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ABSTRACT

The calculated evaluation of effect of impact interaction of the electrode-indenter with a welded plate of AMg61 alloy at its
electrodynamic treatment (EDT) in the conditions of elevated temperatures was carried out. The solution of the problem was
carried out in a flat two-dimensional Lagrangian statement based on a previously developed mathematical model using
ANSYS/LS-DYNA software. The thermal cycle of welding was set by mechanical characteristics of AMg61 alloy at tem-
peratures of 150 and 300 °C. The results of the calculation of residual stresses during impact action of the electrode-indenter
at room and elevated temperatures in preliminary tensioned plates of AMg61 alloy of 3 mm thickness were presented. It is
shown that the most acceptable temperature (from the studied temperature values) for the electrodynamic treatment of AMg61
alloy is 150 °C. Based on the results of the studies, it was found that the electrodynamic treatment of a welded joint specimen
in the form of a plate preliminary loaded with elastic tension, leads to the transition of residual welding tensile stresses into
compression stresses.

KEYWORDS: electrodynamic treatment, residual welding stresses, aluminium alloy, electric current pulse, impact interac-

tion, finite-element model, electrode-indenter, elastic-plastic flow theory, fusion welding.

INTRODUCTION

The relevance of the problem of regulating residual
welding stresses and strains in structures of alumin-
ium alloys is caused by an increase in their use in
various fields of mechanical engineering. Traditional
technologies for reducing the level of residual weld-
ing stresses based on the mechanical or thermal effect
on the welded joint metal is associated with signifi-
cant difficulties [1, 2].

A challenging method of regulating stress-strain
states of welded structures is electrodynamic treat-
ment (EDT) of welded joints, whose efficiency in in-
creasing the accuracy and service life of light alloys
is proven in [3, 4]. In EDT, the weld metal is sub-
jected to a volumetric electrodynamic effect, which
initiates an electroplastic effect (EPE) in the treatment
zone and, as a consequence, the relaxation of residual
welding stresses [5].

The use of EDT, taking into account the features of
the process of welding, is a new trend of engineering
practice, which facilitates an expansion of the capa-
bilities of the method. The study of measures aimed
at improving the efficiency of the EDT process is
relevant, one of which is the accompanying heating

Copyright © The Author(s)

of the electric-pulse effect zone, which, according to
data [6], stimulates the mechanisms for relaxation of
tensile stresses of low-carbon steel specimens.

The realization of EDT technology in the process
of welding contributes to more intensive relaxation
of welding stresses as a result of EDT as compared
to the treatment of the weld metal at room tempera-
ture. It should be noted that until now, the theoretical
and experimental studies of the effect of heat from the
source of welding heating on the efficiency of EDT
use as a method of regulating residual welding stresses
have not been carried out. The search for the optimal
EDT mode in the conditions of welding is associated
with the experimental evaluation of electrophysical
and mechanical characteristics of the material being
treated. An alternative solution to the problem is the
mathematical modeling of the EDT process, which
allows evaluating the evolution of stress-strain states
of welded joints as a result of EDT [7-9]. This is rele-
vant for optimizing the technology of metal structure
treatment in the conditions of their welding.

The aim of the work is the calculated evaluation of
stress-strain states of metal materials under the effect
of EDT in the process of welding (at elevated tem-
peratures).
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Figure 1. Calculation scheme of the process of dynamic load-
ing of the plate during EDT: 1 — electrode-indenter; 2 — treated
specimen; 3 — absolutely rigid base; A — point on the outer sur-
face of the indenter-electrode; B — point on the outer surface of
the plate; C — point on the back surface of the plate; V, — speed
of movement of the indenter-electrode [11]

MATHEMATICAL MODEL AND DISCUSSION
OF CALCULATION RESULTS

Modeling of stress-strain states of welded joints as a
result of EDT in the conditions of elevated tempera-
tures is performed using a simplified two-dimension-
al (2D) flat statement. The calculation scheme of the
problem of the process of impact interaction of the
electrode-indenter with the plates [7] is presented in
Figure 1. The solution of the problem was performed
with the use of ANSYS/LS-DY NA software. To con-
struct a finite-element mesh, a flat two-dimensional
finite element SOLID 162 in the form of a rectan-
gle was used. Computer modeling was performed on
the base of a Lagrangian approach using a moving
finite-element mesh, which is rigidly related to the en-
vironment and deforms together with it [10, 11].

The presence of a geometric symmetry of the elec-
trode 1 and the plate 2, being in impact interaction, al-
lows considering only half of their cross-section in the
calculation scheme with a simultaneous imposition of
boundary conditions.

These conditions include the imposition of a pro-
hibition on the movement of nodes of a finite-element
mesh (FEM) of the bodies located on the symmetry
axis, in the horizontal direction X. Leaning of a weld-
ed joint against an absolutely rigid base 3 (Figure 1)
was considered, which in the mathematical statement
is equivalent to the prohibition of FEM-nodes on the
movement in the vertical direction Z, which belong to

the lower surface of the plate 2, which contacts with
the desktop 3.

For numerical modeling, a continuous model of
elastic-plastic environment (of a plate) under study
was used. This allowed recording the laws of mass
conservation, amount of movement and energy in the
form of differential equations in partial derivatives.
To study the processes associated with large plastic
deformations of the environment, the theory of plastic
flow was used, considering plastic deformation of a
solid body as a state of movement on the base of re-
spective Prandtl-Reuss ratios [7].

As an experimental metal material of a welded
plate, AMg61 alloy of Al-Mg system was used.

In the mathematical statement, the behavior of
the plate materials (aluminium AMg61 alloy) and the
electrode-indenter (M1 copper) under the action of
external pulse load was described using the ideal elas-
tic-plastic model of the material [9—11]. This model in
the library of ANSYS/LS-DYNA software materials
is called PLASTIC-KINEMATIC.

The thermal effect was applied on the plate by vari-
ation of the values of elasticity modulus E and yield
strength o, of AMg61 alloy at the values of tempera-
ture T = 150 and 300 °C. The mechanical character-
istics of the metal materials involved in modeling at
different values of temperature T are given in Table 1.

The choice of T values is predetermined by model-
ing the use of EDT in combination with the process of
welding, where the specified T values correspond to
the location of the electrode-indenter along the weld
line at a distance L, behind the source of welding
heating (Figure 2). Modeling of the stress state was
also performed for the values of Eand o at T =20 °C
with the aim of comparing the EDT efficiency after
weld cooling (at T = 20 °C, line 1) and in the process
of welding (T = 150 and 300 °C, lines 2, 3).

According to the results of previous experimental
studies, it was found that the electrode-indenter re-
ceived a value V= 5 m/s, and its temperature in the
process of welding did not exceed 20 °C [7]. There-
fore, the properties of the electrode-indenter at its
contact interaction with the plate were set exclusively
for T =20 °C (Table 1, line 4).

Table 1. Mechanical characteristics of structural elements of EDT model of AMg61 alloy in the process of welding

Structural Densit: Poisson’s Modulus Yield strength Relative
Number | element of the Material K /rr?; P ratio T,°C of elasticity E, o MPag elongation
model g W GPa y 3,%
1 20 71 150 22
2 Plate of AMg61 640 0.34 150 60 120 40
300%x200%x3 mm '
3 300 55 50 55
4 Electrode of Ml 8940 0.35 20 128 300 6
15 mm diameter
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The choice of T values is predetermined by the re-
sults of [12], where the mechanism of EDT action on
the relaxation of stresses Ac of the plane specimens
of AMg61 alloy during their load with longitudinal
(along the main axis of the specimen) tension 6, was
studied. The work shows that the maximum values
Ac that determined the efficiency of treatment were
achieved during tension of the specimens to 6, =6

Welding heating creates thermal expansion of met-
al in the treatment zone. According to the data of Ta-
ble 1, at an increase in T, the values of elasticity o, of
AMg61 alloy decrease, and plasticity 6 increase. This,
based on the results [12], contributes to intensification
of the process of relaxation Ac of residual welding
stresses at lower values o, at a constant energy level
E.,, of electrodynamic action. l.e., at E_ = const, the
values Ac have an inverse dependence on o, The re-
laxation mechanisms are based on the synergy of the
electroplasticity effect and superposition of the wave
of elastic stresses from EDT with the field of residual
welding stresses [3, 12].

The justification of the choice of the range T was
based on the following provisions. At T = 150 °C (Ta-
ble 1, line 2), AMg61 alloy maintains elastic proper-
ties, that makes the contribution of the elastic wave
of stresses to the relaxation of stress states dominant
as compared to the electroplastic component. At
T =300 °C (Table 1, line 3), the opposite is observed,
i.e. AMg61 alloy has high plasticity at low elasticity.
This makes the plastic component in the process of
stress relaxation dominant. Modeling of stress states
at different T values allows optimizing the conditions
of thermal effect on the action of EDT in the process
of welding.

Welding stresses in the plane of the plate were mod-
eled by setting the values of longitudinal 5, (along the
axis X in Figure 1) and transverse o, (along the normal
to the axis x) components of tensile stresses. The val-
ues o, and o were respectively accepted equal to o
and 0.50, of AMg61 alloy at T = 20, 150 and 300 °C.
The result of modeling is the distribution of compo-
nents ¢ _and o, of temporary and residual stresses over
the thickness of the plate in the points B, C between
them after its dynamic loading along the axis z, as is
shown in Figure 3. The distribution of temporary and
residual o, and o, was modeled at a distance of 5 mm
from the line B—C on both surfaces of the plate and
between them. This allowed determining the nature
of EDT action distribution from the line B—C over the
thickness of the plate.

The distribution of stresses o, and o along the
line B-C (Figure 3) and at a distance of 5 mm from
it after EDT at T = 20, 150 and 300 °C were con-
sidered.

Figure 2. Scheme of EDT in the process of welding: v, — weld-
ing direction; 1 — welding torch; 2 — eccentric; 3 — electrode

device of EDT; L., — distance between the axes of electrodes

for welding and EDT

Figure 3 shows the results of modeling distribu-
tion of stresses 6, and o, in the form of axonometric
surfaces in the cross-section of the plates & = 3 mm
at the moment of completion (instant patterns) of the
EDT contact action at a temperature T = 20, 150 and
300 °C. Figure 3 shows the values of stresses along
the line between the points B and C and at a distance
of 5 mm from the line B—C. Analyzing the results of
Figure 3 in general, it is possible to see the dominance
of compression stresses throughout the whole con-
sidered temperature range both on the section B—C
(i.e., along the contact action line) and at a distance
of 5 mm from it.

The temperature effect on the plates of AMg61 alloy
in the conditions of contact interaction with the indenter
causes certain features of the formation of stress-strain
states of the specimens to be considered below.

Figure 4 presents distribution of stresses o, along
the line between the points B and C (Figure 1) of the
plates of AMg61 alloy 6 = 3 mm after EDT at a vari-
ation of temperature effect T. The feasibility of study-
ing the component 6, is associated with its dominant
effect on service characteristics of welded joints [2].

In Figure 4, a, b it can be seen that near the middle
of the plane of the plate (z = 6/2), an increase in the
values o, in relation to stresses in the points B and C
occurs. This is explained by the effect of reflection of
stress wave at EDT from the absolute rigid base 3 (see
Figure 2). The mathematical model of the reflection
mechanism and verification of the results of the calcu-
lation at T = 20 ° C is considered in [11].

Using the data from Table 1, the analysis not of the
absolute values of stresses o, and 6, was carried out,
but those derived with respect to c. This, given the
dependence 6, = f(T), allowed carrying out the correct

5
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Figure 3. Instantaneous patterns of calculated distribution of values (MPa) of components of stresses 6,, o, in the plate of AMg61 alloy
4 =3 mm at the moment of completion of the EDT action along the line between the points B and C (Figure 2) and at a distance of
5 mm from the line B-C: @« — o, at T = 20 °C; b—cyathZO °C;c—o,at T =150"°C; d—cyath 150 °C; e —oc at T =300 °C;

f—csy at 300 °C

comparative evaluation of the effect of variations of T
values on EDT efficiency.

At 20 °C along the line B-C, the values ¢, _and ¢
of compression stresses in the point B are higher than
in the point C (Figure 3, a, b). Thus, in the point B, o,
reaches the values —0.880, and in the point C —0.750,
and o, in the point B reaches —0.740, and —0.60, in the
point C. At the area of the cross-section, which corre-
sponds to half of the thickness of the plate (further —
area 6/2), o, and o, reach the values, respectively -0,
(Figure 4, a for ) and -0.9c,. l.e., the area near the
middle of the plate (z = 6/2) is subjected to the maxi-
mum effect of 6, and o, stresses after EDT at T =20 °C.

While removing from the line B-C by 5 mm, a
decrease in stresses and a change in the nature of
their distribution over the thickness of the plate is
observed (Figure 3, a, b). Thus, the compression G

6

reaches —0.55¢ in the point B and —0,276, — in the
point C. In the area §/2, 6, reach 0.2 o . At the same
time, while removing by 5 mm from the line B-C, o,
are tensile, which reach 0.2(5y in the point B, monot-
onously reduced to 0.06c in the point &/2 and almost
to zero in the point C.

An increase in the treatment temperature to 150 °C
(Figure 3, c, d) has a positive effect (as compared to
T = 20 °C) on the value and the nature of distribu-
tion of compression stresses in the cross-section of the
plate. At the same time, the area of action of com-
pression stresses o, on the cross-section of the plate
is slightly larger than the area of action at T = 20 °C
(Figure 3, a, b). In the point B, compression ¢, and
o, as well as at T = 20 °C, are larger than on the re-
verse one. Thus, in the point B, the values ¢ _and o,
reach respectively -0, and —0.80, of AMg61 alloy at
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T =150 °C and —0.95 and -0.77c, during cooling to
T = 20 °C (Figure 4, b for ¢ ). In the point &/2, the
values o _and o, reach o, for temperatures T = 150 and
20 °C. In the pomt B, o, reach —0. 856, 0, =-0.7lo,
at T =150 °C and 6, = -0, 89¢, and c 0. 740, at
T = 20 °C (Figure 4, b for o ). ’

While removing by 5 mm from the line B-C, as in
the previous case, the compression stresses on the facial
side of the plate are higher than the absolute value un-
like on the side of the backing plate. At T = 150 °C, the
maximum compression values o, in the point B reach
—0.80, (Figure 3, ¢) and during cooling to 20 °C, they
reach —O.75c5y. At T =150 and 20 °C, the maximum val-
ues of tensile o, on the contact surface reach 0.1 50, On
the area /2, the values of compression o, reach 70.34(5),,
and tensile o, respectively, 0.070, for temperatures 150
and 20 °C. In the point C, the compression o_reach
—0.43c, and o, are close to zero in the considered tem-
perature range. The distribution of 6, over the cross-sec-
tion of the plate increases slightly, as compared to the
results of Figure 3, b. While comparing the values o
while removing by 5 mm from the line B-C at T = 20
and 150 °C, it can be seen that the thermal effect con-
tributes to the formation of greater compression stresses
than after EDT at room temperature.

As compared to EDT at T = 20 °C, it can be seen
that an increase in the treatment temperature to 300 °C
(Figure 3, e, f) promotes the distribution of compres-
sion stresses over the thickness of the plate and re-
duction of their values as compared to the results at
T =20 and 150 °C (Figure 3, a-d). In the point B, the
values of ¢ _and o, of compression stresses, unlike the
previous variants, are lower than in the point C and
reach—c at T =300 °C and -0.44c, during cooling to
T =20 °C (Figure 4, c for ). In the point 6/2, com-
pression 6, and o, reach the values —o, for T =300 °C
and —0.540, for T = 20 °C. In the point C, compres-
sion o, and o, reach -0, at T =300 °C and -0. 5(5 at
T= 20 °C. At the same time, the area of actlon of

&, mm
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Figure 4. Stresses o, along the line between the points B and C
(Figure 2) of plates of AMg61 alloy & = 3 mm after EDT at a
temperature T and cooling to T = 20 °C, where the curve 1 — o,
(instantaneous) at the moment of completion of contact interac-
tion at elevated temperatures; curve 2— o, at room temperature:
a— T=20°C; b— 150; c — 300

stresses o, (Figure 3, d) over the cross-section of the
plate three times increases as compared to the variant
of EDT at T = 20 °C (Figure 3, a).

While removing by 5 mm from the line B-C, as
in the previous variants of the calculation, the reduc-
tion of stresses (Figure 3, e, f) is determined. Thus, the
maximum values of the compression o, in the point B
reach—c_at T =300 °C. During cooling to T = 20 °C,
the compression o, in the point B reach —0.49c, (Fig-
ure 4, ). The stresses o, while removing by 5 mm

Table 2. Relative values of stress components ,_and o, in the plate of AMg61 alloy & = 3 after EDT at the variation of values of tem-

perature T of its accompanying heating

Line B-C 5 mm from the line B-C
G, o, G, o,
Number T,°C '
B, %o, 8/2, %o, C,xo. | B, xo, 8/2, xa, C,ch from the|from the|from the|from the|from the|from the
Bxo, |8/2%0, | Cxo, | Bxo, |82%5 | Cxc,
1 20 088 | 1.0 | 0.75 | 074 | 09 | 0.6 | 055 | 02 | 027 | 02 | 006 | 0
2 150 1.0 | 10 | 085 | 08 | -1.0 | 071 | 08 | 0.34 | 043 | 015 | 007 | 0
3 [ aﬁ;rch;’(')":gfmm 095 | -1.0 | 089 | -0.77 | -1.0 | -0.74 | -0.75 | -0.34 | 043 | 015 | 007 | 0
4 300 10 | 1.0 | 1.0 | 1.0 | —1.0 | —1.0 | 1.0 | 088 | —1.0 | —0.6 | —0.54 | —0.34
5 [0 aﬁ;r:cg’g(l)'ﬂgfrom 044 | 054 | 0.5 | 044 | -0.54 | 0.5 | -049 | 038 | -041 | 024 | 024 | -0.14
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from the line B—C are compressive over the thickness
of the plate in the range of T from 300 to 20 °C. On
the surface near the point B at T = 300 °C, o, reach
—0.60, and at T = 20 °C respectively —0. 240,

In the point §/2, the compressions reach —0.880,
at T =300 °C and -0. 380, at T =20 °C (Figure 4
C). In the p /2, the compress1ons o, reach the val-
ues —0.54c, at T =300 °C and —0.240y at T =20 °C.
On the surface near the point C, the compressions o,
at T =300 °C reach —o,, and at T = 20 °C they de-
crease to—0.41c, (Figure 4, c). On the surface near the
point C, compressions ¢, at T =300 °C reach —0.34c,
and at T = 20 °C they also decrease to —0.140,. Also,
the distribution of o, across the cross-section of the
plate increases significantly as compared to the results
of Figure 3, b. When comparing the values of 6 while
removing by 5 mm from the line B-C at T = 20 and
300 °C, it should be noted that the thermal effect con-
tributes to the expansion of the area of action of com-
pressive stresses at a decrease in their values.

The results of modeling described above are sum-
marized in Table 2. When comparing the lines 1 and
2 and 1 and 4, it can be seen that the thermal action,
which accompanies EDT, initiates more instanta-
neous values of stresses (in relation to ¢ ) at elevated
temperatures as compared to ¢, and o at T= 20 °C.
This contributes to the formation of higher compres-
sive stresses during cooling of the plate as compared
to the stress state after EDT at T = 20 °C. When com-
paring the lines 1 and 3, it can be seen that EDT of
the plates of AMg61 alloy 6 = 3 mm under the con-
ditions of their thermoelastic heating (at T= 150 °C)
is more effective than at T = 20 °C. However, at EDT
at the temperature of thermoplasticity (7 = 300 °C),
high values of instantaneous stresses, which are
comparable to 6, and 6, at 7= 150 °C (respectively,
lines 4 and 2), form significantly lower residual com-
pressive stresses, which is seen at comparison of the
lines 3 and 5. This fact can be explained by the fact
that at low values 6 at T = 300 °C (Table 1, line 3),
relaxation processes take place less intensively than
at elastic heating to T = 150 °C, which indicates the
dominance of the elastic component in the formation
of stress-strain states in EDT. This is confirmed by the
results of [12], which proved that the most effective is
EDT of plane specimens of AMg6 alloy, which were
previously tensioned to o, .., preheating of the spec-
imens to T = 150 °C according to [12], contributes to
the maximum efficiency of EDT.

CONCLUSIONS

1. It was proved that the use of electrodynamic treat-
ment (EDT) of the weld metal, which is performed in
a single process synchronously with fusion welding,
is more effective as compared to separate EDT after

welding, which is expressed in a more optimal residu-
al stress-strain state of a finished welded joint.

2. On the basis of the previously developed math-
ematical model of the impact interaction of the elec-
trode-indenter with the welded plate of AMg61 alloy, a
numerical calculated evaluation of its stress states as a
result of EDT at elevated temperatures was carried out.

3. Using the mathematical model of the mecha-
nism of impact interaction of the electrode-indenter
with the welded plate during EDT in the conditions
of elevated temperatures in a plane two-dimension-
al statement, modeling of stresses at an impact elas-
tic-plastic action of the electrode-indenter at a tem-
perature of 20, 150 and 300 °C in the plate of AMg61
alloy with the thickness of 3 mm was performed. It
was established that the most satisfactory stress state
(among investigated) corresponds to EDT at a tem-
perature of 150 °C.
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DEVELOPED in PWI

EQUIPMENT FOR ROBOTIC SPOT PLASMA WELDING
ON ASYMMETRIC ALTERNATING CURRENT
AND DIRECT CURRENT STRAIGHT POLARITY

Spot welding is performed by a plasma arc on alternating asymmetric current to join materials with a re-
fractory oxide film on the surface (aluminum, magnesium and beryllium alloys) or on direct current of direct
polarity to join materials without a refractory oxide film on the surface (low alloy steels, stainless and high
strength steels, titanium, copper alloys). Spot joints are formed both without and with the use of filler wire
feed.

The use of this equipment allows:

» to produce lightweight hollow structures (density is lower by 30—60 % compared to solid alloys), which
consist of several sheets of high-strength aluminum and magnesium alloys with alternating sheets and
truss (embossed) intermediate layers;

» welding sheets in a multilayer honeycomb panel with a thickness of 0.5 to 3.0 mm, welding sheets to a
thinner corrugated filler, obtaining a honeycomb multilayer panel up to 4 meters wide and up to 12 meters
long;

» to produce lightweight curvilinear panels by bending the first sheet of the panel according to a template,

to obtain the required surface shape while ensuring high structural rigidity.

Robotic complex (left) and
plasma torch (right) with a
pneumatic clamping mecha-
nism for spot plasma weld-
ing with direct and alternat-
ing asymmetric current of
increased frequency
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ABSTRACT

Welded specimens of Ni,Al intermetallic are the main strengthening phase of heat-resistant nickel alloys were taken as an ex-
ample to define the main problems arising in fusion welding of this class of materials. Features of weld formation, structural
and phase changes, and mechanical properties of the welded joints are considered. Conditions of crack initiation and methods
to prevent them are determined. The effect of welding modes and heat treatment on the structure, strength and ductility charac-
teristics was studied. Mechanical properties of welded joints in the temperature range of 20-1200 °C are assessed. Schemes and
modes of welding and heat treatment are proposed, which allow preventing cracking and ensure an equal strength of welded

joints and base metal at improvement of their ductility.

KEYWORDS: Ni Al intermetallic, welded joints, structure, mechanical properties, crack resistance, welding and heat treat-

ment modes

INTRODUCTION

Today, in the creation of high-temperature industrial
structures, including parts of a hot path in gas turbine
engines, installations, multicomponent heat-resistant
nickel alloys (HNA) based on the intermetallic Ni Al
compound remain the most widely used materials.
The volume fraction of Ni,Al in the alloy can reach
85-90 % (for example, alloys of VKNA type), which
provides its high serviceability and heat resistance of
up to 1250 °C. The advantage of using intermetallics
as a phase base of HNA is provided by its unique ca-
pabilities, such as high values of strength and elas-
ticity, structural stability, that does not degrade when
the temperature is increased, as well as limited rate
of creep, recrystallization and corrosion [1-4]. At the
same time, some of the mentioned advantages and
features of the physical and mechanical characteristics
contribute to deterioration of the alloy manufactur-
ability, especially its weldability. Thus, high strength
and modulus of elasticity, low ductility close to high
temperatures, high coefficient of thermal expansion,
low thermal conductivity contribute to the formation
of significant welding stresses and cracks arising.

Considering the wide use of HNA in the aircraft,
power, nuclear, metallurgical and other branches of
industrial production, the problem of developing sci-
entific and technological fundamentals of welding of
modern perspective high alloys is acute.

Taking into account the predominant role of Ni Al
intermetallic as the main strengthening phase of

Copyright © The Author(s)
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HNA, the study of structural-phase changes and me-
chanical properties as a result of thermodeformation
effect during welding will help to establish the physi-
cal fundamentals of weldability and strength in order
to reasonably approach the development of technolo-
gies of welding industrial HNA.

RESEARCH METHODS

The studies were carried out with the use of plane
specimens of Ni,Al intermetallic, produced by the
method of rapid cooling from the liquid state by pour-
ing into a massive copper mold in a protective inert
atmosphere.

In addition to the reasons mentioned above, the
choice of the studied material — Ni,Al intermetallic
is predetermined by the need in excluding excitation
of crystallization processes and phase transformations
due to alloying elements of typical HNA. The need in
a clear fixation of the intermetallic phase due to a high
(~ 10® °C/s) cooling rate of the melt determined the
method of producing specimens.

The experiments were performed by electron
beam welding (EBW) in vacuum, taking into account
the advantages of EBW, in particular, possibilities of
a wide control of heat input and heat distribution in
the welding pool.

The specimens with a thickness of 1.5-2.0 mm and
a size of 50x40 mm were welded. The specimens for
welding and investigations were cut with the use of elec-
tric spark method and a subsequent grinding of cut plac-
es. The welding mode parameters were chosen from the
standpoint of providing high-quality welds with a full
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Figure 1. Microstructure of the initial material (Ni,Al intermetal-
lic), obtained by the method of hardening from the melt
penetration, taking into account the possibility of con-
trolling thermal deformation processes in view of their
effect on the tendency to crack formation.

The welding speed in the experiments varied in the
range of 5-60 m/h. In order to limit the formation of
cracks, preheating of the specimens with a beam was
used. The range of heating temperatures during the
studies was 400—800 °C.

The structure of the welded joints was detected
by ion bombardment of the surface of the sections in
an argon atmosphere with the further examination in
the optical (NEOPHOT-32) and the electron scanning
microscope (Jeol Superprob 733) with an X-ray ana-
lyzer. The phase composition of the specimens was
determined in the DRON-UMI diffractometer in a
monochromatic CuKa-radiation. The degree of a dis-
tant order n was evaluated from the ratio of integral
intensities of diffraction peaks corresponding to the
disordered face centered cubic lattice of a solid solu-
tion to the ordered one.

The mechanical characteristics were evaluated
by the method of microindentation (“hot and cold”),
testing of the plane specimens on three-point bend-
ing at room and elevated temperatures in the range of
200-1200 °C in the installation of the type INSTRON.
The values of strength 6, yield 6, and ductility 6 were
determined during the destruction of upper fibers on
the plane specimens with a section of 4x1.5 mm at a
distance between the supports of 18 mm [5].

Microhardness at room temperature was determined
using the PMT-3 hardness tester at a load of 2 N, at ele-
vated temperatures (200-900 °C) in vacuum of 10 Pa
in a modernized BIM-1C installation [6].

RESEARCH RESULTS

The initial material under study — Ni,Al intermetallic
produced by the method of hardening from the melt,
is characterized by an equiaxial grain structure with
a fine dendritic filling and the presence of separate
metastable concentration configurations of a dendritic
morphology (Figure 1). The performed micro-X-ray
spectral analysis revealed a nonuniform distribution
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Figure 2. X-ray pattern from the surface of the specimen of Ni_Al
intermetallic in the initial state

of chemical components, which is most likely relat-
ed to the mismatch in the process of cast formation
of a peritectic point of the equilibrium diagram (Ni—
Al) [7] with the region of the stoichiometric compo-
sition of Ni_Al. The presence of such formations is
associated with structural, mechanical and chemical
heterogeneity, a significant discrepancy of microhard-
ness values: from 2000-2500 MPa for the matrix to
3000-4000 MPa for the formations; low ductility of
the material.

The X-ray analysis showed that in the initial mate-
rial, both the presence of the ordered y'-phase of Ni Al
(Figure 2), as well as the disordered y-phase, which was
confirmed during fractographic examination of the spec-
imens after plastic bending deformation (Figure 3).

Low ductility and toughness of fracture of inter-
metallic at low temperatures in combination with cast
and welding stresses, chemical and structural hetero-
geneity, which contributes to an increased tendency
to crack formation, is a well-known disadvantage of
intermetallic alloys of a structural type L1,, which
include the investigated Ni,Al. In welding of Ni Al
specimens (as well as heat-resistant alloys on their
base), the primary task is to prevent their arising.

One of the first methods of reducing the probabil-
ity of crack formation is a preliminary heat treatment

Figure 3. SEM-image of structure of Ni,Al intermetallic after
plastic deformation
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Table 1. Mechanical properties during tests on bending of Ni Al intermetallic in the initial state and after heat treatment

State of the material Go02 MPa c,, MPa c, MPa 3, % H, MPa
Initial 510 Brittle fracture 595 0,08 2450
Heat treatment of 1150 °C, 2 h 243 270 394 1,75 2100

Table 2. Temperature and time parameters of cooling of weld metal of HNA with the content of Ni Al of more than 65 % for different

welding speeds

GxR, °C/s R, mm/s
v, m/h
FL Weld axis FL Weld axis
17 3:10° 25 0,4 5
40 49-10° 54 1 8
53 10° 300 1,3 11
Note. R — rate of crystallization of weld pool metal; GxR — cooling rate; FL. — area of the weld metal on the fusion line.

of welded metal, aimed at improving its ductility. The
studies of the effect of heat treatment on the structure
and properties of Ni Al showed that the optimal heat
treatment (at 1150 °C during 2 h) led to an increase in
the ductility due to an increase in the grain size (from
7 to 17 um), and also contributed to dissolution of con-
centration configuration formations in the structure.
The method of X-ray structural analysis revealed that
this heat treatment leads to the maximum increase in
the degree of orderness of Ni,Al solid solution. Thus,
a satisfactory complex (optimal ratio of strength and
ductility) of mechanical properties of intermetallic at
room temperature (Table 1) was obtained [8].

In [8] it is shown that when testing the specimens
in a temperature range of 400-800 °C, the ductility
0 is sharply reduced, almost to zero, which can be
negatively manifested under unfavourable conditions,
when the rise in welding stresses occur at the speci-
fied temperature interval, in maintaining or increasing
the tendency to crack formation. Thus, preliminary
heat treatment does not radically solve the problem of
preventing cracking in welding of Ni,Al intermetallic.
The previous calculations [9] showed that in welding
HNA at a speed of about 55 m/h, namely in this tem-
perature range, a rise in welding stresses is observed.

Figure 4. Typical cracks in welding of alloys based on Ni Al in-
termetallic

12

The best result from the standpoint of preventing
cracking is achieved as a result of control of the ther-
mal cycle of welding, the value and nature of heat
input and rigidity of welded joint. Technologically,
this is performed by preheating, choosing the welding
speed and concentration of welding beam energy as
a result of its focusing and scanning. The thermom-
etering of welding process revealed that the rate of
cooling of the weld metal in the temperature range of
ductility failure (400-800 °C) is mainly determined
by the welding speed and is approximately 300 °C/s at
12 m/h; 600 °C/s at 40 m/h; 155 °C/s at 53 m/h at the
width of the weld, respectively 5.8; 4.6 and 2.8 mm.

The temperature and time parameters of cooling of
the weld metal during crystallization and subsequent
cooling vary throughout the cross-section and can
reach approximately 10° °C/s depending on the con-
ditions and parameters of the welding mode, which is
shown on the example of variation in the rate from 17
to 53 m/h (Table 2).

Depending on the size and a certain combination
of the mentioned thermal characteristics, both main
longitudinal as well as transverse cracks may arise in
the weld metal. More typical transverse cracks (Fig-
ure 4) arise at elevated (55-90 m/h) welding speeds,
high specific power of the heating source in the welds
of a small width. A decrease in the tendency to their
formation due to an increased width of the weld is
limited by the occurrence of the burn-throughs and
the formation of axial crystallization cracks.

There is a narrow range of mode parameters and
welding conditions, at which a high quality formation
of welds without defects and the absence of cracks of
both types are provided.

For the considered specimens, the realization of
such conditions is achieved at a preheating of up to
600 °C, welding speed of 12—17 m/h, focusing and cur-
rent of the welding beam, at which quality weld forma-
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Figure 5. Microstructure of welded joint and individual areas of Ni_Al intermetallic: a — weld metal (1); b — fusion zone (2); c — base

metal (3); d — macrosection of welded joint

tion with a through penetration of 2.8-3.8 mm width is
provided. Obviously, under such conditions, there is a
low rate of increment, level and a uniform distribution
of welding deformations and stresses, as well as the
formation of a more homogeneous structure.

Taken into account a rather low ductility of inter-
metallics, the stochasticity of the influence of EBW pa-
rameters on the interaction of beam and welded metal,
formation of a temperature field, the obtained conclu-

sions require correcting regarding each case of thick-
ness, geometry of welded material, requirements to
joint, etc. Thus, in welding of Ni,Al intermetallic spec-
imens of 1.5 mm thickness with preheating at a weld
width of about 4 mm, produced at a welding speed of
12 m/h, longitudinal axial cracks and at 55 m/h, nu-
merous transverse cracks arise. At the same time, at a
thickness of 2 mm, welding speed of 12 m/h and weld
width of about 4 mm, cracks were not observed.

Figure 6. SEM-image of the surface of the weld of Ni,Al: a — BEI (back electron image) mode and distribution of elements in the
characteristic radiation of Al (b), Ni (c), Fe (d) obtained during micro- X-ray spectral analysis
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Figure 7. SEM-image of initial metal of Ni Al (a) and the surface of fracture of welded joint (b)

Table 3. Influence of heat treatment on mechanical properties (bending tests) of welded joints of Ni Al intermetallic. Welding in as-de-

livery state
Heat treatment G002, MPa 002, MPa o, MPa 3, % H,, MPa E, MPa
Without heat treatment 430 Brittle fracture 504 0,09 2500 2275
1100°C,2 h 323 Same 395 0,07 2270 -
1150°C,2 h 310 —— 385 0,17 2300 -
1200 °C,2 h 160 —— 164 0,1 - 1714

determined by the measurements of instrumental hardness; 6,

subjected to brittle fracture.

Note. E, H, — for heat-treated welded joints were not determined, and for welded joints in the initial state, the modulus and hardness were
is not a standard mechanical characteristics, that characterizes microduc-
tility and is determined by deformation of 0.02 % for comparing the materials subjected to brittle fracture; o, is a standard characteristics
at deformation of 0.2 % — yield strength, which cannot be determined from the diagram of our intermetallics, because the specimens are

The structure of the welded joint of 2 mm thick-
ness, produced maintaining the specified favourable
conditions, is presented in Figure 5.

The X-ray spectral analysis of the weld metal showed
that in the initial state of the material, the weld represents
mainly an ordered intermetallic phase of Ni,Al. The re-
sults of examinations by scanning electron microsco-
py with an X-ray microanalyzer showed that the main
components and admixtures of the weld material are
uniformly distributed (Figure 6). The size of the matrix
and morphology of the y'-phase are little different from
the initial ones (Figure 7). A characteristic feature of the
structure of the weld metal are columnar dendrites of a
variable size (see Figure 5), orthogonally directed to the
crystallization front of the welding pool, which in turn
consist of small cellular elements. The difference in the

HV, MPa

2500

2400

2200

2100

1 1
0 0.4 0.8 1.2 1.6 2.0 24

Figure 8. Distribution of hardness of individual areas of welded
joint of Ni,Al intermetallic
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crystallization rates (see Table 2) and the temperature
gradient over the cross-section of the welding pool leads
to significant changes both in their sizes and morpholo-
gy. Thus, near the fusion line, the distance between den-
drites A is 3—8, and near the axis of the weld is 5-9 pum.
The difference between the morphology and sizes of the
elements of the structure of the weld and the initial met-
al is mainly determined by the direction and intensity
of heat removal in the process of crystallization. When
forming a cast (initial metal), the heat removal is direct-
ed perpendicularly to its thickness; in crystallization of
the weld it is directed orthogonally to the isotherm of the
welding pool crystallization in the plane of the speci-
men. An increased dispersion of the structure of the base
metal is associated with a higher rate of crystallization,
and a change in the dispersion over the cross-section
of the weld is associated with a change in the crystal-
lization rate: from high near the fusion line to minimal,
close to welding speed along the weld axis.

The considered peculiarities of the structure of
welded joints are manifested in the certain way while
determining the mechanical characteristics. Thus, the
bending tests at room temperature (Tables 1, 3) indi-
cate some reduction in strength and ductility as com-
pared to intermetallic in the state of delivery.

The effect of the structural factor is also noticeable
when evaluating the hardness of individual areas in
the welded joint: base metal, heat-affected zone, ar-
eas of epitaxial growth, transitional area and near the
weld axis (Figure 8).
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Table 4. Influence of heat treatment after preliminary stabilizing
annealing of 1150 °C, 2 h and welding on mechanical properties
(bending tests) of welded joints of Ni,Al intermetallic

No. | Heat treatment | o,,, MPa | c,,, MPa | o, MPa | &, %
1 1150 °C, 2 h 270 304 325 0.35
2 1150°C,5h - 290 345 1.2
3 1150 °C, 10 h 245 270 310 1.58

“Material of other melting

At the same time, the methods of instrumental
hardness showed that the integral values of ductility,
hardness and Young modulus for the mentioned zones
are close to each other [10].

When the test temperature rises up to 900 °C, the
hardness of the weld (2.1-2.4 GPa) is much exceed-
ing the one for the base metal (1.6—1.8 GPa). As well
as for the initial metal, the growth of H is also ob-
served in the region of 600 °C (Figure 9).

Thus, as a result of welding, a less dispersed struc-
ture is formed, that varies over the weld width, which
is also manifested in the reduction of its mechanical
characteristics; here, the ductility index remains at the
same low level as in the initial metal (see Tables 1, 3),
i.e., the dispersion and morphology of the strucutre of
the weld metal of Ni Al intermetallic is not optimal.

In view of these results, when studying welding
of Ni,Al intermetallic and alloys on its base, more at-
tention should be paid to local changes in the struc-
ture of the weld metal, especially when studying the
mechanism of crack formation, which are also most
frequently originated in the areas of the weld with
high hardness and dispersion of the structure (see Fig-
ure 5). The need in a separate consideration of the in-
fluence of structural changes in welding on the nature,
mechanism of deformation and fracture of welded
joints is also obvious.

In order to improve the indices of the structure,
to obtain a satisfactory ratio of strength and ductil-
ity characteristics and to reduce residual stresses, a
comprehensive study of the effect of heat treatment
on the properties of welded joints was conducted. In
this case, the heat treatment was carried out the same
as for the initial metal in the temperature range of
800-1300 °C for 1-10 h.

As is seen from the results of mechanical tests (see
Table 4, Figure 10), a satisfactory combination of val-
ues of 6, 6, and 6 is achieved at annealing tempera-
tures of 1150 °C. The optimal duration of heat treat-
ment at the mentioned temperatures is 5 h (Figure 10).
An increase in the duration to 10 h leads to a further
growth in the ductility, but the strength characteristics
begin to decrease more significantly. A more signifi-
cant increase in the ductility of the welded joint as a
result of heat treatment is achieved on the specimens,
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Figure 9. Influence of test temperature on tensile strength o, and
hardness H, of the weld of Ni Al intermetallic
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Figure 10. Influence of annealing duration at 1150 °C on me-
chanical characteristics of welded joint of Ni,Al intermetallic.
Test temperature is 20 °C

which were preliminary treated before welding on the
mode of 1150 °C during 2 h (Figure 10).

Thus, the implementation of the research results
and proposed technological solutions in welding Ni,Al
intermetallic specimens allows preventing cracking
and providing mechanical properties of welds at the
level of the initial ones at a simultaneous increase in
their ductility.

CONCLUSIONS

1. Ni,Al intermetallic, which is the base of most modern
HNA, is featured by an extremely low ductility and a
high tendency to crack formation in fusion welding.

2. Prevention of crack formation in EBW of Ni Al
intermetallic is achieved by combining the following
technological means: heat treatment and preliminary
heating of welded specimens, through penetration,
reducing the rigidity of the joint, welding speed and
heating concentrations. For specimens of 1.5-2.5 mm
thickness, this is achieved at a preliminary an-
nealing of 1150 °C during 2 h, preheating to about
600 °C, welding speed of 12—17 m/h and the welding
beam current of ~ 15-20 mA in its sharp focusing,
which provides a uniform through penetration and a
high-quality formation of welds of ~ 3.0 mm width.
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3. An increase in the ductility of welded joints
while maintaining o, 6,,, H, and E at the level of the
initial material is provided while maintaining the met-
nioned technological means of preventing crack for-
mation, the use of postweld heat treatment of 1150 °C
for 2 h. This provides the formation of the structure of
15—17 pm, which is close to the equiaxial grain with
ordered quasi-cubic particles of the y'-phase with the
size of about 0.5-0.7 pm and the preservation of the
stoichiometric composition of Ni,Al intermetallic.
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EQUIPMENT AND TECHNOLOGY
FOR HIGH-SPEED HYBRID LASER-PLASMA WELDING

Hybrid laser-plasma welding implements the process of joint action of two heat sources (laser beam and
plasma arc) into one weld pool, which increases the efficiency of absorption of laser beam energy by the
welded metal. The equipment is designed to produce welded joints from aluminum and magnesium alloys,
titanium, nickel and copper and other alloys, as well as low-alloy and alloy steels without and with filler

wire feed.
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APPLICATION OF A LAYERED COMPOSITE MATERIAL BASED
ON ALUMINIUM AND TITANIUM ALLOYS
TO PRODUCE WELDED THREE-LAYER HONEYCOMB PANELS
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ABSTRACT

The paper presents the results of studies on production of layered composite materials, based on aluminium and titanium alloys,
by vacuum diffusion welding, with a broad range of specific weight values, which is achieved due to different layer ratio in each
of the composites. Based on a layered composite material, a procedure was proposed for manufacture of three-layer honeycomb
panels by vacuum diffusion welding. It is found that the average compressive strength of the three-layer panel with a filler from
a layered composite material based on Al-Ti alloys is equal to 47.3 MPa, that is four times higher than the strength of similar
honeycomb elements made from an aluminium alloy. It is shown that the layered material has higher thermal stability as com-
pared to aluminium alloys. Specimen annealing at the temperature of 700 °C for 30 min does not lead to their early destruction

or loss of shape.

KEYWORDS: aluminium, titanium, foil, joint, layered composite material, vacuum diffusion welding, three-layer honeycomb

panels

INTRODUCTION

Three-layer aluminium panels with a honeycomb fill-
er (Figure 1) have been widely used in aircraft and
shipbuilding, construction and other industries due to
their unique properties. At a relatively small weight,
these structures are characterized by high values of
strength and stiffness and, moreover, they have good
vibration and radio technical characteristics, sound
and thermal insulation properties. Such structures can
be used as load-carrying elements in the wing, fuse-
lage, floor, as well as thermal protection elements [1].

One of the methods to produce three-layer panels
is vacuum diffusion welding (VDW) [2]. Welding of
panels of aluminium alloys is recommended at tem-
peratures higher than 500 °C. However, during heat-
ing, the modulus of elasticity of aluminium is rapidly
reduced and, therefore, aluminium structures at tem-
peratures of 250-300 °C and higher may lose stabili-
ty, which causes a difficulty in producing three-layer
honeycomb panels during their VDW.

It is possible to increase the resistance of a honey-
comb filler in VDW of three-layer panels by the use of
a more strength material, such as titanium, but its use
as a filler will lead to a significant increase in the total
mass of the structure, which when using products in
the aircraft industry is not desirable.

In our opinion, the optimal variant between the
minimum mass and the maximum strength of honey-
comb structures is the use of layered composites. This

Copyright © The Author(s)

can significantly improve a number of properties, in-
cluding specific stiffness and strength, fracture tough-
ness, fatigue characteristics, impact characteristics,
wear resistance, corrosion resistance and damping
ability, provide an increased ductility of brittle mate-
rials and high stability of sizes [3].

In [4], the possibility of producing bimetal AI-Ti
by VDW is confirmed.

It can be assumed that the use of layered compos-
ite materials (LCM), to which bimetals can also be
attributed, can significantly improve the properties of
honeycomb structures. Taking into account the possi-
bility of wide regulation of the structure and compo-
sition of LCM at the stage of joint formation, studies
on the manufacture of such materials is quite relevant.
Taken this fact into account, the aim of the work is
to develop the procedure of producing three-layer
honeycomb panels by VDW from layered composites
based on aluminium and titanium alloys.

Figure 1. Scheme of a three-layer honeycomb panel: 1 — facial
panel; 2 — honeycomb filler
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Table 1. Chemical composition of AD1, AMg2 and VT1-0 alloys, wt.%

Alloy Al Ti Fe Si Mn Cu Mg Zn Cr ’.*m"uf“. of
impurities
AD1 Base 0.15 0.3 0.3 0.025 0.02 0.05 0.1 - -
AMg2 Same 0.15 0.5 0.4 0.1-0.5 0.15 1.7-2.4 0.15 0.05 -
VT1-0 - Base 0.025 0.10 - - - 0.35

RESEARCH PROCEDURES, MATERIALS

For studies, alloys of AD1 aluminium and VT1-0 ti-
tanium alloys in the form of foil respectively of 150
and 30 um thickness were used. For lids, aluminium
AMQg?2 alloy of 1 mm thickness or LCM based on alu-
minium and titanium of 480 um thickness were used.
The chemical composition of aluminium and titanium
alloys used for the manufacture of three-layer honey-
comb panels is given in Table 1.

To manufacture a honeycomb filler, bimetal Al-Ti
billets of 130x130%0.180 mm were used, which were
previously produced by VDW [5]. From bimetal
sheets, strips of 12 mm width were cut, from which in
turn in a special equipment, corrugated strips with a
step of bending of 10 mm were formed.

In the manufacture of a honeycomb filler, spot
welding was used, which was carried out at room tem-
perature in air. Before welding, the contact surfaces of
the corrugated strips were cleaned mechanically and
degreased. Welding was carried out at constant val-
ues of voltage U, = 10 V and current | = 250 mA,
the intensity of heating was determined by the pulse
durationt = 0.5-5.0 s and their number N , = 1-20.

Unlike welding of homogeneous material, in spot
welding of bimetal strips, there may be some compli-
cations due to not only the heterogeneity of the material
over thickness, but also various physical and mechani-
cal properties of titanium and aluminium. Titanium has
a low electrical and thermal conductivity, very active
in relation to the gases contained in the atmosphere. Its
welding is carried out at relatively low parameters of
current, compression force and heating duration. Alu-
minium has high thermal conductivity, low electrical
resistance and refractory oxide film on the surface.
Therefore, the surfaces of parts before welding should
be carefully treated so that the oxide film was removed
to prevent the formation of lacks of fusion.

As is shown in [5], the optimal variant of welding of
bimetal Al-Ti strips when producing a honeycomb filler
is welding of the aluminium layer to the titanium layer.

Before VDW of panels, end surfaces of a honey-
comb filler and contact surfaces on lids were cleaned
with a scraper and degreased with alcohol.

Welding was carried out in the vacuum chamber
of the installation P115, equipped with a radiation
heating system. The heating temperature was moni-
tored by a chromel-alumel thermocouple, fixed in the
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equipment. The pressure to the specimens was applied
from the press through the lower stem. The pressure
control was carried out using a dynamometer.

Welding was carried out in the following mode:
temperature T = 560-610 °C, pressure P =
= 5-20 MPa, welding duration t = 20-30 min.

The structural characteristics of the foil and welded
joints were analyzed with the use of the CAMSCAN 4
electron microscope, equipped with EDX INCA 200
system for energy dispersive analysis of a local chem-
ical composition on plane specimens. Cross-sections
were prepared according to the standard procedure
using grinding and polishing equipment of Struers
Company.

Mechanical properties of the specimens were de-
termined during their tests for compression, which
corresponds to the research procedure given in [6, 7].

To carry out mechanical tests of the honeycomb
structure on compression, a digital pressure controller
of the KOLI Company of the brand KhK3118T1 and
a sensor of the CAS Company of the brand MNC-1
with a working interval from 0 to 1000 kg were used.

RESEARCH RESULTS

Taken into account that in the aircraft and space in-
dustry, materials with low specific weight are used,
we produced experimental LCM specimens of differ-
ent thicknesses and with different number of layers.
In Figure 2, a the general appearance of LCM speci-
men, which consists of four layers (2A1 + Ti + Al) is
presented. The total thickness of LCM is 480 pm, the
specific weight of the produced material is 2.9 g/cm?®.

To reduce the weight of LCM, as a reinforcing ele-
ment, wire or titanium mesh can be used. The overall
appearance of the LCM specimen with the use of the
mesh of VT1 titanium alloy is shown in Figure 2, b.
The specimen consists of three layers: aluminium lay-
er, titanium layer (mesh) and aluminium layer. The
total thickness of the specimen is 950 um (two layers
of aluminium is 300 um and titanium is 650 pm), the
specific weight of the produced material is 2.24 g/cm?®.

Generalized results with the parameters of the pro-
duced LCM specimens are given in Table 2. Produced
LCM have a fairly wide range of specific weight
values, which are predetermined by differences in
the content of aluminium and titanium in each of the
composites.
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Figure 2. LCM specimens with different thickness and different layer composition:

a— two aluminium layers, titanium layer, alumin-

ium layer; b — aluminium layer, titanium layer (mesh), aluminium layer

a

6]

Figure 3. Appearance of aluminium AD1 alloy specimens (left) and AI-Ti LCM (right) in the initial state (a) and after heating in the

furnace to a temperature of 700 °C for 30 min (b)

We have investigated thermal stability of a binary
LCM, which consisted of an aluminium and a titani-
um layer. The carried out studies have shown that as
compared to aluminium alloys, it is able to withstand
higher temperatures without loss of a design shape,
that coincides with the results of other researchers [8].
Figure 3, a shows a specimen of aluminium AD1 al-
loy and LCM, produced from titanium VT1 and alu-
minium AD1 alloy in the initial state and after heating
in the furnace for 30 min at a temperature of 700 °C.
As is seen from Figure 3, in the process of heating,
the aluminium specimen melts and the LCM speci-
men retains its design shape.

Obviously, the prospect of using Al-Ti bimetal
produced by VDW for the manufacture of three-layer
honeycomb panels, as well as the possibility of their
operation at elevated temperatures will be determined
by the strength and intensity of growth of an inter-

Table 2. Parameters of specimens of layered composite materials

metallic layer in bimetal during the manufacture of
honeycomb structures and their operation.

VDW of honeycomb panels was performed at a
temperature T = 560-600 °C, pressure P = 10 MPa,
duration of the process t = 30 min, vacuum in the
chamber was maintained at the level of 1.33-107° Pa.

To determine the more specific temperature of
welding T-joints of lids with a honeycomb filler, the
studies of mechanical properties of three-layer pan-
els, produced at different temperatures of the process
were conducted, from the results of which the weld-
ing mode was chosen.

For mechanical compression tests, the specimens
were selected consisting of a single bimetal honey-
comb Al-Ti and lids of AMg2 alloy. The size of a hon-
eycomb filler cell was 10x10 mm, height was 12 mm
and cross-sectional area was 18 mm2. To produce
specimens for each of the studied temperatures, two

LCM Number ) Layer thickness, ym Total thickness, | Specific weight
Number .. Material of layers
composition of layers Al Ti um of LCM, g/cm?®
1 Al-Ti 2 Al, Ti — foil 150 30 180 3.4
2 Al-Ti-Al 3 Al — foil, Ti — mesh 150 650 950 2.24
3 Al-Al-Ti-Al 4 AL Ti — foil 150 30 480 2.9
4 Al-Ti-Al-Ti-Al 5 ' 150 30 510 3.21
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Figure 4. Specimens of the honeycomb panel produced by the method of VDW: a — after welding; b — elements of a three-layer panel
after cutting with an abrasive disc; ¢ — after mechanical compression tests

panels were welded, the typical appearance of which
is shown in Figure 4, a. Then, the panels were cut
in half with the use of an abrasive disc (Figure 4, b).
Upsetting of the honeycombs was set at the level of
50 % of their initial height. It was established that in
the specimens produced at a welding temperature of
570 °C, a partial delamination of facial lids occurs al-
ready at the stage of their cutting. During the mechan-
ical tests, T-joints are completely destroyed. A poor
quality of the joint between the surfaces of facial lids
and the ends of a honeycomb filler leads to uneven
redistribution of a load, and as a result to a significant
decrease in the level of strength of such panels, the
average value of which is 2/3 of the strength of the
original honeycomb filler (Table 3).

An increase in welding temperature to 580 °C al-
lows increasing the compression strength to 37.2 MPa.
At the same time, during deformation of the walls of
a honeycomb filler, a single destruction of welding
places between filler and lids occurs.

The further increase in welding temperature to
590 °C allows bringing the strength of the three-layer
panel to 47.3 MPa, which corresponds to the value in-
herent in a honeycomb filler after annealing at a tem-

Table 3. Results of mechanical tests on compression of three-lay-
er panel specimens

Welding temperature [Compression strength,| Average compression
T, °C MPa strength, MPa

28.0
26.1

570 27.1

31.9
34.0
47.0
35.9

580 37.2

52.2
43.6
44.8
48.7

590 47.3

44.3
38.8
57.6

600 44.0

35.2

20

perature of 600 °C for 60 min. Moreover, as is seen
from Figure 4, c, during compression a deformation
of the walls of a honeycomb filler without destruction
of places of welding filler with facial lids occurs.

The strength of the T-joints produced at a weld-
ing temperature of 600 °C is close to the previous
results: its slight drop occurs, which is probably re-
lated to the diffusion of magnesium of AMg2 alloy
to the joining zone.

From the abovementioned, it can be concluded
that to produce a high-quality T-joint of a honeycomb
filler with facial lids, the optimum welding tempera-
ture is 590 °C.

Moreover, according to metallographic examina-
tions of the joints produced at a temperature of 570 °C,
some of the specimens are destroyed due to the lack
of a physical contact between welded surfaces (Fig-
ure 5, @). In the specimens produced at a temperature
of 590 °C, a sealed joint is formed, in the butt a small
number of defects is observed (Figure 5, b).

According to the carried out works, the procedure
of manufacturing a three-layer honeycomb panel
should include the following basic operations:

e diffusion welding of bimetal material;

e cutting of bimetal foil into strips (Figure 6, a);

e formation of profiled bands from strips (Fig-
ure 6, b);

e cleaning and degreasing of the corresponding
surfaces and welding of a honeycomb filler;

e cleaning and degreasing of end surfaces of a
honeycomb filler block and facial lids of a honey-
comb panel;

e VDW of a three-layer honeycomb panel (Fig-
ure 6, c).

Welding of bimetal Al-Ti material was carried out
at a temperature T = 580 °C, pressure P, =5 MPa,
with the exposure on the mode during t,_ =20 min. The
produced plates of 130x70 mm were cut into strips of
70x12 mm (Figure 6, a), of which, after the formation
of profiled strips by spot welding, a honeycomb filler
with the size of honeycombs of 10x10x12 mm (Fig-
ure 6, ¢) was manufactured.
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Figure 6. Stages of manufacturing honeycomb filler: a — strips of bimetal Al-Ti material; b — workpieces of profiled strips for spot

welding of a honeycomb filler; ¢ — 72x72 mm honeycomb filler

Figure 7. Model specimen of a three-layer honeycomb panel with lids of aluminium AMg2 alloy (a) and honeycomb panel with lids of

layered composite Al-Ti—Al-Al material

For welding panel of honeycombs on the base of
bimetal Al-Ti material and lids of aluminium AMg2
alloy, the equipment was designed and manufactured,
consisting of a matrix and a punch and embedded el-
ements that allowed centering of a panel billet on the
center of the matrix and regulating the level of plastic
deformation of a product. The procedure of producing
welded joints was worked out.

On the basis of the developed technology, a batch of
model specimens of a three-layer panel of bimetal AI-Ti
honeycomb filler and facial lids of aluminium AMg2 al-
loy were manufactured (Figure 7, a). A three-layer panel
was also produced, which completely consists of LCM
(Figure 7, b). A honeycomb filler consists of Al-Ti bi-
metal, and lids consist of Al-Ti—Al-Al LCM.

As our studies showed, the mass of a three-lay-
er panel produced with lids of aluminium alloy is

4648 g, and the mass of a three-layer panel with Al-
Ti—Al-Al LCM is respectively 24-26 g.

Thus, it can be assumed that the use of LCM for the
manufacture of a three-layer honeycomb panel provides
a significant reduction in the mass of products.

CONCLUSIONS

1. The fundamental possibility of producing honey-
comb three-layer panels with LCM by VDW method
is shown.

2. Welding parameters were determined, that allow
producing T-joint of a honeycomb filler with LCM
based on AI-Ti alloys with lids of aluminium alloy
with an average compression strength at the level of
47.3 MPa.

3. Itis shown that the use of LCM for the manufac-
ture of three-layer honeycomb panels allows reducing
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the mass of products by 2 times as compared to the
panels made with lids of aluminium alloy.
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MORE CLIMATE PROTECTION AND LOWER ENERGY COSTS
IN THE METAL INDUSTRY

Decarbonization in the metal industry: decarbXpo presents technologies and services for more climate
protection and lower energy costs from 20—-22 September. This year with a free lecture program for com-

panies.
Reduce both emissions and costs.

Messe Dusseldorf is launching a new type of trade fair: The Expo for Decarbonized Industries > ENERGY
STORAGE (decarbXpo) combines the most comprehensive offer of solutions for decarbonising industries
and trade crafts with a high quality forum and conference agenda to become a single event.

From 20—22 September, companies will present their technologies and services for reducing both emis-
sions and costs. Companies from the metal industry can expect several highlights:

® On 21 September, during the trade fair, ecoMetals Day will

EXPO FOR
DECARBONISED
INDUSTRIES

20 - 22 SEP1 2022
DUSSELDORF

@) ENeroy
¥) STORAGE

take place — an interdisciplinary congress of experts for the
transformation of the industry.

@ On 19 and 20 September, VDMS AG Power to X for Appli-
cations is organising their #P2X Conference with a focus on
hydrogen applications.

In addition, there will be a comprehensive free-to-attend lecture
programme in the forum in Hall 9. Among other things, numer-
ous start-ups will present exciting solutions for the industry.
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ABSTRACT

A complex of investigations was performed to study the technological capabilities for application of combined gas-slag protec-
tion in MIG-process of copper alloy deposition on steel. It is shown that at semi-submerged arc surfacing (by semi-open arc)
it is possible to control the technological characteristics of the welding arc, namely: increase its spatial stability, improve the
pattern of electrode metal transfer (essentially reducing its spattering fraction), as well as provide a high-quality protection of
the deposits from oxidation. Application of such a combined protection is particularly rational at a highly efficient process of
two-electrode MIG surfacing.

KEYWORDS: copper alloys, combined gas-slag protection, spatial stability of the arc, two-electrode surfacing, deposited

metal quality

INTRODUCTION

Copper alloys are widely used in various fields of me-
chanical engineering. In order to increase the structur-
al strength of products and save precious nonferrous
metals, bimetal products steel + bronze are often used.
The most common method to produce such parts is the
mechanized and automated consumable electrode arc
surfacing in shielding gases (MIG-process) [1, 2]. At
the same time, to provide minimal penetration of steel
and a slight transition of iron into the deposited met-
al, surfacing is performed on low current densities,
which leads to a decrease in the process stability and
a significant spattering of the electrode metal. Taken
into account the high tendency of bronze (especially
aluminium and silicon) to oxidation, a need arises to
use more reliable protection of welding pool from air.
It is typical that in surfacing of silicon bronzes even
applying such an advanced process as CMT Brazing
of the Fronius Company with the use of CuSi wire,
on the metal surface, a film of a thin layer of silicates
and oxides, that are poorly removed from the surface,
is observed [3, 4].

The mentioned disadvantages are especially re-
vealed in a high-efficiency two-electrode MIG-pro-
cess of surfacing, in which the volume of molten
metal increases and requires creating additional con-
ditions for its protection from environmental impact.
In connection with that, the problem of studying tech-
nological capabilities of using a combined gas-slag
protection in automated arc processes when the pro-
cess of melting and transfer of electrode metal occurs
in a gas-protective environment and the weld pool
metal is additionally protected by molten flux.

Copyright © The Author(s)

It should be noted that in the practice of welding
production, the use of combined gas-slag protection is
successfully realized in manual welding using coating
electrodes and mechanized and automated welding
using flux-cored wires [5-7].

RESEARCH MATERIALS AND EQUIPMENT

The studies were carried out using specimens of
steel of grade St.20 of 200x300x14 mm. The weld-
ing wire is bronze BrKMts3-1 of 1.2 mm diameter.
As ashielding gas, argon of the first grade was used.
The molten glass-type fluxes of general purpose of
grades AN-60SM, AN-20S, AN-26S, as well as the
agglomerated flux UV420 TT of the Bohler Thyssen
Company were evaluated.

The installation for surfacing is equipped with a
mechanism for feeding two wires, which provid-
ed the process of surfacing with both one and two
electrodes connected to a one power source (the so-
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Figure 1. Scheme of surfacing process with a combined gas-slag
protection
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Figure 2. Osclograms of surfacing processes using flux AN-60SM of different granularity

called split electrode). The power source is rectifier
VDU-506. The laboratory equipment is fitted with a
registration and measuring complex on the base of an
analogue-digital converter ADA-1406, which makes
it possible to monitor the actual parameters of the sur-
facing process and to study the technological proper-
ties of welding arc.

The scheme of surfacing process with a combined
gas-slag protection is shown in Figure 1.

EXPERIMENTAL STUDIES AND RESULTS

The principal possibility of MIG-process of surfacing
bronze with a combined protection (over a flux layer)
was evaluated during the one-electrode process. As
the experiments showed, during traditional shielding
gas consumptions, at the exit from the nozzle, its pres-
sure can blow the flux away, which leads to a deteri-
oration of the quality of deposits. It was determined
that boundary argon consumptions should not exceed
15 I/min.

In order to choose the optimal grade of flux, the
impact of different fluxes on the stability of MIG-pro-
cess of surfacing, formation of deposited metal, sepa-
ration of slag crust and metallurgical quality of depos-
its (presence of pores) were studied.

Table shows the appearance and geometric dimen-
sions of deposited beads, produced using fluxes of
grades AN-60SM, AN-20S, AN-26S and agglomerat-
ed flux UV420 TT.

As the experiments showed, in surfacing bronze
BrKMts3-1 on steel with additional slag protection,
the best results as for deposited bead formation, sep-
aration of slag crust and quality of deposited metal
were obtained when using manganese-silicate flux
AN-60SM. It was found that the highest stability of
the process is observed while using fine-grained flux
with the grain size of 1.0-2.5 mm (Figure 2).

To determine the optimal amount of flux, the
height of its layer was changed in the range 4-8 mm,
the rest of the process parameters was not changed
(1,=180-200 A, U, =24-25V,v =10 m/h, electrode
stickout is 12 mm, Q, = 15 I/min). The best results on
the process stability were recorded when using a flux
layer of 6.0 mm height, which is evidenced by the os-
cillograms of current and voltage (Figure 3).

In addition to increased stability of the surfacing
process, at the height of the flux layer of 6.0 mm,
spattering of electrode metal is also absent and a high
quality of bead formation is observed. In this case,
the arc is semi-open, a thin film of the slag covers the
entire surface of the bead, as a result of which, it has a
not oxidized “shiny” appearance, which is typical for
bronze (Figure 4).

In addition, when using a combined protection
at the same modes, the shape of beads changes: the
height of beads increases and they are getting narrow
in the cross-section. In our opinion, such effect of flux

Table 1. Appearance and geometric dimensions of beads depending on flux grade

Geometric
dimensions
of beads
Protection Ar Ar + AN-60SM Ar + AN-20S Ar + AN-26S Ar+UV420TT
Bead width, mm 16-17 14-15 13.5-14 13.5-14 12-13
Bead height, mm 3-3.5 3.5-3.8 4-4.5 4-4.5 4.2-4.6
Penetration depth, mm 0.3-0.6 0.4-0.45 0.4-0.6 0.35-0.45 0.35-0.45
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Figure 3. Oscillograms of current (a) and voltage (b) of the process of surfacing bronze BrKMts3-1 at a combined argon + flux AN-

60SM protection

on the formation of deposited beads occurs due to the
improvement of a spatial stability of the arc, prede-
termined by the presence of the film of molten flux
on the edges of the pool and in its tail part, which sta-
bilizes the position of the cathode spot on the surface
of the welding pool. The quality of beads can also be
affected by surface tension on the boundary molten
slag-liquid metal—-solid backup.

As was noted above, the need in additional pro-
tection of molten metal is especially relevant for the
two-electrode MIG-process of surfacing bronze. The
previously developed and mastered [2] technologies
of surfacing bronze by a “split electrode” were fo-
cused on the processes with the wires of 2.0-3.0 mm
diameter with the use of flux or argon as a welding
pool protection.

A complex of studies on the influence of mode
parameters on the process of two-electrode surfac-
ing using a wire of 1.2 mm diameter with the use of
a combined argon + flux protection was performed.
Considering that along with the basic mode parame-
ters (current, voltage on the arc, speed of surfacing),
distance between the electrodes has a significant im-
pact on the penetration of steel and the shape of the
deposited bead. A number of experiments were per-
formed in order to optimize this parameter for wires
of 1.2 mm diameter.

In the proceedings [2], that present the results of
argon-arc surfacing of aluminium bronze BrAMts9-2
of 2 mm diameter by a “split electrode”, for the ori-
ented choice of optimal value of the interelectrode
distance, it is recommended to take the distance equal
to three electrode diameters.

In our experiments, the distance between the elec-
trodes varied from 3.6 to 8.0 mm. The experiments
were performed by surfacing of individual beads and

each subsequent bead was deposited after a complete
cooling of the plate.

Surfacing mode: I = 200-240 A; U, = 28-32 V;
v, =12 m/h; Q, = 15 I/min, height of the layer of flux
AN-60SM is 6 mm.

Figure 5 shows macrosections of cross-sections
of the beads, deposited at a different interelectrode
distance. It is clearly seen that with an increase in
the interelectrode distance, the shape and degree of
penetration of the base metal change. This change
is predetermined by the peculiarities of welding arc
burning, melting and transfer of electrode metal in the
two-electrode process.

At optimal values of an interelectrode distance, an
alternate arc burning at each electrode is observed,
which provides a scattered heat input across the width
of the pool and, accordingly, the minimum penetra-
tion of the base metal.

Figure 4. Appearance of deposited beads: a — surfacing in argon;
b — argon + 4.0 mm of flux AN-60SM; ¢ — argon + 6.0 mm of
flux AN-60SM
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Figure 6. Oscillograms of two-electrode process of surfacing bronze BrKMts3-1 of 1.2 mm diameter on steel in argon and with a

combined protection
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Figure 7. Transverse macrosection of deposited bead of bronze at
optimal modes (x2)

It should be noted that at an interelectrode distance
of up to 4.0 mm, the process of two-electrode surfac-
ing with a combined gas-slag protection is also char-
acterized by an increased stability (Figure 6), which
guarantees producing of well-formed deposits.

Considering that the two-electrode process allows
improving the efficiency of surfacing by 1.5-1.7 times
(up to 3.0-3.2 kg/h for the wires of 1.2 mm diameter,
additional slag protection of welding pool provides a
high quality of deposited metal (Figure 7).

CONCLUSIONS

1. As a result of experimental studies, it was estab-
lished that the use of a combined gas-slag protection
improves technological properties of the welding
arc, namely its spatial stability due to the presence
of shielding molten slag, affects the pattern of the

transfer and the degree of electrode metal spattering,
provides a high-quality formation of deposited bronze
with its typical “shining” surface.

2. The best results of MIG-process of surfacing
bronze BrKMts 3-1 using a wire of 1.2 mm diameter
with a combined gas-slag protection were obtained
when as an additional slag protection, the flux of grade
AN-60SM with 6 mm height of the layer was used.

3. The special rationality of using combined gas-
slag protection in the two-electrode MIG-process of
surfacing copper alloys in order to better protect the
volumes of molten metal and welding pool against
oxidation, which were increased as compared to the
one-electrode process, was shown. The basic param-
eters of the two-electrode MIG-process of surfacing
with a combined protection of the wire of 1.2 mm di-
ameter are optimized. Also, the optimal interelectrode
distance was determined, which provides a slight
penetration of steel and minimal mixing of base and
deposited metals at the selected values of current and
speed of surfacing.
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EQUIPMENT FOR HIGH-PERFORMANCE SUPERSONIC PLASMA SPRAYING
OF WEAR-RESISTANT, HEAT-RESISTANT AND HEAT-PROTECTIVE COATINGS

Parameters Values

Air + methane,
propane-butane
(up to 5-10 %)

Plasma forming gas

Plasma temperature, K 3500-7000
Plasma jet speed, m/s 1500-3000
Spray particle speed, m/s 400-800
Maximum spraying capacity, kg/h 15-50
Electric power, kW 40-180
Spray material utilization rate [o 0,8

The equipment is designed for
applying wear-resistant, cor-
rosion-resistant, heat-shield-
ing and special coatings by
spraying powders from metals,
alloys, carbides, borides, ox-
ides and metal-ceramic mate-
rials. The thickness of applied
coatings is from 20-50 um to
1-2 mm and more.
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ABSTRACT

The results of the study of the phase composition and corrosion resistance of plasma coatings from composite powders based
on intermetallic in TiAl with the introduction of non-metallic refractory compounds (SiC or Si,N,) into its composition are
presented. The plasma coatings were deposited on the specimens of St3, AMg3 and VT6 alloys. The coatings were studied by
the methods of metallographic and X-ray structural phase analysis. The studies of electrochemical properties of the plasma
coatings were carried out by the potentiostatic method in a 3 % NaCl solution. As initial materials for plasma spraying, the
composite powders TiAl-SiC, TiAl-Si;N, produced by the method of mechanochemical synthesis were used. Using the meth-
od of X-ray structural analysis, it was revealed that the phase composition of the plasma coatings for TiAl-SiC system consists
of the following phases: TiAl, TiAl,, TiC, TiSi,, Ti,AIC, TiO,, and for the coating TiAl-Si,N, from the phases Ti,Al, Ti Si,,
TiN, TiO. The average thickness of the coatings was 200 + 50 um and the porosity did not exceed 10 %. It was found that the
introduction of SiC or Si,N, into the composition of the composite coating leads to a decrease in the corrosion current in a 3 %
NaCl solution by about an order of value, and the corrosion resistance of St3, AMg3 and VT6 alloys increases by 12-13, 8-9,
and 1.8-2.0 times, respectively. The service life of the plasma coatings made of TiAl composite powders with the addition of
SiC and Si_N, was calculated. The studied coatings belong to the class of resistant and are capable to protect metals in a 3 %
NaCl solution for a period from 6 to 10 years.

KEYWORDS: intermetallics, titanium, aluminium, non-metallic refractory compounds, composite powder, plasma coatings,

corrosion resistance

INTRODUCTION

Intermetallics of Ti—Al system have a number of
unique properties such as high melting point, low
density, high modulus of elasticity, yield strength,
which grows (for TiAl) at an increase in temperature,
high values of heat and corrosion resistance. Titani-
um aluminides (TiAl, Ti,Al) can be used as structural
materials, such as protective coatings in gas and oil
refining facilities of the chemical industry, nuclear en-
gineering, where such characteristics as corrosion re-
sistance and resistance to high-temperature oxidation
are required [1-8].

Such methods of spraying coatings are used as
ion-plasma [9], magnetron spraying [ 10], electrospark
deposition [11]. The results of these works indicate
that introducing such elements as carbon, nitrogen
and silicon into the composition of the coatings al-
lows improving their protective and also anticorro-
sion properties.

At the PWI, for thermal spraying of protective
coatings based on intermetallics of Ti—-Al system,
composite powders (CP) with the introduction of
non-metallic refractory compounds (NRC) were de-
veloped, namely B,C, BN, SiC and Si,N,.

Copyright © The Author(s)

In this work, to study the corrosion properties of
the coatings with CP based on TiAl intermetallics,
two compositions of TiAl + 12 wt.% SiC and TiAl +
14 wt.% Si,N, with addition of NRC were selected.
The choice of these compositions was made on the ba-
sis of comparison of corrosion resistance of SiC and
Si,N, with other compounds of this group (B,C, BN).

According to literary sources [12, 13], the begin-
ning of B,C oxidation is a temperature of 500 °C,
and at 800-1000 °C, oxidation transfers to the active
phase; BN is actively oxidized at 700—800 °C with the
formation of B,O,, N,, while Si,N, silicon nitride has
a high chemical resistance: compact specimens are re-
sistant to air for a long time at 1200 °C, and in an ox-
ygen medium, oxidation begins at 1000 °C and only
at 1400 °C it runs actively. Regarding silicon carbide,
as is known, even in an oxygen medium at 1300 °C,
the ratio of weight of the oxidized powder before the
initial state is less than 5 %.

Comparing the corrosion resistance of products
of interaction of CP components TiAl-NRC (for B,C
and BN they include carbides, nitrides, and for SiC
and Si,N, they are silicides, titanium and aluminium
nitrides) according to the literary sources [14], sili-
cides have a higher corrosion resistance as compared
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to other refractory compounds. This was the reason
for choosing CP types in this work.

The aim of this work is the studies of influence of
NRC (SiC, Si,N,) on corrosion resistance of plasma
coatings from TiAl intermetallics and evaluating their
protective action on carbon steels and light alloys (al-
uminium AMg3 and titanium VT6 alloys).

RESEARCH OBJECTS
AND EXPERIMENT PROCEDURE

The initial materials for plasma spraying were CP
TiAl-SiC and TiAl-Si,N,, produced by the method
of mechanochemical synthesis with a particles size of
40—63 um. The coatings were deposited on the speci-
mens of St3, AMg3 and VVT6 alloys in the installation
UPU-8M for plasma spraying using the following
modes: | =600A, U=40V, Q = 50 I/min, spray-
ing distance — 80 mm.

The coatings were examined by the methods of
metallographic, microdurometric and X-ray structur-
al phase (installation Dron-UM-1, monochromatized
CuK  radiation) analysis.

The electrochemical properties of the plasma coat-
ings were studied by the potentiostatic method in the po-
tentiostate P-5827M at a scanning rate of 0.2 mV/s and
a temperature of 18-20 °C. Stationary potentials were
measured relative to the silver chloride electrode.

For the studies, the medium of a 3 % NaCl solu-
tion was selected. The choice of this electrolyte is pre-
determined by the fact that the main use of titanium
and aluminium based alloys is the protection of parts
and units in the aircraft industry [15]. The limited ser-
viceability of individual units is associated with the
fact that in them during operation many factors inter-
act, which determines the conditions of operation —
high-temperature gas corrosion, corrosion under the
influence of CI- ions. The source of corrosion-aggres-
sive components can be water, containing chloride
ions, which enters the engine during injections (up to
1000—-1200 injections per year). The presence of CI~
ions leads to local destructions, as well as inhibits the
formation of passive films on the metal surface. That
is why as an aggressive medium for electrochemical
tests, a 3 % NaCl solution was selected. Based on
the experimental data, cathode and anode polariza-
tion curves were built in the coordinates E_= f(Igi )
where E. is the potential, V; ic is the corrosion current,
Alcm?. According to polarization curves, using the
graphic method, the rate of i_and the potential E_of
the corrosion respective to the extrapolation of Tafel
slopes on cathode and anode curves before their mu-
tual intersection were determined. Using the values of
corrosion currents, determined from the polarization

Ar+N

curves, the weight and depth index of corrosion of the
coatings were calculated by the formulas

_ i1A1000 K, =K, 8.76 ’

K
v nF p

where K is the weight index of corrosion, g/(m*h); A
is the atomic weight of metal, g/mol; n is the valence
of a metal ion, that went into the solution; F is the Far-
aday number, 26.8 A-h/mol; K, is the depth index of cor-
rosion, mm/year; p is the methane density, g/cm?; 8.76 is
the coefficient for the transition from the weight index
of corrosion K to the calculation for 1 h to the depth
index of corrosion K of about a year, calculated from
the number of hours per year (24x365 = 8760 h) and
divided by 1000.

RESULTS OF THE EXPERIMENT
AND THEIR DISCUSSION

Examinations of the microstructure (Figure 1) and
microhardness of the deposited plasma coatings indi-
cate that the developed coatings have heterogeneous
structure with uniform distribution of phases over
depth, any defects and delaminations at the interface
with the base are absent. The average thickness of the
coatings is 200 + 50 pum, the porosity is 8—10 %, the
microhardness is 5500 + 600 MPa for TiAl-Si,N, and
6000 £+ 100 MPa for the composite coating TiAl-SiC.
Using the method of X-ray structural analysis, it was
revealed that the phase composition of the plasma
coatings for TiAl-SiC system consists of the follow-
ing phases: TiAl, TiAl, TiC, Ti.Si,, Ti,AIC, TiO,, for
the coatings of TiAl-Si,N, system with TizAI, TiSSiS,
TiN, TiO (Figure 2). At the same time, the phase com-
position of the coatings does not depend on the type
of the base, on which they are deposited.

The studies of the Kinetics of the electrode poten-
tials of the developed plasma coatings made it possi-
ble to reveal that the values of the electrode potential
are stabilized within 40—60 min during the immersion
of the coated specimens into it. The stationary poten-
tials E of the studied coatings in a 3 % NaCl solution
were —0.2 — —0.7 V, depending on the base material.
The highest positive potential is observed in the coat-
ings deposited on VT6 alloy (-0.2 V), followed by
the coatings deposited on St3 and AMg3 alloy being
—0.58 and —0.7 V, respectively. The specified discrep-
ancies in the values of the stationary electrode poten-
tial E_ can be explained, first of all, by the difference
in the chemical composition of the base material. The
plotted dependence curves in the coordinates E_ — 1
have approximately the same form (Figure 3). Thus,
the I region corresponds to a rapid change in E_ in the
Il region, a slow change in E,, occurs, and in the IlI
region, the initial equilibrium value of the potential
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cl

Figure 1. Microstructure (x400) of plasma coatings of TiAl-SiC system (a—c) and TiAl-Si,N, (d—f), deposited on St3 (a, d), aluminium

AMg3 (b, €) and titanium VT6 (c, f) alloys

is restored very slowly, at which the rate of running
anode and cathode processes is equal.

The analysis of the obtained polarization curves
(Figure 4) showed that the nature of the corrosion
behaviour of the plasma coatings with CP TiAl-SiC,

rents (Table 1), determined by extrapolation of Tafel
regions of the polarization curves, showed that the
coatings deposited on titanium VVT6 alloy are charac-
terized by the minimum corrosion current i , respec-
tively, and its corrosion resistance is the highest.

TiA1-Si,N,, deposited on different bases, is approx- In the literature, the information about the electro-
imately the same. The comparison of corrosion cur- chemical behaviour of the alloy based on intermetallic
600 = 1200
2 I TiAl 2 I TiN
500 + 6 2 TiAl | 1000 4 2 Tusi
4 3 TiC 2 3 ThAl
i E 4 TisSis i 4 TiO
g 400 5 Tialc| 800
5 .l 6 TiO2 .
e 600
E
3200 400
100 200 2,
™ J : 2 2 :
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Figure 2. X-ray patterns of plasma coatings in the initial state: a — TiAl-SiC; b — TiAI-Si,N,
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Table 1. Results of electrochemical studies of plasma coatings in
a 3 % NaCl solution

Electrochemical characteristics
Base Coating
E,V E,V i, Alem?
- -0.84 -0.5 2.6:10°
AMg3 TiAI-SI.N 064 | -046 | 4.110°
alloy 3 4
TiAI-SiC -0.7 -0.51 5.2-10°°
- -0.48 -0.5 6.5-10°°
St3 TiAI-Si,N, -0.58 | -0.41 5.4:10°
TiAI-SiC -0.58 -0.36 4.4-10°
- -0.04 0.04 2.6:10°°
VTG alloy TiAI-Si,N, -0.2 -0.01 3.5-10°°
TiAI-SiC -0.2 -0.01 3.2-10°°

of TiAl titanium is available [15], according to which
ina 3.5 % NaCl solution, the corrosion current i_for it
is about 5-10° A/cm?. Electrochemical studies of the
plasma coatings (Table 1) showed that the introduc-
tion of carbide and nitride additives into TiAl alloy,
which leads to the formation of new phases during
plasma spraying of CP, produced by the method of
mechanochemical synthesis, increases its corrosion
resistance in the electrolyte by an order of value (i_ =
=10 A/cm?).

The corrosion potential of the plasma coatings on
St3 shifts by 0.1-0.2 V in a more positive direction
as compared to the stationary potential, on the polar-
ization curves, inhibition of the cathode process of
hydrogen release can be observed. The analysis of an-
ode polarization curves (Figure 4, a) indicates that in
the region of active dissolution (near the potential of
—0.38 V), a linear relationship between the potential
and the logarithm of the current density is observed.
When the potential is further increased (= —0.3 V),
the dissolution process is inhibited and the saturation
current is achieved, after which the current density re-
mains unchanged when the potential is increased.

EV

20 40 60

t, min

Figure 3. Change of stationary potential over time for plasma
coatings

For the plasma coatings, deposited on AMg3, the
corrosion potential is also shifted by 0.2-0.3 Vin a
more positive direction (0.5 V), which indicates a
uniform dissolution of the base through the pores of
coatings of ions A1**. Analysis of anode polarization
curves allowed revealing that the electrochemical
process occurs in the region of anode dissolution and
at a potential close to zero, its inhibition occurs.

In spraying of plasma coatings on VT6 alloy, the
corrosion potential enters the passive region in con-
nection with the formation of the protective layer of
titanium TiO, oxide on the surface.

The plasma coatings, deposited on St3 and AMg3,
reduce corrosion currents in the studied electrolyte by
one order and negligibly affect the corrosion resis-
tance of VT6 alloy.

After corrosion experiments, an X-ray phase analysis
of surface areas on the plasma coatings, exposed to the
aggressive environment, was carried out. It was revealed
that the phase composition of the coatings, deposited on
different metal bases, is slightly different.

Thus, the coatings with CP TiAI-SiC between the
main phases of TiC, Ti Si, and intermetallics of TiAl
system on St3 contain iron FeO and Fe304oxides, on
AMg3 aluminium Al,O, oxide, on VT6 titanium TiO,
oxide (Figure 5, a—).
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Figure 4. Polarization curves of plasma coatings with CP TiAl-SiC and TiAl-Si;N, in a 3 % NaCl solution, deposited on St3, AMg3

and VT6 alloys: a — 1 — St3; 2 — TiAl-SiC; 3 — TiAl-Si,N,;
alloy; 2 — TiAl-SiC; 3 — TiA1-Si,N,

b—

1— AMg3 alloy; 2 — TiAl-SiC; 3— TiAl-Si,N

3 V4

c—1—VT6
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Figure 5. X-ray patterns of the surface of plasma coatings with CP TiAl-SiC (a—), TiAl-Si,N, (d-¢), deposited on St3 (a, d), alumin-
ium AMg3 (b, e) and titanium VT6 (c, f) alloys, after corrosion tests in a 3 % NaCl solution

For the coatings with CP TiAI-Si N, on St3, in ad-
dition to the main phase composition of TiN, Ti Si,
and intermetallics of Ti-Al system, iron Fe,O, oxide
was detected. These results may indicate that the ag-
gressive environment is penetrated into the interface
of the coating with the base with the release of corro-
sion products on the surface of the electrode.

Analysis of corrosion test results showed that the
plasma coatings with CP TiAl-SiC and TiAl-Si,N,
reduce the rate of corrosion of St3 by 10-16 times,
AMg3 alloy by 8-9 times and VT6 alloy by 1.8-2.0
times. An increase in corrosion resistance can be ex-
plained by the formation of titanium silicide (Ti.Si.)
in the plasma coatings. From literary sources it is
known that silicides of metals significantly improve
the corrosion resistance of coatings and alloys in vari-
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ous aggressive environments, which is predetermined
by the presence of strong covalent bonds metal-non-
metal, and also Si—Si bonds [17, 18].

According to the polarization curves, the plasma
coatings deposited on the surface of St3 and alumin-
ium AMg3 alloy affect the rate of anode dissolution
both in the active region, as well as in the region of
their passive state, the anode process is inhibited (see
Figure 4, a, b).

The process of anode dissolution of coatings
on St3 proceeds mainly according to the reaction
Fe—Fe?+2e, Fe?* ions pass into the solution from the
base material through the pores in the coating. This is
confirmed by the data of XRD, where it was revealed
that after corrosion tests, on the surface of the coat-
ings deposited on St3, a layer of corrosion products
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Table 2. Resistance and service life of plasma coatings in a 3 % NaCl solution

Coating (base) Depth indxr:/fyzgirosion Ka Point on the resistance scale Service life, years
TiAl-Si,N, (AMg3 alloy) 0.058 5 6
TiAl-Si,N, (St3) 0.045 4 7
TiAl-Si,N, (VT6 alloy) 0.042 4 8
TiAl-SiC (AMg3 alloy) 0.055 5 6
TiAl-SiC (St3) 0.049 4 7
TiAl-SiC (VT6 alloy) 0.036 4 10
Notes. 1. For St3 K, = 0.5935; for AMg3 — 0.4925; for VT6 — 0.0667 mm/year. 2. All coatings belong to the group “resistant”.

consisting of iron oxides (FeO, Fe,O,) is formed. The
process of anode dissolution of the coatings on AMg3
alloy proceeds according to the reaction Al—>Al*+3e,
on the surface of the coatings, a layer of Al,O, oxide
is formed.

The polarization curves for the coatings deposited
on VVT6 alloy are located quite close to each other, the
corrosion potential indicates the passive state of the
surface of the specimens as a result of the formation
of a film of titanium TiO, oxide on them. The corro-
sion potential, which is close to zero, characterizes the
completely passive corrosion resistance of the coating
surface [19]. It should be noted that inhibition of an-
ode dissolution occurs both for the alloy itself and for
the plasma coating as well (see Figure 4, c).

The values of the corrosion currents, found from
the polarization curves, made it possible to calculate
the depth index of the coating corrosion. To charac-
terize the corrosion resistance, a ten-point evaluation
scale was used, according to which the plasma coat-
ings can be attributed to the group “resistant”. The
calculated service life of the plasma coatings indicates
the possibilities of their operation in the environment
of a 3 % NaCl solution for 610 years (Table 2).

In terms of corrosion resistance, the plasma coat-
ings with CP TiAl-SiC are not inferior to the compos-
ite coatings produced by sintering of powders of Ti Al
intermetallics with the addition of silicon carbide and
deposited on a titanium alloy by the electrospark
method (i, = 2.04-10° A/em?) [20].

CONCLUSIONS

1. It was found that the plasma coatings have hetero-
geneous structure with uniform distribution of phases
over depth and the absence of defects and delamina-
tions on the interface with the base. The phase com-
position of the plasma coatings for TiAI-SiC system
consists of the following phases: TiAl, TiAl,, TiC, Ti-
sSi, Ti,AIC, TiO,, for TiAl-Si,N, system with Ti Al
Ti Si,, TiN, TiO. The thickness of the coatings was
200 + 50 pm.

2. The introduction of non-metallic refractory
compounds into the plasma coatings based on TiAl in
spraying on the bases of St3 and AMg3 allows increas-
ing their corrosion resistance in a 3 % NaCl solution
by an order of value, in spraying on the base of VT6,
the corrosion resistance does not increase significantly.

3. Corrosion resistance of the plasma coatings
based on TiAl almost does not depend on the nature
of a refractory additive (SiC and Si,N,), which is in-
troduced, because for both coatings, the formation of
Ti_Si, occurs, as a result of which this characteristic
increases.

4. The plasma coatings with CP TiAl-SiC, TiAl-
Si3N4, which are deposited on the bases of St3, AMg3
and VT6, increase their corrosion resistance in a 3 %
NaCl solution by 12—13 times, 8-9 times and 1.8-2.0
times, respectively.

5. The plasma coatings can be placed in the fol-
lowing line by increasing their corrosion properties:
coatings on AMg3 — coatings on St3 — coatings on
VT6.

6. According to the scale of corrosion resistance,
the plasma coatings with CP TiAl-SiC and TiAl-
Si,N, belong to the “resistant” group. The calculated
service life of the coatings indicates the possibility of
their operation in the environment of a 3 % NaCl solu-
tion for a period from 6 to 10 years.
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ABSTRACT

The technology of electroslag surfacing and remelting, using a current-supplying mould, as well as the features of a mould
design are considered. Experience of upgrading the basic three-sectional design into a two-sectional one is described. Ways
of development of electroslag surfacing technology with application of current-supplying moulds of different dimensions and

cross-sections are shown.

KEYWORDS: electroslag surfacing and remelting, current-supplying mould

INTRODUCTION

It has been about 70 years since a new technological
process — electroslag process was officially recog-
nized. During these years, various methods of elec-
troslag welding and surfacing have been developed,
which have found a wide application in industry and
have already become “conventional”.

As for the method of electroslag surfacing (ESS)
in the current-supplying mould (CSM), such recogni-
tion and distribution did not occur. It was caused by
the difficulties in its practical realization, mainly due
to a low life of the applied unit — current-supplying
mould.

The aim of the work is to show some difficulties
in creating a new type of moulds, their design and
technological features, as well as prospects for the de-
velopment of this technology, taking into account the
success achieved in its industrial application.

For the first time, a nonconsumable section elec-
trode — a mould — without any additional electrodes,
was presented in the early 1960s by G.V. Ksyondzyk,
staff colleague of the PWI of the NAS of Ukraine, in
co-authorship with I.I. Frumin and V.S. Shyrin [1, 2]
and patented in many countries [3-5]. The division of
functions of melting a deposited material and forma-
tion of the deposited layer in it were achieved by the
use of various sections of the mould electrically iso-
lated between each other in the technological process.

The scheme of the mould is presented in Fig-
ure 1. It consists of separate horizontal water cooled
sections 2, 6 and 7, separated between each other by
electric insulating gaskets 5. To the upper section 2,
which conducts an electric current, the voltage from
the power source is supplied; the lower section 7
forms a deposited metal; the intermediate section 6
is used to divide the upper and lower sections. It can

Copyright © The Author(s)

also be an element of automatic tracking of the metal
pool level 8.

To protect the upper section against the electric
erosion, it has a protective heat-resistant conductive
lining 4, which is usually made of graphite. Electric
erosion is a phenomenon inherent in both CSM, as
well as in ordinary moulds used in the technologies of
electroslag remelting (ESR) [6]. At the same time, the
resistance of new ESR moulds withstands in average
250 melts, but if an average duration of each melt is
2.5 h, it ranges from 150 to 350 melts.

Itshould be noted that if in the conventional moulds,
the current passing on the mould wall, depending on
melting parameter ranges from 10-20 to 90 % of the
total current [7], then during ESS in CSM, through the
current-supplying section, the entire working current
passes. Therefore, in this case, electric erosion pro-

Figure 1. Scheme of ESS with a discrete filler in CSM: 1 — dis-
crete filler; 2, 6, 7 — current-supplying, intermediate and forming
sections of the mould, respectively; 3 — slag pool; 4 — protective
lining; 5 — insulating gasket; 8 — metal pool; 9 — deposited
metal; 10 — product; 11 — bottom plate. Arrows show distribu-
tion of current in the slag pool
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Figure 2. Surface of the slag crust that was in contact with the
eroded surface of the wall of the current-supplying section (in the
absence of lining): working currents are up to 1 kA, operation
time is 1 h (x7)
cesses should run more intensively. Figure 2 shows
the surface of a slag crust that was in contact with an
eroded wall surface of the current-supplying section.

One more feature of CSM is that in its current-sup-
plying section, a longitudinal incision is made, which
is usually filled with a heat-resistant electric insulating
material, as a result of which this section represents a
single-turn inductor. The magnetic power lines of this
inductor, interacting with the magnetic power lines of
welding current, generate a rotary effect in the slag
pool (which is also transmitted by friction forces on a
metal pool). This additional property of CSM allows
getting special advantages in ESS: improving equaliz-
ing of temperatures over the volume of the slag pool,
providing a uniform distribution of a surfacing filler
over the surface of the slag pool, reduction in electric
erosion phenomena by decreasing a number of local
zones for conducting current to the slag pool.

To start operation of the mould, the slag pool 3
should be created in it. This can be done in two ways:

—
| — !

Figure 3. Basic design of two-section CSM: 1 — billet; 2 — steel
clamping ring; 3 — copper current-supplying ring; 4 — graphite
section; 5 — insulating gaskets; 6 — copper section; 7 — collec-
tor; 8 — inductive sensor of metal level

by its formation directly in the mould using an ad-
ditional non-nonconsumable electrode (solid start),
or by pouring a liquid slag into the mould, prelim-
inary molten in a separate capacity (liquid start). In
both cases, the volume of the slag should be so that it
could cover all three sections. As a conductive medi-
um, it begins to conduct current from the upper (cur-
rent-supplying) section through the metal pool 8 to
the deposited metal 9, the product 10 and the bottom
plate 11. Regardless of the electroslag process param-
eters, a discrete filler 1 is supplied into the slag pool,
which during melting in a slag, crystallizes in the low-
er forming section. In the case of using consumable
electrodes in ESS, various electrical circuits of their
melting in the slag pool can be used [8].

As is seen from Figure 1 and description of the op-
eration of the mentioned unit, these circuits in design
and technological terms are quite simple.

But it should be admitted that in the author’s certif-
icate, a rational idea was first and foremost stated on
this design. Therefore, with all its simplicity, it took
more than ten years to obtain the first encouraging re-
sults of operation of the proposed mould. Mostly, this
was associated with an increase in its life. Neverthe-
less, there were problems with the choice of an opti-
mal composition of the flux, open circuit voltage of
the power source and the circuit of electrical connec-
tion. As an example of optimization of CSM design,
in Figures 3 and 4, the variants of creating a two-sec-
tion CSM for surfacing cylindrical parts are shown.

A distinctive feature of the basic model of such
a mould (Figure 3) is the absence of an intermediate
section, which is subjected to the most complex ther-
mal conditions, and the use of a graphite bushing as a
current-supplying element, isolated from the forming
section over the vertical surface and a lower end.

Under such a scheme after pouring the slag into
the mould, as a result of a rapid destruction of the in-
sulation, not slag, but arc process begins. The cases of
increased erosion destruction of the copper wall of a
water-cooled mould and a copper current-supplying
ring are observed.

In connection with the obtained result, some de-
sign changes were introduced — a graphite bushing
was made with a clamp to provide better electrical
contact in the current conducting zone and with a
boundary vertical section along its length (Figure 4).

The constant rotation of the slag pool could not be
achieved due to the appearance of reduction-oxida-
tion reactions in the section area of electric-supplying
products, occurring at the border graphite-slag. On
the horizontal surface of a copper section in the zone
of its close vicinity with the end of a graphite bushing,
traces of erosion were noted.
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Figure 4. Two-section design of CSM with a clamp on the graph-
ite section: 1 — copper section; 2 — insulating gasket; 3 — cop-
per current-supplying ring; 4 — graphite section; 5 — workpiece;
6 — inductive sensor of metal level; 11, 12 — respectively, hori-
zontal and vertical components of current

The authors of the patent called the unit they de-
veloped a “current-supplying mould”, although this
name does not fully reflect the physical content of the
processes that occur.

The fact is that the voltage is supplied to the mould
from the power source. The mould itself (or rather its
upper section under voltage), being an element of the
electrical circuit power source — upper section — slag
pool — metal pool — workpiece — bottom plate, con-
ducts a current passing on it. Therefore, it would be
more correct to call this unit a “mould under voltage”
or a “current—conducting mould”.

Due to the fact that the original name has already
been rooted in the technical literature, the term with
the abbreviation CSM should be used, proposed by
the authors.

The idea of using ingots during melting or units
during surfacing, that simultaneously affect proceed-
ing of the electroslag process and provide the forma-
tion of the molten metal is so attractive, that it became
used in different variants both in the countries of near
and far abroad [9-11].

The “Inteco” Company (Austria) received several
patents for melting ingots using CSM [12, 13].

Figure 5 shows one of such methods based on
the patent [14]. Its distinctive feature is that during
remelting, the voltage is supplied from one power
source both to the consumable electrode and also to
one of the sections (intermediate) of the mould, which

\8

N

Figure 5. Scheme of section mould based on the patent DE 196
14 182 C1 of Germany: 1 — consumable electrode; 2 — upper
section of the mould; 3 — intermediate section of the mould; 4 —
power source; 5 — slag pool; 6 — metal pool; 7 — lower section
of the mould; 8 — deposited metal; 9 — bottom plate; 10 — elec-
tric insulating gaskets

are made of graphite or refractory metals W, Mo, Nb,
etc. and isolated from other sections.

This technology received an industrial application
during a rapid melting of ingots made from high-
speed steels using the method of ESRR (Electro Slag
Rapid Remelting) [15].

The further development of ESS technology in
CSM was the use of not only electrodes of a large
cross-section and a discrete filler in surfacing, but
also a filler in the form of a liquid material [16]. At
the same time, with an increase in sizes (diameter) of
the mould, it is proposed to use a current-supplying
section with a large number of vertical sections [17,
18] to provide a uniform penetration of a workpiece
surface.

Recently, to expand the capabilities of ESS in
CSM, technologies for producing bimetal of a square
cross-section were developed [19]. In this case, in the
moulds of this type, all the technical features inherent
in CSM of a round cross-section are preserved.

Thus, on the basis of the obtained results of a
successful industrial testing of ESS technology in
CSM using the moulds of two shapes of a working
cross-section (round and square), it can be assumed
that it became possible to create an operable technol-
ogy of surfacing and the units for its realization.
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ABSTRACT

A complex of research work was performed on the base of EBM technology to produce high-strength complex titanium alloys
of Ti-Al-Zr—Si-Mo—-Nb-Sn system with silicon content, higher than the thermodynamically stable value in the solid solution.
Alloys of this system are promising for creation of a new class of materials with a high level of heat-resistant characteristics.
It is shown that EBM allows producing ingots of high-temperature titanium alloys of Ti—Al-Zr—Si-Mo—-Nb—Sn system, which
are characterized by sufficient chemical homogeneity and absence of casting defects. It is found that tin presence lowers silicon
solubility in the test alloys and intensifies silicide release. Here the structure is also refined. It is found that additional alloying
elements influence silicon solubility in titanium, forming complex silicides of (Zr, Ti)Si (Ti, Zr),Si type in the test alloys. It
is shown that the microstructure of the test cast alloys consists of platelike a-phase packets within primary (-grains, having
different crystallographic orientation.

KEYWORDS: high-temperature titanium alloy; ingot; electron beam melting; technological modes; chemical composition;

cast metal; structure

INTRODUCTION

In the recent decades significant attention is given to
development of alloys based on refractory and high-
ly reactive metals. Today, nuclear power engineering,
gas turbine construction, aeronautic and aviation engi-
neering require light and strong materials, which can
compliment a list of high-temperature alloys based on
nickel, cobalt and iron that are traditionally used in
these fields. High-temperature titanium-based alloys
are one of the ways of solution of this problem. Com-
plex titanium-based alloys are of particular interest.
They have high specific strength, heat- and corrosion
resistance properties in various media [ 1-3].

There are high requirements to the critical designa-
tion parts, which are constantly improved and become
more rigid. This, first of all, relates to the quality of
materials being used. Therefore, for the purpose of
widespread use of titanium alloys in different struc-
tures it is necessary to develop new titanium-based
materials with higher operation characteristics as well
as improve production of semi-finished products of
these alloys in future[4].

Any imperfections of chemical and structural ho-
mogeneity in titanium alloys result in decrease of
strength and life of the products. Production of tita-
nium alloys is related with the difficulties caused by
high titanium sensitivity to interstitial impurities, in

Copyright © The Author(s)

particular, oxygen, nitrogen, hydrogen and carbon
and interaction with many chemical elements. This
leads to creation of solid solutions or compounds.
Moreover one of the main structural imperfections
of titanium alloys is the presence of nonmetallic in-
clusions. High activity results in occurrence of physi-
cal-chemical processes of interaction with gases even
in solid state. Therefore, non-metallic inclusions, in
particular nitrides and oxides, can be generated in a
process of ingots melting as well as at various stages
of technological redistribution into finished products.
Non-metallic inclusions can be introduced in the fin-
ished product from charge materials in the process of
melting as well as in heat treatment of the finished
product. Titanium actively interacts not only with gas-
es, but also with other elements, including alloying
components. Therefore, local enrichment of separate
volumes of the ingots with alloying elements can re-
sult in formation of intermetallic inclusions, for ex-
ample Ti,Al, TiAl, TiCr and others [5].

WORK RELEVANCE

Operating temperatures of the modern commercial ti-
tanium alloys do not exceed 600 °C that limits their
application [6]. Therefore, a problem of improve-
ment of mechanical characteristics of titanium alloys
at temperatures exceeding 600 °C is relevant for the
moment and requires solution. One of the perspective
directions for the problem solution is development
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of the titanium composites based on Ti—Al-Zr—Si—
Mo—Nb—-Sn system with silicon content exceeding
thermodynamically stable value in solid solution. Such
composites have a multiphase structure where strength-
ening of titanium matrix with refractory compound of
TiSi, takes place in a natural way in a process of solid-
ification. The alloys of this system are perspective for
development of a new class of materials with high level
of heat-resistant characteristics [7—11].

Today not all the methods of titanium ingots manu-
facture allow obtaining quality metal and violation of
a technological process of titanium alloy production
results in detection in the ingots of defects reducing
metal quality. The main factor affecting the material
quality, in particular, ones having low technological
plasticity, is a high quality of output ingot. An elec-
tron beam melting (EBM) can provide proper quality
of obtained ingot with uniform, not coarse structure
and good chemical homogeneity. The EBM allows
a wide range regulation of melting rate due to inde-
pendent heat source that in turn allows regulation of
duration of metal staying in liquid state. The EBM is
a technology that permits providing almost complete
removal of refractory inclusions of high and low den-
sity. Thus, the EBM allows rising a quality of titanium
alloy ingots.

Therefore, now mastering of the technology of
melting of high-temperature complex titanium alloys
of Ti-Al-Zr-Si-Mo—Nb-Sn system using EBM is a
relevant problem.

MATERIALS
AND INVESTIGATION METHODS

Most of the titanium alloys contain high amount of
alloying elements that somewhat complicates their
production using electron beam melting. Melting in
vacuum promotes random evaporation of alloying el-
ements with high vapor tension. So, melting of the in-
gots of complex titanium alloys using EBM provokes
a problem of assurance of set chemical composition

Figure 1. Process of melting of ingot of Ti—Al-Zr—Si-Mo—Nb-Sn
system titanium alloy of 110 mm diameter in electron beam unit
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of an ingot [13]. In this case aluminium is referred
to such elements. And concentration in the ingot of
elements with vapor density lower than vapor density
of titanium (Nb, Mo, Zr and Si) can even somewhat
rise. PWI of the NASU has carried out the fundamen-
tal investigations of the processes of evaporation of
components from a melt in vacuum [12]. They were
used to calculate a predicted chemical composition of
the ingots based on the results of which a calculation
of weight of the charge ingot components was carried
out. An alloying component with high density of vapor
(Al) was charged taking into account compensation of
evaporation losses. The charge ingot for melting of
ingots of high-temperature complex titanium alloys
of Ti—Al-Zr-Si—-Mo-Nb—Sn system was formed in
a nonconsumable bucket. Electron beam installation
UE-208M (Figure 1) [14] was used for melts.

To master the technology of melting of high-tem-
perature complex titanium alloys of Ti—Al-Zr—Si—
Mo—Nb—Sn system using EBM there were used ear-
lier mastered technological schemes of charging of a
consumable billet and melting modes [15].

Technological parameters of melting
of Ti—Al-Zr-Si-Mo—Nb—Sn system ingots
of 110 mm diameter

Meltingrate, kg/h .. ... 30
Height of portion simultaneously poured in a mold, mm .... 10
Power, kW:

inamold ... ... ... . . 20

in an intermediate crucible

The composition of metal of the obtained ingots
was determined using inductively-coupled plasma
method in optical emission spectroscopy (ICP-OES)
on ICP-spectrometer ICAP 6500 DUO. Content of
oxygen and nitrogen was determined by a method of
melting of analyzed sample of chips in vacuum in a
graphite crucible, heating of which was performed
using 900-1000 A current on RO-316, TN-144, RH-3
type devices of LECO Company (USA).

Quality of the ingot surface as for presence of
pores, cavities, non-metallic inclusions, and cracks
was determined visually without magnifying devices.
An ultrasonic testing method was used to determine
in the titanium ingots of internal defects in form of
non-metallic inclusions, pores or inhomogeneities.

The structural investigations of metal of the ob-
tained cast ingots were performed on the transverse
templates, from which the samples for metallographic
investigations were cut out. The sections of investi-
gated alloys were made using the method of mechani-
cal grinding with abrasive paper of different grain size
and polishing of the samples by abrasive paste with
chemical etching by a reagent of the following com-
position: 70 % H,0, 25 % HNO,, 5 % HF.
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Figure 2. Ingots of Ti—Al-Zr—Si—-Mo—Nb—Sn system titanium alloys of 110 mm diameter after EBM: a — 812-208 melt; b — 814-208

melt; ¢ — 815-208 melt

The structure of alloys was examined using optical
and electron microscopy methods. Metallographic in-
vestigations were carried out using optical microscope
Jenaphot-2000 by the method of scanning electron
microscopy on scanning microanalyzer JEOL Super-
probe-733. Standard Vickers method was used for mea-
surement of hardness at room temperature according to
the State Standard 299975 at 30 kg loading.

INVESTIGATION RESULTS
AND THEIR DISCUSSION

In order to provide high physicochemical character-
istics of the experimental titanium alloys at room and
elevated temperatures a complex alloying was per-
formed for the purpose of hardening of solid solution
by a-phase and dispersed particles of secondary phase,
in particular silicides. Following the specification a
series of melts was carried out (Figure 1) and cast in-
gots of high-temperature complex titanium alloys of
Ti—Al-Zr—Si—Mo—Nb-Sn system of 110 mm diame-
ter and 1000 mm length (Figure 2) with different con-
tent of alloying elements were obtained, namely 812-
208 melt — Ti—5A1-5Zr—0.8Si—0.3Mo—-0.1Nb alloy;

814-208 melt — Ti—6.5A1-5Zr—0.5Si—1.5Sn—0.1Nb
alloy; 815-208 melt — Ti—6.5A1-5.5Zr—0.8Si—0.6Mo—
0.5Nb—1.7Sn alloy.

A side surface of the obtained cast ingots after
cooling in vacuum to temperature below 300 °C is
clean, increased concentration of impurity elements
on the surface in form of oxidized or alpha layer is ab-
sent. Depth of the surface defects of corrugation type
makes 2-3 mm, defects in forms of tears, cracks or
lack of fusion are absent.

In order to evaluate quality of metal of the ob-
tained ingots there were carried out the investigations
of chemical composition of the samples taken on in-
got length from upper, middle and lower parts. The
results of analysis of chemical composition of metal
of the obtained ingots showed that the distribution of
alloying elements on ingot length is uniform.

As a result mechanical processing of the side sur-
face was performed and upper and bottom parts of the
ingots were cut (Figure 3). The templates were cut out
for performance of metallographic investigations and
production of the samples for mechanical properties
testing (Figure 4).

Figure 3. Appearance of ingots of Ti—Al-Zr—Si-Mo-Nb—Sn system titanium alloys of 110 mm diameter after side surface machining:

a — 812-208 melt; b — 814-208 melt; ¢ — 815-208 melt
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a b

Figure 4. Cut templates of ingots of 815-208 (a) and 812-208 (b)
melts for samples manufacture

Melted alloys corresponding to their composition
can be referred to pseudo-a-alloys: they consist of
a-phase and small amount of residual B-phase, the
structure also contains silicides (Figures 5, 6).

Microstructure of the investigated cast alloys rep-
resents itself the batches of lamellar a-phase in the

~

b

e,

limits of primary B-grains that have different crys-
tallographic orientation. Formation of the structure
takes place in the process of cooling, namely inter-
nal volume of B-grains is filled with chaotic o.-plates
as well as collected in the batches (a.-colonies), that
indicates inhomogeneity of the cast structure. The in-
termetallics start to segregate first of all on structural
defects, boundaries of grains and a.-plates stimulating
their growth. Primary silicides and silicide layers are
formed at decrease of silicon solubility in B-phase ac-
cording to the diagram of phase equilibrium of Ti-Si
system as a result of liquation processes at ingot solid-
ification (Figure 7) [16].

Fine silicides at the boundaries of a-plates are
formed in the process of eutectoid transformation and
further decrease of silicon solubility in the titanium

m EI)S[_MZIZ

Figure 5. Optical (a—d) and scanning electron (e—h) microscopy of cast alloy Ti—5Al-5Zr—0.8Si—0.3Mo—0.1Nb (melt 812-208)
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Figure 6. Optical (a—d) and scanning electron (e-h) microscopy of cast alloy Ti—6.5A1-5.5Zr—0.8Si—0.6Mo—0.5Nb—1.7Sn (melt
815-208)

o-matrix. Figure 8 shows a distribution of the main

alloying elements in the cast aII(_)y of 81?—_2(_)8 melt. o R S;b“"-"jo R—
It can be seen that except of titanium the silicides and T,°C : M (- [F [ e
their interlayers at the grain boundaries also contain 2000 ™ 5554
zirconium, i.e. in the investigated alloys there is for- 1800 ol R
mation of the complex silicides of (Zr, Ti).Si, and (Ti, ieoibs ] I 57&
Zr),Si type, which were earlier found in Ti—Zr-Si-Nb \ (25001300 A T
system alloys [17]. Zirconium and silicon are in sol- 1400 - ‘V.,juu 1\
id solution as well as in hardening silicide phase that 1200 FIB-T113.548 86
is distributed along the boundaries of former (3-grains o } .m__l | [ -
and a-plates. Thus, alloying elements have significant 882° EREAEG = Si|—
effect on silicon solubility in titanium. A _

Aluminium has uniform enough distribution in the il
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structure. It is virtually completely located in the solid Ti Si, at.% Si

solution, almost absent at the boundaries of grainsand  Figure 7. State diagram of titanium-silicon system
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present in smaller quantity sometimes in the spaces of
o-plate batches in the places, where, probably, resid-
ual B-phase is present. The size of grains and plates
of a-phase depends on silicon content as well as ad-
ditional alloying in investigated cast titanium alloys.
For quantitative evaluation of the lamellar structure
the following parameters are used D (-grain size), d
(size of a-plates colonies) and b (width of a-plates).
The average size of the grains of cast alloys makes
approximately 300-500 pm, alloy 815-208 has finer
structure elements (a-plates and their colonies) in
comparison with alloy 812-208. Thus, in alloy 812-
208 the width of a-plates makes 3—5 um and in alloy
815-208 it is 2-3 um (see Figures 5, 6).

In the structure of alloy 812-208 the amount of sili-
cides on the boundaries of former 3-grains and between
o-plates is smaller than in alloy 815-208. Composition
of the latter differs by additional content of tin, which is
often used for titanium alloys doping for the purpose of
increase of their heat resistance. Addition of tin promotes
slowdown of processes of redistribution of the alloying
elements between a- and B-phases that rises thermal sta-
bility of high-temperature alloys [18].

CONCLUSIONS

1. Performed set of works showed that the electron
beam melting allows obtaining metal of ingots of
high-temperature Ti—Al-Zr-Si—-Mo—Nb—Sn system
titanium alloys being characterized with sufficient
chemical homogeneity and absence of defects of cast
origin (pores, cavities, inclusions of low and high
density).

2. It is shown that microstructure of examined cast
alloys represent itself the batches of lamellar o.-phase
in the limits of primary B-grains that have different
crystallographic orientation.

3. It is determined that additional alloying ele-
ments have significant effect on silicon solubility in
titanium. They form complex silicides of (Zr, Ti) Si,
and (Ti, Zr),Si type in the investigated alloys.
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Figure 8. Distribution of doping elements (a — Al; b — Si; ¢ — Zr) in cast alloy Ti-5A1-5Zr—0.8Si—0.3Mo-0.INb (815-208 melt)

4. 1t is shown that presence of tin reduces solubil-
ity of silicon in the investigated alloys and therefore
increases precipitation of silicides, at that the struc-
ture is also refined.
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ABSTRACT

Scandium and zirconium content was determined in different areas of welded joints of stamped semi-finished products of
01570 aluminium alloy produced by electron beam welding. It was found that dissolution of not only secondary, but also of a
part of primary Al (Sc, Zr) intermetallics, contained in the base metal, takes place in the weld pool. The quantity of scandium
dissolved in the liquid metal, is determined by the time of the pool existence. Further on, scandium is completely or partially
fixed in an oversaturated solid solution, depending on the rate of hardening during the weld metal cooling. At 0.10-0.12 %
concentration of scandium dissolved in the weld pool, its complete transition into an oversaturated solid solution ensures hard-
ening at not less than 5-10% °C/s rate. It is shown that approximately 50 % of scandium contained in 01570 alloy, participates in
hardening of stamped semi-finished products. The remaining scandium is present in the composition of primary intermetallics.

KEYWORDS: electron beam welding; aluminium alloy; hardening; artificial aging; intermetallics

INTRODUCTION

The 01570 alloy is the most strength among other ther-
mally non-strengthened wrought aluminium alloys of
Al-Mg system [1]. By the level of strength properties,
wrought semi-finished products of 01570 alloy in the an-
nealed state approach the level of properties of wrought
semi-finished products of thermally strengthened al-
uminium alloys in the state after hardening and artifi-
cial aging. It should be noted that heat treatment in the
form of annealing for 01570 alloy is strengthening. The
chemical composition of the alloy is given in Table 1. In
casting of the alloy ingots, a fixation of scandium in an
oversaturated solid solution, i.e., hardening occurs. At a
subsequent annealing, a decomposition of an oversatu-
rated solid solution of scandium in aluminium with the
precipitation of secondary strengthening fine-dispersed
particles of Al,Sc phase occurs. In this connection, as
far as concerns 01570 alloy, annealing will be further on
called artificial aging. Both for alloys of Al-Sc and Al-
Mg-Sc systems in general, as well as for 01570 alloy,
in particular, artificial aging at 350 °C of 1 h duration
provides the highest increase in strength properties [1,
2]. This heat treatment mode appeared to be better to
increase the strength of welded joints of semi-finished
products of 01570 alloy [3]. Artificial aging of welded

joints produced by electron beam welding (EBW) im-
proves hardness of the weld metal above the level of
hardness of the base metal of stamped semi-finished
products, and ruptured specimens cut out from aged
welded joints are destroyed over the base metal outside
the heat-affected zone. This fact gave reason to assume
that with an artificial aging in the weld metal, a higher
quantity of fine-dispersed secondary Al Sc intermetal-
lics precipitated than initially in the base metal.

To form this excess quantity of particles, three
conditions should be fulfilled.

First, an additional scandium is required, that
has not previously participated in strengthening of
the metal. This scandium is formed in the metal at
the stage of producing ingots in the form of primary
AlSc precipitates.

Secondly, along with a complete dissolution of
secondary intermetallics in the weld pool metal, it is
necessary to dissolve primary intermetallics at least
partially. Due to the fact that after artificial aging, the
hardness of the weld metal becomes higher than the
hardness of the base metal, such dissolution takes
place. It is important to note that the greatest increase
in hardness (i.e., more full dissolution of primary in-
termetallics) occurs at a low welding speed, when the

Table 1. Chemical composition of 01570 alloy (GOST 4784-2019), wt.%

Al Mg Mn Sc

Zr Ti Si Fe Cu Zn

Base 5.3-6.3 0.2-0.6 0.17-0.27

0.05-0.15

0.01-0.05 <0.2 <0.3 <0.1 <0.1

Copyright © The Author(s)
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time of staying the metal in the liquid state in the area
of exposure to the electron beam increases [4].

Third, during cooling of the weld metal dissolved
in a liquid metal, scandium should be fixed in a sol-
id oversaturated solution. The complete transition of
scandium from the melt into an oversaturated solid
solution grows with an increase in the rate of hardening
[5]. And in EBW of 01570 alloy, it was found that a de-
crease in welding speed from 16.8 to 2.8 mm/s and, ac-
cordingly, reduction in the rate of hardening from 1-10*
to 5-10? °C/s does not decrease, but on the contrary in-
creases the hardness of the weld metal. Therefore, it
can be assumed that all or almost all scandium, dis-
solved in a liquid weld pool metal transfers into a solid
solution and further on, during aging, it is released in
the form of secondary Al Sc intermetallics.

The main factor that restrains the widespread use
of aluminium-magnesium alloys with scandium is a
high cost of scandium. To reduce the consumption of
scandium while maintaining high service character-
istics, in aluminium-magnesium alloys, zirconium is
introduced. Zirconium is introduced into 01570 metal
together with scandium. It dissolves in Al Sc inter-
metallic, replacing atoms of scandium, maintaining
and stabilizing its properties [6]. In alloys of Al-Mg
system, the optimal content of scandium and zirco-
nium is considered to be 0.22—0.24 and 0.10-0.12 %,
respectively. If the specified content is elevated, the
excess scandium and zirconium in the alloy are in
the form of primary A1,(Sc, Zr) intermetallics, dete-
riorating the service characteristics of the alloy [7].
For example, in Al-Mg-Sc-Zr alloy at 77 K, primary
Al1,(Sc, Zr) phases are responsible for arising of cavi-
ties and cracks on their interface with a matrix at cryo-
genic temperature [8]. At a decrease in the specified
content, the possibilities of scandium and zirconium
are not fully used.

Concerning quantities of these primary interme-
tallics, the literature gives contradicting data. Previ-
ously, the developers of 01570 alloy wrote that the
bulk part of scandium remains in an oversaturated
solid solution [1, 9] (from this part, at a subsequent
thermomechanical treatment, strengthening second-
ary intermetallics Al,Sc are formed), and some neg-
ligible part of it is precipitated from the melt in the
form of relatively large primary intermetallics [10]. In
[11] it is asserted that to form a strengthening phase
(secondary intermetallics), 50 % of scandium and zir-
conium is spent, which is introduced into 01570 alloy.
The rest of these elements are contained in primary
intermetallics.

The aim of the work is to study the features of
metallurgical processes occurring in the weld pool
in EBW of 01570 alloy, determining the quantity of

scandium and zirconium, which goes to the formation
of secondary intermetallics in the weld metal and the
minimum rate of hardening required for a complete
transition of scandium into an oversaturated solid
solution during cooling of the weld.

RESEARCH METHODS AND EQUIPMENT

The studies were conducted on the plates of 01570
alloy with a thickness of 30 mm. The plates were
welded in the electron beam welding installation UL-
209M with ELA 60/60 power source at an accelerat-
ing voltage of 60 kV.

On cross-sections with the help of Rockwell de-
vice, the hardness of the weld metal and near-weld
area was measured. The measurements were carried
out during loading on a steel ball of 600 N on a scale
B. The mechanical properties of the weld metal were
determined by the rupture test of standard cylindrical
specimens with the diameter of working part being
4.0 mm and clamps of 9.0 mm diameter.

The test specimens were cut out from the weld
metal along the welding direction so that the working
parts of the specimens and the adjacent areas consist-
ed of the weld metal. The scheme of cutting out spec-
imens is shown in Figure 1.

The microstructure of the specimens was investi-
gated on transverse sections with the use of the elec-
tron microscope Carl Zeiss Sigma 300 at an accelerat-
ed voltage of 15 kV.

To determine the chemical composition of differ-
ent areas of the base metal, weld and intermetallic
particles, X-ray spectral microanalyzer Oxford In-
struments XMAX-350 (attached analyzer PEM Carl
Zeiss Sigma 300) and software for calculating results
were used.

EXPERIMENTAL INVESTIGATIONS
AND RESULTS

The plates of stamped semi-finished products of
01570 alloy were welded in the lateral position using
a horizontal beam. The welding modes are given in
Table 2. As the beam scanning amplitude increases

Figure 1. Scheme of cutting out specimens for tensile tests of
weld metal: 1 — specimens; 2 — weld
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Table 2. EBW modes for welding plates of 1570 alloy of 30 mm thickness

Welding Amplltude_of Weld width, Rate of hardening
U, kv v, mm/s 1, mA beam scanning, o
mode b w b mm of weld metal, °C/s
mm
1 2.8 95 15 35 5:10?
2 16.8 260 Same Same 1-10*
3 60 2.8 130 4.0 7.0 Was not measured
4 6.0 220 Same Same Same
5 12.0 310 » » »
6 16.8 350 » » »

from 1.5 to 4.0 mm, the width of the weld increased
from 3.5 to 7.0 mm (Figure 2).

For measurements of hardness and mechanical
tests after welding, the plates of 01570 alloy were ar-
tificially aged at a temperature of 350 °C during 1 h.

The results of measuring hardness of welded
joints showed that for all the studied welding modes,
the hardness of the weld metal is by 2-6 HRB units
higher than the hardness of the base metal (Figure 3).
The highest hardness (about 96 HRB) is in the nar-
row welds produced at a welding speed of 2.8 mm/s
(mode 1). In the case of an increase in the width of the
weld from 3.5 to 7.0 mm (mode 3), its hardness is re-
duced to 91-92 HRB. The hardness of the weld metal
produced at a welding speed of 16.8 mm/s (modes 2
and 6) is almost independent of their width and is
about 93 HRB.

Figure 4 shows intermetallics in the base metal
(a) and in the metal of welds, produced at a speed of
16.8 mm/s (b) and 2.8 mm/s (c). On the photos against
the backdrop of the dark matrix, light, apparently, pri-
mary intermetallics are seen, containing scandium
and zirconium with the size from 1.0 to 15.0 um. The
inclusions of a rounded shape (Figure 4, d, €) or in
the form of irregular polyhedra (Figure 4, f) are en-
countered. Their chemical composition is wt.%: Al —
60-62, Sc — 21-22, Zr — 17-18.

Fine (1-3 um) primary intermetallics are distribut-
ed in the matrix relatively uniformly, and larger ones
(515 pm) are chaotic.

At magnifications X500 and x1800, it is impossible
to detect nanosized secondary A1,(Sc, Zr) intermetal-
lics, which are contained in the base metal. Therefore,
the quantity of scandium and zirconium contained in

b

a c

Figure 2. Transverse macrosections of welded joints of plates of stamped semi-finished product of 01570 alloy with a thickness of 30

mm:a—mode 1;b—2;c—3;d—6
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Figure 3. Distribution of hardness in the transverse sections of welded joints of 01570 alloy after artificial aging with an amplitude of

electron beam scanning of 1.5 mm (a) and 4.0 mm (b)
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| S ]

Figure 4. A1,(Sc, Zr) intermetallics in the base metal of 01570 alloy (a, d) and in the weld metal in EBW on the mode 2 (b, €) and on

the mode 1 (c, f): a—¢c — x500; d—g — x1800

them was determined in the regions of matrix, which
do not contain primary intermetallics. The content of
scandium and zirconium in different areas of welded
joints is shown in Table 3.

Secondary intermetallics of the base metal con-
tain about 0.10 % of Sc and 0.07-0.90 % of Zr. This
means that in strengthening of stamped semi-fin-
ished products of 01570 alloy, not more than a half
of the most expensive alloying element — scandi-
um participated. And in a solid solution of the weld
metal, scandium content increased and amounts
to 0.11 % during welding at a speed of 16.8 mm/s
(mode 2) and 0.12 % at a welding speed of 2.8 mm/s
(mode 3). Zirconium content in a solid solution of
welds amounts to about 0.1 %.

The mechanical properties of the weld metal of
01570 alloy produced at different welding speeds
after artificial aging are shown in Table 4. When
the welding speed grows from 2.8 to 16.8 mm/s, the
strength and ductility of the weld metal increase. The
ultimate strength of the weld metal increases from
375 to 385 MPa, the conditional yield strength grows
from 230 to 240 MPa, and the relative elongation rises
from 15 to 25 %.

RESEARCH RESULTS
AND THEIR DISCUSSION

Let us consider the results of measuring hardness,
obtained on the specimens produced on the modes 1
and 2 (see Table 2, welds of 3.5 mm width). From
Figure 3, a it is seen that the hardness of all artificial-
ly aged welds is higher than the hardness of the base
metal. Moreover, in welding at a speed of 2.8 mm/s,
the hardness is higher than at a speed of 16.8 mm/s.

Such an increase in hardness can be explained as fol-
lows. During the EBW process, nanosized second-
ary Al,(Sc, Zr) intermetallics, contained in the base
metal, are completely dissolved in a liquid metal of
the weld pool. In addition, in the metal of the pool,
a partial dissolution of relatively large primary inter-
metallics occurs. The longer the period of the weld
pool existence, the larger part of refractory primary
intermetallics succeeds in dissolving in a liquid met-
al. Therefore, at a low welding speed (2.8 mm/s), the
content of scandium dissolved in a liquid metal is
higher than at a high welding speed (16.8 mm/s). This
is confirmed by an X-ray spectral analysis of a solid
solution of the weld metal. In a solid solution of the
weld metal, produced at speeds of 2.8 and 16.8 mm/s,
scandium is contained in the quantities of 0.12 and
0.11 %, respectively. As was mentioned above, for the
welds of 3.5 mm width, produced at welding speeds
of both 2.8 as well as 16.8 mm/s, the rates of hard-
ening are sufficient for all scandium dissolved in the
weld metal, to be completely fixed in a solid solution
during cooling. Further, at an artificial ageing of weld-
ed joints in the welds produced at a welding speed

Table 3. Content of scandium and zirconium in different areas of
welded joints, wt.%

Place of determination Sc Zr
Primary intermetallics 21-22 17-18
" ontan pimay imemetais. | 040 | 007009
Solid solution of the weld metal:
Mode 2 0.11 0.10
Mode 3 0.12 0.10
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Table 4. Mechanical properties of welded joints of 01570 alloy, produced at different welding rates after artificial aging

Welding speed, mm/s 0 0
(welding mode) oy MPa oy MPa 0. % V. %
28(3) 374.2-378.0 229.5-231.1 14.7-154 38.3-41.5
' 375.4 230.3 15.1 40.1
6 (4) 375.6-376.2 226.1-232.4 14.6-15.2 26.4-28.3
375.8 229.2 14.9 27.2
12 (5) 377.2-384.1 232.2-232.3 17.7-18.3 20.9-21.8
382.6 232.3 18.1 21.2
16.8 (6) 379.8-386.4 236.6-239.7 19.1-26.0 41.5-42.0
' 384.2 238.5 235 41.8

of 2.8 mm/s, more strengthening secondary Al,(Sc,
Zr) intermetallics are precipitated than in the welds in
welding at a speed of 16.8 mm/s, which causes their
higher strengthening. A partial dissolution of primary
Al,(Sc, Zr) intermetallics, contained in the base metal
is the reason that the hardness of both welds became
higher than the hardness of the base metal.

Further, it was determined what is happening
when the volume of the weld pool is increased. The
hardness of the welds produced on the modes 1 and
2 (see Table 2, welds of 3.5 mm width) with the
hardness of the welds, produced on the modes 3 and
6 (see Table 2, welds of 7.0 mm width) was com-
pared. From Figure 3, it is seen that in this case, the
hardness of the aged weld metal after welding at a
speed of 16.8 mm/s remained at a level of 93 HRB,
and at a speed of 2.8 mm/s, it decreased from 96 to
91-92 HRB. Such a decrease in hardness can only be
explained by a reduction in the rate of hardening. As
the width of the weld (i.e., the volume of the weld
pool) increases, the time of the metal existing in the
liquid state grows. l.e., in welding on the mode 3, in a
liquid pool, dissolved no less, but most probably more
both secondary as well as primary Al,(Sc, Zr) inter-
metallics, as compared to welding on the mode 1.

In this case, the rate of cooling the weld metal
and, accordingly, the rate of its hardening could only
decreased. Thus, the rate of hardening was not suffi-
ciently high for the full transition of scandium from
the melt into an oversaturated solid solution and after
aging, the density of precipitates of strengthening sec-
ondary Al,(Sc, Zr) particles in the welds of 7.0 mm
width (mode 3) appeared to be lower than in the welds
of 3.5 mm width (mode 1). Thus, it can be concluded
that the rate of hardening of 5-10% °C/c is minimal for
the full transition of scandium dissolved in a liquid
metal into an oversaturated solid solution. At least,
this assertion should be fair at 0.11-0.12 % concentra-
tion of scandium in the melt, as it was in our studies.

The results of mechanical tests of the metal of the
artificially aged welds are confirmed by the results
obtained during the measurement of hardness. The

higher the hardness of the weld metal, the higher its
strength characteristics.

CONCLUSIONS

1. In the process of EBW of 01570 alloy in the weld
pool, a dissolution of not only secondary but also of
a part of primary AL(Sc, Zr) intermetallics occurs,
contained in the base metal. The quantity of scandi-
um dissolved in a liquid metal is determined by the
time of the pool existence. Depending on the rate of
hardening during cooling of the weld metal, scandi-
um is fully or partially fixed in an oversaturated solid
solution.

2. At 0.10-0.12 % concentration of scandium dis-
solved in the weld pool, its full transition to an over-
saturated solid solution is provided by hardening at a
rate of at least 5-10? °C/c.

3. In strengthening of stamped semi-finished prod-
ucts, about 50 % of scandium contained in 01570 alloy,
is involved. The remaining scandium forms a composi-
tion of primary intermetallics of 1-15 um size, nonuni-
formly distributed over the metal structure.
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