Ukrainian
metallurgical plants will emit at least 8.7 miIn t an-
nually in 2022 and 2023, and over the 20 years from
2000 to 2020, 663.1 min t of steel were smelted [6]

Copyright © The Author(s)

and, even according to underestimates, about 1 bln t
of carbon dioxide were emitted. Such is Ukraine’s
negative contribution to air pollution.

Today, it is widely recognised that reducing CO,
emissions is of paramount importance in combating
global warming. The gas accumulated in the atmo-
sphere absorbs and stores heat in the infrared range.
A CO, concentration of one part per min (1 ppm) is
equivalent to adding approximately 7.8 Gt of carbon
dioxide to the atmosphere [7].

Today, most blast furnaces in Europe are over 25
years old, and only a few of them have undergone
modernization [2, 8]. This opens up the possibility
of replacing some of the production capacities with
a more updated steelmaking technology using direct
reduction of iron ore pellets or ore with hydrogen, fol-
lowed by smelting in various types of furnaces.

Transition to green steel production faces not only
technological and design challenges. One of the most
important areas of works to reduce carbon emissions
is the production of hydrogen on a production scale,
which is directly related to the development and
launch of powerful electrolysers and the generation
of a significant amount of green electricity. According
to estimates given in [2], electrolysers will consume
approximately 296 TWh of electricity per year. Ac-
cording to the online edition of “Ekonomichna Prav-
da”, electricity production in 2021 was 156.56 TWh
[9] (156.56 bln kWh), which is half as much as the
electricity consumption by electrolysers.

Technologically, there are two ways of direct iron
reduction from oxides by hydrogen. The first method,
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which is the most developed and the one which uses
existing production capacities, is the production of
sponge iron using a hydrogen or a hydrogen-carbon en-
vironment. The use of natural gas or adding carbon to
the hydrogen atmosphere have a positive effect on the
reduction kinetics, but it does not completely eliminate
carbon dioxide emissions. Reduction using ammonia as
a reducing agent can give positive results, in particular,
when reducing iron in the solid state [10, 11]. According
to thermodynamic calculations, the degree of metalliza-
tion is expected to improve significantly by increasing
the amount of ammonia in the gas atmosphere, reaching
97 % when using 20 % of ammonia.

The method of hydrogen reduction and produc-
tion of iron in the form of a sponge is not perfect. Its
main disadvantages are the long time of reduction and
the need to use separate equipment for reduction and
melting. It is possible to combine these two processes
by using high-temperature hydrogen plasma as an en-
ergy source for reduction and melting.

STATE-OF-THE-ART OF THE ISSUE

Plasma melting has a number of advantages over
electric arc melting. The main advantage is that the
process of iron reduction is intensified due to high
plasma temperatures (hydrogen activation, accelera-
tion of mass transfer, production of reduced iron in a
liquid state and the possibility of melt alloying with-
out intermediate production of iron ingots with their
subsequent remelting). Also, an equally important ad-
vantage is a decrease in specific electricity consump-
tion. For example, depending on various factors, its
total specific power consumption for an electric arc
furnace ranges between 500 and 700 kWh, and for a
plasma arc furnace it is approximately from 350 to
550 kWh per 1 t of melted steel [12].

Hydrogen is an excellent reducing agent at both
low and high temperatures. Moreover, when hydro-

gen molecules transfer into the plasma state, they can
receive additional internal energy of oscillating and
rotational motion, and transfer into atomic and ion-
ised states. Free electrons, phot and other elementary
particles are observed in the plasma. Their ratio de-
pends on the plasma temperature, which can reach
tens of thousands of degrees. However, the tempera-
ture of the liquid metal in plasma-arc melting is much
lower and in the plasma plume action zone is about
3000-4000 K [13-15]. As a rule, excited molecules
and atomic hydrogen interact with metal under real
temperature conditions. Due to their high reactivity,
the reduction of iron oxides occurs under much more
favourable thermodynamic conditions than the reduc-
tion with hydrogen gas alone. PAM provides and im-
proves the kinetic conditions for the interaction of hy-
drogen with oxides, which at solid state temperatures
often determine the rate of reduction.

In the production of iron by direct reduction from ox-
ides using hydrogen plasma, the first step is the melting
of the charge (Fe,O, hematite). Roughly in this period
it is not necessary to use hydrogen as a reducing agent
and the melting can be carried out in an inert gas (argon).
This is associated with the following causes.

From the diagram of the Fe—O system shown in
Figure 1 according to [16], it follows that at a tem-
perature of 1730 K in an atmosphere of pure oxygen
or at 1663 K in air, hematite dissociates with the for-
mation of magnetite (Fe,O,) and oxygen, i.e., even
before the melt is produced. The use of an inert at-
mosphere or vacuum accelerates this process, which
occurs according to the reaction:

6Fe,0, =4Fe,0, + O,. (1)
Thus, the oxygen content in the oxide decreases
from 30.06 to 28.08 % at 1856 K. Hence, the primary

reduction of the lower oxide from the higher oxide
occurs without hydrogen consumption and without
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Figure 1. State diagram of the Fe—O system according to [16]
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additional energy consumption directly for the reduc-
tion, since it coincides with the process of heating he-
matite to its melting point.

The obtained magnetite has the stoichiometric for-
mula Fe,O,, which can be written as (FeO-Fe 0,). The
subsequent reaction already requires the presence of
a reducing agent, in our case hydrogen, and can be
written as:

Fe,O, + H,=3FeO + H,0 )

or

FeO-Fe O, + H, = 3FeO + H,0. 3)
Thermodynamic calculations show that reaction
(3) occurs with a large negative change in free ener-
gy [17]. Since the plasma-arc furnace is a flow reac-
tor, from which gaseous moisture is removed either
by cleaning the gas phase during its recirculation or
by continuous evacuation to the surrounding atmo-
sphere, the reaction can proceed even until the oxide
is completely used and reduced iron is obtained. The
duration of the iron reduction from wistite is deter-
mined by the kinetic characteristics of the reaction.
The next stage of iron reduction from the melt of
wiistite can be described by the reaction:

FeO +H, — FeO +H,0.

(max O)

“4)

(min O)

Here, a fairly quick running of the reduction pro-
cess is ending. Reaction:

FeO

(min O) * H2 - Fe

+H,0 )

is proceeding very slowly in the temperature range from
melting to 3147 K. The change in the free energy of
the reaction of iron reduction from the wiistite melt in

l Gas

- — R & )

o+

&

(max O)

Water — 3

- o ool .

N

%

=
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B

Figure 2. Scheme of the experimental plasma-arc installation
[15]: 1 — plasmatron; 2 — cover; 3 — molten sample; 4 — ob-
servation device; 5 — opening mould; 6 — sealed chamber
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this temperature range has a small negative value: from
—2454 t0 —3142 J/mol, and the logarithm of the equilibri-
um constant varies from 0.0568 to —0.0191 [14].

The next step is deoxidation of iron with hydro-
gen. It should be noted that hydrogen deoxidation is
very slow according to the data presented in [18]. The
final oxygen content of 0.001 % was reached after
0.5 h during deoxidation of the metal containing only
0.035 % of oxygen with carbon under melting condi-
tions. Hydrogen treatment under the same conditions
after 4 h led to a decrease in oxygen content of only
0.0015 %, 1.e. it was more than 8 times slower.

Thus, before addressing the issue of overcoming
the kinetic obstacles during deoxidation of iron melt,
it is necessary to produce a melt of wiistite and then
reduced iron with the maximum amount of dissolved
oxygen at the lowest consumption. There are at least
two methods of producing a wiistite melt. These are
reduction of the oxide melt to FeO or dilution of the
magnetite melt with iron, i.e. the reaction [19]:

Fe,O, + Fe =4FeO. 6)

The change in the free energy of the reaction (6)
ranges from —32174 to —63752 J/mol at temperatures
from melting to 3000 K. The equilibrium constant
varies within 8—13 in the same temperature range.

The latter method is considered in this paper.

RESEARCH PROCEDURE

MELTING PROCESS

To produce oxide melts, plasma-arc melting was
used, the equipment for which was developed at the
E.O. Pat Electric Welding Institute [15]. It allows
melting under the condition, when the entire surface
of the liquid pool is covered with a plasma plume. The
sealed chamber in which the melting is carried out is
cooled by water, it has a plasma arc observation sys-
tem, a plasmatron adjustment system and a gas pres-
sure regulation and control system.

After the liquid pool is melted and held in the at-
mosphere of plasma-forming gas, the high-tempera-
ture state of the melt is fixed in a water-cooled metal
mould. The equipment scheme is shown in Figure 2.

The melting procedure is as follows. A sample
weighing 5.5-7.5 g is loaded into the melting chamber
on a closed mould. A vacuum of 0.133 Pa is created
in the chamber and then the chamber volume is filled
with an inert plasma-forming gas (argon) to a pressure
of 83.36-98.07 kPa. Subsequently, the plasmatron arc
is ignited. The pellet sample is heated and melted, and
then the melt is held under plasma heating. At the end
of the holding time, the sample is rapidly crystallized
in a copper water-cooled mould. 10 melts of pellets
were performed with a holding time of 150 s and pro-
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Table 1. Initial data for melts and results obtained for dilution of the melt with iron

Calculation for the experiment

Number of melting 1 2 3 4 5 6 7 8
Weight of Fe,O,, g 4.021 2913 2673 3.244 3.826 3.826 3.821 3.101
Weight of iron, g 0 0.110 0.120 0.630 0.760 0.940 1.120 0.920
Fe/Fe O, 0 0.038 0.045 0.194 0.199 0.246 0.293 0.297
Result of the experiment
‘ 23.25 25.86 20.1 31.06 17.39 0 0
Weight of Fe,0,, g ST 20.32 17.25 20.08 29.45 17.14 0 0
. 76.75 74.14 79.9 68.95 82.61 100 100
0,
Weight of FeO, % 42.89 79.68 82.75 79.92 70.55 82.86 100 100

duced samples were averaged according to the chem-
ical composition, which is given below:

Fe,0,— 52.51 %, FeO — 24.01 %,
Fe,Si0, — 21.80 %, Fe,0, — 1.42 %.

Thus, each subsequent experiment was carried
out with the same material. The composition of iron
silicide was converted to FeO and a mixture of the
two components Fe,O, and FeO, which amounted to
100 %, was the initial point. A certain amount of iron
was added to the oxides, which was calculated in ad-
vance. The calculation data are shown in Table 1.

X-ray diffraction studies of the samples were car-
ried out using a DRON UM-1 diffractometer in a
monochromatic copper K radiation by the step scan-
ning method (U = 35 kV; =25 mA, exposure time at
a point is 5 s, step is 0.05°, output slits are 1x12 mm).
The obtained X-ray patterns were decoded using
PowderCell 2.4, a software for full-profile analysis of
X-ray spectra from a mixture of polycrystalline phase
components. The profiles of diffraction maxima were
approximated by the Pseudo-Voigt function. The in-
ternational crystallographic database PCPDFWIN
(1973) was used for the calculations.

The examples of the obtained X-ray spectra of
samples 2, 4, 6, and 8, respectively, are shown in Fig-
ure 3. After recalculation, the amount of magnetite
and wiistite corresponds to the data in Table 1.

EXPERIMENTAL RESULTS
AND DISCUSSION

In [19], the study of the kinetics of pellet decomposition
was limited to 150 s for technical reasons. It was decided
to extend the melting time to test the possibility of trans-
ferring the melt to a homogeneous state corresponding to
the wiistite without dilution with iron.

The studies (Figure 4) have shown that with an in-
crease in holding time, decomposition continues for
at least 360 s.

The studies were carried out both with continuous
holding of the melt for 360 s, as well as with peri-
odic crystallization and subsequent heating. In other
words, the sample was heated for 30 s until melting,

held for 60 s and crystallized. Then the cycle was re-
peated. The number of such cycles was 6. Thus, the
sample was in the liquid state for 360 s and in the heat-
ing state for 180 s. The results for these two melting
schemes were slightly different. Thus, when the melt

1, rel. un.
~FE304 18.9%
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Figure 3. Examples of X-ray spectra of melt samples 2, 4, 6 and
8 (see Table 1)
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Figure 4. Change in the content of oxides in a rapidly crystallized
melt after different holding times at PAM in an argon atmosphere:
I —FeO,; 2 —FeO,; 3 —FeO
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Figure 5. X-ray spectra of samples at step and continuous holding
of the melt: a — 6 cycles of 60 s, b — 1 cycle of 360 s

is held continuously for 6 min under plasma heating,
the wiistite content grows to 74.6 %, and magnetite
decreases to 12.3 % (Figure 5, b). The rest of content
is Si0,. During the step heating and crystallization,
it is possible to remove oxygen from the solid oxide
system and the melt due to the additional time spent
on repeated heating, and magnetite disappears (Fig-
ure 5, ). Thus, we obtain a melt of wiistite, although
with a certain increase in power consumption.

The main negative conclusion is a significant de-
crease in the rate of decomposition of the Fe,O, melt
to FeO with an increase in the holding time of the ox-
ide melt in the liquid state, even at PAM. Especially
if we take into account the size factor when changing
from small laboratory weighed portions to real indus-
trial metal masses.
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Figure 6. Change in the composition of the oxide melt depending
on the amount of iron added to the magnetite melt: 7, 2 — wiistite
content; 3, 4 — magnetite content; /, 3 — experiment; 2, 4 —
theoretical calculation

As for the other method, the theoretical calculation
for the initial values of the components of reaction (6)
(see Table 1) showed that when iron is added to the
magnetite melt, the dependence of the content of iron
oxides on the amount of iron, with respect to the
Fe/Fe O, ratio, is linear (Figure 6) and is described by
the following equations.

Change in FeO content (theoretical):

Fe

Fe,O,

(FeO)=237 +42.9.

Change in Fe,O, content (theoretical):
Fe

Fe,O,

+57.1.

(Fe,0,) =-237

The Fe/Fe,O, ratio being 0.241, this means that all
magnetite, according to reaction (6), is converted to
wiistite.

The difference between the theoretical and experi-
mental dependences is most probably associated with
the use of small weighing portions of material during
the experiments. However, the final difference be-
tween the theoretical value of the ratio of the initial re-
action components being 0.241 and the experimental
value being 0.293 is 0.052 or approximately 20 % in
absolute values, which can be considered acceptable.

CONCLUSIONS

1. It was found that at continuous holding of the melt
in argon plasma under experimental conditions for
360 s, the content of wiistite grows to 74.6 %, and
magnetite decreases to 12.3 %. After 6 cycles of peri-
odic crystallization of the melt and subsequent melt-
ing with a holding time of 60 s, magnetite completely
disappears and a melt of wiistite FeO__is formed.

2. A significant decrease in the rate of decompo-
sition of liquid Fe,O, to FeO with an increase in the
time of continuous holding of the oxide melt in the
liquid state even at plasma-arc heating is observed.

3. When adding iron to the magnetite melt, the
theoretical dependence of the iron oxide content on
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the Fe/Fe,O, ratio is described by linear dependences.
The experimental values differ from the theoretical
ones by 20 %, but allow using this method to produce
a wiistite melt.
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ABSTRACT

The review presents modern technologies used to refine metallurgical silicon to a purity of 5-6 N for photovoltaic cells. Re-
fining of silicon is performed using an intermediate metal Al to capture silicon impurities after its fusion with Si. The removal
of C, Ca, Fe, Ti, P from the Al-Si melt with Si is shown. After a two-time directional crystallization of the melt, Si of a purity
acceptable for use in photovoltaic technologies was produced. Positive results were obtained during plasma remelting with the
simultaneous application of gases in the core: Ar-H,, H,-H,0, O,, or H, in an Ar-based plasma. The electromagnetic stirring of
the bath provides accelerated mass transfer in the liquid compared to the reaction rate on the surface with control of the surface
shape. Removal of metal impurities Na, Ca, Ba, and Al up to 90-100 % was achieved using 30 % H, in Ar plasma. Carbon
removal was observed using oxygen in the plasma at temperatures above 1530 °C. It was found that H, is more effective in
plasma than O,. A constant voltage in the liquid bath increases the refining efficiency by 10 times. The best results in remov-
ing boron from molten silicon were obtained by blowing the melt with humidified argon or water vapor. The resulting silicon
product had favorable electronic properties. It is noted that during electron beam remelting, it is possible to purify silicon from
elements with high vapor pressure and perform oxidative refining from boron impurities using a mixture of oxygen and inert
gas with application of a cold hearth and zone recrystallization. In the process of EBCZM, after increasing the vacuum depth,
the amount of oxygen and phosphorus in silicon can be reduced by a factor of 10.

KEYWORDS: metallurgical silicon, purification, vacuum and oxidative refining, plasma remelting, electron beam melting,

silicon, solar grades, impurity elements

INTRODUCTION

Having a number of advantages, in particular, natural
abundance, silicon is the most suitable material for so-
lar photovoltaic power generation [1]. Requirements
to silicon of solar grades (SoG-Si) for photoelectric
converters (PEC) are much higher than those for met-
allurgical silicon from carbothermic reduction of sili-
ca (MG-Si), and additional refining is required to pro-
duce it. In view of the difference in the requirements
for purity of silicon for the electronic and photoelec-
tric industry and high equipment cost, the interest in
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Figure 1. Solubility of some elements in silicon in the solid state,
depending on the segregation coefficient [2]
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investigation of different methods of development of
the technologies for direct production of SoG-Si sil-
icon remains relevant. The work presents the known
technologies of refining MG—Si metallurgical silicon.

INVESTIGATION PROCEDURE, EQUIPMENT
AND MATERIALS

The technologies of metallurgical silicon refining to
purity suitable for manufacture of photoelectric con-
verters were selected as the object of studies.

Silicon refining with a solvent is one of the metal-
lurgical approaches to produce SoG—-Si from MG-Si
using an intermediate metal, acting as an impurity trap
during solidification after its fusion with Si. During
cooling the pure silicon crystals precipitate from the
melt, and the impurities together with the intermedi-
ate metal are forced to the solidification front, and re-
main in the liquid phase. The product (Si) is extracted
by liquid filtering methods, leaching or electrochemi-
cal dissolution of the solidified alloy and electromag-
netically induced separation. The intermediate metal
should have a high affinity to boron and phosphorus,
which have a low coefficient of segregation in silicon,
readily dissolve in liquid silicon and have a low solu-
bility in solid silicon (Figure 1) [2].

Al can be the intermediate metal. The process of
C, Ca, Fe, Ti, P removal from Al-Si melt was studied
in [3, 4]. Results showed only partial removal of these
elements from Si. In works [5—8] aluminium was used
as a cleaning agent to produce silicon of solar grades.
As aresult, Fe, Ti content in silicon was markedly re-
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duced, and after two-times directional crystallization
Si of a purity acceptable for application in photoelec-
tric technologies was produced. The authors of work
[9] reported a lowering of Fe, Zr, V, Ca, Ba, P, Cu, Ti,
Cr and Mn concentration due to refining with alumin-
ium. Boron content remained unchanged, and P con-
tent decreased from 45 to 15 ppm. Effective removal
of Fe, Ti, Cu, Mn and Ni impurities, compared to P
and B, is shown in works [10, 11]. In keeping with
the obtained results, the coefficients of segregation
between solid Si and Si—Al melt decrease at lower
temperatures (at 1000 °C [10]), which is more favour-
able for Si refining, than the coefficient of segregation
between the solid and liquid silicon at its melting tem-
perature of 1414 °C [11]).

PLASMA MELTING AND REACTIVE GAS

Alongside the traditional refining stage, experiments
with simultaneous application of gases of different com-
position bled into the active zone were conducted during
plasma melting to increase the effectiveness of boron re-
moval during solvent refining. The authors of work [12]
performed experiments in Ar-H, atmosphere, based on
the results of work [13], where the method of a melting
zone was studied in the mixture of H,-H,O. Increase
of specific resistance of silicon produced by this meth-
od was noted, in connection with boron evaporation. A
more advanced method consists in silicon melting by a
plasma torch when feeding reactive gas. Furtheron this
procedure was studied, as a rule, using O, or H, in Ar-
based plasma to remove boron. Some important experi-
mental results are given in the Table 1 [14—17].

Boron is the most difficult to remove impurity in
silicon, its limit concentration for silicon of SoG-Si
class is <0.3-0.4 ppm_. Under oxidizing conditions bo-
ron can form a range of oxides, the lightest of which
are BO [18] or HBO [19] (in H,~H,O atmosphere). A
serious limitation of plasma melting process is the fact
that just the upper surface of the silicon bath is exposed
to the influence of the plume so that impurity remov-
al depends on their diffusion to the surface. Bath stir-
ring with the new technique of electromagnetic stirring
was used in work [20]. This method ensures acceler-

Table 1. Experiments with plasma melting

ated mass transfer in the liquid, compared to the rate
of the reaction on the surface, enables monitoring the
surface shape, controlling the induction effect. Using
the same procedure, the authors of [21] determined that
phosphorus can evaporate in the form of P, at silicon
melting temperature, but effective removal of boron
will require the presence of H, (or H,0) and O, to form
HBO. This, however, caused problems associated with
silicon loss, as well as passivation of silicon surface
due to formation of a layer of solid SiO,.

In work [22] it was found that H, is more effective
in plasma than in O,, for removal of metal impurities.
Effectiveness of Na, Ca, Ba and Al removal was 90—
100 % with application of 30 % H, in Ar plasma. Car-
bon removal was observed with application of oxygen
in the plasma at temperatures above 1530 °C. Authors
of [23] modified the process, applying constant volt-
age to the liquid bath, which increased the refining
effectiveness 10 times at 105 V positive bias. During
plasma melting and hydrogenation of the silicon bath
[24] hydrogen presence in the plasma led to removal
of residual oxygen in the silicon deposit and promot-
ed defect passivation. Produced silicon product had
favourable electronic properties.

The best results on boron removal from molten sil-
icon were achieved during melt blowing by humidi-
fied argon or water vapor [25, 26]. Combination of the
process of growing silicon ingots and its refining is a
promising direction in creation of new technologies
of silicon ingot production. In work [27] a 100 mm
long ingot with a dense and homogeneous structure
was produced (its drawing rate was 1.5 mm/min), us-
ing continuous melting of silicon in a sectional mould
(to compensate for ingot expansion during crystalli-
zation) with application of high-frequency heating. At
the final melting stage, due to application of a uni-
formly heated graphite body in the unit upper part, an
upward directed crystallization of the ingot was ensured
under the condition of its blowing with a gaseous reagent
(Ar-1.2 % H,O in the amount of 0.04 g/min), total gas
mixture flow rate being 4 I/min. Boron content in sili-
con at blowing for 15 min decreased by 4 ppm_ (from
28 to 24 ppm, ).

Parameters Scale Significant results
Ar-0.079 up to 0.1 vol.% O, [14] 250 g Increase in O, addition improves B removal
Ar-1.24 vol.% H,0, 25 min [15] 5g [B] was decreased from 35.7 to 0.4 ppm_
Ar-0.66 vol.% O,, 30 min 1040 g [B] was decreased from 12 to 3 ppm_
Ar-H,0, from 15 to 60 min [16] - [B] removal speed increases with increase in H,O addition
An A+ He, Ar+ H wH,O 10 142 v01% [17] | 0.610 300 ke highrtomperatnes aocelote boron autin
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The problem of manufacturing photoelectric con-
verters (PEC) to meet the requirements of 99.9999 %
SoG-Si (0.3 ppm B and 1.5 ppm_ P) may be solved
by development of laboratory equipment with induc-
tion crucibleless suspension melting [28-30]. PWI de-
veloped and manufactured a stand for studying the pro-
cesses of silicon refining from boron during induction
suspension melting at temperatures of 2150-2250 °C,
with the time of keeping silicon in the liquid state of
1-5 min and blowing with argon-based mixture (O,
10 % H,). Melting was conducted in a sectional cru-
cible in an argon atmosphere. Intensive stirring of a
silicon drop in an electromagnetic field during blowing
with argon-hydrogen mixture in the presence of oxygen
in metallurgical silicon promoted formation of volatile
compounds of B-O-H system. In keeping with the de-
rived data, at holding of a liquid silicon drop for 5 min
boron content decreased from 0.00141 (14.1 ppm_ ) to
0.00118 wt.% (11.8 ppm ), i.e. by 16.4 %.

ELECTRON BEAM REMELTING,
EVAPORATION METHODS

At present, solar panel PECs are manufactured from
SG-Si silicon, including mono-crystalline-Si [31],
multi-crystalline-Si, and thin film-Si PEC are also
becoming widely accepted [32]. Electron beam re-
melting (EBR) is one of the most effective methods
of silicon refining. Research works [33-35] per-
formed in PWI electron beam units on refining scrap
(mono-crystalline Si scrap), and commercial silicon
(TU 48-0106.01-04) are known, and structural fea-
tures of high-purity silicon produced by vacuum (VR)
and oxidative refining (OR) of metallurgical silicon
have been studied. The works present the technologi-
cal features of EBR—VR or OR application. Attempts
have been made to improve the vacuum melting tech-
nology using the electron beam, in order to remove
phosphorus. Behaviour of metal and non-metal im-
purities during removal, depending on melting time,
beam power or gas blowing (Ar or O,) was studied.
As a result, the amount of P decreased from 40 to
3 ppm_, and B content did not change [36, 37]. In
works [38, 39] crushed leached MG-Si of 99.92 %
purity and whole metallurgical silicon of initial purity
0f 99.88 % were melted by the electron beam to make
25 mm thick discs 99 mm in diameter. Silicon of 5N
purity was produced, but its purity was limited by re-
gions in the disc upper and edge part. Refining from
metal impurities was higher than 99 %, from phos-
phorus — 98 % (0.4 ppm_ ), however, boron removal
was not effective. The authors of work [40] studied
phosphorus removal using electron beam method in
the periodic and continuous configuration. In experi-
ments with periodic action phosphorus removal rate is
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proportional to the temperature at the interface, and it
depends on beam power, but with power increase the
silicon evaporation rate be comes higher. In the con-
tinuous experiments phosphorus level of <0.1 ppm
has been achieved at up to 50 kg/h silicon feed rate
and up to 250 kW beam power, and it led to consider-
able silicon loss.

In work [41] the ecological cleanliness of EBR
process is noted and the possibility of vacuum refin-
ing of silicon through evaporation of impurities with
high vapour pressure and zone recrystallization is
reported in [42]. The possibility of silicon cleaning
in one technological cycle of vacuum and oxidative
refining with a mixture of oxygen with inert gas is em-
phasized (in particular, to remove boron impurity in
the form of BO, B,0, B,0, boron oxides). The author
proposed a scheme of EB process of refining lumpy
crystalline silicon using a cold hearth for evaporation
of elements with a high vapour pressure and oxidative
refining from boron impurities, and a mould for zone
cleaning from Al, Cu, Fe, Ti impurities. A technology
of cleaning using quartz glass has been developed.

ELECTRON BEAM CRUCIBLELESS
ZONE MELTING

Work [43] presents data on the influence of sterility of
vacuum melting chamber on the content of background
and volatile impurities in silicon single-crystals, pro-
duced by the method of electron beam crucibleless zone
melting. The problem of silicon cleaning from oxygen
is relevant when it is used as radiation resistant material.
Oxygen presence in silicon lowers the electronic instru-
ment response speed and is the cause for unreproducible
instrument parameters [44, 45]. During electron beam
crucibleless zone melting silicon cleaning from alloying
and background impurities is caused by zone recrystalli-
zation and impurity desorption from the sample surface
[46]. Content of impurities in silicon is influenced by re-
sidual atmosphere in the melting vacuum chamber. This
must promote impurity desorption from silicon sample
surface during melting. Investigations using the infrared
(IR) spectroscopy method showed that after chamber
purging with helium and with increase in vacuum depth
the oxygen content decreases by more than an order,
while phosphorus content decreases by an order.

The authors of this paper considered the peculiar-
ities of vacuum and oxidative refining during elec-
tron beam melting of metallurgical silicon of differ-
ent purity. Ingots of initial metallurgical silicon were
produced by electron beam melting in a cold copper
crucible, in order to conduct the research (Figure 3).
To produce silicon ingots, EBR of lumpy MG-Si was
conducted by gradually increasing the power of the
electron beam (EB), and refining proper was per-
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Figure 2. Impurity element content in the initial state in metallurgical silicon of Kr0 grade (GOST 2169-69) and degree of their clean-

ing after EBR and oxidative refining

formed at a constant beam power with melt soaking
for a controlled (17 min) period of time. For subse-
quent crystallization, EB power was gradually re-
duced, ensuring a temperature gradient from the in-
got edge to its center, promoting the process of zone
cleaning during melting, as well as compensation of
Si volumetric expansion during ingot crystallization
to prevent its cracking. Technological time of con-
ducting the experiment was 20 min. Produced ingots
had the shape of a convex disc 95 mm in diameter
and 30 mm thick (Figure 3). After completion of the
stages of vacuum and oxidative refining, the power
of heating the silicon bath was gradually reduced up
to the moment of complete crystallization of the pro-
duced ingot material [47].

At the same temperature and pressure of conduct-
ing the technological process more probable is melt
refining from impurity elements, having higher partial
pressure (vapour pressure), allowing for its coefficient
of distribution/activity in the melt [9-14]. Refining
kinetics essentially depends on the technological pa-
rameters, as the real processes occur under consider-
ably non-equilibrium thermodynamic conditions.

During heating of initial silicon by the electron beam
the vapour phase over solid silicon and its melt is made
up of Si gas (g), Si, (g), Si, (g). Up to the temperature of
1227 °C predominantly Si (g) is present in the vapour
phase, at 1727 °C it is 94.8 % Si(g), 4.94 % Si, (g) and
0.26 % Si, (g). Silicon vapour pressure in the melting
point (1417 °C) is equal to 5.66-107" atm. Silicon begins
to noticeably evaporate at temperatures above 1527 °C.

In silicon-oxygen system there are two silicon ox-
ides: SiO with melting temperature of 1702 °C, boil-
ing temperature of 1880 °C, and silicon dioxide SiO,
with T = 1723 °C. SiO forms during SiO, reduction
by silicon at high temperatures.

During metallurgical silicon recrystallization by
the electron beam under vacuum, vacuum refining
proceeds in the formed ingot, which is based on the
difference in vapour pressure of different elements.
Components, for which vapour pressure is higher than
that of silicon vapours, will be removed. Figure 4, a

shows vapour pressure in the melting point of metal
impurity elements.

In boron-oxygen system, B,O, boron oxide is the
most stable in the solid state. This modification melts
in the temperature range of 325-450 °C. At boron
oxide heating with elementary boron above 1000 °C,
there are heat-resistant linear molecules O=B=B=0
in the vapours. Degree and speed of silicon cleaning
from boron strongly depend on temperature. Boron
starts to noticeably evaporate at temperatures above
2027 °C, in the melting point of 2075 °C the vapour
pressure is equal to 1.37-10° atm, and evaporation
rate becomes equal to 4.122-10 g/(cm?-s) [15]. For
effective cleaning the melt temperature should have
been increased up to 2500 °C and higher.

The difference in the rate of silicon and boron
evaporation from the silicon melt can be judged from
literature data, for instance, for 2127 °C temperature,
it is equal to (102.8 and 0.7)-10* g/(cm?-s). Accord-
ingly, it leads to selective evaporation of silicon in the
form of oxides, and, as a result, to increase in boron
content in the melt.

To study the possibility of MG-Si refining from
impurities with low partial pressure (B, P, Bi, etc.),
EBR was followed by oxidative refining (OR), which
consists in melt treatment with gases/vapour, which
contain the oxidizer (water vapour, oxygen) with high
chemical affinity to impurities with formation of high-
ly volatile compounds/oxides.

Figure 3. Initial metallurgical silicon (4) and ingots after vacuum
(B) and oxidative (C) refining
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Figure 4. Partial pressure of saturated vapour in the melting point of impurity elements of metals (@) and oxides (b)

Figure 4, b gives the vapour pressure in the melt-
ing point of oxide impurity elements.

Volatility of monoatomic phosphorus is low, and
diatomic phosphorus is the lightest (P,). Phosphorus re-
moval can be performed with humidified air with forma-
tion of PH,, PH,, PN at temperatures of 14001500 °C.
At higher temperatures thermal decomposition of these
light components occurs, and, as a result, at the tem-
perature of ~1700 °C silicon cleaning from phosphorus
through PH,, PH,, PN becomes practically impossible.

During performance of experimental oxidative
refining (OR) of MG-Si, oxygen with flow rate of
70-80 ml/min was used during EBR for treatment of
metallurgical silicon melt. An additional factor for re-
fining from impurities in EBR 1is their fragmentation
and partial removal, as a result of local overheating
of inclusions in the zone of EBR high-energy impact
[16]. Inclusions, which differ significantly by their
thermal-physical parameters (heat conductivity, heat
capacity) compared to the main component of the melt

(Si), are quickly overheated, partially sublimated, de-
stroyed and removed from the melt. The above-de-
scribed process in the from of microexplosions with
partial removal of the material particles from the melt
surface is often observed visually during performance
of the technological process of EBR of metals and al-
loys in general and of MG-Si, in particular.

The effectiveness of metallurgical silicon refining
was determined by the following formula

c,=(C, —-C, ).100/C_,
where C_ is the refining effectiveness; C, is the con-
centration of initial silicon impurities; C__is the im-
purity concentration after electron beam vacuum and
oxidative refining.

Figure 5, a, b shows the results of the effectiveness
of evaporation of impurities from metallurgical sili-
con (a) and higher purity silicon (b).

Obtained results confirmed the effectiveness of
MG-Si cleaning from metal impurities of Sb, Cr, Mo,
K, Ti during vacuum refining and possibility of clean-
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Figure 5. Effectiveness of refining samples of metallurgical silicon (@) and higher-purity silicon (b) after vacuum and oxidative refin-

ing: / — vacuum refining; 2 — oxidative refining

ing from Ti, Ni, Al, As, P and partially boron during
oxidative refining. More effective refining of silicon
from impurity elements and boron during EBR can be
expected under the condition of a developed surface
of the melt and greater duration of the ingot surface
staying in the molten state.

CONCLUSIONS

1. Modern technologies are presented, which are used
for refining metallurgical silicon.

2. Intermediary metal (Al) acts as an impurity trap
during silicon refining after its fusion with Si. Low
temperatures (beyond 1000 °C) are more favourable
for Si refining. Partial removal of C, Ca, Fe, Ti, P and
an abrupt lowering of Fe, Ti content in Al-Si melt
with Si is shown. Double directional crystallization of
the melt allowed producing Si of the purity acceptable
for application in photoelectric technologies.

3. For boron removal positive results were ob-
tained during plasma remelting with simultaneous use
of gases bled into the active zone: Ar-H,, H-H,0, O,
or H, in Ar-based plasma.

4. The technique of electromagnetic stirring of the
bath ensures accelerated mass transfer in the liquid,
compared with the speed of reaction on the surface,
and surface shape is controlled.

5. It is found that H, is more effective in the
plasma than O, for removal of metal impurities:
effectiveness of Na, Ca, Ba and Al removal was
equal to 90-100 % at application of 30 % H, in Ar
plasma, and carbon removal was observed during
oxygen application in the plasma at temperatures
above 1530 °C.

6. Constant voltage on the liquid bath increases the
refining effectiveness 10 times. Obtained silicon prod-
uct had favourable electronic properties.

7. The best results on boron removal from molten
silicon were obtained during melt blowing with hu-
midified argon or water vapour.

8. The possibility of silicon cleaning from ele-
ments with a high vapour pressure and oxidative re-
fining from boron impurities in one technological cy-
cle of vacuum and oxidative refining with a mixture
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of oxygen with inert gas, using a cold hearth and zone
recrystallization is noted.

9. During electron beam crucibleless zone melting

silicon cleaning from alloying additives and back-
ground impurities is caused by zone recrystallization
and impurity desorption from the sample surface. Af-
ter increasing the vacuum depth, oxygen content de-
creases by more than an order, with phosphorus con-
tent decreasing by an order.
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ABSTRACT

In modern industry, ensuring the quality of welded joints, particularly those made from aluminium alloys, is a crucial task for
enhancing the reliability of structures. Special attention is paid to detecting internal defects that may lead to their premature fail-
ure. The aim of this work is to develop and apply a shearography non-destructive testing method in combination with thermal
loading to detect ultra-small defects in welded joints of aluminium alloys. Loading was provided by an automated system that
allowed the surface of tested specimens to be heated by 3—7 °C for 2—4 s. The studies showed that the advanced shearography
equipment can detect defects as small as 0.3 mm in diameter, with a depth of up to 1.8 mm, both in the weld zone and in the
base metal. The proposed parameters of thermal loading and the settings of the interferometer optical scheme allowed achiev-
ing a high sensitivity to ultra-small defects. The shearography method with automated thermal loading is effective for detecting
internal defects in welded joints of aluminium alloys and can be used for non-destructive testing in production conditions.

KEYWORDS: non-destructive testing, shearography; aluminium alloys, ultra-small defects

INTRODUCTION

The production of modern parts and structures of high
quality and reliability is associated with the use of
the latest structural materials with specified physical
and mechanical properties. Ensuring the high quali-
ty of the produced structures is one of the most cru-
cial scientific and technical challenges. Therefore, it
is important to improve the known and develop new
modern automated methods and tools for quality test-
ing of mechanisms and structures. Nowadays, various
non-destructive methods are used to detect defects in
materials and structures, such as radiographic, acous-
tic, luminescent, eddy current, etc. [1, 2]. Each of
these methods has its own disadvantages and advan-
tages, but none of them is universal and does not meet
all the requirements for non-destructive testing tools
and methods. In leading modern industries, especially
in the automotive, shipbuilding, power and aerospace
engineering sectors, new structural materials are
widely used in the manufacture of thin-sheet struc-
tures. They mostly operate under severe mechanical
and temperature conditions. Therefore, even a small
concentration of stresses caused by defects in welds
or structural elements can lead to their failure.
Hidden defects, which are undetected during man-
ufacturing inspections, often cause reduced structural
quality. A significant part of product failures at the
initial stage of their operation is associated with the
manifestation of such hidden defects. In most cases,
they also cause the failure of assemblies and structural
elements in the course of their further use. Therefore,
in order to improve the testing and reliability of struc-
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tural assemblies and elements, it is important to use
modern methods of non-destructive testing [3—6]. A
group of the above-mentioned quality testing meth-
ods is successfully supplemented by laser interferom-
etry methods, especially speckle interferometry. The
shearography method is promising for engineering
applications [7, 8]. This method makes it possible
to directly obtain the values of derivatives from the
displacements and is effective in analysing deforma-
tions. The shearography method is insensitive to dis-
placements of the object as a whole, since such dis-
placements do not cause deformations and, therefore,
do not require special protection against vibrations.

The intensive development of computing technol-
ogy has made it possible to significantly improve the
method of shearography and develop the method of
digital shearography [9]. An important characteristic
feature of this method is the ability to observe a dy-
namic pattern of interference fringes on a monitor in
real time. Due to relative simplicity, this method can be
used to solve much more complex problems related to
deformation analysis and quality testing of structures in

laboratory and industrial conditions.
Studies on the detection of fine defects in lamel-

lar composites using thermal-loaded shearography are
presented in [10, 11], and both experimental and nu-
merical results on the detection of small defects are
presented. In the given articles, a thermomechanical
finite element model was created in Abaqus to evalu-
ate different thermal loading schemes for flaw detec-
tion. The rational choice of reference and signal in-
terference patterns from the heating/cooling sequence
for reliable flaw detection was determined. Experi-
mental and numerical results show that this approach
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Figure 1. Block diagram of shearography system: / — laser; 2 —
beam expander; 3 — lens; 4 — shearography interferometer con-
taining lenses 5, beamsplitter 6, mirror 7, mounted on piezoelec-
tric element &8, mirror 9, which creates an image shear by means
of screws 10; 11 — PZT controller 8; /2 — digital camera; /13 —
laptop; /4 — tested object

allows detecting millimetre and submillimetre defects
in carbon fibre reinforced lamellar composites.

In [12], a method of real-time phase processing with
high-frequency synchronization of the digital camera,
PZT-mirror and load is proposed to improve the quali-
ty of the phase pattern and the efficiency of protection
against noise during the phase shift process. The method
was applied to optical non-destructive measuring sys-
tems of shearography/ESRI to detect minor tear defects
with a minimum size of 2 mm and to evaluate the inter-
facial adhesive strength of bonding layers, respectively.
Currently, digital shearography is being intensively de-
veloped and has the following advantages: visualization,
contact-free nature, high sensitivity and the ability to
perform real-time studies of complex-shaped and large-
sized objects.

THE AIM

of this work is to develop a technology for detecting
internal defects of ultra-small sizes (less than 1 mm in
diameter) in aluminium welded joints using the dig-
ital shearography method in combination with auto-
mated thermal loading.

METHOD OF SHEAROGRAPHY FOR
NON-DESTRUCTIVE QUALITY TESTING

To conduct the NDT experiments, a shearography sys-
tem based on the Michelson interferometer, which is
sensitive to out-of-plane deformation, was used to con-
duct the NDT experiments, which is sensitive to out-of-
plane deformation (Figure 1). The shearography exper-
iments were carried out using the software developed
by the authors, which contains additional options for
control of the thermal load. It allows setting the time
of recording the initial state, switching on and off the
temperature load, recording the loaded state, as well as
the time of exporting the initial and loaded states to the
software for processing the received images.

Figure 2. Appearance of shearography interferometer with laser
modules and replaceable lens

NON-DESTRUCTIVE QUALITY TESTING
OF ALUMINIUM WELDED JOINTS
BY THE SHEAROGRAPHY METHOD

Experiments on non-destructive testing by the
shearography method in combination with thermal
loading were performed on welded aluminium al-
loy specimens. The specimens were planar and were
made by friction stir welding. During the experi-
ments, the specimens were fixed in a mounting frame,
which allowed applying a thermal load (Figure 3).
The loading was carried out automatically using the
developed software. The shearography patterns were
recorded both at the heating and cooling stages with a
10-fold optical magnification, which was achieved by
installing a 75 mm focal length lens and an additional
optical ring. The shear was chosen along the OX or
OY direction and its value was 10 mm.

In the process of testing aluminium specimens, ther-
mal loading with hot air was applied using an industri-
al hot air gun. The air heating temperature was set to
500 °C, the distance from the hot air gun to the specimen
surface was ~20 mm, the heating lasted 23 s and the
change in surface temperature was up to 10 °C.

Figure 5 shows the location scheme of the defect in
the welded specimen. Figure 6 shows settings used for
automatic thermal loading. In the first step (Stepl), the
initial state of the object is recorded. In the second step
(Step2), the temperature load is switched on and off in
the third step (Step3). In the fourth step (Step4), a speck-
le pattern of the deformed state of the object is recorded.

Figure 3. Appearance of shearography interferometer with a 10-
fold optical magnification and test specimen fixed in a mounting
frame
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Figure 4. Scheme of the experiment: / — laser illumination; 2 —
shearography interferometer; 3 — laptop; 4 — tested specimen;
5 — heating source; 6 — blind hole

Figure 5. Scheme of defect location in welded specimen: 7 —
thickness of specimen; d — diameter of hole; L — depth of oc-
currence (wall thickness remaining after drilling a blind hole with
a diameter d)

In the fifth step (Step5), the initial and final states of the
object are exported to a programme for processing.

Program settings

Step1 |Record Initial

Step2 |StartLoading 1

Step3 |Stop Loading 1

Step4 |Record Final

Figure 7. Shearography inspection of the test area of an alumini-
um specimen: general view of the area (@) and a typical pattern of
detected defects with diameters d = 0.5, 0.6, 0.7 and 0.8 mm (b)

To develop the shearography testing procedure,
blind holes with a diameter of d = 0.5-0.8 mm and a

Figure 8. Shearography inspection of the test area of a weld of an aluminium specimen: general view of the area with defects («) and
a typical pattern of detected defects with a diameter of 0.3 mm and a depth of L = 0.35 and 0.85 mm ()

Figure 9. Shearography inspection of the test area of a weld of an aluminium specimen: general view of the area with defects (a)
and typical pattern of detected defects with a diameter of d = 0.3 mm and a depth of L = 1.8 and 1.5 mm (b)
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depth of L = 0.1 mm were drilled on the base metal
of a welded specimen with a thickness of 7 =2.5 mm
(Figure 7, a). The results indicating the presence of
defects in the studied area are shown in Figure 7, b. A
local sharp change in the value and sign of the deriv-
ative characterises the presence of a defective zone.
Since the shear is much larger than the size of the cre-
ated blind holes, such defects are manifested against
the background of uniform deformation as two sepa-
rate areas in the direction and at a distance of the shear
(dark and light).

Following the development of the shearography
testing procedure, it was applied to inspect ultra-small
artificial defects. The defects represented holes with a
diameter of d = 0.3 mm and different drilling depths
located in a weld made by friction stir welding. The
results of testing defective areas are shown in Fig-
ures 8, 9.

The above shearograms clearly show local features
that characterise the presence of embedded defects.

CONCLUSIONS

A procedure has been developed to detect ultra-small
defects (<1.0 mm) located both in the areas of the
base metal of aluminium welded joints and in the
weld zone. This was achieved by using a shearogra-
phy interferometer with a 10-fold optical magnifica-
tion, selecting a shear that is larger than the sizes of
a defect and automated dosed thermal loading. It has
been experimentally confirmed that the proposed ap-
proach makes it possible to detect defects with a min-
imum size of 0.3 mm in diameter, which are located
under the surface at a depth of 0.35-1.80 mm.

REFERENCES

1. (2001) Non-destructive testing and technical diagnostics. Ed.
by Z.T. Nazarchuk. Lviv, PMI [in Ukrainian].

2. Rastorgi, P.K., Inaudi, D. (2000) Trends in otical non-destruc-
tive testing and inspection. Oxford, Elsevier Science B.V.

3. Nazarchuk, Z.T., Muravsky, L.I., Kuts, O.G. (2022) Nonde-
structive testing of thin composite structures for subsurface
defects detection using dynamic laser speckles. Research in
Nondestructive Evaluation, 33(2), 59—77. DOI: https://doi.or
2/10.1080/09349847.2022.2049407

4. Lai, W.L., Kou, S.C., Poon, C.S. et al. (2009) Characterization
of flaws embedded in externally bonded CFRP on concrete
beams by infrared thermography and shearography. J. Non-
destruct. Eval., 28(1), 27-35. DOI: https://doi.org/10.1007/
$10921-009-0044-x

5. Vandenrijt, J.F., Xiong, H., Lequesne, C. et al. (2019) Shearog-
raphy inspection of monolithic CFRP composites: Finite ele-
ment modeling approach for assessing an adequate strategy of
artificial defects representing delamination. In: Conf. Optical
Measurement Systems for Industrial Inspection XI, 11056,
107-113. DOI: https://doi.org/10.1117/12.2527445

6. Menner, P., Gerhard, H., Busse, G. (2011) Lockin-interfer-
ometry: Principle and applications in NDE. Strojniski Vest-

nik . J. of Mechanical Eng., 57(3), 183—-191. DOI: https://doi.
org/10.5545/sv-jme.2010.169

7. Lobanov, L.M., Pivtorak, V.A., Savitsky, V.V. et al. (2005)
Express control of quality and stressed state of welded struc-
tures using methods of electron shearography and speckle-in-
terferometry. The Paton Welding J., 8, 35—40.

8. Hung, Y.Y., Ho, H.P. (2005) Shearography: An optical mea-
surement technique and applications. Materials Sci. and Eng.:
R:Reports, 49(3), 61-87. DOI: https://doi.org/10.1016/].
mser.2005.04.001

9. Lobanov, L.M., Savytskyi, V.V., Kyianets, [.V.et al. (2021)
Non-destructive testing of elements of titanium honeycomb
panels by shearography method using vacuum load. 7ekh. Di-
ahnost. ta Neruiniv. Kontrol, 4, 19-24 [in Ukrainian]. DOI:
https://doi.org/10.37434/tdnk2021.04.02

10. Tao, N., Anisimov, A.G., Groves, R.M. (2024) Shearography
with thermal loading for defect detection of small defects in
CFRP composites. In: Proc. of the 21*" European Conf. on
Composite Materials (ECCM21), 02—05 July 2024, Nantes,
France, Vol. 4: Experimental Techniques, 85-90.

11. Tao, N., Anisimov, A.G., Groves, R.M. (2022) Shearography
non-destructive testing of thick GFRP laminates: Numeri-
cal and experimental study on defect detection with thermal
loading. Compos. Struct., 282, 115008. DOI: https://doi.
org/10.1016/j.compstruct.2021.115008

12. Bin Liu, Shuo Wang, Mingming Zhan et al. (2022) Optical
nondestructive evaluation for minor debonding defects and
interfacial adhesive strength of solid propellant. Measure-
ment, 194, 111066. DOI: https://doi.org/10.1016/j.measure-
ment.2022.111066

ORCID

L.M. Lobanov: 0000-0001-9296-2335,
O.P. Shutkevych: 0000-0001-5758-2396,
[.V. Kyyanets: 0000-0002-2559-8200,
I.L. Shkurat: 0009-0003-1888-4203,
K.V. Shyyan: 0000-0001-9198-6554,
V.V. Savitsky: 0000-0002-2615-1793

CONFLICT OF INTEREST
The Authors declare no conflict of interest

CORRESPONDING AUTHOR

V.V. Savitsky

E.O. Paton Electric Welding Institute of the NASU
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine.
E-mail: viktor.savitsky(@nas.gov.ua

SUGGESTED CITATION

L.M. Lobanov, O.P. Shutkevych, I.V. Kyyanets,
I.L. Shkurat, K.V. Shyyan, V.V. Savitsky (2025)
Detection of internal ultra-small defects

in aluminium welded joints by the shearography
method. The Paton Welding J., 2, 38-41.

DOI: https://doi.org/10.37434/tpw;j2025.02.06

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

Received: 14.10.2024
Received in revised form: 15.11.2024
Accepted: 31.03.2025

41




THE PATON WELDING JOURNAL, ISSUE 02, FEBRUARY 2025

ISSN 0957-798X

DOIL: https://doi.org/10.37434/tpwj2025.02.07

DETECTION OF CIRCULAR SUBSURFACE DEFECTS
IN LAMINATED COMPOSITES USING OPTICAL-ACOUSTIC
NONDESTRUCTIVE TESTING SYSTEM

O.M. Sharabura, L.I. Muravsky, O.G. Kuts

G.V. Karpenko Physico-Mechanical Institute of the NASU

5 Naukova Str., 79060, Lviv, Ukraine

ABSTRACT

An optical-acoustic system layout for nondestructive testing of subsurface defects in laminated composites has been developed.
Detection and localization of subsurface defects in composite laminated structures with the help of the optical-acoustic system
layout are performed by forming a series of dynamic speckle patterns of the composite surface, which is excited by a flexural
elastic wave, their subsequent recording and accumulation in order to generate differential digital speckle patterns and extract
optical spatial responses from defects. To assess the efficiency of detecting such defects, fiberglass laminated structures were
manufactured containing three layers of glass textolite plates and circular flat defects of various sizes in the middle layer. Based
on the conducted studies, an experimental dependence of the fundamental resonance frequency of circular subsurface defects
on their sizes was obtained, which is close to the theoretically plotted one. It is shown that using the created optical-acoustic
system layout, it is possible to detect such defects in a wide range of changes in their sizes.

KEYWORDS: optical-acoustic system, dynamic speckle pattern, circular subsurface defect, region of interest, difference

speckle pattern, elastic wave, laminated composite

INTRODUCTION

Constant improvement of materials and structural el-
ements, used in mechanical engineering, aerospace,
construction industry, etc. requires continuous devel-
opment of methods and means of their nondestructive
testing (NDT) and technical diagnostics. In order to
develop new and improve the available methods of
NDT of materials and structures, processes of different
physical nature, are used. A lot depends on the condi-
tions, under which the control process is expected to
be carried out, properties of materials, from which the
object of study is made, types of defects to be revealed,
etc. Over the recent years, high-speed NDT equipment
has been intensively developed. It is based on the prin-
ciples of thermography, digital speckle-interferometry
and shearography [1-4] and enables parallel selection
of 2D and 3D data arrays from a large area of the object
of study and their further digital processing.

The advantage of thermographic methods is the
large area of the object and contactless procedure of
material heating. Their possibilities, however, are lim-
ited by the small thickness of the material of the ob-
ject of study, considerable energy costs for its heating
and high cost of equipment, in particular an infrared
camera. Moreover, the need for preheating the object
of study is harmful to the environment and worsens
the ecological condition of the surrounding area.

Shearography methods are effectively used for NDT
of surfaces of a large area [3—6]. Shearography systems
allow testing a large area of the object of study with a
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high speed without any need for additional heating. They
are applied to detect, measure and localize anomalies by
reproduction and visualization of microscopic changes
on the studied surface during the respective loading. The
digital shearography camera checks the entire field of
vision practically simultaneously, in contrast to vibro-
metric and ultrasonic (US) scanning means of [3]. There
exist a range of methods of loading application in such
systems, in particular diverse mechanical and vibrational
loads, loading under the impact of sonic or US signals,
pressure, etc., which lead to minor local deformations
of the surface caused by both surface and subsurface
defects. These can be impact damage, disbanding de-
lamination, porosity, thermal damage, cracks, etc. Such
deformations are readily identified by NDT shearogra-
phy systems [1, 2, 5, 6]. In such systems, however, it
is necessary to use a complex imaging module, which
complicates their overall design.

Unlike the interferometry NDT methods, in the opti-
cal-acoustic method (OAM) only the speckle patterns of
the surface are used to detect subsurface defects in com-
posite structures. The surface is excited by elastic waves
from an acoustic radiation source. Coherent speckle
patterns are formed without application of a reference
laser beam, resulting in considerable simplification of
optical-digital NDT systems, implementing OAM. The
method consists in exciting a composite structure with
a flexural elastic wave, illuminating an area of the com-
posite surface with an expanded laser beam, and forming
a series of dynamic speckle patterns of the composite
surface area generated with opposite polarities of the
elastic wave, the frequency of which changes monotoni-
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cally. A digital camera accumulates two series of dynam-
ic speckle patterns and, as a result of this accumulation,
records a pair of digital speckle patterns (DSPs). After
high-speed processing of the DSP pairs, defect maps are
obtained containing optical spatial responses from re-
gions of interest located directly above the defects. Fur-
ther, the obtained defect maps are used to determine the
location, dimensions and depth of occurrence of subsur-
face defects. OAM is described in detail in works [7-11].

OPTICAL-ACOUSTIC SYSTEM
FOR NONDESTRUCTIVE TESTING
OF SUBSURFACE DEFECTS

A layout of optical-acoustic system (OAS) for sub-
surface defects NDT was created for OAM techni-
cal realization [7—11]. Its block-diagram is shown in
Figure 1. One of the key points of difference of OAS
consists in that compared to the known interferometry
systems for internal defects detection it does not con-
tain an interferometer or a shearography unit. Due to
that it has a much simpler design and low sensitivity
to vibrations and other external impacts.

Optical spatial response from a subsurface defect
to OAS is generated by comparing the recorded DSP
I (i, j) obtained at maximum values of elastic wave
amplitude, with DSP 7 | (i, j) obtained at their mini-
mum values. The procedure of DSP cross-correlation
is described in detail in [9-11] and it is performed by
deriving the difference DSP:

In(i’j)=|Inl(iﬂj)_lr12(i’j)|' (1)

After deriving the difference DSP which can be
interpreted as a defect map, a natural question arises,
how the defect parameters can be determined based
on the generated map. For this purpose, we need to
establish a connection between the subsurface defect
shape and its size and depth of occurrence. One of the
possible approaches to solving this problem consists
in application of mathematical physics methods for
construction of a mathematical model of the respec-
tive defect. To derive the expressions, connecting the
physical parameters of the material, from which the
diagnosed object is made, with the defect parameters
and its resonance frequencies, the approaches devel-
oped for the theory of plates and shells are applied
[12, 13]. The works, analyzed and generalized in [13],
present the research results for flat isotropic and aniso-
tropic plates of different shape, in particular for rect-
angular [14, 15], round and elliptical [16-19] ones,
including those with different boundary conditions.
The theory of vibrations of plates and shells [12, 13]
in different recording variants is widely used in the
field of nondestructive testing and technical diagnos-
tics [20-24]. In [9—11], in particular, the formulas for
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Figure 1. Simplified optical schematic of OAS layout: / — semi-
conductor laser with amplitude modulation; 2 — laser beam ex-
pander; 3 — fiberglass laminated structure, containing layers of
STEF-1 glass textolite and subsurface defects in the middle layer;
4 — digital camera with a lens; 5 — broadband signal generator
for piezoelectric converter; 6 — piezoelectric converter; 7 — con-
trol unit; § — computer

the model of a square subsurface defect are used. Ac-
cording to this model, the region of interest above the
planar defect can be regarded as a thin square mem-
brane, clamped at the edges. If such a defect is excited
in one of its resonance frequencies, i.e. in one of the
resonance frequencies of the region of interest above
the defect, then an optical spatial response from the
defect will form at OAS output. For a circular planar
subsurface defect, a model of a circular plate from an
isotropic material clamped at the edges, can also be
used, which can be regarded as the region of interest
above the subsurface defect, the dimensions of which
correspond to the defect dimensions. According to
[13, 20], the formula for determination of fundamen-
tal frequency f,, of resonance vibration of such a plate
has the following form:

for :0.47i2 E —, @
p(l=v7)
where a is the membrane radius, mm; 4 is the depth
of defect occurrence, mm; £ is the Young’s modulus,
GPa; p is the material density, kg/m?®; v is the Pois-
son’s ratio.

EXPERIMENTAL STUDIES

Experimental studies on detection and identification
of subsurface circular planar defects were conduct-
ed on samples of fiberglass laminated structures of
400%250 mm size, each of which was produced from
three plates of STEF-1 glass textolite and epoxy phe-
nolic polymer resin as a binder [10]. The lower layer,
a 5 mm plate from STEF-1 glass textolite provided
the structure rigidity. A series of circular and square
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Figure 2. Schematic of arrangement of circular subsurface de-
fects in the detected section of sample No. 1 of the fiberglass lami-
nated structure and their diameters, mm: 1 —45;2 — 35;3 —25;
4 — 20; 5 — a group of five defects with diameters of 14, 12, 10,
8, 6 mm

holes were cut out in the middle layer, in 1.5 mm
glass textolite plate. Made from the same material
upper layers in the samples have different thickness.
In sample No. 1 from fiberglass laminated structure,
which was studied, the upper layer is 0.41 mm thick,
i.e. the depth of defect occurrence in this sample is
h =0.41 mm. Figure 2 shows the scheme of arrange-
ment of circular subsurface defects in the highlighted
section of sample No. 1 with the thickness of upper
glass textolite plate # = 0.41 mm, numbered from 1 to
5 in the order of decreasing defect diameters.

The developed OAS layout implements a method of
quick real-time testing of the studied surface. For this
purpose, after setting all the required parameters of the
system, we analyze the difference DSP in a wide range
of variation of the frequency of the sample excitation
by an elastic wave. Each difference DSP is analyzed
pixel by pixel for exceeding a certain preset noise level
(NL) and under the condition of its exceeding in a cer-
tain image pixel, we record this event with a counter.
After such verification we obtain M pixels with excess
noise level for each difference DSP and for each pre-
set excitation frequency. Further on we will divide this
number by the total number of pixels in the image, and
as a result we obtain the percentage of the area of opti-
cal spatial response from the region of interest, which
exceeds the noise level, and, thus, can contain the sub-
surface defect. During this procedure, the difference
DSP is saved for each excitation frequency, in case of
exceeding the NL. Derived difference DSP is further on
analyzed and processed using the simplest algorithms
for digital image processing (DIP).

During NDT of sample No. 1 the difference DSP
of the sample surface were obtained using OAS lay-
out and optical spatial responses from defects No. 1-4
were analyzed in the range of variation of piezoelec-

tric converter frequency of 1-50 kHz. Figure 3 shows
the difference DSPs after application of DIP proce-
dure, where optical responses from circular defects of
different diameters are clearly visible.

Analysis of the images in Figure 3 allows follow-
ing the correlation of the optical response areas and the
respective defect areas, the area of responses from de-
fects becoming smaller with reduction of their sizes.
So, for instance, Figure 3, a gives an optical response
from subsurface defect No. 1, 45 mm in diameter at
resonance frequency f; = 1.8 kHz. Figure 3, b shows
the optical response from defect No. 2, 35 mm in di-
ameter at resonance frequency f;, = 2.8 kHz. Howev-
er, response from circular defect No. 3 (Figure 3, ¢)
at resonance frequency f;, = 4.6 kHz is much smaller
than its diameter, which is attributable to a too weak
response from the sample surface, caused by a consid-
erable distance between the excitation source and this
defect. Therefore, to obtain defect map from the rest of
test defects, the excitation source was moved closer to
their location. Figure 3, d shows the optical response
from a defect 20 mm in diameter at resonance frequen-
cy f,, = 7.6 kHz, the size of which is also smaller than
the defect size. Despite the absence of the possibility
of accurate determination of the radius of circular sub-
surface defect, evaluation of its size is satisfactory and
sufficient for NDT objectives. Figure 4 gives improved
defect maps for defect group No. 5. Figure 4, a, b, ¢
shows the sample surface area where four of five de-
fects of group No. 5 are concentrated, including the
largest defect 14 mm in diameter (Figure 4, a) obtained
atresonance frequency f; = 13.8 kHz. The smallest de-
fect 6 mm in diameter from defect group No. 5 could
not be seen in the studied frequency range. In Figure
4, b we can simultaneously see defects 12, 10 and 8§
mm in diameter at resonance frequency f, = 21.6 kHz.
At this frequency the largest response is formed by a
defect 12 mm in diameter. Figure 4, ¢ shows the optical
response from a defect 8 mm in diameter at frequency
fo, =35.8 kHz.

Figure 5 presents the theoretical (curve /) and
experimental (curve 2) curves of the dependence of
resonance frequency f,, on the sizes of subsurface
defects in sample No. 1. The numbers mark the ex-
perimental data obtained for circular defects num-
bered in Figure 2. To derive a theoretical dependence
(curve /) formula (2) was used, where the parameter

|b

Figure 3. Optical spatial responses from subsurface defects No. 1 — 45 mm in diameter (@), No. 2 — 35 (), No. 3 — 25 (¢), No. 4 —

20 (d), which became visible in defect maps
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Figure 4. Defect maps of subsurface defect group No. 5 (Figure 2), recorded at the highest intensity of optical responses from defects

with diameters of 14 (a), 12 (b), 8 mm (¢)

for, kHz

5 10 15 20 25

a, min

Figure 5. Theoretical (/) and experimental (2) dependencies of
resonance frequency f; on circular defect radius a

values were taken from [10] based on experimental
data for STEF-1 glass textolite plate. Here the depth
of defect occurrence 4 = 0.41 mm, modulus of elas-
ticity £ =23.3+1.3 GPa, Poisson’s ratio v =0.14+0.02
and material density p = (1.7+0.05)-10° kg/m’.

As shown by the derived dependencies, the best
convergence between them is observed for circular
defect radius in the range of 6—18 mm, which corre-
sponds to subsurface defects Nos 2-5.

Despite that, research results are indicative of the
applicability of formula (2) to determine the depth of
defect occurrence with sufficient accuracy in the en-
tire studied range. Deviation of experimental results
from the theoretical ones shown in Figure 5, are at-
tributable, in particular, to imperfection of formula (2)
for determination of the main resonance frequency f, ,
deviations in the dimensions of the introduced de-
fects, material orthotropy, etc. One of the methods to
improve the accuracy of establishing the parameters
of a subsurface defect of unknown dimensions and
depth of occurrence is determination of not just the
fundamental resonance frequency f, but also higher
order frequencies. Having experimentally determined
these frequencies and using formula (2), as well as
the respective coefficients for finding multiple reso-
nance frequencies for an isotropic material, we can
experimentally determine these resonance frequen-
cies by the spatial structure of optical responses, and,

thus, determine the depth of the defect occurrence at
unchanged parameters of the composite plate surface
layer. Note that for a circular subsurface defect, the
spatial structure of optical responses at the fundamen-
tal and multiple resonance frequencies corresponds to
the structure of the nodes and antinodes of a circular
membrane of the same diameter, and that of the de-
fect, at the same resonance frequencies.

Thus, the results of studying the circular subsurface
defects using OAS layout and derived experimental de-
pendence of resonance frequency £ on defect radius a
at depth of occurrence / = 0.41 mm testify to the funda-
mental possibility of evaluation of the subsurface defect
area and its geometrical dimensions.

CONCLUSIONS

Based on the developed OAM, OAS layout was cre-
ated, which enables detection of subsurface defects in
composite laminated structures using a series of dy-
namic speckle patterns of the composite layer surface
above the defect, excited by a flexural elastic wave.
After their recording, difference DSP are formed and
optical spatial responses from the defects are detected
in case of their presence in the digital camera field of
view. Formation of dynamic speckle patterns does not
require application of an additional reference beam in
OAS, which enables designing on its base high-speed
optical-digital devices for NDT of subsurface defects,
with a low sensitivity to vibrations or other external
factors and which are capable of operation in site. It
is shown that difference DSP derived at fundamen-
tal resonance frequencies f;, for circular subsurface
defects, allow detecting these defects in fiberglass
laminated structures and determining their sizes with
diameters in the range of 845 mm.
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50 YEARS OF THE ARAKS EXPERIMENT:
PROBING THE EARTH’S IONOSPHERE
AND MAGNETOSPHERE WITH A POWERFUL ELECTRON BEAM

The early 1970s marked the beginning of active space
exploration, highlighted by the successful implemen-
tation of several international research projects. These
initiatives became possible during a brief period of
détente in global tensions. Agreements between the
USSR and the USA facilitated scientific and technical
cooperation between the two opposing blocs, partic-
ularly in the field of space research. The signing of
treaties limiting anti-ballistic missile systems and stra-
tegic armaments created opportunities for joint exper-
iments in the peaceful exploration of space. Among
the most notable was the historic Soviet-American
“Soyuz-Apollo” mission, which involved docking
and a joint manned flight of spacecraft from both su-
perpowers. Another significant project was the Sovi-
et-French (with USA participation) ARAKS experi-
ment, dedicated to studying physical processes in the
Earth’s ionosphere, especially those associated with
auroral phenomena [1-4].

The ARAKS experiment (Artificial Radiation and
Aurora at Kergelen and Sogra) pursued both scientific
and practical objectives. Scientifically, it aimed to in-
vestigate the interaction of high-energy particles with
the Earth’s magnetic field and atmosphere, test theo-
retical plasma physics models, and validate hypoth-
eses. On the practical side, the experiment sought to
refine the design of powerful energy sources, systems
of control, automation, and data collection under ex-
treme space conditions. Additionally, it enabled full
scale studies of supersonic flow of the Earth’s rarefied
ionospheric plasma around a spacecraft and the elec-
trification of spacecraft surfaces to high potentials,
which could interfere with or even damage onboard
electronic equipment. A particularly intriguing aspect
of the experiment was its aesthetic component, as its
name suggested — the artificial creation of auroras.

The core of the experiment involved injecting
an electron beam, generated by an electron beam

gun (betatron), into the Earth’s magnetosphere to
study the dynamics of electron movement within
the Earth’s magnetic field and their interactions
with the ionosphere. Unlike passive methods,
which observe natural phenomena independent
of the researcher, this experiment represented an
active space study. It entailed directed interven-
tion in the research object with controlled param-
eters, followed by analysis of the results, similar
to experiments conducted in terrestrial laborato-
ries. Despite numerous laboratory and passive
experiments in this field, active experiments
remain relatively rare in global scientific prac-
tice. Since October 1974, a series of American
active experiments, such as EXCEDE [5], Echo
[6-8], Spacelab 1 (1983) [9], Atlas-1 (1992) [10,
11], and Beam-PIE (2023) [12], as well as the
US-Japanese Charge-2 (1985) [13] and SEPAC
[14] experiments et al., have been conducted.

L Magnetic field line
Artificial aurora

24210 km

The active experiment ARAKS was, in fact, the
first such successful study (January—February 1975)
with technical characteristics of onboard equipment
that were practically replicated only half a century lat-
er. The initiators of the project were Dr. .O. Zhulyn
(Institute of Terrestrial Magnetism and Atmospher-
ic Wave Propagation, USSR) and Prof. F. Cambou
(Center for the Study of Radiation in Space (CESR),
Toulouse, France). The main scientific institutions in-
volved in the project were: in France — the Nation-
al Center for Space Studies (CNES), Toulouse; the
Center for the Study of Radiation (CESR), Toulouse;
the lonosphere Research Group (GRI), Saint-Maur-
des-Fossés; in the USSR — the Institute of Space
Research, Moscow; the Institute of Terrestrial Mag-
netism and Atmospheric Wave Propagation, Mos-
cow; the E.O. Paton Electric Welding Institute of the
Academy of Sciences of the Ukrainian SSR, Kyiv;
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the Institute of Electrodynamics of the Academy of
Sciences of the Ukrainian SSR, Kyiv; the Kurchatov
Institute of Atomic Energy, Moscow. The abbrevia-
tion ARAKS is phonetically similar to the name of
the Araks River in Armenia, where the agreement to
conduct this experiment was first reached.

According to the experiment plan, it was neces-
sary to select a pair of magnetically conjugate points,
launch a rocket along a ballistic trajectory, generate a
beta-particle (electron) beam at one of the points, and
record the expected physical effects using ground-
based, airborne, and space-based instruments.

As magnetically conjugate points on land, a unique
pair was chosen — on Kerguelen Island (France,
Southern part of the Indian Ocean) and near the set-
tlement of Sogra (Arkhangelsk Region, USSR). Both
points were located on land and positioned at high
latitudes in different hemispheres, separated by a dis-
tance of more than 12600 km.

The electron beam, generated by an accelerator in
the Kerguelen area, was expected to propagate along
the magnetic field line northward, and upon entering
the dense atmospheric layers in the Arkhangelsk re-
gion, act as a “disturbance” in the environment. Part
of the plasma, reflected in the Northern Hemisphere,
was supposed to return to the launch site, practically
retracing its initial trajectory.

The launch of the experimental equipment was car-
ried out using the French “Eridan” rocket, whose final
stage contained two interacting experimental systems:
an electron beam gun, devices for indirect potential
change, particle flux detectors, and a detachable cone
that was ejected at a speed of 40 m/s from the rocket’s
main body. This cone housed antennas designed to de-
tect radio waves generated by the electron beam as it
interacted with the ionosphere.

Ground-based measurement stations were estab-
lished for the experiment. Optical and radar measure-
ments in the Northern Hemisphere at the magnetically
conjugate point to Kerguelen Island, as well as ex-
tremely low and extremely high-frequency measure-
ments at both locations, were of particular importance.
Additionally, just before the launch of the “Eridan”
rocket, X-ray detectors were deployed by parachute at
an altitude of ~80 km above Kerguelen Island. These
detectors had been delivered there by the “Areas”
rocket. The X-ray experiment was conducted by the
University of Houston (USA).

The experience in developing electron beam
equipment placed on rockets and satellites allowed
the E.O. Paton Electric Welding Institute (PWI) and
the Institute of Electrodynamics (IED) to create an
electron accelerator for ARAKS with record-break-
ing characteristics. The project curator at PWI was
D.A. Dudko. The main leadership for specific research
directions was carried out by: O.K. Nazarenko —
electron beam gun; V. D. Shelyagin — high-voltage
power source; Yu.M. Lankin — electronics and auto-
mation; V.E. Paton — structural design.

According to its main technological parameters,
the accelerator (betatron) of the ARAKS apparatus
was analogous to one of the best industrial electron
beam welding systems of that time — the U-250A with
the U-530 gun. It provided a beam power of 15 kW,
operated in a pulsed mode, and allowed electron beam
deflection at angles of up to £90°. The size and weight
characteristics and reliability of the accelerator ex-
ceeded those of any known ground-based equipment
at that time. For instance, the weight of the ARAKS
accelerator, excluding the battery, was 120 kg, and its
volume was 0.2 m?, which was 17 times lighter and
20 times more compact than the U-250A, which was
built using electron tubes.

This achievement was made possible thanks to
the high level of expertise of the employees of the
PWI and their experience in developing and practi-
cally utilizing high-power electron beam equipment
and technologies in studies of vacuum welding, re-
melting, surfacing, and other processes [15, 16]. No-
tably, the “Vulkan” welding system was successfully
tested in space during the world’s first space welding
experiment aboard the “Soyuz-6” spacecraft on Octo-
ber 16, 1969. In the ARAKS experiment, a specially
developed high-power inverter transistor power sup-
ply for the electron beam gun was used, along with
a high-voltage sectional rectifier on semiconductor
diodes and control and automatic regulation systems
based on transistors and integrated circuits, which had
just begun to emerge at that time.

48



INFORMATION

Moreover, the ARAKS accelerator met all the re-
quirements for space equipment, including operation-
al temperature range, vibration and shock resistance,
level of generated radio interference, reliability, and
more, as confirmed by numerous ground-based tests
conducted in the USSR and France.

The ARAKS accelerator, created in the early 1970s,
was far ahead of its time. Inverter power supplies on
transistors with similar characteristics for electron
beam welding only appeared at the very beginning of
the new millennium. For space applications, however,
accelerators with similar characteristics were success-
fully developed only in 2023, for example, within the
Beam-PIE project.

After completing all ground tests in October 1974,
part of the Soviet expedition under the ARAKS pro-
gram departed by plane from Moscow, with stops in
Dar es Salaam (Tanzania), Antananarivo (Madagas-
car), and Saint-Denis (Réunion, France). From there,
together with members of the French expedition who
joined them, they set sail on October 30 aboard the
“Anichkov” motor ship, which carried all the scien-
tific equipment. They arrived on Kerguelen Island on
November 4.

The expedition team included employees of the
PWI Yu.M. Lankin, Ye.M. Baishtruk, V.K. Mokhnach,
and Yu.V. Neporozhniy, as well as employee IED,
H.F. Pazeyev. It is important to note that the distance
to Kerguelen Island from the nearest continental land-
mass (Antarctica) is about two thousand kilometers,
while the distance from the African continent exceeds
three thousand kilometers.

Such remoteness and the availability of only sea
transportation imposed strict requirements on organi-
zational aspects, equipment reliability, and demanded
thorough and meticulously planned expedition logis-
tics, along with well-coordinated actions of all team
members.

Three months were spent on the installation, as-
sembly, adjustment, and testing of the entire ARAKS
equipment complex. Finally, on January 26, 1975,

when favorable weather conditions simultaneously
formed over Kerguelen Island and the Arkhangelsk
region, the first launch of the “Eridan” rocket under
the ARAKS program took place.

The responsibility for synchronizing all hardware
components of the experiment, both onboard and
ground-based, which were located in different hemi-
spheres of our planet, as well as issuing the rocket
launch command, was entrusted to Yu.M. Lankin. The
rocket traveled north along the magnetic meridian in
a ballistic trajectory, reaching an altitude of approx-
imately 200 km. The electron beam gun injected a
time-modulated by a complex program current (0.5 A)
of high energy (15 and 27 kV) into the magnetosphere
at various angles relative to the rocket’s axis (-70°,
0°,+70°). The nose cone separated at a significant dis-
tance (~10 km) ahead of the rocket. It was equipped
with radio receivers and frequency switches ranging
from 0 to 5 MHz to study emissions resulting from the
interaction of the electron beam with the ionosphere.
Optical and radar observations of the electron beam
were conducted at the magnetically conjugate point in
the Arkhangelsk region.

The second launch took place on February 15,
1975. Unlike the first, this launch was conducted east-
ward, with the electron beam deflected at angles of
-30°, 0°, and +70° relative to the rocket axis.

The electron injector functioned according to
the full program and, as the primary scientific in-
strument on board, was largely responsible for the
overall success of the experiment. The electron
beam, injected from Kerguelen Island, traveled over
10000 km and induced an artificial aurora in the
magnetically conjugate point in the Arkhangelsk
region, which was recorded by radar. Microwave
radio emissions were detected as a result of the in-
teraction of the electron beam with the ionospheric
plasma. Additionally, the beam was intercepted af-
ter being magnetically reflected from the conjugate
point, as well as from the atmosphere when injected
downward toward Earth.

The analysis of telemetry data confirmed that both
launches of the “Eridan” rocket were successful. All
Soviet and most French instruments operated normal-
ly and fulfilled their planned objectives.

The ARAKS project made an outstanding con-
tribution to plasma physics (the emergence of plas-
ma instability in an unbounded space induced by an
electron beam) as well as to geophysics (geomagnetic
field topography, etc.). Valuable scientific information
was obtained regarding the injection processes, the in-
teraction of the injected beam with the environment,
and the behavior of a cesium plasma jet, which was
intended to compensate for the positive charge of the
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rocket body arising from the deflection of high-energy
electrons from the accelerator.

Moreover, new effects were discovered that had
not been previously anticipated. In particular, in-
triguing data were obtained on the occurrence and
development of plasma instabilities — processes of
fundamental interest for the study of controlled ther-
monuclear reactions.

From a practical standpoint, understanding the
physics of wave-particle interactions may soon lead
to highly significant, albeit somewhat unconvention-
al, applications, such as earthquake prediction and the
restoration of radiation belts for biosphere protection.

p CCCP-DPAHILAR oo
1 -

REFERENCES

1. (2003) Space: Technologies, materials, structures. Ed. by
B.E. Paton. New York, Taylor & Francis Group.

2. Gendrin, R. (1974) The French-Soviet “ARAKS” experiment.
Space Sci. Rev., 15, 905-931. DOI: https://doi.org/10.1007/
BF00241068

3. Cambou, F., Lavergnat, J., Migulin, V.V. et al. (1978)
ARAKS — Controlled or puzzling experiment? Nature, 271,
723-726. DOI: https://doi.org/10.1038/271723a0

4. Cambou, F., Dokoukine, V.S., Lavergnat, J. et al. (1980) Gen-
eral description of the ARAKS experiments. Ann. Geophys.,
36, 271-284.

5. McNutt, R.L.Jr., Rieder, R.J., Keneshea, T.J. et al. (1995) En-
ergy deposition in the upper atmosphere in the EXCEDE III
experiment. Advanced Space Research, 15(12), 13—16. DOI:
https://doi.org/10.1016/0273-1177(95)00002-V

6. Hendrickson, R.A., McEntire, R.W., Winckler, J.R. (1975)
Echo 1: An experimental analysis of local effects and con-
jugate return echoes from an electron beam injected into the
magnetosphere by a sounding rocket. Planet. Space Sci., 23,
1431. DOI: https://doi.org/10.1016/0032-0633(75)90039-2

7. Winckler, J.R., Arnoldy, R.L., Hendrickson, R.A. (1975) Echo
II: A study of electron beams injected into a high-latitude ion-
osphere from a large sounding rocket. J. Geophys. Res., 80,
2083-2088. DOI: https://doi.org/10.1029/JA080i016p02083

8. Hendrickson, R.A., Winckler, J.R., Arnoldy, R.L. (1976)
Echo III: The study of electric and magnetic fields with con-
jugate echoes from artificial electron beams injected into the
auroral zone ionosphere. Geophysical Research Letters, 3,
409-412. DOTI: https://doi.org/10.1029/GL0031007p00409

9. Sasaki, S., Kawashima, N., Kuriki, K. et al. (1986) Vehicle
charging observed in SEPAC Spacelab-1 experiment. J. Space-
craft Rockets, 23, 194-199. DOI: https://doi.org/10.2514/3.25801

10. Burch, J.L., Mende, S.B. et al. (1993) Artificial Auroras in
the upper atmosphere: 1. Electron beam injections. Geo-
physical Research Letters, 20(6), 491-494. DOLI: https://doi.
org/10.1029/93GL00595

11. Mende, S.B., Burch, J.L. et al. (1993) Artificial Auroras
in the upper atmosphere: 2. Imaging results. Geophysi-
cal Research Letters, 20(6), 495-498. DOI: https://doi.
org/10.1029/93GL00594

12. Reeves, G.D., Delzanno, G.L. et al. (2020) The beam plasma
interactions experiment: An active experiment using pulsed
electron beams. Front. Astron. Space Sci., 7:23. DOI: https:/
doi.org/10.3389/fspas.2020.00023

13. Sasaki, S., Oyama, K.I., Kawashima, N., Obayashi, T. et al.
(1988) Tethered rocket experiment (CHARGE-2) initial re-
sults on electrodynamics. Radio Sci., 23, 975-988. DOI:
https://doi.org/10.1029/RS023i006p00975

14. Obayashi, T. et al. (1982) Space Experiments with Particle
Accelerators (SEPAC). Ed. by B. Grandal, In: Artificial Parti-
cle Beams in Space Plasma Studies. NATO Advanced Study
Institutes Series, Vol. 79. Springer, Boston, MA. DOI: https://
doi.org/10.1007/978-1-4684-4223-6_44.

15. Nazarenko, O.K. (1965) Electron beam welding. Kyiv, Nau-
kova Dumka.

16. Paton, B.E., Nazarenko, O.K. et al. (1971) Specific features
of the equipment and processes of electron beam welding and
cutting under space conditions. Avtomaticheskaya Svarka, 3,
3-8.

Dr. of Tech. Sci. Degr. Yurii Lankin,
Participant of the Experiment




