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ABSTRACT

The advantages of using electrodynamic treatment (EDT) of metal in the welding process as compared to EDT at room tem-
perature were substantiated. The advantages and disadvantages of using electrode for EDT in the form of a cylindrical rod
and a roller in the welding process were considered. Using the method of mathematical modeling in planar and axisymmetric
statements, the effect of a shape of the electrode-indenter on stress-strain state of the welded plate from aluminium AMg6 al-
loy after applying the dynamic EDT component was evaluated. The features and differences of creation and use of developed
mathematical models were described. The distribution of values of the stress-strain state throughout the thickness of the plate
was determined, in particular, the values of the zone of plastic deformations and stresses during interaction of the plate with the
electrode-indenter moving at a speed of 5 m/s. It was found that the use of a cylindrical indenter with a hemispherical working
end (of axisymmetric shape) as compared to the roller (of planar elongated shape) is more effective from the standpoint of op-
timizing the residual stressed state in the plate. The use of a cylindrical indenter leads to the formation of compressive stresses
in the plate with the values up to —120 MPa. This should have a positive effect on the distribution of residual welding stresses
under the action of the dynamic EDT component.

KEYWORDS: electrodynamic treatment, aluminium alloy, impact interaction, mathematical modeling, residual stresses, plas-

tic deformations, electrode-indenter, movement, elastoplastic environment

INTRODUCTION

The problem of regulating residual welding stresses and
deformations in structures of aluminium alloys is rele-
vant, which is caused by their use in various industries
and transport, where stress-strain states significantly af-
fect the service characteristics of products.

A prospective method of regulating stress-strain
states of structures is electrodynamic treatment
(EDT) of welded joints, which is based on initiating
electrodynamic forces in the metal of products oc-
curring while passing electric current pulse (ECP) in
the latter [1, 2]. The use of EDT allows changing the
stress-strain state (SSS) of welded joints by means of
point impacts of the electrode-indenter in the welded
joint zone with a simultaneous ECP passing. During
EDT, the welded joint metal is subjected to electrody-
namic action that initiates electroplastic effect in the
treatment zone and, as a result, relaxation of residual
welding stresses [3].

Realization of EDT of longitudinal welded joints,
including also in the welding process, requires ex-
panding capabilities of the method by optimizing the

Copyright © The Author(s)

conditions of contact interaction of the electrode for
EDT with the metal surface to be treated. The realiza-
tion of the EDT method in the welding process pro-
vides shortening in the time of manufacturing a weld-
ed structure as a result of transition from successive
to simultaneous welding and treatment. It also creates
opportunities to automate this technology.

The hardware for the method is limited by orga-
nization of a synchronous movement of the welding
torch and the electrode device for EDT — the “Torch +
EDT Electrode” system. l.e., the “Torch + EDT Elec-
trode” system is constantly moving along the weld.
This requires structural and technological solutions,
which are aimed at a qualitative providing of a dis-
crete dynamic interaction of the contact surface of
the EDT electrode, which moves constantly along the
weld. At the same time, the interaction occurs at the
moment of passing ECP throughout the electrode to
the welded joint metal.

Two variants of interaction were considered.
During realization of the first variant, a dynamic con-
tact of the hemispherical end of a cylindrical electrode
with a plane surface of the welded joint, subjected to

3
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Figure 1. Variant of circuit diagram of contact of EDT electrode
in the form of a cylinder with weld metal: 1 — torch for welding;
2 — inductor of linear vertical movement; 3 — electrode system;
4 — EDT electrode; 5 — weld; v, — welding direction

EDT, was realized [1-3]. At the second variant, a dy-
namic contact of the surface of a cylindrical roller,
rolled on the surface of the weld, subjected to EDT,
was realized.

Figure 1 presents the circuit of a cylindrical elec-
trode 4 with the weld metal 5. The contact interaction
of the hemispheric end of the electrode with a plane
surface of the metal being treated was carried out us-
ing the inductor of a linear vertical movement 2. The
inductor was located along the total vertical axis with
the electrode system 3 for fixing the electrode 4. The
disadvantages of the circuit in Figure 1 include the
need in a discrete positioning of the electrode relative
to the longitudinal central weld axis and counteract-
ing jamming of the electrode in the process of con-
tinuous longitudinal movement of the “Torch + EDT
Electrode” system in the welding process.

Figure 2 presents the circuit diagram of the con-
tact of the electrode 4 in the form of a roller with the
metal of the welded joint 5, which is mounted on the

assembly plate 6. The roller has a shape of a cylin-
der that rolls on the surface of the welded joint. The
contact interaction of the roller surface was carried
out along the generating line of the cylinder using a
linear displacement inductor 1. The inductor was co-
located with the system of fixing 3 the roller, fixed
in the casing 2. This design is simpler in realization
than that presented in Figure 1, where there is a se-
ries of discrete dynamic contacts of the electrode with
the surface of the weld in the process of producing
a weld. In the design of the electrode in the form of
a roller, the discreteness is eliminated due to a con-
tinuous rolling of the latter along the weld, which is
accompanied by periodic ECP passing into the weld
(through the roller).

When comparing the diagrams in Figures 1 and 2,
it should be noted that the latter is simpler in reali-
zation because of elimination of the discreteness of
a contact interaction due to rolling of the electrode
on the weld surface. Until now, no studies of the in-
fluence of the electrode shape on SSS of the metal
in the contact area after EDT have been conducted.
Therefore, the evaluation of residual SSS of the metal,
which is a consequence of its dynamic contact inter-
action with the electrode in the form of a cylinder or
aroller, is relevant.

Some issues of experimental determination of
stresses after welding were considered in [1], but such
methods allow finding values of welding stresses only
on the surface of the body and as a result of its partial
destruction. In order to more fully evaluate SSS of
such structures, modern means of mathematical mod-
eling are used. The paper [2] describes the results of
computer modeling of the process of impact interac-
tion of the electrode-indenter with the welded plate
(only dynamic EDT component was considered),
which was carried out on the basis of the Prandtl-Re-
uss ratios [3], describing the movement of the medium

Figure 2. Variant of circuit diagram of contact of EDT electrode in the form of a roller with weld metal: 1 — inductor of linear move-
ment; 2 — casing of roller fixation; 3 — roller fixation system; 4 — EDT electrode; 5 — welded joint; 6 — assembly plate
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in the planar two-dimensional Lagrangian statement
using the ANSYS/LS-DYNA software. It should be
noted that the use of such a statement corresponds to
the modeling of the EDT process of a plate with a pla-
nar electrode-indenter of an infinite length.

At the same time, EDT is carried out by elec-
trode-indenters of an axisymmetric shape, for exam-
ple, in a shape of a cylinder. Then, modeling of the
EDT process with such an indenter should be carried
out using another — axisymmetric statement.

Thus, the aim of the work is a mathematical eval-
uation of the influence of the electrode-indenter shape
on the stress-strain state of the plate after applying the
dynamic electrodynamic treatment component.

CALCULATION (MATHEMATICAL) MODEL
OF THE PROBLEM

The calculation scheme of the process of treatment of
the welded plate by the dynamic EDT component is
presented in Figure 3.

In Figure 3, it is seen that in the process of impact
interaction, two bodies take part. The first is a plate
(2) with a thickness of 4 mm and a width of 50 mm,
which is made of AMg6 alloy and is located on a com-
pletely rigid surface (desktop 3). The second body is
a copper electrode-indenter (1), which moves in the
direction of the plate at a speed v, = 5 m/s.

A shape of the cross-section of the indenter con-
ventionally consists of two elementary figures: a rect-
angle with a width of 20 mm and a height of 30 mm
and a semicircle with a radius of 10 mm.

Since the cross-sections of the plate and indenter
have geometric symmetry, then in Figure 3, only their
right halves, relative to the Y axis (indenter line), are
presented.

Thus, mathematical calculations using the planar
statement will correspond to modeling the EDT pro-
cess of a plate using a roller. A roller was modeled
in the form of a plane electrode with a cross-section
located across the conditional weld (Figure 4, a). This
generally corresponds to the circuit diagram shown in
Figure 2.

At the same time, calculations using the axisym-
metric two-dimensional statement will correspond to
modeling the EDT process of a plate by a cylindri-
cal electrode with a hemispherical end. The electrode
is located along the impact line (along the Y axis in
Figure 3), as is shown in Figure 4, b. This generally
corresponds to the circuit diagram shown in Figure 1.

The main difference between the two mathemat-
ical models mentioned above is that in the planar
statement the contact of the electrode-indenter with
the plate is realized along the line, and in the axisym-
metric one — at the point.

1

a Yo
j=}
= R10
Yy
| N 2 3
— )y
B/./ g et g ot
C - X

Figure 3. Calculation scheme of the process of treatment of the
plate with the dynamic EDT component: 1 — electrode-indenter;
2 — treated plate; 3 — absolutely rigid table. Points along the
impact line: A— on the surface of the indenter; B — on the facial
surface of the plate; C — on the back surface of the plate

The finite-element model of the problem in both
statements had the same quantity of finite elements
and nodes, namely: a quantity of finite elements
(SOLID 162 type) is 128203 units; a quantity of nodes
is 131042 units. The behavior of materials of the plate
and the electrode-indenter was described using a rhe-
ological elastoplastic model of materials, in which the
value of the dynamic yield strength is assumed to be
equal to the yield strength o . The values of parame-
ters of these models were as follows:

e AMg6 alloy (plate): density p = 2640 kg/m?;
Young’s modulus of elasticity E = 71 GPa; Poisson’s
ratio p = 0.34; yield strength o, = 150 MPg;

e copper of M1 grade (electrode-indenter): density
p = 8940 kg/m?®; Young’s modulus of elasticity E =
= 128 GPa; Poisson’s ratio i = 0.35; yield strength
o, =300 MPa.

Thus, in order to evaluate the influence of a shape
of the electrode-indenter (in planar or axisymmetric
statements) on the effectiveness of the dynamic EDT
component, a mathematical modeling of the process
of its interaction with the plate metal at a contact speed
V. =5 m/s was carried out. The value of V_was set
by the charging voltage of the capacitors U , = 500 V

Figure 4. Appearance of electrode-indenter of a different shape,
where X and Y is the direction of action of stress-strain state com-
ponents (where 1 — electrode; 2 — plate): a — cylinder with a
hemispherical working end; b — roller
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Table 1. Calculation parameters of interaction between the elec-
trode and the plate at the place of contact

eDneepttth?;n Depthof | Width of
Type of | Duration of 0? the indent- contact zone | contact zone
symmetry | contact, us er into the in the plate, | in the plate,
mm mm
plate, mm
Planar 86 0.176 0.168 1.89
Axial 128 0.285 0.266 2.56

with a capacity of C = 6600 pF. This provided the
energy of a single electrodynamic action E_ . =825 J.

The modeling was carried out using the ANSYS/
LS-DYNA software based on the Prandtl-Reuss ra-
tios, which describe the movement of an elastoplastic

medium.

MODELING RESULTS
AND THEIR COMPARISON

The conducted numerical calculations showed the
main differences in the process of interaction of the
electrode-indenter of a different shape with the plate,
which are summarized in Table 1.

From the data in Table 1, it is seen that the duration
of a contact between the bodies in the axisymmetric
statement is by 42 ps (50 %) longer than the duration
in the planar one. This is explained by the peculiar-
ities of the energy exchange processes between the
electrode-indenter and the plate. Accordingly, as the
interaction time increases, deformations in the con-
tact zone also grow, which affects its dimensions in
the plate. The depth of the indenter penetration was
determined as the maximum movement of the point A
(see Figure 3) into the middle of the plate from its
surface, and accordingly, the depth of the contact zone
was determined as the movement of the point B (see

2 mm

0.040 B Zone of plastic

Figure 3) from the initial position to the position cor-
responding to the end of the contact.

An increase in the depth of the contact zone by
55 % and its width by 35 % in the axisymmetric state-
ment as compared to the planar one leads to a corre-
sponding increase in the zone of plastic deformation
and the amount of effective plastic deformations €l
across the thickness of the plate (Figure 5).

The distribution of € in the planar statement
propagates over a half of the thickness of the plate
(2 mm) and has a shape of a segment of a circle with
a radius of 2 mm (Figure 5, a). In the axisymmetric
statement, the zone of plastic deformation reaches
the back surface of the plate and has a shape close
to a trapezoid, the upper base of which is 8 mm long,
and the lower one is 4 mm (Figure 5, b). Analyzing
the data of Figure 5, it should be noted that the point
contact interaction of the hemispherical end (axisym-
metric statement) contributes to a greater intensity
of plastic deformation as compared to a linear one
(planar statement). When comparing the data of Fig-
ure 5, a, b, it can be seen that propagation of the zone
of plastic deformation along the cross-section of the
plate with the axisymmetric statement is greater than
in the planar one.

Also from Figure 5, it is seen that in the planar
statement, the maximum values &, are formed on
the contact surface of the plate with the electrode-in-
denter in the cross-section area near the plane of sym-
metry. In the case of the axisymmetric problem, the
opposite occurs. As is seen from Figure 5, b, the peak
values &, are shifted by 1.8-2.0 mm from the impact
line (axis of symmetry).

4 mm

Zone of plastic

Figure 5. Calculation distribution of effective plastic deformations €l in the middle of the plate in planar (a) and axisymmetric (b)

statements
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For comparison, the values of maximum ¢f, and
the values €f; at the points B and C (Figure 3), lo-
cated along the impact line, are given in Table 2. It
is seen of the data from Table 2 that the use of an
axisymmetric electrode-indenter as compared to the
planar one leads to an increase in the maximum e
by more than 1.4 times. When comparing the values
eb at the points B and C (see Table 2), it is seen that
the change in a shape of the electrode-indenter almost
does not affect €, at the point B (the difference in
values does not exceed 10 %), but &, at the point C
differs by an order. At the same time, the values sgﬁ
at the point C for both types of symmetry (variants of
the indenter shape) are almost 4 times smaller than at
the point B, which is explained by a gradual dissipa-
tion of the kinetic energy of the indenter throughout
the thickness of the plate.

Based on the differences of the deformation pat-
tern presented in Figure 5, it is relevant to evaluate the
influence of each component of residual deformations

000 &

X g

Table 2. Values of effective plastic deformations €, at different
types of symmetry
Values gl on surfaces
Type Maximum of the plate
p
of symmetry values & Facial (point B, | Back (point C,
Figure 3) Figure 3)

Planar 0.171 0.165 0.004
Axial 0.239 0.151 0.038

on the final value &, (Figure 6). The data of Fig-
ure 6, a indicate an almost uniform distribution of &
over the thickness of the plate in the planar statement,
where the values of this component change within
the range from —0.01 to 0.01. In the case of the ax-
isymmetric problem, at the point of contact, a zone
of tensile deformations with the peak values of about
€ =0.08 is created. In this case, under the pressure
of the electrode-indenter, the material from the central
tension zone is flowing in the radial direction from the
impact line. This leads to the formation of compres-

0.1

Figure 6. Calculation distribution of components of plastic deformations €/, 8'; for planar (a) and axisymmetric (b) statements
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Figure 7. Distribution of values of components of residual stresses 6, 5, (MPa) for planar (a) and axisymmetric (b) statements

sion deformationsef, =—0.1 on the facial surface of
the plate of a sufficiently localized zone, which gener-
ally does not affect the overall strain state of the tested
cross-section of the plate. When comparing the de-
formation patterns of Figure 6, it can be seen that the
axisymmetric statement (Figure 4, b) provides a more
optimal distribution of plastic deformations (as com-
pared to the planar one — Figure 4, a), where tensile
el have larger values. The consequence of this is the
formation of residual compression stresses larger in
values.

If we consider the distribution of values of another
component of deformations 8';, then regardless of a
shape of the indenter at the point B (Figure 3), the
formation of almost identical zones of compression
deformations is observed. In this place, the maximum
values for the problem in the planar statement 8’; =
= —0.14 (Figure 6, a), and in the axisymmetric one
g}, =-0.16 (Figure 6, b).

As is known, a strain state is a consequence of
action of the corresponding stresses in the structure.
In order to analyze the distribution of values of the
stressed state components over the thickness of the

8

plate, appropriate calculation patterns of the distribu-
tion of o, and o, were plotted (Figure 7).

From Figure 7, it is seen that depending on a shape
of the electrode-indenter (conditions of symmetry of
the mathematical model), the residual stressed state
formed in the plate has significant differences. For
the problem in the planar statement, the distribution
of residual stresses o, (directed perpendicular to the
impact line — Figure 3) is formed in the form of two
characteristic zones (Figure 7, a). The first is the com-
pression zone near the facial surface of the plate with
the values 6, = —22 MPa. The second one is the ten-
sile zone near the back surface of the plate with the
stress values up to 6, = 76 MPa. In the axisymmet-
ric statement (Figure 7, b) only one zone is formed
over the whole thickness of the plate — the zone of
compression stresses with the maximum value up to
6, =-120 MPa.

According to the results of analysing the pattern of
distributing values of the component of the stressed
state o, (directed along the impact line — Figure 3),
which is formed in the case of using a plane indenter,
it is possible to see an almost rectangular zone of ten-
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Table 3. Calculation values of residual stressed state components 6,_and o, across the thickness of the plate (from the point B to the

point C)
Type of sym- Stressed state Coordinate of the point across the thickness of the plate (along the impact line), mm
metry component 0 (point B) 1 2 3 4 (point C)
c,, MPa -25 -56 -23 46 76
Planar
o, MPa 0.1 0.01 17 53 80
¢, MPa -131 -155 -161 -164 -128
Axial
o, MPa -0.08 -9 -15 -20 -5

sile stresses (Figure 7, a). The maximum values are
reached by tensile stresses on the back surface of the
plate (point C in Figure 3) 6, = 76 MPa. Also, on the
back surface at a distance of 2.5 mm from the impact
line, the zone of compression stresses o, = -36 MPa
is formed. The minimum values of tensile stresses are
reached on the facial surface (point B) o,=0.01 MPa.

In the axisymmetric statement (Figure 7, b), a pat-
tern of stresses is somewhat different. Throughout the
thickness of the plate, an almost uniform distribution
of values of the component o, of compression stresses
is formed. The difference between the maximum and
minimum value of this component of stresses along
the impact line does not exceed 20 MPa.

The calculation values of residual stressed state
components 6, _and 6, across the thickness of the plate
(from the pomt B to the point C) are given in Table 3.
The comparison of values of the stressed state compo-
nents along the impact line (Table 3) shows that unlike
a plane electrode-indenter, the use of an axisymmetric
indenter leads to the formation of almost uniform dis-
tribution of both stress components ¢ _and o,

In addition, the use of a plane electrode-indenter
(roller) leads to the formation of both compression
stresses as well as undesired tensile stresses with
values that can reach a half of the value of the yield
strength of the material. However, the use of the
electrode-indenter of an axisymmetric shape leads
to the formation of both components of stresses as
compression stresses, the values of which can reach
—120 MPa. This can have a positive effect on residu-
al stressed states of welded structures even applying
only the dynamic EDT component [4].

But, as is shown above, the practical use of the
electrode in the form of a roller has advantages over
the cylinder from the standpoint of simplicity and ease
of use. Considering the abovementioned, in the future,
the studies of stressed states of welded structures after
EDT with the use of a roller at higher power charac-
teristics of electrodynamic actions, in particular, at an
increase of ECP frequency should be provided.

CONCLUSIONS

1. The use of a cylindrical electrode-indenter with a
hemispherical working end for EDT as compared to a
plane elongated electrode in the form of a roller, at the
same speed of their movement being 5 m/s, results in:

e distribution of the zone of effective plastic de-
formations &, to the whole thickness of the plate,
which has a shape close to a trapezoid (in the case of

a plane indenter, the zone &, extends to only half
of a thickness of the plate and has a shape of a circle
segment), and the values of maximum deformations
are 1.4 times higher than similar values formed from
the action of a plane indenter.

e formation of almost uniform distribution of both
components of a stressed state — both 6, and ¢ across
the thickness of the plate, which, unlike the other (pla-
nar) statement of the problem are compression stress-
es, the values of which can reach —120 MPa.

2. The use of an axisymmetric electrode-indenter
provides a more effective regulation of the dynam-
ic EDT component and stressed state of the plate
throughout the whole its thickness provided that other
things are equal, which helps to reduce the level of
residual welding tensile stresses.

3. It was proved that the practical use of the elec-
trode in the form of a roller has advantages over the
cylinder from the standpoint of simplicity and ease
of use. Taken into account the abovementioned, the
study of stressed states of welded joints after EDT
with the use of a roller at higher power characteristics
of electrodynamic actions is promising for optimizing
the service characteristics of welded structures.
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possible for some time.
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Associates grow its business over the past two decades.
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equipment, erect wind turbines, and more. In addition to cutting systems, the company creates
CNCs and software trusted for performance and reliability that result in increased productivity and
profitability for hundreds of thousands of businesses. Founded in 1968, Hypertherm Associates
is a 100 percent Associate-owned company, employing approximately 2,000 Associates, with
operations and partner representation worldwide.

Learn more at www.HyperthermAssociates.com.
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INFLUENCE OF INOCULANTS ON THE FEATURES
OF WELD STRUCTURE FORMATION
IN LOW-ALLOYED STEELS (REVIEW)

V.V. Holovko

E.O. Paton Electric Welding Institute of the NASU
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine

The paper presents a review of studies on the influence of inoculation of dispersed refractory compounds into the weld pool
on formation of weld metal microstructure in low-alloyed high-strength steels. Features of the process of primary structure
formation are considered in the presence of refractory nonmetallic inclusions in the liquid metal, as well as on the interface of
d-dendrites and y-phase. Possibilities of inoculant influence on the temperature range of bainite transformations, formation of
microstructural components with higher brittle fracture resistance, and improvement of weld metal toughness values are shown.

KEYWORDS: low-alloyed steels, welding, structure, inoculants, 3-dendrites, austenite, bainite

INTRODUCTION

Low-alloyed steels of higher and high strength (HSLA
steels) have become widely accepted in fabrication of
welded metal structures. Owing to application of spe-
cial welding technologies and selection of appropriate
welding consumables, welded joints of these steels are
capable of providing high values of strength, ductility
and toughness. Numerous studies were published in
recent years in special literature devoted to the prob-
lems of formation of metal microstructure in welded
joints of HSLA steels. Particular attention is paid here
to the role of bainitic components of weld microstruc-
ture. Numerous studies, considering bainite initiation
and growth in BCC iron alloys are indicative of the
fact that the features of the process of formation of
this microstructure are still not quite clear. To date
two main mechanisms of y-> a transformation in iron
alloys have been quite well studied and described,
namely the diffusion and the shear mechanism. Dif-
fusion mechanism occurs at temperatures close to A .
It is described by the process of carbon redistribution
between y-(austenite) and a-phase (ferrite) and real-
ized as pearlite transformation. The shear mechanism
takes place at temperatures close to A_, it runs almost
instantly and is realized in the form of martensite
transformation. The complexity of description of the
mechanism of intermediate transformation (bainite)
consists in that it involves both these processes. There
is a quite large number of factors, which determine
the priority of this or that mechanism during bainite
structure formation. This is exactly why the bainite
structures are characterized by a considerable quantity
of morphological forms (upper, lower, globular, acic-
ular, lath, lamellar, intragranular, polyhedral bainite,
etc.). Depending on the kind and composition, each
of these structures has its values of strength, ductil-

Copyright © The Author(s)

ity and toughness. Formation of a particular kind of
bainite in the weld metal has a significant influence on
the mechanical properties of welded joint as a whole,
so that a more profound understanding of the features
of the processes of bainite initiation and development
requires further investigations in order to expand our
knowledge base on this subject.

The main alloying element, used in HSLA steels
to increase the strength values, is carbon. Increase
of the content of carbon (precipitating with forma-
tion of carbides) promotes steel hardening. Carbides,
however, also lower brittle fracture resistance of the
metal. To improve the steel strength, it is necessary
to increase its carbon content, and, thus, more efforts
are required to slow down carbide formation and their
refinement. Well-known is the difference in carbide
distribution between bainite, which forms at high or at
low temperatures, i.e. between the intergranular and
intragranular ones, respectively. In the upper region
of bainite transformation, when the effectiveness of
carbon diffusion in the solid solution is quite high, a
considerable quantity of carbon has enough time to go
beyond the grains, reach the boundaries, and precip-
itate in the form of carbides, while the ferrite grains
proper remain free from the carbide precipitates. In
the region of lower temperatures of bainite transfor-
mation, the carbon diffusion rate decreases markedly.
Slower carbon diffusion, associated with lower tem-
perature of bainite transformation, enables a certain
quantity of carbon to precipitate in the oversaturated
bainitic ferrite. In this case, fine dispersion of lamel-
lar carbides in the single-crystal variant forms inside
the grains, although more than one variant of carbide
precipitation can be observed. Thus, both the size of
primary austenite grains and the temperature range of
bainite transformation have a significant role during
formation of secondary microstructure.
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INFLUENCE OF INOCULANTS
ON PRIMARY STRUCTURE FORMATION

In general, whole technologies of low-alloyed steel
welding consist in forming a fine-grained ferrite struc-
ture in the weld metal. It is believed that it should be
promoted by formation of fine-grained structure of pri-
mary austenite. It should be noted that there are a lot
of disputes in publications on the influence of the size
of primary austenite grains on bainite transformation.
Some researchers believe that the fine size of austenite
grains leads to faster growth of bainite, others believe
that the small grain size reduces the probability of the
real transformation, and some do not notice any chang-
es in bainite transformation at reduction of primary
austenite grain size [1-3]. Differences of opinion on
this issue are largely determined by the fact that initi-
ation, growth and decomposition of primary structure,
on the one hand, are poorly amenable to direct investi-
gation because of the high temperature and speed of the
processes, and on the other hand, because of a lack of
experimentally confirmed physical values for descrip-
tion of thermodynamics and kinetics of the processes,
as a perfect computer model of formation of primary
structure of HSLA steels is not available. However,
based on the considerations that development of metal
microstructure, and of its mechanical properties, re-
spectively, starts from formation and decomposition of
the primary structure, the task of expanding our knowl-
edge base on this question is highly relevant.

So far it is not possible to predict the size of austen-
ite grain in the weld metal, as the factors, controlling
the grain size, are by far not completely understood.
The theory of grain growth envisages that nonmetallic
inclusions, contained in the weld metal, should con-
trol the grain size through grain boundary blocking
(Zener effect). Practice showed, however, that such
an analogy is not justified, as austenite grains form
as a result of o-ferrite transformation, while Zener
pinning-effect describes blocking of the grain bound-
aries during their growth from the liquid phase. The
driving force of grain growth is usually equal to just
several Joules per mole, whereas the activation ener-
gy of austenite transformation from d-ferrite grows

Peritectic
transformation

vovr v v

Heat extraction direction

Figure 1. Mechanism of peritectic solidification [11]
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unlimitedly at overcooling. In this case blocking of
d/y interfaces cannot be effective. The mechanism of
blocking the boundaries of columnar austenite grains
does not agree with the shape of these grains, either,
as the movement of d/y interfaces along the direction
of the maximum temperature gradient has no obvious
limitations. In this case, if the pinning process were
effective, the austenite grains should be isotropic as
a result of their forming. North et al. in work [4] pre-
sented a description of such crystallization. However,
additional investigations are needed to clarify these
issues. The size of columnar austenite grain should in
a certain way correlate with grain size in the base met-
al on the fusion line, as solidification occurs through
epitaxial growth of these grains [5]. This connection,
cannot be simple, however, as during solidification
those grains, where the crystallographic orientation
coincides with (100) direction, are located in paral-
lel to the direction of the highest temperature gradi-
ent. Such grains grow quickly and inhibit the growth
of grains with another crystallographic orientation.
An experimental study, illustrating the influence of
crystallographic texture on grain size [6], shows that
nonmetallic inclusions located in the base metal (for
instance, carbonitrides), can limit coarsening of weld
metal grains on the fusion line and, thus, eventually
result in smaller grain size in the fusion zone.

When considering the processes of primary struc-
ture formation, it is necessary to take into account the
fact that they proceed at contact of the three phases
and are described by peritectic reactions, respective-
ly. Peritectic crystallization of metal at its cooling oc-
curs in two stages. At the first stage a peritectic reac-
tion proceeds in the point of contact of three phases
(L-liquid + d-ferrite + y-austenite) in the temperature
range a little lower than the peritectic temperature,
leading to separation of L-liquid and d-ferrite with
lateral growth of y-austenite around o/L interface. At
the second stage peritectic transformation begins with
thickening of the layer of y-austenite at the expense of
o-ferrite phase and y-austenite tip advancing into the
liquid L-phase (Figure 1). Development of high-tem-
perature laser scanning together with the confocal
microscopy [7] allows observation with a high resolu-
tion of phase transformations in the high-temperature
region in peritectic steel. Results of these investiga-
tions [8, 9] showed that the peritectic transient pro-
cess is controlled by diffusion of the solutes. It was
found that partial remelting of d-phase also is influ-
enced by diffusion of solutes. It is shown that y-phase
initiates and grows on the interface between 6- and
L-phase, while y-phase quickly separates them in the
process of growth. A conclusion was made that the
interface enrichment in carbon is increased with in-
crease of the cooling rate that decelerates initiation of
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Figure 2. Dependence between the dendrite quantity and parame-
ter of mismatch between o-Fe and oxide [17]
v-phase. Moreover, it is shown [10] that the interface
movement speed is influenced by elastic energy of the
interface and coefficient of solute distribution.
Refractory inclusions with melting temperature
above that of the metal melt, present in the thin layer
on the surface of d-dendrites, where y-phase initiates
and develops, depending on the wettability index, can
be absorbed by the growing phase or can accumulate
on the interfacial front and influence the interfacial
energy. Experimental results given in publications
confirm this conclusion. So, work [12] shows the re-
sults of investigation of the influence of inoculation
of such refractory oxides as MgO, ZrO,, Ti,O,, Ce,O,
into the steel melt. Determination of wettability index
between the refractory oxides and liquid iron and 3-Fe
showed that the contact angle of wettability changes
depending on time and temperature of contact. This
is indicative of the possibility of interfacial reactions.
From the viewpoint of thermodynamics, reactions
with oxygen evolution can be in place at temperatures
characteristic for steel pool melts [13, 14, 17]:

ALO, — 2A1+30, AG® = 1225000 — 393.8T (/mole),
MgO — Mg + O, AG® = 89960 + 82.0T (J/mole),
2TiO, = Ti,0, + O, AG? = 379908 — 97.069T (J/mole),
3Ti0, =Ti,0, + 0, AG® = 387866 — 112.215T (J/mole).

It results in accumulation of decomposition prod-
ucts on 60— interface. As a result of the conducted
studies, Bhadeshia et al. [15] came to the conclusion
that increase of oxygen content in the steel melt does
not affect the size of primary austenite grains, while
authors of [16] express the idea that formation of
v-phase is influenced by accumulation of alloying el-
ements on the interface, for instance magnesium, as
a result of MgO decomposition. The density of dis-
tribution of potential centers of new phase initiation
depends on the energy on the initial phase boundary.
The activation energy is primarily affected by increase
of grain boundary energy, as a result of increase of
the content of alloying elements on them. Increase
of grain boundary energy will lead to increase of the
speed of formation of new phase nuclei.

Experimental data given in publications confirm
this conclusion. So, work [15] gives the results of

100
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Quantity of 3-Fe grains
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Figure 3. Dependence between mismatch parameter and density
of y-phase nucleation centers on the interface with -dendrite [17]
studying the influence of inoculation of such refrac-
tory oxides as MgO, ZrO,, Ti,O,, Ce,O, into the steel
melt. It was found that formation of solidification mi-
crostructure is influenced by chemical composition of
the inclusions, as well as parameter of mismatch be-
tween y-Fe and oxide and 3-Fe and oxide (Figure 2).

Moreover, it is found that with increase of the
parameter of mismatch between o-Fe and oxide the
quantity of y-Fe grains which formed in the body of
one dendrite, becomes greater (Figure 3).

INFLUENCE OF INOCULANTS
ON SECONDARY MICROSTRUCTURE
FORMATION

Change of primary structure morphology by inoc-
ulation of dispersed refractory compounds before
welding influences formation of weld metal second-
ary microstructure. Work [18] gives the results of in-
vestigations on adding refractory oxides, carbides and
nitrides to the weld pool. It is shown that depending
on physico-chemical properties of the compounds,
the inoculants influence the size of primary structure
grains. Increase of primary austenite size should re-
duce the effectiveness of carbon diffusion that is con-
firmed by the change of temperature range of bainite
transformation (Figure 4).

Lowering of bainite transformation temperature
is accompanied by inhibition of carbon diffusion that
causes carbide precipitation in the ferrite grain body;,
and by development of lower bainite structure in the
weld metal (Figure 5) by deceleration of the processes
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Figure 4. Influence of inoculation of refractory compounds on the
change of dendrite size (1) and temperature of the start of bainite
transformation B, (2)
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Figure 5. Influence of inoculation by refractory compounds on
lower bainite content in the microstructure (1) and weld metal
impact toughness (2)
of upper bainite and Widmanstatten ferrite formation.
Change of microstructural composition results in im-
provement of weld metal toughness values (Figure 5).
Experimental results given in work [18] confirm the
possibility of inoculant influence on weld metal struc-
ture. Itis found that addition of dispersed particles of re-
fractory compounds with the respective physico-chem-
ical properties to the weld pool allows changing the
primary structure grain size, and promotes shifting of
bainite transformations to lower temperature region.
Increase of lower bainite content in the weld micro-
structure, owing to upper bainite and Widmanstatten
ferrite, as a result of development of such processes,
allows improvement of their mechanical properties.

CONCLUSION

Formation of weld metal microstructure takes place
during a continuous process, which starts from initi-
ation and development of primary structure and ends
by formation of a secondary microstructure. Primary
structure grain size depends on the energy of inter-
faces between 98- and y-phases, and it is determined
by the effectiveness of carbon diffusion during y—a
transformation. Inoculation of refractory compounds
to the weld pool liquid metal enables influencing the
processes of primary structure formation, temperature
range of bainite transformation and formation of a
secondary microstructure with higher content of low-
er bainite in the metal of HSLA steel welds.
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ABSTRACT

Deposition of CN,-coatings was carried out using two magnetron devices with titanium and graphite targets in the mixture
of Ar/N, gases. The influence of gas mixture (Ar/N,) composition, pressure (0.35, 1 and 2 Pa) and temperature (100200 °C)
on the structure of the CN_ coating were investigated. It was found that the structure of the coating represents an amorphous
disordered graphite-like structure with sp®-, sp?- and sp* electron bonds of carbon. The most ordered structure is observed in
the CN, coatings (the least ID/IG = 1.16 and 1.2), produced at a pressure of 0.35 Pa, the temperature of the specimen is 130 °C,
the content of nitrogen is 40 and 58 %. The influence of a titanium sublayer and a transition TiCN layer on adhesive properties
of the CN, coating was studied. When a titanium sublayer and a transition TiCN layer are used together, the adhesion of the
coating to the bases of titanium and KhISN10T steel grows at a thickness of the coating being 2-3 pum.

KEYWORDS: magnetron sputtering, CN, coating, structure, phase composition, Raman spectroscopy

INTRODUCTION

Over the last decade, the carbon nitride CN, coating
has attracted a considerable attention [1]. In 1989, Liu
and Cohen theoretically calculated a new superhard
structure, carbon nitride C,N, [2]. By then, numerous
efforts were aimed at the synthesis of this new mate-
rial. Carbon nitride amorphous film was one of the
results of such studies. It was found that it has high-
er hardness and wear resistance [3] as compared to
the film made of a diamond-like carbon. Amorphous
coatings have already found a widespread use as pro-
tective coatings on hard drives and read-write heads
[4] due to their excellent properties. As compared to
hydrogenated diamond-like carbon coatings, CN_has
a higher wear resistance at a low friction coefficient
[5]. Another advantage of nitrogen incorporation in
the coating is an increase in surface energy, which in
turn provides a high wettability [6].

CN, films are mainly composed of carbon and ni-
trogen, and also can be alloyed with hydrogen. Since
these elements are widespread in a living body, the
coatings have the properties of biocompatibility [7].

CN_ coatings can be synthesized by such methods
as plasma chemical deposition from acetylene with
nitrogen gas mixture; vacuum-arc spraying in nitro-
gen medium from carbon plasma flows generated by
cathode spots of vacuum-arc discharges [8]. The use
of reactive magnetron sputtering of a graphite target

Copyright © The Author(s)

in the mixture of Ar/N, gases for this purpose is also
interesting [9]. Under certain conditions of deposition,
the magnetron CN_coating can be of great importance
of anormalized H/E hardness (more than 0.12), which
determines its elasticity and wear resistance under
friction conditions (in tribotechnical contact) [10]. In
[11] it is proposed to evaluate the elastic properties of
the CN_ coating during indenting by the percentage
of elastic recovery R(%) = (h__~h_)/h__-100, where
h_.. is the depth of introducing indenter in the coating
at a maximum load; h__ is the depth after relieving
the load. Due to elastic properties, the CN,_ coating
was called a “superhard rubber”. In [12], the results of
studying mechanical and tribotechnical properties of
the CN_coating, deposited on titanium bases, which
confirm its high resistance to plastic deformation, are
presented. Thus, while depositing the CN,_coating to
titanium, elastic surface recovery (R, %) increases
from 30 to 81 %.

Wear resistance and adhesive strength of the CN_
coating depends on the effect of ion bombardment
conditions [13]. In [14], the technology of producing
the CN_ coating with a high adhesion to the surface of
the bases of stainless steel with the use of a chromi-
um sublayer is considered. To deposit chromium, the
method of high-power impulsed magnetron sputtering
(HIPIMS) was used. A distinctive feature of HIPIMS
is a high level of ionization of a sprayed material and
a high level of dissociation of gas molecules.
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The magnetron power with a chrome target was
carried out from the pulsed voltage source: U = 500-
=1000V, f = 150 Hz, tp = 100 ms, the displacement
voltage source had the following parameters: U, =
= 500-1000 V, f = 150 Hz , t = 100 ms. The CN,
coating was deposited by spraying the graphite target
at DC at a negative displacement voltage U, =25 V.
Determination of adhesive strength of the CN,_coat-
ing by scratching method showed that as compared to
the variant when a chromium sublayer was deposited
while powering the magnetron from the direct voltage
source, the critical load of destruction of the CN, coat-
ing more than 3 times increased.

In [13], it is noted that ion bombardment of amor-
phous CN_films improves their mechanical proper-
ties, providing high hardness, high resistance to plas-
tic deformation and high elastic recovery.

The aim of the work was the study of a reactive
magnetron discharge with a graphite target in the mix-
ture of Ar/N, gases, as well as the study and develop-
ment of the process of producing the CN_magnetron
coating on stainless steel and titanium bases.

PROCEDURE OF EXPERIMENTS
AND STUDIES

The coating was deposited using a modernized VU-
1BS vacuum unit equipped with a DC magnetron
sputtering module consisting of two magnetrons:
magnetron 1 with a disc target (88 mm diameter, 4
mm thickness) made of MPG-7 graphite with a purity
of 99.98 % and the magnetron 2 with a rectangular
target (90x58x4 mm) made of VT1-0 titanium (Fig-
ure 1). The magnetrons are mounted on a one flange
in such a way that the angle between the surfaces of
the targets is equal to 150 °C. As a result, it was pos-
sible to simultaneously or alternately deposit coat-
ings on a stationary base from two magnetrons with
the same distance between the base and the targets,
equal to 110 mm. The magnetron 2 was designed for

Figure 1. Magnetron sputtering module: 1, 2 — magnetron 1 and
magnetron 2, respectively
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the deposition of an adhesive sublayer of titanium on
metal bases.

The study of the characteristics of a reactive magne-
tron discharge with a graphite target was carried out at
different values of the working pressure p, the mixture of
Ar/N, gases, and the percentage of nitrogen in it.

For the initial experiments on studies of the
process of the CN _coating formation, glass bases
(65x30x4 mm) were used. This choice was predeter-
mined by the possibility of accurate measurement of
the coating thickness using a profilograph-profilometer.

To study the process of forming the CN, coat-
ing on metal materials, as a base, the specimens of
Kh18N10T steel and VT1-0 titanium with a size of
65x30%x0.5 mm, as well as the specimens of VT1-0
titanium with a diameter of 25 mm and a thickness
of 5 mm were used. Before placing in the vacuum
chamber, the specimens were cleaned in an ultrasonic
bath, which is gradually filled with acetone and ethyl
alcohol. In a vacuum at a pressure of 5.0-10* Pa, the
specimen was heated at a temperature of 150 °C for
20 min, then without turning off the heater, the surface
of the specimen was cleaned by bombardment with
argon ions (especially pure) in a direct current dis-
charge at a pressure of 1.3 Pa, at a voltage of 1100 V
for 20 min.

The specified variants of the specimens treatment
were one of the components of the process of increas-
ing the adhesion of the CN, coating to the base sur-
face. The conducted preliminary experiments showed
that in order to increase the adhesive strength of the
CN, coating on the specified bases, it is necessary to
deposit an adhesive layer of titanium and an interme-
diate Ti—C—N layer on their surface. The latter was in-
tended for smoothing the transition interface between
materials with different physical characteristics of the
base CN_and adhesive layers of titanium.

Three stages of the process of forming the CN, coat-
ing layers on the surface of Kh18N10T and VVT1-0 titani-
um specimens were determined, as well as the ranges of
changing deposition parameters of the layers:

e deposition of a titanium sublayer (6 = 0.3 pum)
in argon at an operating pressure p = 0.35 Pa, specific
power of a magnetron discharge with a titanium target
A, = 3.5 W/cm, deposition rate V_, = 25 nm/min and
a change in the negative displacement on the base of
U, from —300 to —1400 V;

e deposition of the intermediate Ti—-C—N layer (6 =
= 0.25 um) using joint reactive magnetron sputtering
of graphite and titanium targets on a direct current in
the mixture of Ar/N, gases at pressures of p = 0.35,
1 and 2 Pa, average values of A_. = 10.4 W/cm and
A, =3.4Wicm, Ujen =0-—40V;
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Figure 2. Dependence of the magnetron discharge voltage with a
graphite target of MPG-7 on the content of nitrogen in the mixture
of Ar/N,at I =1A,p=0.35(1),1(2),2(3) Pa

e deposition of the base CN_ layer (6 =2.0-3.9 um)
in the mixture of Ar/N, gases at p = 0.35, 1 and 2 Pa,
?;’6 O=C.10 Wicm, U, on, = 040V, T, = 130, 200,

The phase analysis of the coatings was carried out
by the X-ray diffraction method using an X-ray dif-
fractometer Philips X’Pert-MPD with a CuK  X-ray
source (wavelength A = 0.15418 nm). X-ray diffrac-
tion spectra were taken in the Bragg—Brentano geom-
etry (2Th-omega-scanning) — the full angular range
of diffraction spectrum registration by 20 = 25-75°.

The combining Raman spectroscopy method
(CRS) was used to determine the configurations of
carbon chemical bonds in the coating. The micro
Raman spectra were measured in the reflection ge-
ometry at a room temperature using a triple Raman
spectrometer T-64000 Horiba Jobin-Yvon equipped
with a cooling CCD detector. For excitation, an Ar—
Kr laser line with a wavelength of 488 nm was used.
The radiation was focused on the specimen using a
50x objective, the power of the radiation falling on
the specimen was about 0.25 mW.

RESULTS OF EXPERIMENTS
AND THEIR DISCUSSION

In order to determine the optimal conditions for
deposition of the CN,_coating, the characteristics of
a DC magnetron discharge with a graphite target from
MPG-7 in the mixture of Ar/N, gases were investigat-
ed. The experiments were carried out at p = 0.35, 1
and 2 Pa. It was found that at the indicated pressures
the discharge is stable and breakdowns of a discharge
gap at P = 11 W/cm are absent.

The most complete idea of the nature of a magne-
tron discharge burning with a graphite target in the
mixture of Ar/N, gases is given by the dependence
of the voltage on a percentage content of nitrogen N,
consumption in the mixture, which is determined by
the ratio of nitrogen consumption to the sum of ar-
gon and nitrogen consumption — QNZ/(QN2+Q ) 100
(Figure 2). At N, = 0, with an increase in the pressure
to 2 Pa, the discharge voltage decreases from 600 to

U, v
370 | 3
330 5
w’
290 | . R
o 1

250 1 1 1 1 1

0.2 03 0.4 05 0.6 07 LA

Figure 3. VACh of a magnetron discharge with a titanium target
in the mixture of Ar/N, gases atp = 0.35 PA:1 —N,=0;2 —
25.6;3—45%

560 V. At p = 0.35 Pa with an increase in N, to 24 %,
the discharge voltage reaches a maximum U = 690V,
and further decreases at N, = 100 % U = 640 V. A
somewhat different character of the change in the dis-
charge voltage was detected at pressures equal to 1
and 2 Pa. Thus, at p = 1 Pa and N, = 24 %, the volt-
age also reaches a maximum U =675V, but does not
change further to N, = 100 %.

The volt-ampere characteristics (VACh) of a direct
current magnetron discharge with a VT1-0 titanium
target (magnetron 2) in the mixture of Ar/N, gases at
p =0.35, 1, 2 Pa were also studied. The voltage of dis-
charge burning increases with an increase in N, due to
the formation of a TiN film on the surface of the target
(Figure 3).

During a simultaneous operation of two magne-
trons, the surface of a titanium target is partially dust-
ed with a carbon film, which also leads to an increase
in the voltage of a discharge burning and a sharp in-
crease in the ignition voltage. For p = 0.35, 1, and
2 Pa, the corresponding boundary values of N, were
determined, equal to 45, 73, and 66 %, at which a sta-
ble excitation and maintenance of the discharge with
a titanium target was provided.

Figure 4 shows the dependences of the rate of de-
positing CN, coating on glass substrates on the nitro-
gen content in the Ar/N, mixture under the following
conditions: working pressures p = 0.35, 1 and 2 Pa,
discharge current | = 1 A. At each of the specified
pressures, the coating was deposited at six values

Vdep, nm/min

1 1 1 1 1 1 1 1

1
0 10 20 30 40 50 60 70 80 On,%

Figure 4. Dependence of the rate of depositing the CN, coating

on the content of nitrogen in the mixture of Ar/N, at p = 0.35 (1),
1(2),2(3) Pa
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Figure 5. X-ray patterns of specimens 04CN , 05CN, and 011CN_
produced in the geometry of Bragg—Brentano

of the N, nitrogen content consumption in the Ar/N,
mixture. At the same time, the specific power of the
magnetron discharge P varied within the ranges of
9.3-11.4 W/cm.

As is seen from Figure 4, with an increase in the
nitrogen content in the mixture of gases at all pres-
sures, the deposition rate increases. At p = 0.35 and
2 Pa, the growth is uniform. At p = 1 Pa, an increased
growth in the deposition rate occurs with an increase
in N, from 60 to 100 %. At N, = 0, in the argon atmo-
sphere, a carbon coating was deposited on the base at
a rate V, = 16 nm/min (0.96 pm/h). At N, = 100 %,
the CN, coating was formed with the maximum ni-
trogen content at an average rate VCNX = 60 nm/min
(3.6 pm/h). Therefore, when N, changed from 0 to
100 %, the rate of the coating deposition increased
by 3.8 times, and the specific power of the discharge,
proportional to which the rate of ion sputtering of ma-
terials usually changes, increased by only 1.2 times
(from 9.3 to 11.4 W/cm).

A significant difference in the degree of the spe-
cific power and deposition rate indicates a more com-

40
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Figure 6. CRS spectra of CN, coating specimens (in all CRS
spectra two D- (= 1390 cm™) and G-bands (= 1580 cm™) are
recorded, which are characteristic of inelastic light scattering in
carbon structures)

plex mechanism of spraying graphite in the mixture
of Ar/N, gases. The work [15] states that an increase
in the deposition rate is possible with an increase in
the spraying coefficient of a graphite target due to a
reduced cohesive bonding of carbon atoms during the
chemical reaction between nitrogen and carbon at-
oms. In addition, flying CN radicals can be formed,
that are easily sprayed on the target surface.

The results of X-ray structural analysis of the mag-
netron CN, coatings are presented in Figures 5, 6. The
parameters of the process of depositing CN, coatings
are given in Table 1.

As is seen from Figure 5, on the spectra of X-ray
diffraction from all specimens 04CN , 05CN and
011CN_ the presence of the titanium (hexagonal)
phase, which corresponds to the presence of the ad-
hesion layer of titanium (& = 0.35 um) is seen. In the
specimen 05CN, a TiN phase is also present, which
most likely formed due to an increased deposition
temperature. No reflexes from the layers of CN and
Ti—-C-N are observed, which indicates their amor-
phous state.

Table 1. Parameters of the process of depositing magnetron Ti + (Ti-C-N) + CN,_ coating (bases — VT1-0 titanium)

Coating sputtering conditions
Specimen number p, Pa T, °C Ti Ti-C-N CN,
P, W u,w N,,% PP, rel.un. N,,% P. W
03CN, 0.35 200 184 -150 25.6 2.7 58 570
04CN, 0.35 130 184 -150 25.6 2.8 58 560
05CN, 0.35 350 184 -300 25.6 2.8 58 560
06CN, 0.35 130 184 -300 - - 58 580
011CN, 0.35 130 184 -300 25.6 2.8 42 540
012CN, 0.35 350 180 -300 25.6 2.8 42 540
07CN, 1.0 130 190 -300 22.8 2.85 100 580
08CN, 1.0 350 187 -300 22.8 2.9 100 560
010CN, 1.0 200 180 -300 22.8 3.0 100 560
09CN, 2.0 130 180 -300 66.0 2.75 100 560
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Table 2. Frequency positions (o), full width at half maximum (FWHM), ratio of integral intensities for D- and G-bands (ID/IG)

D-band (sp?) G-band (sp%)
Specimen number ID/IG
o, cm™ FWHM, cm™ |FWHM, rel. un. o, cm™ FWHM, cm™ |FWHM, rel. un.
04 CN, 1400.6 349.4 822 1574.5 140.2 683 1.20
05CN, 1393.3 336.1 621 1578.8 135.2 470 1.32
011CN_ 1396.9 345.3 565 1570.6 142.6 488 1.16

The CRS spectra of the studied specimens are pre-
sented in Figure 6.

For modeling G- and D-bands, the Gauss functions
with a preliminary subtraction of a modeled base line
were used (Figure 6). Table 2 shows the results of the
analysis of frequency positions, FWHM and ratios
of integral intensity of D- and G-bands, which were
performed by the decomposition of CRS spectra on
the corresponding components. With regard to nitro-
gen-containing carbon films, in addition to the fluctu-
ations caused by carbon C = C bonds, the contribution
to the oscillatory lines is also made by the fluctuations
of C = N bonds with the type of sp?-configuration of
chemical bonds. In the experimental CRS spectra in a
general case, it is very difficult to divide these depos-
its. Changing the position and shape of these oscil-
latory bands occurs as a result of structural changes,
formation of disordering, aromatic rings, microcrys-
talline graphite, etc. [15].

A weak signal in the area of 600-900 cm™ is as-
sociated with an induced disordering of sp? structural
carbon phase by scattering processes with the partici-
pation of phonons with non-zero wave vectors.

A Raman band with a spectral position of about
2220 cm™!, which is observed in the CRS spectra of
the CN, coating is associated with the formation of
triple C =N chemical bonds with sp*-hybridization in
the studied structures.

The least value of ID/IG = 1.16 ratio indicates the
highest carbon ordering in the structure of the CN_
coating (011CN, specimen), produced at 7, = 130 °C
and N, = 42 %.

CONCLUSIONS

1. The process of depositing a nanocomposite carbon
nitride CN, coating (2-3 um thickness) on the bases
of Kh18N10T and VT1-0 titanium with the use of the
adhesive layer of titanium and intermediate Ti—C—N
layer by the method of combined DC reactive magne-
tron sputtering of titanium and graphite targets in the
mixture of Ar/N, gases was developed.

2. The studies of the CN coating showed that it
has an amorphous disordering graphite-like structure
with sp?, sp? and sp! electron bonds of carbon. The
most ordered structure was obtained in the CN, coat-

ings (ID/IG =116 and 1.2) at p = 0,35 Paand 7, =
=130 °C, N, = 40 and 58 %.
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ABSTRACT

Additive manufacturing, in particular, selective laser melting (SLM) is a modern method of manufacturing parts and assemblies
of a complex geometry from metal powder, which are difficult or impossible to be reproduced in the states of traditional manu-
facturing. This technology is featured by residual stresses formed at the stage of manufacturing parts. Since titanium alloys are
characterized by low thermal conductivity, the problem of forming residual stresses is of particular relevance for them and heat
treatment for their removal is mandatory for products manufactured using SLM technology. Since the structural state of prod-
ucts manufactured by SLM technology differs from that formed with the use of traditional technologies, it is necessary to study
the effect of annealing for residual stress removal on mechanical properties and microstructure of Ti6Al4V alloy manufactured
by SLM technology. The specimens were studied after annealing with an exposure time of 1-5 h at 800 °C. It was found that
as compared to the initial state after manufacturing, the ultimate strength after heat treatment for 1-5 h undergoes a decrease
by 20.55—-23.03 % and relative elongation has an increase by 31.33-35.57 %. At the same time, the nature of variation in the
values of relative reduction in area is non-uniform: annealing with an exposure of 1 h does not cause significant changes; with
an increase in the exposure time to 2, 3, and 4 h, a decrease in this characteristic is observed, respectively, by 9.03; 45.97 and
62.56 % as compared to the initial state; after exposure for 5 h, the value of relative reduction in area undergoes an increase in
this characteristic as compared to the values after exposure for 4 h — by ~26.12 %. According to the results of the correlation
analysis of the values of mechanical properties and microstructure parameters, it was found that the shape factor of a-phase
lamellas has a high ratio with the values of ultimate strength, and the amount of a-phase is most correlated with the values of
relative reduction in area at static tension

KEYWORDS: selective laser melting, heat treatment, titanium Ti6AI4V alloy, mechanical properties, microstructure

INTRODUCTION

Technologies of additive manufacturing (AM), also
known as 3D-printing, are increasingly used in the re-
cent times, as well as a number of materials and meth-
ods that can be used is expanding.

Since manufacturing processes are ever improved
and developed, a demand for more rapid and less
expensive manufacturing processes provided the de-
velopment of a number of rapid prototyping (RP)
processes. Using additive manufacturing, almost any
geometry with variations in size and complexity can
be manufactured with a high degree of accuracy (Sim-
chi & Asgharzadeh, 2004). RP technologies allow
manufacturing parts with a complex three-dimension-
al geometry using AM.

By means of the process of selection laser melting
(further — SLM-technology), specimens with a com-
plex geometry from metal powder are manufactured,

Copyright © The Author(s)

which are impossible or difficult to be made by other
traditional methods of manufacturing [1].

One of the advantages of AM is only a small
amount of further treatment (polishing, sandblasting,
heat treatment) of products, thus expensive processes
with the additional cost can be minimized [2]. Due
to a significant widespread of AM technologies, the
treatment of such materials has become of particular
importance in recent years [3].

One of the features of SLM technology, according
to a number of authors [1, 4-7], is the formation of
defects that have a different nature as compared to the
traditional method of manufacturing, and the possibil-
ities of eliminating these defects at the stage of manu-
facturing process, or at the stage of further treatment.
One of the main defects of additive manufacturing is
residual stresses [5, 7], which are formed at the stage
of manufacturing parts, their value depends on the pa-
rameters of the technological process, they can lead
to distortion of the geometry (Figure 1, a), cracking
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Figure 1. Defects of residual stresses: a — distortion of geometry; b — cracking; ¢ — liquation cracking

of a 3D-product (Figure 1, b) and liquation cracking
(Figure 1, c).

The occurrence of inner residual stresses in parts
manufactured using SLM technology is associated
with the process of very rapid solidification of the
melt pool, several times recrystallization and a local
coexistence of hot and cold metal. During cooling in
the melt pool, tensile stresses occur as a result of so-
lidification shrinkage and thermal compression during
phase transformations in the process of crystallization.
Under the action of these stresses, a system of micro-
scopic compressive stresses can be formed, which can
lead to cracking. As inner residual stress concentra-
tors, also splashes of liquid alloy on the substrate in
the process of powder scanning may be. As far as they
have a lower temperature, as a consequence, a large
temperature gradient and microcracking arise. Dis-
tortion of the geometry during the scanning process
and a subsequent application of powder can lead to
uneven application of the next layer of powder. Fur-
ther, this will increase distortions, which provokes an
emergency stop of the process of manufacturing parts
by using SLM technology, since this technology has
a tendency to accumulation of inner residual stresses.

The previous studies [5, 7], aimed at finding the
ways of reducing inner stresses, allowed establish-
ing, that the use of rational energy parameters of the
powder scanning (beam movement speed and laser
power) and a certain building strategy allow reduc-

Fraction. %

ing deformations under the action of residual stresses
without the loss of a product density.

Ti6Al4V alloy has been widely used in manufac-
turing products of different purpose, including those
using AM due to the optimal combination of techno-
logical and mechanical properties. However, titanium
alloys are characterized by low thermal conductivity,
which makes the problem of residual stress formation
even more relevant, and the heat treatment for their re-
moval is mandatory for products manufactured using
SLM technology. However, it should be noted that the
structural state of products manufactured using SLM
technology is different from the one that is formed us-
ing traditional technologies. Therefore, it is necessary
to conduct studies of the impact of annealing for re-
lief of residual stresses on mechanical properties and
microstructure of Ti6AI4V alloy, manufactured using
SLM technology.

The heat treatment of titanium alloys mostly in-
cludes only annealing for relief of residual stresses at
800 °C, which is carried out in an inert atmosphere to
prevent surface oxidation. This work will determine
the impact of different exposure time during heat
treatment of experimental specimens of Ti6AI4V al-
loy on the mechanical properties during tensile tests.

The aim of the work is the determination and com-
paring of mechanical properties of tensile test speci-
mens before and after the heat treatment at different
exposure time.
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Figure 2. Particles of the initial material of Ti6A14V at the magnification of 500 (a) and the results of granulometric analysis (b)
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Figure 3. General view of manufactured experimental specimens

MATERIAL AND RESEARCH PROCEDURE

The studies were conducted on the specimens, man-
ufactured of powder material using SLM technology.
The printing of the specimens was conducted in the
3D printer Alfa-280 of the “ALT Ukraina” LLC [5, 6].
The material used in this study was titanium Ti6AI4V
alloy with the size of particles from 5 to 40 um. The
chemical composition of Ti6AI4V powder in wt.% is
the following: 6.21 Al; 4.03 V; 0.04 Fe; 0.1 C; 0.02 N;
Ti is the base.

The initial material was investigated by means
of the scanning electron microscope REM-106 (Fig-
ure 2, a) for determination of shape and sizes of par-
ticles. Figure 2, b shows the results of the analysis.

The experimental specimens for tensile tests were
manufactured according to GOST 1497 — propor-
tional flat specimens with the heads of type I of 3 mm
thickness (Figure 3). The heat treatment was carried
out at a temperature of 800 °C with an exposure of
1-5 h with a step of 1 h, the scheme of heat treatment
is presented in Figure 4. Mechanical treatment of the

790-810 °C

Annealing

Time, h
Figure 4. Scheme of heat treatment of experimental specimens

specimens until reaching net sizes was performed us-
ing the lathe HAAS YT4.

The heat treatment was carried out in the ShMP-
27 shaft type furnace with the use of a protective en-
vironment (argon). The mechanical properties were
determined during the tensile test by a standard pro-
cedure on the PHYWE machine. Metallographic sec-
tions were made according to standard procedures
using diamond pastes. Microstructure examinations
were performed with the use of Axiovert 200M opti-
cal microscope.

The statistical analysis was performed using a
standard Excel package of data analysis.

EXPERIMENTAL RESULTS

According to the results of the analysis (Table 1), it
was found that the values of mechanical properties af-
ter annealing are changed as compared to initial state
after manufacturing. The comparative analysis of the
values of ultimate strength of all experimental speci-
mens after annealing at a temperature of 800 °C and
with the range of 1-5 h exposures with a step of 1 h
(specimens Nos 1-5) allows establishing a stable re-
duction in values by (-20.55—-23.03 %) with a slight
discrepancy of ~2.5 % as compared to the initial state
(specimen No. 6). Relative elongation after anneal-

Table 1. Mechanical properties of experimental specimens manufactured of titanium Ti6Al4V alloy using selective laser melting tech-

nology after heat treatment and in the initial state

Ultimate Relative elon- Relative reduc-
0, 0, 0,
Number State strength, MPa Ac, % gation, % A, % tion in area, % Ay, %
1 Annealing at 800 °C, 1003.73 2164 23.16 34.71 10.32 2.48
1 h exposure
2 Anncaling at 800 °C, 989.987 2271 23.42 35.43 9.16 -9.03
2 h exposure
3 Annealing at 800 °C, 1017.65 2055 22.18 31.83 5.44 —45.97
3 h exposure
4 Annealing at 800 °C, 1008.47 2127 23.47 35.57 3.77 ~62.56
4 h exposure
5 Annealing at 800 °C, 985.937 ~23.03 22.02 31.33 6.4 ~36.44
5 h exposure
6 Initial state after manufacturing 1281 - 15.12 - 10.07 -
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Figure 5. Structure of experimental specimen No. 6 (initial state
after manufacturing)
ing undergoes stable changes (31.33-35.57 %) with
a slight discrepancy of about 4 % as compared to the
initial state. When analyzing changes in relative re-
duction in area, it was found, that annealing at 800 °C
at 1 h exposure does not cause significant changes and
with an increase in exposure time to 2, 3 and 4 h, a
decrease in this characteristic by 9.03; 45.97; 62.56 %
as compared to the initial state is observed. After
5 h exposure, the values of relative reduction in area
undergo an increment of this characteristic as com-
pared to the values after 4 h exposure by ~26.12 %,
which may indicate changes in the microstructure of
Ti6Al4V alloy.

As a result of the analysis of the values of mechan-
ical properties, it was found that ultimate strength af-
ter heat treatment is reduced on average by ~21.84 %

Figure 7. Structure of experimental specimen No. 2 after annealing at 800 °C with 2 h exposure: a — x100; b — %800

24

as compared to the initial state after manufacturing
and relative elongation is increased by ~33.7 %.

The studies of experimental specimens in a pol-
ished state have shown that they all have a density of
about 99.97 %, in most cases among defects there are
separate globular pores with a diameter of 3—7 pm.
During the microstructure examination, it was found
that the experimental specimen No. 6 in the state af-
ter manufacturing has a scaly structure typical for the
3D process, which is formed as a result of solidifica-
tion of individual melt pools. The microstructure was
formed by a- and B-phases with columnar elongated
grains, which grow crossing several layers (Figure 5).

According to the results of the microstructure
examinations (Figures 6—11) of the heat-treated ex-
perimental specimens, it was found that the titanium
alloy has a+f-structure. After exposure during 1 h
(experimental specimen No. 1), a number of a-phase
was 34.06 % (Figure 6), the ratio of the sides (width,
length) of the a-phase lamella corresponded to ~ 0.5
(Figure 11).

While studying the ratio of the sides of the a-phase
of the experimental specimens Nos 24, it was found
that the a-phase has approximately the same geometric
parameters and their ratio is in the range of 0.48-0.50,
and its amount was 29.7, 31.11 and 30.87 % respec-
tively (Figures 7-9, 11). The experimental specimen
No. 5 has a structure a+f, while studying the a-phase,
the ratio of the sides is 0.46, the percentage of which
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Figure 10. Structure of experimental specimen No. 5 after annealing at 800 °C with 5 h exposure: a — x100; b — %800

was 30.38 % (Figures 10, 11). According to the results
of the microstructure examinations, the microstructure
represents an o+p-structure with a slight change in the
thickness of a-phase lamellas. According to the quanti-
tative evaluation, it was found that the share of a-phase
in all experimental specimens amounts to 29.7-34 %.
It was found, that heat treatment with slow cooling,
which is realized during cooling with a furnace, usually
leads to the formation of a+f-lamellar microstructure
and a small amount of equiaxial a-phase.

The results of the analysis of a paired correlation
of the values of mechanical properties and parameters
of the microstructure are presented in Table 2.

This criterion is used to measure the degree of lin-
ear dependence between two variables. The value of
the coefficient of a paired correlation can vary from

—1 to 1. At negative values of coefficient, the influ-
ence is negative and at positive values it is positive. At

50
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Figure 11. Violin plot of the a-phase size distribution

25




S.V. Adzhamskyi et al.

Table 2. Coefficients of paired correlation of mechanical properties and parameters of the structure after heat treatment of different

duration
Parameter Duration of | Relative reduc- Ultimate Relative elonga-| Fraction of | Shape factor of
annealing, h | tionin area, % | strength, MPa tion, % a-phase, % a-phase
Duration of annealing, h 1 - — — - -
Relative reduction in area, % —-0.77806 1 - - - -
Ultimate strength, MPa -0.20611 —-0.3955 1 - - -
Relative elongation, % —0.50588 0.240275 0.014956 1 — -
Fraction of a-phase, % -0.58448 0.441543 0.372066 0.121644 1 -
Shape factor of o-phase -0.53033 -0.09419 0.88632 0.437112 0.536141 1

values in the range of 1.0-0.5 (=1.0— —0.5), the ratio
is considered high, at values of the coefficient in the
range of 0.5-0.3 (—0.5— —0.3), the ratio is average, at
0.3-0.1 (—0.3——-0.1), the ratio is low, at lower values,
the ratio is absent.

It was found that the ratio of the sides of a-phase
precipitations has a high correlation with the values of
ultimate strength, and the amount of a-phase is most
correlating with the values of relative reduction in
area at static tension.

CONCLUSIONS

1. As a result of the analysis of mechanical properties
values it was found that ultimate strength after heat
treatment of Ti6AI4V alloy, manufactured using the
technology of selective laser melting, undergoes a de-
crease as compared to the initial state after manufac-
turing using the technology of selective laser melting
by ~21.84 % and relative elongation was increased by
~33.7 %.

2. It was established that the heat treatment with
slow cooling with the furnace of Ti6Al4V alloy, man-
ufactured using the technology of selective laser melt-
ing, leads to the formation of a+p-lamellar micro-
structure and a small amount of equilibrium a-phase.

3. According to the results of the microstructure
examination, it was found that after heat treatment,
a change in the thickness of a-phase lamellas oc-
curs, according to the quantitative evaluation it was
found that the a-phase after 1-5 h exposure at 800 °C
amounts to 29.7-34 %.

4. According to the analysis of results of the values
of mechanical properties and parameters of the mi-
crostructure, a number and sizes of a-phase lamellas
more significantly affects the relative reduction in area
than other mechanical properties, shape factor has a
close connection with the values of ultimate strength.
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ABSTRACT

In this work, the technology of chemical overlap welding of polymer materials based on epoxy resins (transparent film) and
their nanocomposites with oxidized graphene (black film) was developed. The overlap welding of film materials with a thick-
ness of 0.5 mm was carried out under the conditions of isothermal heating of 150 °C and pressure of the limiting plate. The
selection of an effective welding mode was performed at different duration of welding: 30 and 60 min. Mechanical tests of the
produced welded joints showed their strength at the level of the base material. Features of the structural organization of welded
joints of composites were investigated by the method of wide-angle X-ray diffraction. The chemical structure of the material
of welded joints was investigated by the Fourier transmission infrared spectroscopy. Modeling of stresses that occur in the
specimens of welded joints was calculated using the values of the modulus of elasticity and the coefficient of linear expansion,
experimentally found by the method of thermal mechanical analysis.

KEYWORDS: epoxy nanocomposites, oxidized graphene, vitremers, welded joints, chemical welding

INTRODUCTION

Development of shape-memory materials capable of
reacting to environmental changes (temperature, pow-
er, electromagnetic field, solvent, humidity, etc.) and
correcting their mechanical parameters (shape, posi-
tion, deformation, etc.) for recovery to original state,
is an important and relevant direction of development
of construction machinery [1], structures deployed in
space [2], artificial muscles [3], biomedical devices
[4], sensors [5], and energy converters [6]. Solution of
this problem is closely related to application of cross-
linked polymers that is attributable to their high heat
resistance, fixing ability and shape recovery rate. Fab-
rication of structures with shape-memory effect can
be simplified by application of welding.

In the case of diffusion welding of dissimilar ma-
terials it is necessary to take into account the features
of thermal impact on each of the welded polymer ma-
terials. The compatibility of material combinations is
determined by the ratio of their coefficients of linear
expansion (a,/a,). According to literature, the high
strength of the joints produced by diffusion welding
can be achieved only in such material combinations,
for which a,/a, < 1.2 [7], that essentially limits the ap-
plicability of welding.

Unlike diffusion welding which is due to the forc-
es of intermolecular interaction in the joint zone,
chemical welding takes place due to interaction of
functional groups on the contacting surfaces with
bond formation. Chemical welding of dissimilar
materials into one part is rational for building more

Copyright © The Author(s)

complex and multifunctional structures. In particular,
joining polymer composites with discrete vitrifica-
tion temperatures is one of the methods of produc-
ing thermosensitive shape-memory materials. Thus,
the shape of each part is deformed and recovered at
certain temperatures, independently one from another
[8]. Another strategy of transformation of flat films
into 3D-static structures is creation of two layers with
further application of external stimuli (photo-, chemi-
cal or other treatment) [9, 10]. Active 3D-static struc-
tures were recently obtained by chemical welding of
liquid-crystal elastomers based on epoxy resins and
their composites with polydopamine (PDA) with their
further two-directional tension [11]. So, the difference
in the response to NIR-radiation (1.0 W/cm?) led to
specific 3D deformation in keeping with the pattern:
the composite recovers its initial length, while the
transparent film does not react to light and keeps its
elongated shape, making the sample bend through 90°
(Figure 1, a). Similarly, the linear pattern can be con-
trolled by sample bending in the form of a circular arc
(Figure 1, b), spiral (Figure 1, ¢), and claws (Figure 1,
d). It should be noted that 2D-dynamic structures are
required, which demonstrate automatic reversible
change of shape, convenient for transportation and
storage.

In this work a technology of chemical welding of
transparent polymer films, based on epoxy resins and
their composites with oxidized graphene, is proposed,
features of structural organization of the produced
welded joints were studied, and their mechanical and
thermal properties were established.

27



A.V. Vashchuk et al.

~

d

Figure 1. Schematic illustration of producing the welded joints and images of the respective 3D structures: composite film in the center

(a), in the middle (b), diagonally (c) and crosswise (d)

MATERIALS AND EXPERIMENTAL
PROCEDURES

Diglycyl ether of bisphenol A (4.4'-isopropylenedi-
phenol diglycidyl ether, 2.2-bis[4-(glycidyloxy)phe-
nyl]propane, DGEBA) with the following main char-
acteristics: epoxy equivalent mass of 172-176, M =
=340.41 g/mole, p=1.21 g/ml at 25 °C.

Trimethylolpropane  tris(3-mercaptopropionate)
(T,M) with the following main characteristics:
>95.0 %, T, =220 °C/0.3 mm. Hg, n, = 1.518, M =
=398,56 g/mole, p=1.16 g/ml at 25 °C.

Tin 2-ethylhexanoate (Il) (tin octoate, tin salt
of 2-ethylhexanoic acid, tin (II) 2-ethyhexanoate,
Sn(Oct),) with the following main characteristics:
92.5-100.0 %, n, = 1.493, M = 405.12 g/mole, p =
=1.251 g/ml at 25 °C.

Oxidized graphene (OG). Nanoparticles of oxi-
dized graphene consisted of blocks of 15-20 weakly
bonded graphene layers with the following main char-
acteristics: 4-10 % of oxidized edges (epoxy, carbon-
yl, hydroxyl, phenol groups) p = 1.8 g/cm®. Detailed
OG structure is still not understood, because of irreg-
ular application of the layers.

Transparent polymer films (polyDGEBA/T,M))
were obtained by thermal solidification of DGEBA
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and T,M at equal molar ratio of thiol and epoxy groups
in the presence of 5.0 wt.% Sn(Oct),. Composite films
(poly(DGEBA/T,M)/OG) were obtained with OG ad-
dition to the produced mixture with filling concentra-
tion of 1.0 wt.% [12]. Mixture preparation was con-
ducted in BAKU BK-2000 ultrasonic bath at 44 Hz
frequency and 50 °C for 30 min. Mixture polymer-
ization was performed under the conditions of step-
like isothermal heating: 120, 150 °C/2 h. Thickness of
the produced poly(DGEBA/T,M) and poly(DGEBA/
T,M)/OG films was equal to 0.5 mm.

Testing for static uniaxial tension was conducted
in keeping with 1SO 527 standard in upgraded ten-
sile testing machine 2054 R-5 fitted with 500N strain
gauge. The samples were first cut out in the form
of 60 mm long and 25 mm wide strips. Samples of
film materials and welded joints were tested with the
rate of 2 mm/min and temperature control (25 °C).
Young’s modulus E for each sample was calculated as
the slope of 6—¢ deformation curve between 0.25 and
0.5 % ¢ deformation. Elongation at rupture was de-
termined as strain value at stress lowering to 10 % of
the maximum strength value. Stresses at destruction
for base material and samples of overlap joints were
determined by the following formula:
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where o, are the breaking stresses, MPa; P, are the
breaking loads, N; S_is the cross-sectional area in the
fracture site, mm?2.

Morphological features of welded joint sections
were studied using \Versamet-2 microscope in the
transmission mode in keeping with DSTU EN12814-
5:2018. Recording of the obtained results was per-
formed using a digital photocamera, with which the
microscope is fitted.

Features of structural organization of poly(DGE-
BA/T_M) and poly(DGEBA/T ,M)/OG films, as well
as welded joints on their base were studied by the
method of wide-angle radiography in XRD-7000 dif-
fractometer (Shimadzu, Japan), where the X-ray op-
tical scheme is made by the Debye-Scherrer method
for passage of the primary beam through the studied
sample, using CuK -radiation (A = 1.54 A) and graph-
ite monochromator. Investigations were performed by
the method of automatic step-by-step scanning in the
mode of 30 kV for 30 mA in the range of scanning an-
gles (20) from 3.0 to 55° at exposure time of 5 s. Tem-
perature of conducting the investigations was equal
to 20 £ 2 °C. Mean distance between the molecular
layers in amorphous polymers (d) was determined in
keeping with Wulff-Bragg equation:

d=nA2sin0, )",

where n is the ordinal number of the diffraction max-
imum (equal to a unity in studies of all the polymer
types, as the structure of macromolecular compounds
is of a relaxation nature); A is the wave length of the
characteristic X-ray radiation (A = 1.54 A for CuK
radiation), 0_ is the angular position of the diffraction
maximum on scattering profile.

Chemical structure of the welded joints was stud-
ied by Fourier transmission infrared spectroscopy
(FTIR), using Tensor 37 spectrometer of Bruker Com-
pany in the frequency range of 4000-600 cm™'. For
each spectrum 32 sequential scans with the resolution
of 4 cm™" were averaged. Intensity of absorption band
with the maximum at 1607 cm!, which corresponds
to phenyl group oscillations, was used as the internal
standard.

Additional studies of the stressed-strained state
of samples of base material (poly(DGEBA/T,M) and
poly(DGEBA/T,M)/OG) and welded joints, were
performed to assess the possible strains and stresses
at sample heating. They were conducted using the
ANSYS19.1 finite element analysis software. Model-
ling was performed at heating the samples from 40
to 100 °C. Experimentally established values of the

modulus of elasticity and coefficient of linear expan-
sion, obtained by the method of thermal mechanical
analysis, were taken as the initial data for SSS cal-
culation. Sample model of 60x10x0.5 mm size was
broken down into a simple hexagonal finite-element
mesh with element size of 0.25 mm.

EXPERIMENTAL PART AND DISCUSSION

Chemical overlap welding of (poly(DGEBA/T M)
and poly(DGEBA/T,M)/OG) was conducted by the
thermomechanical method under the conditions of iso-
thermal heating at 150 °C and pressure of the limiting
plate, coated by antiadhesive film in MTS651.06E-04
Environmental Chamber (USA). Effective welding
mode was selected on the base of the change of weld-
ing process duration. Two soaking scenarios were
considered: 30 and 60 min. Scheme of overlap welded
joint formation is shown in Figure 2, a. Energy sup-
ply into the joint zone by thermal heating ensured for-
mation of 1.0 mm thick joint. Primary control of the
joint quality by visual examination showed absence
of defects, namely change of colour, OG pressing
outside, as well as traces of burns-through, pores and
cavities (Figure 2, b). It should be noted that no transi-
tion of (poly(DGEBA/T_,M) and poly(DGEBA/T M)/
OQG) into the plastic state took place during welding
that is confirmed by the stability of their dimensions
and absence of deformations after the joint formation
(Figure 2, b).

A complex of tests and investigations was conduct-
ed for assessment of physico-mechanical properties
of the produced (poly(DGEBA/T,M) and poly(DGE-
BA/T_,M)/OG) films, as well as their overlap welded
joints. It was found that destruction of welded joints
produced during 30 min, runs through the weld, at
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Figure 2. Schematic image of material structure recovery in the
weld zone during chemical welding (a): 1 — weld zone; 2 —
transparent film; 3 — composite; b — appearance of the produced
overlap welded joint
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Strength of the produced films and their welded joints

Welding mode
Sample o, MPa Fracture
T, °C t, min
Poly(DGEBA/T,M) - 18.1-19.9 -
Poly(DGEBA/T,M)/OG - 20.1-22.4 -
. 30 8.1-9.5 Weld
Welded joint 150 -
60 12.1-13.5 Poly(DGEBA/T,M) base material

8.1-9.5 MPa (Table). At the same time, at increase of
welding duration to 60 min, welded joints fail through
base material (poly(DGEBA/T,M), beyond the weld-
ed joint. It should be noted that in this case welded
joint o, is on the level of that of (poly(DGEBA/T,M)
base material.

Conducted studies of the macrostructure of exper-
imental welded joints revealed absence of any signs
of the interphase (Figure 3). Thus, during chemical
welding no formation of an independent continuous
phase, which would differ by its properties from those
of poly(DGEBA/T,M) and poly(DGEBA/T,M)/OG
base materials, was observed.

30 um

Figure 3. Optical photography of welded joint sections
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Figure 4. Wide-angle R-ray diffraction patterns of the weld-
ed joint: weld zone (1); poly(DGEBA/T,M) (2); poly(DGEBA/
T,M)/0G (3)

30

Analysis of wide-angle X-ray diffraction patterns
(Figure 4) showed that the welded joint is character-
ized only by short-range ordering during translation in
space of fragments of internodal molecular links. This
is evidenced by appearance on the diffraction pattern
of one diffraction maximum of the diffuse type (amor-
phous halo) with 20 _ angular position close to 18.8°.
However, mean distance between the layers of inter-
nodal molecular links in the welded joint is equal to
2.5 A in keeping with Bragg’s equation. At the same
time, compared to base material of optically transpar-
ent (Figure 4, curve 2) and composite films (Figure 4,
curve 3) no shifting of the diffraction maximum of
diffuse type is recorded on the diffraction pattern of
weld sample (Figure 4, curve 1). It is indicative of
the fact that the mean distance between the layers of
molecular links does not change as a result of weld
formation.

As was anticipated, 3441, 1735, 1607, 15009,
1244, 1032, 825 cm! absorption bands, typical for
(poly(DGEBA/T,M) base material were recorded in
FTIR-spectra of the weld zone (Figure 5, curve 1).
Spectra of poly(DGEBA/T,M) (Figure 5, curve 2)
and poly(DGEBA/T,M)/OG (Figure 5, curve 3)
were used for comparison. It should be noted that
absence of multiplet peaks in the frequency range of
500-400 cm™" (characteristic for poly(DGEBA/T,M)/
OQG) in the weld zone spectrum (Figure 5, curve 1),
confirms formation of the weld, which is identical to
poly(DGEBA/T,M) by its chemical structure.
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Figure 5. Typical FTIR spectra of the welded joint: weld zone (1);
poly(DGEBA/T,M) (2); poly(DGEBA/T ,M)/OG (3)




CHEMICAL OVERLAP WELDING OF EPOXY VITREMERS AND THEIR NANOCOMPOSITES
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Figure 6. Stresses arising in the sample of overlap welded joint at calculation model I (poly(DGEBA/T M left part, poly(DGEBA/
T,M)/OG right part), at its heating from 40 to 100 °C (markers indicate stresses on the surface); a — top view; b — bottom view

Figures 6, 7 give the results of calculations of stress-
es arising in samples of overlap welded joints at their
heating from 40 up to 100 °C (calculation model I and
model I1). It is shown that stresses arising in model |
(poly(DGEBA/T_M left part and poly(DGEBA/T M)/
OG right part) are close to 1.95 MPa and in calculation
model Il (poly(DGEBA/T,M left part), middle part with
properties established for the weld zone, and poly(DGE-
BA/T,M)/OG right part) they are equal to 2.36 MPa, at
the same distance from the fixing point.

CONCLUSIONS

Chemical welding of different materials into one part
is rational for fabrication of more complex and mul-
tifunctional structures. This work gives the results of
studies on development of the technology of chemical
welding of transparent polymer films based on epoxy
resins (transparent film) and their composites, filled
with 1.0 wt.% of oxidized graphene (black film). In-
vestigation showed that heating at 150 °C for 60 min
is sufficient in general for formation of a sound weld-
ed joint. Visual examination of welds showed absence
of the change of colour, pressing of oxidized graphene
outside, or traces of burns-through, pores and cavities
on the welded joint surface that ensures tightness and
mechanical characteristics of the welded joint. Inves-
tigations of physico-mechanical properties of welded
joints, produced at 60 min duration of welding showed
that fracture occurs beyond the welded joint from the
side of the transparent film material, and the strength
limit is on the level of 12.1-13.5 MPa, respectively.
Here, the overlap welded joint remains practically
undamaged. Microstructural investigation of experi-
mental welded joints showed that the images of the
produced weld surface do not reflect formation of in-
dependent continuous interphase. FTIR spectral stud-
ies enabled establishing a full correlation between the
spectra of the weld zone and transparent polymer film.
It is found that during weld formation the mean dis-

o, MPa
23043
26206
2398
19702
1643
13199
0.99468
66951
034433

0019157

20,000 mm

5.000 15.000

Figure 7. Stresses arising in the sample of overlap welded joint
at calculation model 11 poly(DGEBA/T M left part), middle part
with properties established for the weld zone, poly(DGEBA/
T,M)/OG right part)) at its heating from 40 up to 100 °C (markers
indicate surface stresses)

tance between the layers of molecular links does not
change that is confirmed by the results of wide-angle
roentgenography. Finite element studies of the stress-
strain state at higher temperatures in simple welded
polymer products, using the obtained coefficients of
linear expansion showed that the stresses arising in
calculation model I, are close to 1.95 MPa, whereas in
calculation model 11 they are equal to 2.36 MPa at the
same distance from the fixing point.

Investigations were performed under the project of
the Research Laboratories of Young Scientists of the
NAS of Ukraine No. 11/01-2021(2) for conducting in-
vestigations in the priority directions of development
of science and technology in 2020-2021 (Program
No. 6541230).
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ABSTRACT

A rater simple and efficient mathematical model of the process of friction stir welding (FSW) was developed, which is focused
on fast determination of residual welding stresses and strains with engineering precision. The model is based on application
of the method of thermoelastoplastic deformation of the material, which is used at modeling of arc welding, but instead of the
model of arc heat source a model of heat evolution from the working tool friction against the material of the joint element was
developed. The model also takes into account the conditions specific to FSW of rigid restraint of the joint elements during
welding. The developed FSW model was used to conduct calculations of a butt joint of plates from AMg6 aluminium alloy and
to present the results of the characteristic distribution of residual stresses and plastic strains, compared to arc welding of the
butt joint. Calculation results derived using the developed model confirm the conclusions of other researchers that at FSW of
aluminium alloys undesirable residual stresses and strains also form, but they are lower than with the traditional arc welding
methods. Developed model can be effectively used for on-line calculation definition of residual stresses and plastic deforma-
tions in the zone of welded joints produced by FSW, with the purpose of further assessment of welded joint strength or predic-
tion of general deformations of large-sized structures. Ways of further improvement of the developed model were outlined with
the purpose of further increase of prediction accuracy, also by allowing for degradation of mechanical properties (softening) of

the aluminium alloy during heating.

KEYWORDS: friction stir welding, aluminium alloy, residual stresses, plastic strains, mathematical modeling

INTRODUCTION

Nowadays the technology of friction stir welding
(FSW) is becoming ever wider accepted when mak-
ing butt joints of critical structures in such industries
as aerospace, shipbuilding, automotive and railway
transport, etc. Considering the high requirements to
structures operating at high loads, determination of
residual stresses and strains in FSW welded joints and
development of the mathematical model of their de-
termination is an urgent task.

During FSW, when the working tool, immersed
into the welded joint metal, rotates and advances
along the weld line, an intensive process of the tool
shoulder friction against the surface of the joint ele-
ments and of the surface of the pin against the materi-
al occurs in the product volume. The process of metal
stirring in the volume near the surface of contact of
the pin and shoulder with the joint elements also takes
place The tool shape and FSW process parameters can
significantly influence the welded joint quality. [1, 2].

For effective modeling of this process, different
researchers use diverse approaches, depending on the
posed objectives. This can be prediction of the qual-
ity of welded joint formation for optimization of the
welding technology or prediction of residual welding
stresses and strains, which influence the performance
of such a structure.

Copyright © The Author(s)

The simplest mathematical models of the heat
source at FSW [3] define heat evolution only as a
result of the process of the tool friction against the
material of the joint elements. More detailed models
further take into account the contribution of plastic
strains into element heating. In such models [4, 5],
in addition to the friction process, it is also necessary
to predict the process of material stirring, so as to de-
termine the balance of contributions of friction and
plastic strains into the joint element heating.

In work [6] not a constant, but variable tempera-
ture-dependent coefficient is used in FSW model. In
the mathematical model, presented in [6], also the
amount of plastic work, converted into heat, is equal
to 80 %, although the authors note that in many stud-
ies this value does not reach even 5 %.

In works [3, 5-9] the finite element model, along-
side the welded joint, also includes the working tool
and fixture for fastening its elements that allows de-
termination of heat losses of the heating source into
the tool and the fixture. Other researchers [4] use
semi-analytical thermal model of FSW process which
reduces the computation time.

All the models of the stress-strain state determi-
nation at FSW take into account the action of thermal
stresses on the processes of elastoplastic deformation
of the material during welding and further cooling
[9]. The main feature of modeling the FSW process
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Tool rotation

Figure 1. Scheme of FSW process

is rather rigid fastening of the joint elements during
welding [6, 8].

MATHEMATICAL MODEL

Analysis of the available works on mathematical
modeling of the processes of thermoelastoplastic de-
formation and mass transfer at FSW resulted in de-
velopment of a rather simple model, aimed at quick
determination of residual welding stresses and strains
with engineering precision with the purpose of further
assessment of welded joint strength, under the con-
ditions of operational loading or prediction of total
strains of large-sized structures with a large number
of welded joints by shrinkage function method [10].

It is known that heat evolution at FSW, produced
as a result of deformation, does not exceed 5 % of the
total amount of heat evolution [11]. Thus, in the pro-
posed model heat evolution from metal deformation
can be neglected, for quick derivation of the data on
residual welding stresses and strains at FSW of alu-
minium alloy elements. More over, in order to simpli-
fy the model, while preserving engineering precision
of prediction, the following factors were ignored: de-
pendence of the friction coefficient on material tem-
perature, heat removal into the working tool and fix-
ture for fastening the joint elements (supporting plate
and clamps), partial lowering of heat evolution from
friction as a result of material stirring, as well as the
softening effect — lowering of mechanical properties
of the aluminium alloy during heating [12].
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Figure 2. Scheme of the working tool in welding
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Fastening

Joint plate

Modeling of temperature fields at FSW was per-
formed using the equation of nonstationary heat con-
ductivity, which takes into account the bulk welding
heat source W(x, v, z, t)

ox\ ox) oy\ oy) oz\ oz

ot @
+W(x,y,z,t) = Cpﬁ,

where p is the material density; C is the specific heat

content, A is the coefficient of heat conductivity.

In the general form for welded product at FSW
(Figure 1) during the movement of the center (x,, y,,
z,) of working tool (Figure 2) at welding speed v, the
power of heat evolution per a unit of the area of con-
tact between the tool and joint material in an arbitrary
point (X, y, z) at moment of time t is described by the
following dependence

_}\‘M — ”’P or,
on n )
eatz=0andR, <r <R, (onthe surface in the tool
shoulder zone),

e at 0 <z <dand r =R, (by thickness in the tool
pin zone),
where p is the friction coefficient; P, is the normal
force per a unit of area (pressure) in the contact
point; ® is the angular speed of the tool rotation;

r =\/(x— x,)?+(y—-y,)? is the distance of the consid-
ered point of contact from the axis of working tool
rotation (x,, y,); R, is the pin radius; R, is the shoul-
der radius; o is the thickness of the elements being
welded. The shoulder angle of inclination B can be
ignored, as a small angles < 2—3° the increase of the
area of contact in the shoulder zone that does not ex-
ceed 5 %.

Boundary conditions on the surfaces of joint ele-
ments (Figure 3), taking into account the convective
heat exchange with the environment, were assigned
as follows:

q=-h(T-T), ®3)

out
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Figure 3. Results of numerical calculation of temperature distribution across the plate thickness in the cross-section in welding butt
joints for a model of arc welding (a) of 500x500 mm plate, = 8 mm and model of FSW (b) of a 300x300 mm plate, § = 8 mm

where T_ is the ambient temperature; q is the heat
flow; h is the coefficient of heat transfer from the sur-
face at convective heat exchange with the environ-
ment (usually under the conditions of natural convec-
tioninair T =20 °C, h = 10-20 W/(m?*-°C).

After establishing the temperature distributions
at FSW numerical determination of the stresses and
strains is conducted by a similar algorithm, as for arc
welding, by successive observation during the occur-
rence of thermodeformational processes in the joint
material from the beginning of heating to complete
cooling by elastoplastic analysis and finite elements
methods [13]. The difference of the model of stress
and strain determination at FSW and model for arc
welding is the condition of rigid fastening of the el-
ements during welding and subsequent cooling, i.e.
boundary conditions in the fastening zone along the
entire length of the elements being welded are found
at a short distance =~ 30—40 mm) from the weld

Ux(x, vz, t)= Uy(x, y,z2,t)=
=U(x yz,t)=0atly| >y, 4

where U,, U , U, are the movements in the longitudi-
nal and transverse directions and across the thickness
of the joint elements; y_ is the distance from the weld-
ed joint axis to location of the fastening devices.

In the elastoplastic definition the strain tensor can
be presented in the following form:

e =¢ +»3i5.J

i = (,j=xY,2), )

where Su : 8,’: is the tensor of elastic and plastic
strains, respectively. Components of tensors of stress-

es o, and elastic strains sfj are related to each other
by Hooke’s law:

c. — Bijc
ij 2G
where 6ij is the unit tensor (Sij =0,ifi#]j, Sij =1, ifi

5, (Ko +0), (6)

+6._): G= is the shear

yy 2z’
—2v

PR | E
=) o=3(o,+o 20+ v)

1 . . .
modulus; K = is the volumetric compliance,

E is the Young’s modulus; v is the Poisson’s ratio;
¢ is the function of relative elongations (volumetric
changes), caused by temperature change:

¢ = U(T - To)’ (7)
where a is the coefficient of relative temperature elon-
gation of the material.

Plastic strains are related to the stressed state by
the equation of the theory of plastic nonisothermal
flow, associated with Mises yield conditions:

P _ _ iz
daij —d?»(cij 6”0) (i,j=xv,2), (8)
where dsp is the increment of tensor ap at the giv-
en moment of time t due to the deformatlon history,
stresses o, and temperature T; dA is the scalar func-
tion, which is defined by the yield conditions:

d=0,if =0 —o}(T)<0
orf=0atdf <0;
dr =0, if f=0 and df > 0; ©)
f > 0 state is inadmissible,
where o, is the stress intensity

Gi =—X

\2
2 2 2 2 2, 2
X (6 -c )+(G -c )+(G -c )+6(0 +0° +o )
XX yy XX 2z yy 2z Xy X2 yz

o (T) is the material yield point at temperature T.
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Mechanical and thermophysical properties of AMg6 aluminium alloy [13, 14]

T,°C E, MPa o, MPa v a-10°, 1/°C A, W(cm-°C) cp, J/(cm®-°C)
20 71440 155 0.324 22.7 1.18 2.40
100 68770 152 0.327 23.4 1.22 2.51
200 64790 149 0.332 24.5 1.27 2.62
300 60330 143 0.337 25.5 1.33 2.73
400 55400 98 0.343 26.6 1.38 2.85
500 49590 70 0.351 27.6 1.43 3.00
Note. o, — yield point. Material density p = 2640 kg/m® melting temperature range T_, = 560 °C, T, . 640 °C, specific melting heat of fusion
Q,, = 390 k/kg [14].

In order to derive results for components of residu-
al stresses o, and stains ¢, the process of development
of elastoplastic strains should be considered during a
period beginning from a certain initial state. Tradi-
tionally used for this purpose is the method of succes-
sive observation, when for moment t the solution is
sought, if the complete solution for moment (z — AT)
is known, where At is the step of observation of the
development of elastoplastic strains, within which it
is possible to approximately assume that this devel-
opment occurs by a fairly simple loading path. In his
case, the connection between the end increment of the

&f
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a

tensor of strains Asij and tensor of stresses oy accord-
ing to [13], can be written as:

Ag; = y(o; - §;0) +8,(Ko) — by,
where v is the function of the material state in point
(x,y, z) at moment t,

1.

2G '
f > 0 state is inadmissible;

(10)

_ _1 ..
Y= ff<0,\y—ZGlff—0,

(11)

bij is the tensor function of additional strains, which
is determined by increment of Ay volumetric
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Figure 4. Results of numerical calculation of the distribution of longitudinal plastic strains for welded butt joints in the model of arc
welding (a) of 500x500 mm plate; § = 8 mm and model of FSW (b) of 300x300 mm plate, d = 8 mm
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changes and known results of the previous stage of
observation:

b = —0‘1_8”0+6 (Ko)
i T 2G ij

(i, j=xY,2).

+ Sij A

t—At (12)

Yield conditions in the form of (9) include consid-
erable physical nonlinearity in the function of mate-
rial state y, which is usually realized using iteration
processes. As a result at each iteration, the physically
nonlinear problem becomes a linear problem of the
theory of elasticity with a changeable shear modulus,
equal to 1/2y, and with additional strains bij.

MODELING RESULTS

The developed FSW model (1)-(12) was used for
calculation of a butt joint of plates of a limited size
(300x300 mm, & = 8 mm, welding mode R, =5 mm,
R, =10 mm, ® = 700 rpm, p = 0.4, P, = 70 MPa,
v, = 1.7 mm/s) and for presentation of the results of
the characteristic distribution of residual stresses and
plastic strains, compared to arc welding of a butt joint
for a plate of 500x500 mm size, 6 = 8 mm (TIG mode:
I=230A,U=15V,v, =3 mm/s, efficiency n = 0.6).
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Mechanical and thermophysical properties of the ma-
terial, depending on temperature, were taken as those
for AMg6 aluminium alloy at modeling (Table).

The results of numerical calculation showed (Fig-
ure 3) that the maximum heating temperature at FSW
(up to 500-550 °C) is much lower than at arc welding
(up to 750 °C and higher) and higher, and it does not
reach the melting temperature of the aluminium alloy
Ty, = 050 °C. The longitudinal component of residu-
al plastic strains at FSW is distributed in a narrower
zone than that in arc welding, that is why the integral
value of longitudinal shrinkage is approximately 3
times lower (Figure 4). The transverse component of
residual plastic strains at FSW is 3 times lower by ab-
solute value than in arc welding (Figure 5). Residual
longitudinal stresses at FSW by the maximum value
of tensile stresses (up to 150 MPa) are approximate-
ly equal to residual longitudinal stresses in arc weld-
ing, but the zone of tensile stresses at FSW is much
(3 times) narrower (Figure 6). Residual transverse
stresses at FSW (up to 14 MPa) are much lower by
absolute value than in arc welding (up to 40 MPa)
(Figure 7).

Thus, the calculation results obtained using the de-
veloped FSW model confirm that undesirable residual

£

0.01500
B 0.00670
" 0.00160
000991
~0.01821
002651
003481

—0.04312

~0.05142

Distance from the welding line, mm

b

Figure 5. Results of numerical calculation of the distribution of longitudinal plastic strains for welded butt joints in the model of arc
welding (a) of 500x500 mm plate, 8 = 8 mm and model of FSW (b) of 300x300 mm plate, = 8 mm

37




B.R. Tsaryk et al.

Oy, MPa
170

140
110

Distance from the welding line, mm Distance from the welding line, mm
100 50 0 50 100 100 50 0 50 100
i
= / 1 — upper plane
-5
S 150 150 3 2— mid plane
3 — lower plane
100 100
: 50 50
0 0
& -50 -50
H
=100 ~100

a b

Figure 6. Results of numerical calculation of the distribution of longitudinal plastic stresses for welded butt joints in the model of arc
welding (a) and model of FSW (b)
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Figure 7. Results of numerical calculation of the distribution of transverse plastic stresses for welded butt joints in the model of arc
welding (a) and model of FSW (b)
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stresses and strains form in FSW of aluminium alloys.
The residual stresses (particularly the longitudinal
component) are close by their magnitude and distri-
bution nature to residual stresses in arc welding, and
the level of residual strains is much lower than in the
traditional arc welding processes.

More over, there is a whole number of factors,
which can influence the prediction accuracy of the de-
veloped model. This is, for instance, the dependence
of friction coefficient on material temperature, remov-
al of part of the heat into the working tool and fixture
for fastening the welded joint elements, as well as par-
tial reduction of evolution of friction heat as a result
of material stirring and additional heat evolution from
the material plastic strains. Taking these factors into
account will, probably, allow more adequate determi-
nation of heat evolution in the heat source model, but
will greatly increase the complexity of the mathemat-
ical model. There is, however, one factor which must
be allowed for at FSW modeling in case of aluminium
alloys: this is the softening effect, i.e. degradation of
mechanical properties of the aluminium alloy in the
HAZ. Therefore, at further improvement of the devel-
oped model it is rational to analyze consideration of
these factors.

CONCLUSIONS

1. A calculation model was developed on the base of
the approaches of thermoelastoplastic analysis for nu-
merical determination of residual stresses and strains
in the zone of welded butt joints of aluminium alloys
produced by FSW. The model has the following main
features:

e heat evolution from working tool friction against
the joint material;

e conditions of rigid restraint of the joint elements
specific to FSW;

® successive observation of the duration of ther-
modeformational processes in the joint material from
the start of heating up to complete cooling.

2. Calculation results obtained from the devel-
oped model in welding 8 mm plates from AMg6 al-
loy confirm the conclusions of the other researchers
that undesirable residual stresses and strains form at
FSW of aluminium alloys, but their level can be low-
er than in the traditional arc welding processes. The
longitudinal component of residual plastic strains at
FSW is close by its magnitude, but it is distributed
in a narrower zone, than in arc welding, so that the
integral value of the defined longitudinal shrinkage is
approximately 3 times lower. The transverse compo-
nent of residual plastic strains at FSW is three times
lower by its magnitude than in arc welding. Residual
longitudinal stresses at FSW by the maximum value

of tensile stresses (up to 150 MPa) are approximately
equal to residual longitudinal stresses in arc welding,
but the zone of tensile stresses at FSW is much nar-
rower (3 times). Residual transverse stresses at FSW
(up to 140 MPa) are much lower by its absolute value
than in arc welding (up to 40 MPa).

3. In order to further increase the prediction accu-
racy of the developed model it is rational to perform
analysis of allowing for such factors as: dependencies
of the friction coefficient on material temperature,
heat removal into the working tool and fastening fix-
ture, reduction of heat evolution from friction due to
material stirring, additional heat evolution due to ma-
terial plastic strains, as well as degradation of alumin-
ium alloy mechanical properties (softening) at heating
during welding.
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ABSTRACT

The work is devoted to studying the process of microplasma spraying of coatings from zirconium wire. Technological possi-
bility of formation of porous biocompatible Zr-coatings with bulk porosity in the range from 2 to 20 % and up to 300 um size
is demonstrated. It is shown that controlling the content of bulk porosity in Zr-coating allows changing elasticity modulus, re-
ducing it by 14 times compared to the source cast material that allows getting closer to a bone modulus and reducing the stress
shielding effect. The values of the adhesion strength of Zr-coating to the base from an alloy of \VT6 grade were determined, its
average value being higher than 26.9 + 4.7 MPa and meeting the international requirements of 1SO 13179-1:2021. Based on the
obtained investigation results, the values of technological parameters were established for spraying of biocompatible Zr-coat-
ings by the method of microplasma spraying of the wire from KTTs-110 grade alloy that allows forming functional coatings on
the surface of different types of endoprostheses, which will provide a stronger and more reliable bonding of the endoprosthesis

with the osseous tissue.

KEYWORDS: microplasma spraying, zirconium coating, endoprostheses, porosity, adhesion

INTRODUCTION

The development and application of biocompatible
materials intended for using as substitutes for biolog-
ical tissues and organs are one of the primary tasks
of the modern materials science and medicine. Now-
adays, in the world medical practice, metallic endo-
prostheses with a porous Ti-coating are most widely
used [1]. Hip joint endoprostheses with Ti-coating on
their surface are manufactured by well-known world
manufacturers, including Procter & Gamble, DePuy,
Stryker and are used as systems of cementless fixation
in trauma medical practice [1, 2]. Nowadays, such ce-
mentless systems are implanted to patients of all ages
and are getting ever more widespread due to the pres-
ence of a network of pores of a complex shape and a
developed surface morphology, which promotes ger-
mination of osseous tissue, providing a reliable sec-
ondary fixation of an endoprostheses with a bone. An
ingrowth of osseous tissues in the implant pores is a
continuous process, which leads to the formation of
three-dimensional lattices and a partial or complete
filling of a porous space in Ti-coating [3, 4].

Analysis of literature sources shows different opin-
ions regarding the optimal size of the coating pores
for the implant surfaces. One of the researchers who
dealt with the issue of establishing the regularities of
the process of bone formation during implantation of
hydroxyapatite ceramics with different sizes of pores

Copyright © The Author(s)

to rats, were the staff scientists of the .M. Frantse-
vich Institute of Materials Science of the NASU. In
their research works, they used samples with pores in
the ranges of 2045, 80-150, 150-350 and 600-800
um. According to the authors, more intense bone for-
mation was observed at the sizes of pores of 80—150
um [5]. The authors of [6] also showed that for a suc-
cessful ingrowth of blood vessels it is necessary to
provide the size of a pore of at least 150 pum.

However, from the results of the literature analy-
sis, it is impossible to make a clear conclusion about
the optimal size of pores, since this value is probably
significantly dependent on the research conditions.
Thus, in the range of 25-500 pwm pores, the most
positive effect on fixation and growth of pore cells
was manifested by the pores of 25 and 200 pum, in
the range of 85-325 pm — 325 pm, in the range of
75-900 pm — 400 pm, and in the case of studying a
range of 300—-1000 um, the best fixation and growth
of cells occurred at 600 pum [7].

In [8], the authors conducted studies on laboratory
animals to determine the adhesion strength of cylin-
drical implants, made of a porous coating produced
from titanium powder of different fraction, with ad-
jacent osseous tissues. They showed that within 2-3
months, the shear strength reaches a maximum of
17-18 MPa in the range of pores sizes of 100-300 um.
At the same time, the pore larger than 300 um reduced
the adhesion strength of a bone with the implant. In
addition, it was shown that the adhesion strength of
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Figure 1. Relationship between polarization resistance and bio-
compatibility of pure metals, Co—Cr alloys and stainless steel [9]
the implants with an osseous tissue, on the surfaces of
which, coatings from spongy particles were produced,
having a microporous surface, is by 8—11 % higher
than that in the implants produced from spherical
powders. This is explained by the fact that in the case
of a contact of the coating formed from spongy parti-
cles with an osseous tissue, a more closer bonding is
formed due to a complex and developed configuration
of a porous space.

In recent decades, there is a growing interest to
more advanced materials that can be used in the man-
ufacture of endoprostheses. One of such materials is
zirconium that has high corrosion resistance, electro-
Iytic neutrality and a necessary mechanical strength.
Currently, taking into account the high biocompatibil-
ity of zirconium (Figure 1), the prospect of this mate-
rial for using in the manufacture of endoprosthesis is
considered [10].

According to the available literature data on the prac-
tical use of zirconium and alloys on its base, they are
bioinertic materials that do not suppress the growth of
osseous and soft tissues, and also do not cause visible
morphological changes in inner organs [11].

At the same time, despite the progress in the use of
zirconium and its alloys in the medical practice, insuf-
ficient attention is paid to the study of zirconium coat-
ings and technologies of their spraying on the surfaces
of different endoprostheses. One of such technologies
that can be used to form biocompatible coatings on
the surfaces of endoprostheses is microplasma spray-
ing (MPS), developed by scientists of the PWI of the
NASU [12, 13].

The aim of the work is to investigate the process of
microplasma spraying of coatings from Zr-wire with
the evaluation of the impact of MPS parameters on

the structure, as well as mechanical characteristics of
produced coatings, such as elasticity modulus and ad-
hesion strength of a coating with a base.

EQUIPMENT, MATERIALS
AND RESEARCH PROCEDURES

To conduct studies, the coatings were sprayed from
Zr-wire of a solid cross-section of grade KTTs-110
with a diameter of 0.3 mm, on the surfaces of the sam-
ples from VT6 alloy. The chemical composition of the
wire is shown in Table 1. Previousy, the surface of
the samples was subjected to gas-abrasive treatment
using a normal electrocorundum of grade 25AF-30
according to GOST 28818-90 at compressed air pres-
sure of 0.6 MPa.

The Zr-wire spraying was carried out in the
MPN-004 installation for microplasma spraying. This
installation is designed for spraying wear-resistant,
corrosion-resistant, thermal protective, biocompat-
ible, decorative and other types of coatings used in
various fields of engineering.

The MPN-004 installation consists of a power
source and a panel for current, gas consumption and
wire feed rate control. The plasma jet is formed by
the microplasmatron of the original design using ar-
gon gas of the highest or the first grade. The feed of
spraying wire materials is provided by the MP-04
feed mechanism, which is placed on the casing of the
microplasmatron. The temperature mode of operation
of the casing parts of the microplasmatron is provided
by an autonomous cooling unit.

To carry out the experiments, in order to evaluate
the influence of MPS parameters on the structure for-
mation of zirconium coatings, the method of multi-
factorial planning of the experiment with a half-repli-
ca 2** was chosen. As independent variable factors,
current strength, plasma gas consumption, spraying
distance and wire feed rate were chosen.

The microstructure and surface morphology of the
produced Zr-coatings were studied in a scanning elec-
tron microscope SEM 515 (Philips, the Netherlands).

For the qualitative and quantitative analysis of a
bulk porosity, an optical procedure (image analysis
method) was used, which consists in determination
of the area proportion, that contains detected pores,
to the entire cross-sectional area of the coating. Digi-
tal images were processed with the use of Image-Pro
Plus software (Media Cybernetics, USA), which al-
lows measuring porosity (identifying inclusions that

Table 1. Chemical composition of Zr-wire of KTTs-110 grade, wt.%

Zr

Nb

Hf

Fe

Ca

o)

Si

Ni

Cr

99.5

0.9-1.1

0.01

0.05

0.03

0.11-0.14

0.02

0.02

0.02

0.02
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Table 2. Matrix of planning the experiment of MPS from Zr-wire

nlt\J/Irﬁg‘:r LA Qu /h H, mm V,, m/min
1 26 240 120 48
2 26 240 40 29
3 26 160 120 29
4 26 160 40 48
5 16 240 120 29
6 16 240 40 48
7 16 160 120 48
8 16 160 40 29

differ in color and brightness) and determining the
percentage of pores in the cross-sectional area of the
coating.

Mechanical measurements of the adhesion strength
of the coatings to the base were carried out by the meth-
od of a normal separation according to the adhesive
procedure using VK-9 glue (Khimprom, Ukraine) in
accordance with the ASTM C633-13(2021) standard
in a mechanical rupture machine MTS318.25 (MTS
Systems Corporation, USA) ( Figure 2).

The procedure of studying the dependence of elas-
ticity modulus on bulk porosity of the coating consist-
ed in the three-point bending of coated samples when
the coating is in the compression and in the tension
zones and by recording the load diagram. The func-
tional relationship between porosity and elasticity
modulus of the coating was established by construct-
ing linear regression curves by the method of least
squares, a more detailed description of the procedure
is presented in [14].

Figure 2. MTS318.25 testing complex with fixed Zr-coated
samples

RESEARCH RESULTS AND DISCUSSION

To study the structure and bulk porosity of micro-
plasma coatings from Zr-wire, coated samples were
produced according to the matrix of the mathematical
planning of the experiment (Table 2).

Analysis of the microstructure of the surfaces of
the microplasma zirconium coatings showed that de-
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Figure 4. Morphology of zirconium coating surface: a — mode 4; b — 7; ¢ — 8
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Table 3. Average value of porosity of microplasma Zr-coatings depending on mode MPS parameters

Mode number 1 2 3

4 5 6 7 8

Porosity, % 3.5+0.14 4.0+0.02 6.0+0.4

2.8+0.1 8.7+0.78 3.6+0.14 8.3+0.72 20.3+2.0

pending on the technological mode of spraying, the
coatings can be divided into 3 groups (Figures 3, 4):

1. If, when approaching the base, the particles are
completely molten, then depending on their velocity,
temperature before the impact, degree of their defor-
mation and crushing during layering, the structures,
shown in Figure 3, a can be formed. Such dense struc-
tures are formed from completely molten particles
and have a typical, in most cases, lamellar structure
(modes Nos 1, 2, 4, 6).

2. If, when approaching the base, together with
the molten particles, the particles that began to solid-
ify are present, then the structures are formed, which
are characterized by lamellas of a greater thickness
than in the structures of the 1st group, with a larger
number of pores and partially deformed particles that
were fixed (Figure 3, b). When the particles that be-
gan to solidify hit the surface of the base, the thermal
and kinetic energy is not sufficient for a complete de-
formation of the particles, which, in the case of their
significant number, leads to the formation of granu-
lar-disc-like and granular structures with the presence
of pores. Such structures are typical for the coatings
produced on the modes with a longer spraying dis-
tance (modes Nos 3, 5, 7).

3. If the coatings formation occurs from (partially)
solidified (but those that are in a plastic state) particles
and have an insignificant velocity, then the coatings
are formed with a structure, that is characterized by a
large number of bulk pores with a size of up to 300 pm
(Figure 3, ¢). The coatings with such a structure can-
not be produced in the case of forming coatings from
powder materials, since a high probability of its de-
struction due to a low cohesive strength arises. This
is explained by the presence of a significant number

35
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Figure 5. Dependence of elasticity modulus of Zr-coating on bulk
porosity: 1 — butt; 2 — tension
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of unmolten particles with an insufficient volume of a
liquid phase, the interaction of which does not provide
strong bonds in the process of the coating formation.
In the case of the wire spraying, when due to a short
spraying distance and the process features, that guar-
antee a complete melting of sprayed particles in the
plasma jet, which subsequently provides a collision of
the particles with the base, that are completely or par-
tially in the liquid phase, resulting in the formation of
the coatings with a sufficient cohesive strength due to
a larger area of mutual contact between the particles
during their deformation.

The performed analysis of the surfaces of the pro-
duced Zr-coatings showed that the surfaces of the
coatings have a developed morphology, which was
formed from the molten and partially solidified parti-
cles that were fixed on the surface due to the existing
liquid phase (modes Nos 4, 7, 8). Such particles pro-
vide the formation of a coating with a larger specific
surface area, which contributes to the further reliable
fixation of the implant in a bone.

The results of the studies of the average bulk po-
rosity of Zr-coatings produced by the method of mi-
croplasma spraying on the modes, according to the
matrix of the experiment, are presented in Table 3.

The analysis of the data on bulk porosity (Ta-
ble 3) shows that the maximum values of bulk po-
rosity of Zr-coatings produced on the mode No. 8,
are 20.3 + 2.0 %, and the pores size is in the range
of 100-300 um (Figure 4). The presence of such per-
centage of bulk porosity and the size of pores in the
coatings on the surfaces of endoprostheses, according
to literature data [1, 3], will contribute to germination
of vessels to the pores of the coating, which will posi-
tively affect the formation and nutrition of an osseous
tissue that will provide a reliable fixation and osse-
ointegration of an endoprosthesis in the human body.

However, a considerable amount of bulk porosity
in the coating can change the mechanical properties

Figure 6. Nature of destruction of Zr-coated samples
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of both the most formed coating as well as the entire
structure as a whole [3]. From literature sources it is
known that for some ceramic, metal and metal-ceram-
ic materials, the value of bulk porosity significantly
affects the value of elasticity modulus [15]. Previous
studies on finding a functional relationship of bulk po-
rosity with elasticity modulus showed that elasticity
modulus of microplasma Zr-coatings depends on bulk
porosity (Figure 5) [14]. An increase in bulk porosi-
ty of the coating allows changing elasticity modulus
of Zr-coating, reducing it in the range: 13.5-6.5 GPa
(tension) and 35—12 GPa (compression).

From the abovementioned it can be concluded that
by changing the value of bulk porosity, it is possible
to influence elasticity modulus of the coating and ap-
proach it to a bone modulus, which is 0.2-18 GPa
[15]. This will provide a reduction in the stress shield-
ing effect, that affects a bone resorption and ultimately
will provide a more reliable fixation of a metal im-
plant [16].

With an increase in coating bulk porosity, its me-
chanical properties are accordingly reduced, but they
should meet certain requirements. In particular, for ti-
tanium coatings on the surfaces of endoprostheses, in
accordance with the requirements of the international
standard of quality 1SO 13179-1:2021, the average
static adhesion peel strength of the coating with the
base should be greater than 22 MPa.

The obtained result of the study and calculation
of the average adhesion strength of the microplasma
zirconium coatings, sprayed (mode No. 8) to the base
of VVT6 alloy, is 26.9 £ 4.7 MPa. After mechanical
tests, the zones of destruction of the coating—counter
sample were evaluated (Figure 6), that showed the de-
struction occurs in the middle of the coating layer. The
amount of the coating left on the surface of the base is
more than 95 %. Therefore, the obtained value char-
acterizes the cohesive strength of the coating. This in-
dicates that the value of the average adhesion strength
of the microplasma zirconium coating, sprayed to the
titanium base, exceeds 26.9 + 4.7 MPa and meets the
requirements of 1SO 13179-1:2021.

CONCLUSIONS

1. As a result of the analysis of literature data, the
prospect of using Zr-coatings on the surfaces of parts
of endoprostheses contacting with a bone, and the re-
quirements for the coatings microstructure were de-
termined.

2. The technological feasibility of forming porous
coatings from Zr-wire with the adhesion strength of
more than 26.9 + 4.7 MPa with the base from VT6
alloy with the porosity from 2.8 to 20.3 % and the size
of pores of up to 300 um was shown.

3. It was found that controlling the content of bulk
porosity of Zr-coating, it is possible to change elastic-
ity modulus, reducing it by 14 times from the source
material, which allows approaching the modulus of a
bone and reducing the stress shielding effect, which
will make possible to use these coatings on the sur-
faces to provide a more reliable and stronger adhesion
between the implant and a bone.

The project was completed in the framework of financ-
ing by the National Academy of Sciences of Ukraine
under a grant 0121U112006.
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ABSTRACT

In the paper special attention is given to application of pulsed-arc tandem welding by coated electrodes. Mock-ups of equip-
ment for tandem welding and surfacing were developed and studied. A scheme was proposed for tandem arc welding by stick
coated electrodes, including capacitive energy storage devices, as well as a device-attachment that allows using any welding
current source to perform this kind of welding operations. The attachment operation is based on the principle of controlling the
electrode melting rate that ensures their uniform mutual burnout. Also shown are time diagrams, which clarify the principle of
operation of the device, photos of surfaced samples, oscillograms of currents supplied to the welding electrodes.

KEYWORDS: tandem arc welding, capacitive energy storage devices, pulse-time regulation of electrode melting rate

INTRODUCTION

Pulsed-arc welding now occupies one of the leading
positions in engineering production and other indus-
tries. In this connection the questions of increasing
the energy effectiveness of the power source for real-
ization of various technological processes are becom-
ing particularly relevant. At present more and more
attention is given to design of equipment for tandem
arc welding (TAW). As shown in [1], the main advan-
tage of this welding process consists in improvement
of the productivity and quality of the welded joints. At
analysis of TAW a number of authors [2—4] pay spe-
cial attention to the question of electromagnetic inter-
action of the electrode fields that influence the spatial
state of the welding arcs. It is exactly their instability
that leads to fluctuation of energy parameters of the
process and thus influences the variation of welding
parameters. As regards manual arc welding with stick

electrodes, another advantage of the equipment for
the tandem process should be noted which consists in
a significant simplification of hardware realization of
the equipment, in which electric energy storage devic-
es based on supercapacitors are used.

The objective of this work is development and in-
vestigation of the electric and technological proper-
ties of the mock-up of the device for manual tandem
arc welding (MTAW) with stick electrodes.

One of the first studies related to development of
a device for MTAW, is a patent [5]. The disadvantag-
es of equipment described in this patent are its bulk-
iness, need for two separate power sources, as well
as inconvenience of operation. In this connection, we
proposed a device [6] and a special kind of electrode
holder, which do not have the above drawbacks.

One of the variants of application of such a struc-
ture is the hardware complex of the power source (PS)
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Figure 1. Block-diagram of two-channel source for TAW: ChD — charging device; C_, C., — capacitive electric energy storage
devices; WCF1, WCF2 — welding current formers; WSCB — welding system control block; VM,, VM, — voltage meter; L, L, , —

switching choke; E,, E,— MMA welding electrodes
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Figure 2. Block-diagram of the controller of electrode burn-
out rate equalizer at tandem MMA welding; DVM — differen-
tial voltage meter; NLA — normalizing logarithmic amplifier;
LFF — lower frequency filter; BOA — balancing operating am-
plifier; PWM — pulse-width modulator; SCD — switch control
driver, CG — clock generator; CC — control controller; U,
U_,— voltages of welding electrodes; U, — balancing voltages;
U, Uy, — switch control voltages

SC1
for tandem-MMA welding by a twin electrode, as well
as its application for effective surfacing. A feature of
such a PS is the possibility of a separate current sup-
ply to each of the electrodes. Here, regulation of this
current can be independent or mutually synchronized.
The block-diagram of such a PS is shown in Figure 1.

DESCRIPTION OF THE DESIGN OF THE DE-
VELOPED MOCK-UP

PS mock-up consists of the charging device block
(ChD) which jointly implements the function of pow-
er factor correction (PFC). Its main purpose is transfer
of the energy flow in the controlled mode to capaci-
tive energy storage devices C,, C,, which are made
of high-capacitance powerful capacitors, as well as
current shape correction. The above-mentioned ca-
pacitors at the same time are energy sources for two
welding current formers WCF1, WCF2, which are ex-
actly the devices these forming currents | and 1. The
device operating algorithm is set by the welding sys-
tem control block (WSCB). WSCB performs equaliz-
ing of currents of each of the electrodes by signals of
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voltage sensors VS, , VS, which read the signals from
the outputs of switching chokes L, , L.

The scheme described in Figure 1 uses PFC, which
is part of ChD module. This module is made by the
classical scheme of step-up voltage converter [7], the
load for which are storage capacitors C_, C,. On the
other hand, connected to these capacitors are WCF1,
WCF2 users of stored energy, which are voltage in-
verters designed by “skew bridge” scheme. Such a
topology of the mock-up ensures galvanic decoupling
of the output circuits of generation of mutually-inde-
pendent welding currents.

CONTROL OF ELECTRODE MELTING RATE

At tandem-MMA welding the question of mutual equal-
izing of electrode melting rate is relevant. Usually, the
electrode melting rate can be different, as a result of the
influence of various destabilizing factors, leading to vi-
olation of the technological process and deterioration of
the weld quality. Such defects are usually found at ap-
plication of local PS for each electrode. It is particularly
obvious in the case, when PS have steeply-falling VAC,
or if not the same electrodes with different parameters
are used. Therefore, at development of PS for tandem
welding-surfacing (TWS) a relevant issue is monitoring
and control of the electrode melting rate, which depends
on electric power, supplied to the welding arc. Pulsed
modulation of welding current is one of the methods to
regulate the electrode melting rate. Regulation of power
supplied to the welding arc is performed by selection of
the pulse amplitude, pulse duration and pause duration.
In case of powering twin electrodes (tandem-weld-
ing) from locally independent welding PS with variable
modulation of welding current pulses, the electrode
melting rate can be regulated on the base of control of
voltage difference across the welding electrodes. Real-
isation of the described algorithm is shown in Figure 2.
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Figure 3. Diagram of operation of welding electrode melting rate equalizer: t , — first electrode welding current pulse duration; t , —
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Figure 4. Photo of electrode holder with independent power
source

Signals acting on the electrodes, are fed to the dif-
ferential voltage meter (DVM), mounted at the device
input. This signal proportional to voltage difference on
welding electrodes U, — U, = AU_ is fed to the input
of the normalizing logarithmic amplifier (NLA) which
generates the required difference signal, and then it is ap-
plied to the input of balancing operating device (BOA),
from the output of which the control signal comes to the
input of pulse-width modulator (PWM).

Balancing of PWM operation is performed by
voltage U, applied to one of BOA inputs. Clock gen-
erator (CG) assigns the frequency of PWM operation
and also controls the operation of power key switch
control drivers (SCD). The latter generates the pulses
of power key control voltage at its outputs. The dia-
gram of SCD module operation is shown in Figure 3.

EXPERIMENTAL TRIALS OF PS MOCK-UP

A special electrode holder (Figure 4) with separate
connections of each of the electrodes to different pow-
er sources was made to study the developed device
(see Figure 1).

Experimental verification of operation of PS labora-
tory mock-up was performed in the following modes.

Figure 5. Surfaced samples produced with twin electrodes with
independent power supply (for description of a, b see the text)

1. Welding mode — tandem movement of the elec-
trodes (Figure 5, a).

2. Melting mode — frontal movement of the elec-
trodes (Figure 5, b).

The modes of tandem welding with electrodes of
the same or different grades were studied. The oscil-
lograms of welding currents at application of different
electrodes are shown in Figure 6, b and those with the
same electrodes in Figure 6, a.

The oscillogram in Figure 6, a shows the mode,
when the currents of the first and second electrodes
are the same, and thus the total current (upper dia-
gram) is a practically constant value.

The second oscillogram corresponds to the mode
of different currents of individual electrodes. In this
case, as one can see from Figure 6, b, the total cur-
rent is pulsed with the frequency of 5 Hz. As was al-
ready noted, this frequency can be easily changed in
real-time in a broad range of frequencies.

These surfacing current diagrams were derived,
allowing for mode stabilization at technological pro-
cedures, which was performed by superposition of
constant standby current on the arcs.

The technology of tandem arc welding (surfacing)
can be realized using practically any standard welding
machine. It requires developing an additional device,
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Figure 6. Oscillograms illustrating PS operation (for description of a, b see the text)
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Figure 7. Functional block-diagram of the device-attachment
for tandem MMA welding: WCS — welding current source; AS-
WCS — arc standby welding current source; WCS — welding
current switch; WCSC — welding current switch controller; L, .,
L,, — switching inductances; DVS - differential voltage sensor;
E,, E,— MMA welding electrodes

which would generate two welding currents powering
the respective stick electrodes.

Based on the results of technological tests of the
developed mock-up (see Figure 1), we proposed,
made and tested a special device for inverter power
source of any type, which allows realization of the
mode of pulsed-dosed tandem arc welding or surfac-
ing by coated electrodes. Its block-diagram is shown
in Figure 7, and its appearance — in Figure 8.

Here, stabilization and control of energy parame-
ters of the technological process are performed by the
welding current source, which can be any batch-pro-
duced welding system selected by the user. This great-
ly enhances the capabilities of the described process
of tandem arc welding.

The main module of this device which realizes the
technological process of tandem welding is welding cur-
rent switch (WCS). Current distribution by the respec-
tive electrodes is performed by a specialized controller
WCSC (welding current switch controller), as part of
which the device operates (Figure 2). In order to ensure
the high stability of welding arc burning, an additional
block is envisaged in the developed device — the weld-
ing arc standby current source (WASCS).

Testing of this module was performed together
with the batch-produced source, made by the "skew”
bridge scheme. Proceeding from the results of the
performed work, it should be noted that the mode of
pulsed-dosed energy transfer to the welding arc is
quite promising for repair-restoration technologies.

CONCLUSIONS

1. A scheme of welding power source for TAW with
stick electrodes is proposed in the work, which uses a
rather simple control algorithm, based on the princi-
ple of time-pulse transformation of welding current.
2. Proceeding from the conducted studies, an original
device for control of welding electrode melting rate was
developed, for which a Ukrainian patent was obtained.

Figure 8. Device-attachment for tandem MMA welding

3. Experimental results of electric and technolog-
ical tests of the developed power source are given,
which confirm its high technical characteristics.
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ABSTRACT

The possibility of producing spherical powders by application of the technology of plasma-arc spraying of current-conduct-
ing wire of 1.6 mm dia. from low-carbon steel was experimentally confirmed. It was found that at different parameters of
plasma arc spraying in the general case the main fraction of the powder is 25-250 pm fraction, which amounts to 95 % of the
powder overall volume, quantity of particles of <25 and 250-315 um fractions in optimum spraying modes is at a rather low
level and is not more than 5 %. The plasma-arc spraying mode was selected, which will ensure a change of the granulometric
composition towards increase of the content of fine fractions (< 80 pm), which are in great demand in the field of additive 3D
printing technologies: current — 280 A; wire feed rate — 12.0 m/min; arc gap length — 8 mm; plasma gas flow rate — 50 I/
min; concurrent gas flow rate — 60 m®h; gap between plasma-forming and compression nozzle — 1 mm; cathode immersion
depth — 1 mm. The shape and structure of the atomized particles was studied, most of which generally have a regular spherical
shape. Here, the sphericity coefficient depends on process parameters and is equal to 0.7-0.9 on average at optimal spraying
modes. In the total mass of the obtained spherical powders the share of satellites and isolated particles of an irregular shape is
close to 1-3 %.

KEYWORDS: current-conducting wire, plasma-arc spraying; melt dispersion, powder spheroidization, solidification, spheri-

cal powder, mode parameters, granulometric composition

INTRODUCTION

Intensive development of powder metallurgy, additive
technologies of 3D printing of metallic products (se-
lective and direct laser melting and sintering (SLM,
SLS, DMLS, granular metallurgy etc.)) requires cre-
ation of new materials in form of spherical granules
and powders of complexly-doped alloys, refractory
metals and intermetallics with set granulometric com-
position and rigid requirements to shape of particles
(sphericity coefficient) and presence of minimum
amount of defective particles [1].

The most widespread methods of production of
such granules and powders are the technologies of
gas atomization (GA) and plasma rotating electrode
process (PREP) [2, 3]. However, regardless the large
number of advantages these technologies have a se-
ries of disadvantages, including complexity of man-
ufacture of < 100 um powders; problems related to
manufacture of rod stock for PREP; closed argon
pores and relatively low sphericity coefficient for GA
etc. [4, 5].

Copyright © The Author(s)

Today a technology of plasma-arc spraying be-
ing of a wide practical interest [6-9] is a perspective
method for production of spherical powders with set
granulometric composition. Among the advantages of
this method are simplicity of the equipment that sig-
nificantly simplifies the process of powder production
and presence of large number of the parameters due
to which it is possible to regulate the granulometric
composition in a wide range as well as possibility of
production of spherical powders of refractory materi-
als [10-12].

Currently, there are not enough investigations on
effect of the parameters of plasma-arc spraying mode
on nature of distribution of sprayed particles on frac-
tions, the results of the investigations are scattered, no
information available on effect of some structural pa-
rameters of plasmatrons on change of granulometric
composition of the particles being sprayed. Therefore,
the aim of this work is investigation of effect of the
mode parameters of plasma-arc spraying on a process
of melt dispersion and change of granulometric com-
position of powder.
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Figure 1. Scheme of the process of plasma-arc spraying and spheroidization of current-conducting wire (a) and appearance of spraying
process (b): 1 — plasmatron operating chamber; 2 — rod electrode (cathode); 3 — channel for concurrent gas feed; 4 — plasma-form-
ing nozzle; 5 — jet of particles being sprayed; 6 — power supply; 7 — channel for supply of plasma-forming gas; 8 — current-limiting
resistor; 9 — wire (anode); 10 — feeding mechanism; 11 — wire coil; 12 — fridge with water

EXPERIMENT PROCEDURE
AND EQUIPMENT

An essence of the process of plasma-arc spraying
lies in melting of a current-conducting wire (anode)
which is entered in a zone of high-speed plasma jet
and further fragmentation of the melt stripping from
a wire end [13]. An arc burns between a noncon-
sumable tungsten cathode and a current-conducting
wire (anode) being fed through a plasmatron nozzle.
Working (plasma-forming) gas entering an operating
chamber is heated with an electric arc and comes out
from the nozzle in form of a plasma jet. Open sec-
tion of a discharge out of the plasma-forming nozzle
is blown round by a gas flow coming out of a circu-
lar gap between the plasmatron nozzles [14]. Among
the peculiarities of this method is the fact that melting
and jet spraying of the wire material is carried out by
argon plasma, meanwhile melt fragmentation and ac-
celeration of disperse particles is performed by a jet
of cold concurrent gas. This provides minimum losses
on evaporation of wire material (up to 2 %), obtaining
the optimum fraction composition of disperse phase,
reaching a near-sonic velocity by the particles of
sprayed material etc. [15]. The technological exper-
iments were carried out using a plasma-arc spraying
unit PLAZER-30 [16], which was modified for reali-
zation of the process of spraying and spheroidization
of steel wire and powder production (Figure 1).

Indicated equipment was used for examination of
the granulometric composition of particles in spraying
of low-carbon steel wire (anode) of ER70S-6 grade
(Sv-08G2S) of 1.6 mm diameter (Table 1).

According to earlier obtained practical data, an op-
timum mode was selected using a criterion of visual
assessment of shape of the plasma jet at its reaching a
minimum opening angle and process stability. It was
used for corresponding change of the parameters of
mode in order to determine the effect of each of them
on change of the particle granulometric composition.
High grade argon I1 according to I1ISO 14175-2008
“Welding consumables — Gases and gas mixtures for
fusion welding and allied processes” was used as a
plasma-forming gas and air was used as a concurrent
gas, nozzle diameter made 3 mm.

Effect of the variable parameters of spraying
was investigated is the next ranges, namely cur-
rent — 220-265 A, plasma-forming gas consump-
tion — 30-70 I/min, concurrent gas consumption —
30-60 mdh, wire feed rate — 9.5-12.5 m/min,
cathode-anode distance — 8—12 mm, gap between the
nozzle and ring electrode — 1-3 mm, cathode immer-
sion depth — 0-1 mm (Table 2).

Besides, there were considered such structural pa-
rameters of the plasmatron as a gap between inner and
outer nozzle 1-3 mm, through which concurrent gas
is passed constricting the plasma jet, and cathode im-
mersion depth 0-1 mm (Figure 2).

Table 1. Composition of wire of 1.6 mm diameter of ER70S-6 (Sv-08G2S) grade, wt.%

Steel C Si Mn P S Cr Ni Fe
Sv-08G2S
DSTU 2246-70 0.05-0.11 0.70-0.95 | 1.80...—.10 0.03 0.025 <0.20 <0.25 Base
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Table 2. Experimental modes of plasma-arc spraying of wire from Sv-08G2S steel of 1.6 mm diameter

Consumption Length .
Number Current, Arc voltage, P Cathode- of catgode Distance Wire feed
of mode A \% ; ; . anode immersion between the rate, m/min
argon I/min air mh distance, mm mm " | nozzles, mm '
1 220 75 40 48 8 0.5 2 10.5
2 235 76 —»— —»— —»— —»— —»— —»—
3 250 80 —»— —»— —»— —»— —»— —»—
4 235 72 30 —»— —»— —»— —»— —»—
5 —»— 76 40 —»— —»— —»— —»— —»—
6 —»— 78 50 —»— —»— —»— —»— —»—
7 —»— 69 40 36 —»— —»— —»— —»—
8 —»— 76 —»— 48 —»— —»— —»— —»—
9 —»— 79 —»— 60 —»— —»— —»— —»—
10 —»— 76 —»— 48 8 —»— —»— —»—
11 —»— 82 —»— —»— 10 —»— —»— —»—
12 —»— 93 —»— —»— 12 —»— —»— —»—
13 —»— 72 —»— —»— 8 0 —»— —»—
14 —»— 76 —»— —»— —»— 0.5 —»— —»—
15 —»— 77 —»— —»— —»— 1.0 —»— —»—
16 —»— 84 —»— —»— —»— 0.5 —»— —»—
17 —»— 76 —»— —»— —»— —»— —»— —»—
18 —»— 69 —»— —»— —»— —»— 3 —»—
19 —»— 76 —»— —»— —»— —»— 2 9.5
20 —»— 76 —»— —»— —»— —»— —»— 10.5
21 —»— 76 —»— —»— —»— —»— —»— 115

The wire was sprayed in a vessel filled with water
from distance 500 mm, time of spraying made 200 s.
Selection of samples for examination of the granulomet-
ric composition of powder, morphology of surface etc.
was carried out using a laboratory vibro shaker Analis-
settte 3 Spartan (Germany) with a set of sieves 25-500
um, weight of the sample made not less than 100 g of
powder. Examination of the grain- size composition of
laboratory batches of the powder was carried out using
the method of sieve analysis according to the procedure
ISO 2591-1:1998 “Test sieving — Part 1: Methods us-
ing test sieves of woven wire cloth and perforated metal
plate” with the help of vibro shaker Analissettte 3 Spar-
tan with a set of sieves: 25-40, 40-63, 63-80, 80100,
100-125, 125-160, 160-200, 200-250, 250-315,
315-400, 400-450, 450-500 um [17]. Value of pressure

of the plasma jet was measured from the nozzle section
to substrate at distance of 100 mm using electron scales
of RADWAG PS grade 1000/R2 using procedure [18].
Examination of shape of the particles, their microstruc-
ture was carried out using the methods of optical (mi-
croscopes UNITRON Versamet -2 and Neophot-21) and
analytical scanning electron microscopy (PHILIPS SEM
515 microscope). Description of shape of the particles
was performed using the procedure of 1SO 9276-6:2008
standard “Representation of results of particle size anal-
ysis — Part 6: Descriptive and quantitative representa-
tion of particle shape and morphology” [19].

RESULTS OF EXPERIMENTS
AND THEIR ANALYSIS

Experimental check of the size of dispersed particles
showed that in spraying of current-conducting com-

Figure 2. Investigated structural parameters of the plasmatron: a — gap between plasma-forming and constriction nozzles; b — dis-

tance at cathode immersion in relation to the nozzle
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Figure 3. Dependence of granulometric composition of powder on current indices (a), A: 1 — 220; 2 — 235; 3 — 250; wire feed rate
(b), m/min: 1 — 9.5; 2 — 10.5; 3 — 11.5; length of arc gap (c), mm: 1 — 8; 2 — 10; 3 — 12; consumption of plasma gas (d), I/min:
1 — 30; 2 — 40; 3 — 50; consumption of concurrent gas (e), m¥h: 1 — 36; 2 — 48; 3 — 60; lengths of gap between plasma-forming
and constriction nozzles (f), mm: 1 — 1; 2 — 2; 3 — 3; depth of cathode immersion (g), mm: 1 —0; 2 —0.5;3— 1.0

pact wire ER70S-6 the main fraction is 25-250 um
which makes 95 % of total weight of powder, amount
of fraction particles < 25 um and 250-315 pm at op-
timum modes of spraying is at sufficiently low level
and do not exceed 5 %.

The curves of distribution of the granulometric
composition of particles depending on spraying mode
(Figure 3) were plotted. For convenience of descrip-
tion of these indices there was calculated an average
diameter of the particles (D).

The analysis of obtained data revealed that in-
crease of current from 235 to 250 A results in increase
of the average size of particles by 7 % from 138 to
147 um, respectively, and at 220 A current by 24 %
from 138 to 171 um (Figure 3, a). At that in both cas-
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es portion of the particles with size less than 80 um
decreases in the interval of values from 39 to 30 % of
total powder weight (V,,, ).

At visual evaluation of the spraying process it was
observed that melting of the wire takes place mainly
in a periphery part of the plasma jet.

The same effect reveals at increase of rate of wire
feed from 10.5 to 11.5 m/min that results in rise of
the average size of the particles by 33 % from 138
to 184 um, respectively, and at wire feed rate from
9.5 m/min by 9 % from 138 to 151 um (Figure 3, b).
At that in both cases the portion of particles with size
less than 80 um decreases in the interval range from
39 to 23 % from powder total weight.
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Authors of works [20, 21] explain the change of
granulometric powder composition to the side of
coarser fraction by the fact that due to change of the
indices of current from some optimum value the wire
melting takes place, mainly, in the periphery zone of
the jet where its gas-dynamic pressure and level of
concentration of energy significantly lower than along
the axis. This creates the prerequisites for drop trans-
fer of metal.

In order to investigate the phenomenon there was
carried out spraying at current rise to 265 A and wire
feed rate to 12.5 m/min. This mode provides location
of an end of wire being sprayed along the axis of plas-
ma jet due to what there is a change of granulomet-
ric composition of the particles to the side of smaller
fraction, the average size of the powder decreases by
13 % to 120 um. At that portion of the particles with
size less than 80 um rises from 39 to 44 % of total
powder weight.

It is explained by the fact that increase of effective
heat power of the plasma jet promotes a change of nature
of transfer of electrode material from drop to spray one
(due to decrease of surface tension forces at increase of
overheating of liquid metal) that significantly rises out-
come of small fraction of the powder [22, 23].

Increase of cathode-anode distance from 8 to
10 mm results to the fact that the average size of the
particles rises by 11 % to 153 um despite voltage
growth from 76 to 82 V (Figure 3, b). Increase of dis-
tance to 12 mm promotes further rise of voltage from
82 to 100 V that leads to increase of power coming
into the wire from 19 to 24 kW i.e. by 22 %. However,
fractional composition of the particles shifts in a di-
rection of coarser fractions, at that the average size of
the particles increases by 34 % from 138 to 185 um.
Rise of length of the arc gap from 8 to 12 mm pro-
vokes decrease of portion of particles with sizes less
than 80 um in the interval of values from 39 to 24 %
of total powder weight.

It is caused by decrease of a coefficient of anode
heating due to rising loss of heat energy of the plasma
jet on radiation and convection in a section of arc gap
and drop of jet speed and, as a result, decrease of its
dynamic effect on material being sprayed at increase
of the distance from plasmatron nozzle [24, 25].

Consumption of the plasma-forming gas has more
complex effect on the processes of dispersion of
wire material melt than other parameters mentioned
above (Figure 3, d). Thus, for example, increase of
consumption from 30 to 40 I/min results in rise of
dispersion of the sprayed particles. At that the aver-
age size of the granules decreases per 8 % from 150
to 138 um, further shift of the fraction composition
of particles takes place at rise of consumption from

50 I/min, the average size of particles drops by 4 %
from 138 to 133 um. However, further rise of con-
sumption to 70 I/min leads to coarser fraction, the
average size of the particles at that increases from
133 to 142 um. Rise of the plasma gas consumption
from 30 to 50 I/min provokes increase of portion of
particles with size less than 80 um from 39 to 43 %
of the total powder weight.

Increase of gas consumption from 30 to 40 I/min
and then to 50 I/min promotes rise of arc voltage from
72 to 76 and 80 V, respectively, due to its extension
by gas flow, at that value of the arc gap is stable. This
leads to growth of heat power and efficiency of wire
heating, gives the possibility of rise of dynamic effect
of the jet on the wire end (Table 2) and, thus, intensi-
fies process of drops detachment from the wire end.

Nevertheless, further rise of gas consumption to
70 I/min results in a shift of fraction composition of
the particles to the side of coarser fraction, at that the
average size of the particles rises by 12 % from 138 to
154 um. Further increase of consumption from 50 to
70 I/min provokes decrease of portion of the particles
with size less than 80 um from 43 to 36 % of the total
powder weight.

This can be caused by cooling of the jet due to
large heat expenses for heating of increased amount
of the plasma-forming gas. Thus, it is necessary to
note that at consumption of the plasma-forming gas
less than 30 I/min there is an increase of wear of tung-
sten cathode.

Increase of consumption of a concurrent flow (air)
from 36 to 48 m3/h promotes rise of dispersion of the
particles being sprayed, at that the average diameter
of powder decreases by 21 % from 167 to 138 um
(Figure 3, e). Further increase of consumption of the
concurrent flow from 48 to 60 m*/ h does not provoke
significant change of the granulometric composition,
the average diameter of the particles decreases by 6 %
from 138 to 129 um. Increase of consumption of the
concurrent flow from 36 to 60 m*h provides increase
of the portion of the particles of size less than 80 um
from 32 to 41 % of the total powder weight.

Visual evaluation of the spraying process allows
observing that in general case increase of consump-

Table 3. Calculation of forward pressure of plasma jet at 100 mm
spraying distance

Gas Area of spot Forward
Num- . . Pressure
ber consumption, |being sprayed, oad pressure (o),
I/min mm? 9 MPa
1 30 176 312 0.0177
2 40 181 356 0.0196
3 50 190 409 0.0215
4 70 212 514 0.0242
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tion of the concurrent gas promotes more intensive
constriction of the plasma jet that freely expends at
the nozzle exit. This causes rise of a temperature
gradient on the plasma axis jet, length and rate of its
outcome [26]. Nevertheless, rise of consumption of
the concurrent gas is possible to some conditions that
are stipulated by plasmatron structure, namely inner
intersection of a system of holes, through which con-
current gas passes. Also, it is necessary to note that at
its consumption less than 36 m®h there is a decrease
on average by 30—40 % of operation life of the inner
plasmatron parts such as plasma-forming and protec-
tive nozzles.

Rise of the nozzle gap from 3 to 2 mm leads to
decrease of fractional composition of the particles of
finer fraction, the average diameter of the particles
drops by 18 % from 163 to 138 um and at 1 mm gap
by 15 % from 138 to 117 um (Figure 3, f). At that
decrease of the gap between nozzles from 3 to 1 mm
allows significantly rising portion of the particles
with size less than 80 um from 29 to 48 % of the total
weight powder.

Change of the gap from 3 to 2 mm and then to
1 mm promotes increase of arc voltage from 69 to 76
and 84V, respectively. It takes place due to change of
an angle of interaction of concurrent flow and argon
plasma that leads to more intensive local constriction
of the plasma jet in the place of melting and detach-
ment of drops of wire melt. This allows significantly
rising rate of the jet and intensity of dispersion of the

Figure 4. Morphology (a, ¢) and microstructure (b, d) of powders
of 40-80 pum fraction obtained using the technology of plasma-arc
spraying of compact wire ER70S-6 at inappropriate (a, b) and op-
timum (c, d) modes: | = 235 A; o, = 9.5 m/min; | = 10 mm; G,
(argon) = 30 I/min; G, (air) = 36 m¥h (a, b); | = 235 A; Ve, =
=10.5 m/min; I = 8 mm; G, (argon) = 40 I/min; G, (air) = 48 m*/
min (c, d)
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particles being sprayed. However, analysis of the ap-
pearance of the particles being sprayed shows that de-
crease of the gap from 3 to 1 mm leads to increase of
a level of turbulence of the plasma jet that is observed
in intensification of a process of drops coagulation at
their collision between each other.

Increase of the immersion depth from 0 to 0.5 mm
somewhat rises dispersion of particles being sprayed,
their average size at that reduces by 5 % from 145 to
138 um (Figure 3, g). Further increase of this value to
1.0 mm results in insignificant decrease of particles
size to the side of finer fraction, change of the average
size makes 2 %, i.e. a decrease from 138 to 134 um.
But we consider a change of fractional composition
of the particles less than 80 um then increase of depth
of cathode immersion in the value interval from 0 to
1.0 mm allows insignificant rise of the portion of this
fraction from 39 to 41 % of the total powder weight.

Change of the immersion depth from 0 to 0.5 mm
and then to 1.0 mm promotes increase of arc voltage
from 72 to 76 and 77 V, respectively, due to its exten-
sion and this results in small rise of heat power. Also,
it is necessary to note that here the position of wire
relatively to plasma-forming nozzle is stable, that
gives the possibility to preserve initial dynamic effect
of the jet on the wire end. However, further rise of
cathode immersion depth deteriorates the conditions
of arc stabilizing in the middle of a plasmatron oper-
ating chamber and creates the conditions for twin arc
forming.

Thus, it is shown the possibility of regulation of the
size of particles of obtained powder in a specific range
of values of the granulometric composition by means
of variation of the main technological parameters of
the plasma-arc spraying of current-conducting wire.
By the example of spraying of current-conducting
wire of low-carbon steel ER70S-6 (Sv-08G2S) of 1.6
mm diameter it was determined an optimum mode,
which will provide the maximum portion (60-75 %)
of fine fractions (< 80 um), which are of high demand
in the field of additive technologies of 3D printing.
They are current — 280 A; wire feed rate — 12.0 m/
min; length of arc gap — 8 mm, consumption of plas-
ma-forming gas — 50 I/min; consumption of concur-
rent gas 48 m®h; gap between plasma-forming and
constriction nozzles — 1 mm; depth of cathode im-
mersion — 1 mm.

The results of examination of morphology and mi-
crostructure of the particles of obtained powder show
that in all examined powder samples the particles in
general have regular spherical shape, at that the co-
efficient of sphericity depends on the parameters of
the process and makes 0.7-0.9 at optimum spraying
modes. The typical defects in the obtained powder are
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the satellites, portion of which for the optimum modes
of spraying on average not more than 1-3 %. Also,
there are separate particles of irregular shape and par-
ticles with closed porosity.

Figure 4 demonstrates a comparative analysis
of appearance of the particles, obtained at optimum
and nonoptimum modes of the process of plasma-arc
spheroidization. It can be seen that at inappropriate
modes there is a larger amount of defective parti-
cles, the level of their sphericity is somewhat smaller
(0.65-0.75). This is explained by the fact that melting
and dispersion of the melt from wire end at optimum
modes take place mainly on the plasma jet axis, where
it is significantly larger gas-dynamic pressure and lev-
el of energy concentration than on the periphery. This
creates the prerequisites for change of type of trans-
fer of electrode metal from drop to spray one, rise of
amount of fine disperse fraction, increase of heat of'its
overheating and, as a result, more effective spherical
shape of the particles [27].

In this aspect it is necessary to note that plasma-arc
spraying of steel wire was carried out in air atmo-
sphere. This process of the wire end melting and melt
dispersion is performed in argon plasma, however, so-
lidification and formation of particles of the powders
takes place in air atmosphere and in water that can be
a factor effecting formation of indicated portion of the
particles with closed porosity and of imperfect spher-
ical shape.

CONCLUSIONS

1. Itis shown the possibility of production of spherical
powders by means of application of the technology
of plasma-arc spraying of current-conducting wire of
1.6 mm diameter low-carbon steel. Heating and melt-
ing of electrode material (anode) was performed in
argon shielding atmosphere and constriction and ac-
celeration of the argon plasma jet, its protection from
jet mixing with air atmosphere was carried out using
concurrent high-velocity air flow being fed through
circular gas between the plasma-forming and shield-
ing plasmatron nozzles. Further movement of the
sprayed particles and their solidification take place in
air atmosphere and in water.

2. It is discovered that in general case the main
fraction in plasma-arc spheroidization of low-car-
bon steel current-conducting wire is fraction of
25-250 pum, which makes 95 % of the total powder
weight, amount of the particles of < 25 um fraction
and 250-315 um under optimum spraying modes lies
at sufficiently low level and does not exceed 5 %.

3. It is determined that among the examined tech-
nological parameters current, wire feed rate, arc gap
length, consumption of concurrent gas and gap be-

tween plasma-forming and constriction nozzles have
the highest impact on the granulometric composition
of the obtained powders. Variation of indicated pa-
rameters can regulate the granulometric composition
of the obtained powders in a wide range of values,
namely obtaining powder fraction not less than 80 um
up to 48 % from their total volume, at that the aver-
age diameter of the particles can vary in 117-184 pm
interval.

4. It was selected a mode of plasma-arc spraying,
which would provide change of the granulometric com-
position to the side of content of fine fractions (<80 um),
which are of high demand in the field of additive tech-
nologies of 3D printing, namely current — 280 A; wire
feed rate — 12.0 m/min; length of arc gap — 8 mm;
consumption of concurrent gas — 48 m*/h; gap between
plasma-forming and constriction nozzles — 1 mm;
depth of cathode immersion — 1 mm.

5. It is shown that most of the particles in gener-
al have regular spherical shape, coefficient of pow-
der sphericity makes on average 0.7-0.9. Portion of
the satellites and separate particles of irregular shape
makes around 1-3 % in the total weight of the ob-
tained spherical powders.
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NVO «Chervona Hvilya» is 25!

In September Kyiv PJSC “NVO Chervona Hvilya” celebrates its 25" anniversary.

From the moment of its foundation in the distant 1997, the Company'’s history is inseparably connected
with titanium production, as well as development and introduction of electron beam technologies.

Creation of the first in Ukraine full cycle of titanium ingot production became the initial goal of the young
company’s activity. A shop section on quality preparation of titanium scrap for remelting was set up at the
enterprise. A procedure for production of high-quality titanium ingots by electron beam remelting from the
charge, completely consisting from scrap and wastes, was developed together with “Titan” Science-Pro-
duction Center of the E.O. Paton Electric Welding Institute. As a result, inexpensive and high-quality
ingots and slabs appeared in the world titanium market already one year after, which were purchased
by titanium industry major players in the USA, Europe and China. NVO “Chervona Hvilya” quickly trans-
formed from raw material exporter into titanium scrap importer and Ukraine’s largest exporter of titanium
semi-finished products.

With time, most of the companies, which generated a lot of titanium wastes, decided to add electron
beam melting furnaces to their traditional fleet of melting systems — and a real boom of such equipment
began in the titanium world. Therefore, the owners of NVO “Chervona Hvilya” decided to refocus their
activity from metal production to development of the most modern electron beam melting equipment: they
had grounds to believe that no one else had such a combination of knowledge of the features of melting
technology with their own real production practice.

With this purpose, a Design Bureau of Vacuum Metallurgy Equipment was established in 2005 with a
team of high-class designers, engineers and technologists. The first large electron beam melting furnace
for production of 10 t titanium ingots was designed and built already three years later. Then there were
other projects, related not only to titanium, but also to other costly metals.

It should be noted that gas-discharge electron guns always were the base of all the company devel-
opments, both in terms of technology and design. A unique combination of exceptional technological
capabilities, wide range of technical operating conditions and ease of maintenance made these guns an
indispensable tool for many vacuum metallurgy processes. Gas-discharge electron beam guns of up to
600 kW power, developed by Company engineers are used all over the world for melting and refining
titanium, niobium, tantalum, molybdenum, vanadium, zirconium, silicon and platinum in modern EB-PVD
systems and for special welding applications.

Exceptional ability of gas-discharge electron guns to directly generate profiled electron beams, including
hollow ones, became a precondition for development in 2014 of the technology of 3D printing, known as
xBeam 3D Metal Printing. This development became the start of a new stage in Company development
in adaptive manufacturing sector. Technical characteristics of the special electron gun and features of
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the technological process of deposition ensure significant
competitive advantages of this technology. The first orders
for 3D xBeam printing systems began coming already at
the development stage. By that time independent investi-
gations had already proved the possibility of 3D printing of
titanium products, which by their properties are not inferior
to the quality of the traditional forged metal that is critical for
the aerospace industry.

Scientific investigations always had a special place in NVO
“Chervona Hvilya” activity, as the Company’s main busi-
ness is development of high-tech equipment that requires
both fundamental theoretical substantiation of the techno-
logical and engineering solutions and confirmation of the
obtained results by profound studies of the structure and properties of metal products, manufactured by
the developed procedures. A combination of extensive experience of Company engineers in design of
vacuum systems with profound knowledge of the technologists on physical metallurgy allows not only
competing with the best foreign technologies, but often surpassing them due to unconventional engineer-
ing solutions. Innovations developed by NVO “Cher-
vona Hvilya” team are protected by patents and ap-
plications for inventions in Ukraine, USA, Germany,
China, etc. Company'’s scientists and technologists
are regular members and presenters at internation-
al conferences in the sectors of titanium production,
electron beam and additive technologies.

Recently, the main direction of scientific-engineer-
ing research and development of NVO “Chervona
Hvilya” is studying the technological capabilities of
profiled electron beams, which can be generated by
gas-discharge electron guns with different configu-
ration of electrode systems. Successful scientific re-
search activity of NVO “Chervona Hvilya” would be
impossible without the procedural and practical cooperation with partners from academic and university
environment, among which we can note G.V. Kurdyumov Institute of Metal Physics of the NAS of Ukraine,
NTUU “Igor Sikorskyi KPI”, TWI and University of Manchester (Great Britain), Shanghai University of
Science and Technology (China), and, certainly, the E.O. Paton Electric Welding Institute of the NAS of
Ukraine, with which the history of Company’s development
is closely connected from foundation and up to now.

At present NVO “Chervona Hvilya” continues developing
and improving the technological and engineering base. The
Company team consists of about twenty scientists, includ-
ing one doctor and two candidates of science, engineers
and designers, who have realized dozens of research and
industrial projects.

During the entire 25 years of its history, the Company has
relied on three main principles, namely proprietary technol-
ogies, proprietary equipment design and proprietary oper-
ation experience. It has always helped effectively covering
the entire path from development to introduction and gain-
ing recognition of leading companies all over the world.

We believe that our best developments are still ahead.

We invite you to cooperation. (
Director of NVO “Chervona Hvilya” CHERVONA HVILYA

Dmytro Kovalchuk https://xbeam3d.com/
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