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DIFFUSION BONDING OF Ti6-4 ALLOY
THROUGH MULTILAYER INTERLAYERS
OF AN EUTECTIC COMPOSITION BASED ON Ti—Cu SYSTEM

T.V. Melnychenko, A.I. Ustinov, O.Yu. Klepko, O.V. Samofalov

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

ABSTRACT

The regularities of diffusion bonding of the titanium alloy Ti6-4 through multilayer interlayers of eutectic composition based
on Ti—Cu system, produced by electron beam deposition under vacuum, were investigated in this work. The microstructure
and mechanical properties of the joints were analyzed using scanning electron microscopy and by determining their shear
strength. It is shown that multilayer interlayers provide defect-free joints without degradation of titanium alloy properties at a
temperature of 920-950 °C, corresponding to the melting range of the interlayer. It is established that the nature of the reaction
interaction of the components of the interlayer and Ti6-4 alloy during heating depends on the temperature and melting range of
the multilayer interlayer and determines the microstructure and phase composition of the joint. Absence of continuous layers of
intermetallics (TiCu, Ti,Cu) in the joint and formation of a dispersed Widmanstitten structure with copper and nickel content
of <7 at.% provide the joint strength at the level of the Ti6-4 alloy.

KEYWORDS: multilayer foil, EB-PVD, Ti6-4 alloy, diffusion bonding, microstructure, shear strength

INTRODUCTION

Ti6-4 titanium alloy belongs to o+f type that ensures
its high values of room temperature impact toughness
and high temperature creep strength. Owing to its low
specific weight, high corrosion resistance and specific
strength, the alloy is widely used in the aerospace, au-
tomotive, ship-building industries, nuclear power en-
gineering, medicine, etc. [1, 2]. According to statistics,
more than 50 % of titanium applied in the aerospace
industry is Ti6-4 alloy, used to produce large-sized
welded and prefabricated structures of flying vehicles,
high-pressure cylinders operating in the temperature
range of 196450 °C, and other structural elements.
However, manufacturing modern products, in partic-
ular complex-shaped and thick-walled ones, requires
the technology of joining their individual elements,
which, on the one hand, will prevent degradation of
the structural and mechanical characteristics of the al-
loy, and, on the other hand, is reliable and low-cost.
Ti6-4 alloy joining is performed by different methods:
arc, electron beam, laser, diffusion welding and braz-
ing [3, 4]. Welding of Ti6-4 titanium alloy by the tra-
ditional methods is conducted at a high temperature
and it is accompanied by structural transformations
in the material, grain growth, formation of brittle in-
termetallics, metastable phases, defects and pores that
leads to lowering of the alloy strength values and for-
mation of residual stresses in the joint [5, 6]. The most
acceptable method for formation of the alloy joint is
vacuum brazing, as the process runs in vacuum that
prevents the alloy oxidation and does not require

Copyright © The Author(s)

application of flux with further cleaning of the joint
surface from contamination and corrosion products.
Absence of considerable compressive forces allows
joining thin-walled and complex-shaped parts. Con-
sidering the high temperature of o« f} transformation
in Ti6-4 alloy (970-1010 °C [7]), brazing is performed
with application of braze alloys, the most common of
which are those based on Ti—Cu—Ni an Ti—Zr—Cu—Ni
systems, at the temperature of 980-1040 °C close to
the temperature of phase transformation. These braze
alloys are the most acceptable to produce joints used
at the temperature of ~ 600 °C in an aggressive me-
dium, and they have the shear strength of ~ 50-70 %
of that of the base material [8]. Application of braze
alloys at certain technological parameters, ensures
high values of joint strength [9], and additional heat
treatment is performed to form a duplex structure and
to recover the mechanical properties of the titanium
alloy [10]. However, it is desirable to conduct braz-
ing of thin-walled structural elements and those made
from strain-hardened alloys at a lower temperature,
because of the possible degradation of the titanium
alloy structure. Lowering of the brazing temperature
is also required during the fabrication of structures,
consisting of elements of different chemical composi-
tion. Therefore, development of new methods of join-
ing Ti6-4 alloy that will ensure a lowering of the level
of thermal impact on the alloy is urgent. It is known
that application of intermediate multilayers, in which
at heating the diffusion processes of the component
mixing proceed at an anomalously high rate, allows
lowering the temperature of the joint formation pro-
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cess [11]. From this viewpoint, it is rational to per-
form joining of Ti6-4 alloy with application of multi-
layers based on systems with an eutectic with melting
temperature < 980 °C, which will prevent degradation
of the alloy structural characteristics. The advantage
of such an approach is fast formation of a thin inter-
layer of the liquid phase in the butt, due to intensive
diffusion mixing of the components of the multilayer
that will ensure wetting of the joint surfaces and their
physical contact at a low compressive force. The work
is a study of the regularities of formation of the struc-
ture and mechanical properties of Ti6-4 alloy joints,
produced by diffusion bonding through intermediate
multilayers based on systems with Ti—Cu and Ti—Cu—
Ni eutectic in the temperature range of 920-950 °C.

MATERIALS AND METHODS

Interlayers in the form of multilayer foil (MF) of a
chemical composition close to that of binary eutectics
I and II of Ti—Cu system (Figure 1, @) and ternary eu-
tectic III of Ti—Cu—Ni system (Figure 1, b) were pro-
duced by the method of layer-by-layer electron beam
deposition of components into a rotating substrate,
described in detail in [14]. Scheme of producing the
MF is shown in Figure 1, c.

The thickness ratio of binary MF component lay-
ers is determined by the ratio of their vapour flow in-
tensities. The layer alternation period (sum of the two

0 10 20 30 40 50 60 70 80 90

component layer thicknesses) at a certain evaporation
intensity is determined by the substrate evaporation
rate. Pressure in the chamber during deposition is
maintained at the level of 10 Pa. Substrate tempera-
ture was kept below 300 °C that prevented diffusion
mixing of the component layers. At substrate rotation
speed of 2 min™' an MF with layer alternation period
of 500 nm and 35 pum thickness was produced. The
required chemical composition of ternary Ti—Cu—Ni
MF was ensured by cladding the Ti—Cu interlayer
with layers of nickel of a certain thickness by evapo-
ration of an additional nickel ingot. Figure 2, a shows
the microstructure of a binary Ti-Cu MF, and Fig-
ure 2, b is the general view of a ternary Ti—~Cu—Ni foil.
Table 1 gives the chemical composition of binary and
ternary MF. Foil melting temperature was determined
by the method of differential thermal analysis (DTA)
in VDTA-2000 unit. Figure 2, ¢ shows fragments of
DTA curves in the melting range of foils of different
composition, and Table 1 gives their melting ranges.

Bonding of Ti6-4 alloy was conducted by heating
an assembly, which consisted of samples of the alloy
and MF placed between them, in a vacuum chamber
in a fixture which allowed fixing the position of the
samples and the foil (Figure 3, a). Sample dimensions
are shown in Figure 3, b.

Grinding of the sample surfaces on R1200 abra-
sive paper and ultrasonic cleaning of the samples and
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Figure 1. Constitutional diagram of Ti—Cu [12] (a), Ti—
Cu—Ni [13] (b) and scheme of producing MF (c)
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Figure 2. SEM image of the cross-section of Ti-Cu MF No. 1 with 500 nm layer period (a), Ti-Cu-Ni MF No. 3 (), fragments of MF

DTA curves (c)

Table 1. MF characteristics

MF overall chemical composition, at.%
MF number MF structure Melting range, °C
Ti Cu Ni
1 Ti/Cu 55.7 443 - 920-1005
Ti/Cu 22.6 77.4 - 890-925
3 Ni+Ti/Cu+Ni 67.1 18.1 14.8 930-945

the foil in acetone were performed before the bonding
process. The bonding process was conducted at tem-
peratures of 920 and 950 °C for 60 min, and 980 °C
for 30 min at the compressive force of 70 kPa. The
process temperature was selected according to MF
melting temperature. The vacuum in the chamber was
maintained at the level of 10~ Pa.

The microstructure and chemical composition of
different regions of the joint were studied with appli-
cation of scanning electron microscope CamScan-4,
fitted with energy-dispersive analysis system EDX
INCA 200. Samples for metallographic investiga-
tions were prepared by a standard procedure in grind-
ing-polishing equipment of Struers Company. Shear
testing of the samples using special fixtures was con-
ducted to assess the quality of the joints (Figure 3,
¢). Tensile strength of samples of a standard shape
to GOST was determined in ZDM 4 tensile testing

15 mm

machine. Average strength value was found by the re-
sults of testing not less than three samples.

EXPERIMENTAL RESULTS
AND THEIR DISCUSSION

Table 2 gives the characteristics of the joints produced
with MF application in different modes.

Figures 4-6 show the joint microstructure. Chem-
ical and phase composition of the respective regions
of the diffusion zone are given in Tables 3—5. At bond-
ing through MF No. 1 and No. 2 regions of different
chemical and phase composition form in the diffusion
zone (Figures 4, 5) that is the consequence of diffu-
sion mixing of the components of MF and titanium
alloy due to the alloy surface wetting by the liquid
phase which forms at MF melting.

In the diffusion zone central part a layer based on
Ti,Cuand TiCu intermetallics forms as a result of re-

Figure 3. Schematic image of the fixture for conducting the bonding process (a), samples (b) and fixture for shear testing (¢)
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Table 2. Properties of joints produced in different modes action interaction of MF components at heating and
FT— — f:ounter diffusiog of copper and titanium on MF/alloy

MF | Temperature, Dura.tion, sone width, | strength 1. interface. The thickness and phase composition of the
number °C min um MPa intermetallic layer were determined by MF chemical
920 %0 120 180 composition and heating temperature. At temperature

! 950 60 150 190 rise the intermetallic layer thickness decreases and its

5 920 60 123 160 fragmentation takes place. Its simultaneous enrich-
950 60 190 409 ment in titanium leads to formation of Ti,Cu inter-

3 920 60 190 453 metallic. Note that the intensity of diffusion mixing
950 60 250 532 of titanium and copper at application of MF No. 2 is

two times higher. This is attributable to increase of the

Figure 4. Microstructure of the joints produced using intermediate MF No. 1 in the following modes: 920 °C, 60 min («) and 950 °C,
60 min (b)

Figure 5. Microstructure of joints produced with application of intermediate MF No. 2 in the following modes: 920 °C, 60 min (a),
950 °C, 60 min (b), 980 °C, 30 min (c)

5
s 4F ! 1
&) ..—h_./r.\-—"\/g\.‘._.
4 3k 1 1
2 Ti6-4 | Buttjoint | Ti6-4
2 1 !
£ 2} H H
: | :
‘g 1 1
=t H i
1 1
1 1
1 1
it 1 1 Ly
0 100 200 300 400 500
c Distance, um

Figure 6. Microstructure of joints produced with application of intermediate MF No. 3 in the following modes: 920 °C, 60 min (a) and
950 °C, 60 min (b) and microhardness distribution in the butt joint (c)
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Table 3. Chemical and phase composition of regions of the joints in Figure 4

Chemical composition, at.%
Region Phase composition H120, GPa
Al Ti v Cu
1 7.81 80.6 3.1 8.49 o-Ti+Ti,Cu 3.7
2 - 53.96 - 46.04 TiCu+Ti,Cu 3.4
3 1.95 66.4 - 31.65 Ti,Cu -
4 7.31 80.11 2.54 10.04 o-Ti+Ti,Cu 3.8
5 2.37 67.69 - 29.94 Ti,Cu 3.0
Table 4. Chemical and phase composition of joint regions in Figure 5
Chemical composition, at.%
Region Phase composition H120, GPa
Al Ti \% Cu
1 8.95 77.29 4.21 9.55 a-Ti+Ti,Cu 3.7
2 243 65.66 - 31.91 Ti,Cu -
3 - 50.43 - 49.57 TiCu 32
4 7.6 59.09 - 33.31 Ti,Cu 3.0
5 8.64 77.53 3.57 10.27 a-Ti+Ti,Cu 39
6 2.7 66.81 - 30.49 Ti,Cu 32
Table 5. Chemical and phase composition of regions of the joints in Figure 6
Chemical composition, at.%
Region Phase composition
Al Ti \% Ni Cu
1 7.86 82.03 3.51 3.35 3.25
2 5.99 81.52 2.52 4.03 5.94
a-Ti+Ti,Cu+Ti Ni
3 9.44 83.87 3.64 1.47 1.59
4 8.07 82.46 2.5 2.61 4.35

volume fraction of the liquid phase in the butt joint at
heating temperature of 920-950 °C that is ensured by
smaller melting range of MF No. 2 (Table 1).
Intermetallic layer formation in the butt joint can be
explained as follows. At Ti-Cu MF heating up to the
melting temperature appearance of the liquid phase in
the butt joint promotes titanium diffusion from the al-
loy into the interlayer, leading to formation of excess
TiCu and Ti,Cu intermetallics with melting temperature
higher than that of the bonding process. We can assume
that this leads to reduction of the liquid phase volume
fraction in the butt and limits diffusion mixing of the
components. This assumption is supported by absence
of an intermetallic layer in the joint produced at the tem-
perature of 980 °C (Figure 5, ¢) that is higher than the
melting temperature of TiCu and Ti,Cu intermetallics.
Copper diffusion into the titanium alloy leads to lower-
ing of a«>f transformation temperature. It results in fTi
decomposition in the diffusion zone during cooling by
an eutectoid reaction of BTi—oTi+Ti,Cu with formation

of an eutectoid of hyper eutectoid composition with a
dispersed structure (region 1 and its enlarged view in
Figures 4, a and 5, a), the phase components of which
become larger at temperature rise (regions 4 in Figures 4,
b and 5, b). A region with Widmanstatten structure forms
between the region of eutectic structure and Ti6-4, as a
result of BTi transformation into acicular oTi.

500 O 920 °C, 60 min ;Z
950 °C, 60 min I

400

& 7

=

é) 300

5

£ 200 |

2

17
100 F

MF No. 1 MF No. 2 MF No. 3

Figure 7. Shear strength of the joints
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Figure 8. Joint microstructure after shear testing: MF No. 1, 7= 920 °C (@), MF No. 1, T=950 °C (b), MF No. 3, T=950 °C (c) and

sample image (MF, No. 3, 7= 950 °C) after tensile testing (d)

No formation of an intermetallic layer in the butt
joint is observed at Ti6-4 alloy bonding through MF
No. 3 at the temperature of 920 and 950 °C (Figure 6).

It can be assumed that a significant volume of the
liquid phase of a homogeneous composition forms
at foil melting that is indicative of a narrow melting
range of the foil (Table 1). This ensures intensive
diffusion mixing between the foil and alloy compo-
nents and formation of a continuous BTi interlay-
er in the butt joint as a result of a lowering of a—f3
transformation temperature. Two structural regions
form in the joint at cooling. In the joint central part
(regions 2, 4 in Figure 6, a, b) an eutectoid with a
dispersed structure forms by eutectoid reaction of
BTi—aTi+Ti,(Cu)*+Ti,(Ni). A region with Widman-
statten structure is present between the eutectoid re-
gion and the alloy metal. At increase of process tem-
perature, a coarsening of structural components of the
regions takes place (Figure 6, b). On the other hand,
temperature rise ensures an increase of the intensi-
ty of diffusion mixing of MF and alloy components
and of the diffusion zone width and formation of the
Widmanstatten structure over its entire width that pro-
motes the homogeneity of the chemical composition
and microhardness of the butt joint (Figure 6, b, ¢).

Shear testing of the joints was conducted to assess
their mechanical properties. Figure 7 shows a com-
parative diagram of shear strength of the joints pro-
duced at application of different MF.

One can see that formation of a continuous in-
termetallic layer in the butt joint results in the low
strength of the joint. The latter fails in the area of the
intermetallic layer (Figure 8, a, b), which has the mi-
crohardness lower than that of the adjacent regions
(Tables 3, 4). One can assume that formation of Ti,Cu
and TiCu intermetallics as a result of reaction diffusion

of titanium and copper at heating is accompanied by
formation of vacancy type defects and pores, owing
to volume effect at phase transformations. Note that
formation of a fragmented intermetallic interlayer in
the butt joint (Figure 5, b) promotes an increase of the
joint shear strength. Absence of an intermetallic inter-
layer in the butt joint and formation of a homogeneous
structure of the diffusion zone ensures an increase of
the joint mechanical properties. So, the highest shear
strength (532 MPa) and tensile strength (930 MPa) is
demonstrated by the joint produced using MF No. 3 at
the temperature of 950 °C, in which the content of in-
termetallic-forming components (Ni+Cu) in the butt
joint is < 7 at.%. The joint strength corresponds to the
strength level of Ti6-4 alloy (¢ = 935 MPa in tensile
testing) that is ensured by homogeneity of mechanical
properties of the joint regions (Figure 6, ¢).

At shear and tensile testing the joint fails in the
region of Ti6-4 alloy (Figure 8, ¢, d). Our result is in
agreement with experimental data of the authors of
[15] obtained at brazing Ti6-4 alloy using tradition-
al Ti—Zr—Ni—Cu braze alloys at the temperature of
950-990 °C. The advantage of the diffusion bonding
method with application of an intermediate MF layer
of eutectic composition is the possibility of lowering
the temperature required to produce an equal-strength
and defect-free joint of the titanium alloy.

CONCLUSIONS

1. Application of intermediate multilayers of eutectic
composition based on Ti—Cu and Ti—Cu—Ni systems
ensures production of a permanent and defect-free
joint of Ti6-4 alloy by the method of diffusion bond-
ing at the temperature of 920-950 °C.

2. Joint microstructure depends on MF tempera-
ture and melting range, and it is determined by reac-
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tion interaction of the foil and titanium alloy compo-
nents at heating. Formation of a layer of Ti,Cu and
TiCu intermetallics in the butt joint leads to lowering
of the joint mechanical properties.

3. Producing a joint with shear and tensile strength
matching that of Ti6-4 alloy, is ensured by formation
in the butt of a dispersed Widmanstatten structure
with copper and nickel content < 7 at.% and homoge-
neous microhardness distribution.
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IN PRODUCTS AT ADDITIVE ELECTRON BEAM SURFACING
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ABSTRACT

The aim of the work is to analyze and optimize the shaping of GTE blade in the process of fabrication using additive electron
beam technology. Using the method of computer simulation in the Simufact Additive software, the influence of technological
printing parameters on product shaping was investigated, and shrinkage phenomena that occur during the printing process were
analyzed. The printing simulation was performed and the results were compared to the reference model. The optimized com-
puter models of GTE blades were created. According to the calculation results, when optimized models are used, the deviation
in the geometric dimensions of printed blades does not exceed the product size tolerances of +0.3 mm.

KEYWORDS: additive technologies, electron beam, surfacing, simulation, shaping, 3D printer

INTRODUCTION

When metal products are created by the additive man-
ufacturing method, local shrinkage phenomena occur
at the process of layer-by-layer heating and cooling,
resulting in overall residual deformations — distor-
tion of linear dimensions of the printed part [1-3].
In order to compensate for residual deformations, it
becomes necessary to correct the product model by
taking the expected deformations into account.

A number of factors influence the shape of prod-
ucts at the printing process:

e material from which a part is made;

e technological parameters of printing;

e spatial position of a product relative to the plat-
form,;

e location of a part in the product assembly;

e shape of technological supports;

e overall temperature of the product assembly and
the environment.

Given that products usually have a complex geo-
metric shape, it becomes problematic to fabricate the
end product with the required dimensions within tol-
erances. To solve this problem, it is planned to apply
computer simulation methods of the printing process
with the subsequent correction of the model, based on
which a product will be printed [2].

THE AIM

of this work is to analyze and optimize the GTE blade
shaping in the process of fabrication using additive
electron beam technology.

The software product Simufact Additive, devel-
oped by MSC Software, was used in the work. This
is a specialized software package designed to sim-
ulate 3D printing of metal parts using Powder Bed

Copyright © The Author(s)

Fusion technology, including Selective Laser Melt-
ing (SLM), Direct Metal Laser Sintering (DMLYS),
Selective Laser CUSING of metal powder materials,
Electron Beam Melting (EBM) and a number of other
processes [4].

Simufact Additive provides an opportunity to:

e calculate deformations of a part and reduce or
avoid distortion of its shape;

e compare simulation results with the reference
shape;

e select the optimal printing direction;

e optimize the supporting structures (supports);

e obtain the state of a part after heat treatment,
removal of the base plate and supporting structure;

e minimize residual stresses.

The MARC solver [5] is the basis of the Simufact
Additive software. MARC has advanced capabilities
for conducting a coupled temperature and thermome-
chanical analysis of the stress-strain state of a product
at layer-by-layer printing, taking into account thermal
deformations and material properties depending on
temperature.

A special voxel mesh generator is used for calcu-
lations. Voxels are elementary cells that make up the
studied product model. A regular mesh is created, that
is used to simulate layer-by-layer printing of a part.
The MARC solver has added the ability to sequential-
ly activate voxel layers. New methods for simulation
of the cutting process have also been added, which
are necessary to simulate the process of removing the
base plate and supporting structure.

Simufact Additive uses two approaches for prompt
calculation of product deformations during printing
[4]: on the base of the approximate method of shrink-
age (Mechanical inherent strain approach) within the
mechanical problem of elasticity theory or as a result
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Figure 1. GTE stator blade model

of a more general coupled analysis of the thermoplas-
tic deformation of a product material during printing,
assuming the same simplified thermal printing cycle
for each voxel.

The first approach is based on the determination
of the shrinkage function (residual plastic deforma-
tions) from printing a single elementary volume (vox-
el) depending on the technological parameters of a
layer-by-layer product formation by means of exper-
imental calibration of the mentioned deformations on
a standard printed sample of a beam type of a limited
size. The heating kinetics of a product during printing
is not calculated; residual deformations and stresses
are determined as a result of solving the mechanical
loading problem of the finite element model of a prod-
uct by additional shrinkage deformations for each
printed voxel, which allows significantly reducing the
calculation time while maintaining sufficient accura-
cy from an engineering point of view.

The second calculation approach is more general
and is based on a coupled thermal and thermomechan-
ical analysis at layer-by-layer printing of a product.
However, to reduce the calculation time, the assump-
tion of an identical (simplified) thermal cycle for each
voxel of the printed material is used, which gives an
opportunity not to analyze the nonstationary thermal
conductivity problem for the entire model during the
printing process. As a result of the calculation using
this approach, the approximate kinetics of heating, as
well as stresses and deformations of a product are de-
termined.

Figure 3. Interface of the Simufact Additive software with the
integrated GTE blade model

In order to compensate for residual deformations
of a product, it is possible to export a model of the
deformed geometry with any scale factor. Therefore,
it is possible to select the initial shape of a part, which,
after the printing process, gives a minimum deviation
from the required shape, compensating for deforma-
tions that occur during creation of this part [3].

Using the Simufact Additive software product, it is
possible to determine the influence of printing techno-
logical parameters on the end product parameters and
predict deformations of the part shape. In this work, a
model of a gas turbine engine (GTE) blade was used
(Figure 1).

Using the Materialise Magics software product,
technological supports for further printing of a prod-
uct were generated. Several spatial positions of the
parts shown in Figure 2 were used.

The models in Figure 2, a, b provide the shortest
time for building a product in the printing process.
The model of Figure 2, ¢ provides an opportunity
to place on the printer platform and print the largest
quantity of parts in one production cycle.

The files of product models and technological sup-
ports were exported in STL format to the Simufact
Additive software.

The further actions are aimed at optimizing the
geometric shape of a part and obtaining information
on the impact of technological parameters on the
shaping of products and their properties.

a

Figure 2. Product models with technological supports
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Figure 4. Creation of elementary cells — voxels

In the Simufact Additive interface, a project is cre-
ated, settings are set, where the parameters of equip-
ment and technological process, part and platform
materials are specified, and product models are im-
ported along with technological supports (Figure 3).

The technological parameters like power, speed
and diameter of electron beam, powder layer thick-
ness, scanning method, thermal characteristics
of printing are set in the interface settings in the
Build-Properties tab.

Further, voxels (elementary cells that make up the
model of a studied product) were generated by the
software (Figure 4).

The next step was simulating the layer-by-layer
printing of a product. The graphical interface of Sim-
ufact Additive, which displays the printing process, is
shown in Figure 5.

Shrinkage strains were determined using a differ-
ent, more general approach to the analysis of ther-
moplastic deformation of the material. Therefore,
the procedure for calibrating shrinkage strains for
material voxels was not carried out, but the analysis
of the kinetics of the temperature problem of prod-
uct heating at layer-by-layer shaping and the coupled
thermoplastic analysis of the stress-strain state were
performed.

The colour corresponds to the temperature value
of a product, technological supports and platform at
each stage of the printing simulation. The colour pal-

Total displacement [mm]

Figure 6. Deviation of the printed product model dimensions
from the reference model

ette with temperature values is shown in Figure 5 in
the Temperature table.

Based on the simulation results, a file was ob-
tained (Figure 6), where deviations of the GTE blade
dimensions from the reference model were calculat-
ed. Deviations in dimensions arise due to the prod-
uct shape deformation at the printing process. The
values of possible deformations correspond to the
colour and are shown on the palette in the Total dis-
placement table.

The next stage of research is correction of the mod-
el, calculation of spatial deformations of the corrected
model and its comparison with the reference model.

The GTE blade model is corrected to compensate
for spatial deformations in the Shape comparison
menu of the Simufact Additive software. The mod-
el obtained as a result of the additive process simu-
lation is compared with the reference model. In the
programme interface, the deviation in the dimensions
of the corrected model from the reference one is dis-
played by the colour palette (Figure 7).

The obtained model is then processed by the soft-
ware. A new file is created taking into account the
shape optimization. The printing simulation process
is consistently repeated. The next GTE blade model is
created, which is compared with the reference model.

If the obtained model does not match the reference
model within the tolerances, the process is repeated.

Figure 5. Graphic representation of printing GTE blade in the
Simufact Additive software

Figure 7. Shape comparison menu of the Simufact Additive soft-
ware

12



COMPENSATION OF SPATIAL DEFORMATION IN PRODUCTS AT ADDITIVE ELECTRON BEAM SURFACING

The dimensional deviation of printed products from
the reference model should not exceed 0.3 mm.

The corrected model file is exported in stl format
and accepted for printing.

Comparing the reference (base) and optimized
models of the GTE blade, it can be noted that linear
dimensions of the end product model have been in-
creased from (35.1; 85.08 and 30.03) mm in the X, Y,
Z coordinates to (35.69; 85.378 and 30.411) mm. lL.e.,
the model has been enlarged with taking into account
the compensation of shrinkage phenomena and other
factors that lead to deforming the product shape at the
printing process.

INFLUENCE OF TECHNOLOGICAL
PARAMETERS ON THE SHAPE
OF PRODUCTS

The technological parameters of printing products
from titanium alloy Ti-6A1-4V ELI powders, which
are defined in [6] and given in Table 1, were used in
the study.

To simulate printing of the products shown in
Figure 2, a, three projects with different technologi-

Table 1. Technological parameters for printing products

cal parameters were created in the Simufact Additive
software. In each project, spatial deformations and
deviations of the GTE blade dimensions during print-
ing were determined, which differ depending on tech-
nological parameters of printing (Table 2).

The spatial deformations for each of the techno-
logical modes are individual. Therefore, it is neces-
sary to study printing of each of the products shown in
Figure 2, for all the modes indicated in Table 1. Then,
the shape of products should be corrected and the end
models of the GTE blade should be obtained. The cre-
ated models will be suitable for further printing.

OPTIMIZATION OF DIGITAL MODELS
OF THE GTE BLADE

Using the software product Simufact Additive, opti-
mized computer models of the GTE blade were ob-
tained in accordance with the applied technological
modes of printing and spatial position of the parts.
The simulation results are shown in Table 3.

The optimized models of product assembly with
technological supports are exported in stl format and
are suitable for further printing.

Product number Beam power, W Travel speed, mm/s | Trajectory shift, mm | Layer thickness, mm | Power density, J/mm?

1 240 270 0.2 0.1 444

495 540 0.2 0.1 45.8
3 675 780 0.2 0.1 43.3
Table 2. Spatial deformation values
Dimensional deviation, mm
Product number Beam power, W Travel speed, mm/s
from to

1 240 270 1.00 3.23

2 495 540 0.97 2.85

3 675 780 0.98 2.70

Table 3. Results of GTE blade models optimization

N Spatial pOS‘ltIOH‘ in ac- Beam power, W Travel speed, mms Dimensional deviation, mm
cordance with Figure 2 from to
1 a 240 270 —0.03 0.13
2 a 495 540 —0.02 0.08
3 a 675 780 —0.03 0.09
4 b 240 270 —0.05 0.11
5 c 240 270 —0.26 0.14
6 c 495 540 -0.25 0.14
7 c 675 780 —0.25 0.13

Table 4. Dimensions of the digital model and the product “GTE blade”

Parameter Digital model, mm Printed product, mm Dispersion, mm | Tolerance, mm Compliance mark
Height 35.1 35.21 0.11 +0.3
Width 30.03 30.16 0.13 +0.3 Matches
Length 85.08 85.06 —0.02 +0.3
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Figure 8. GTE blade

FABRICATION AND STUDY
OF THE GTE BLADE GEOMETRY

Based on the optimized computer model (Figure 2,
b), in accordance with the specified technological pa-
rameters (Table 1, product No. 2), GTE blades were
fabricated by the method of additive electron beam
surfacing (Figure 8).

An analysis of the product shaping was carried
out. The geometrical dimensions of the reference
computer model and the printed product “GTE blade”
are given in Table 4.

It was determined that dimensions of the printed
GTE blade match the digital model. According to the
calculation results, when using the optimized models,
the deviation of the geometric dimensions of printed
blades does not exceed the product size tolerances of
+0.3 mm.

CONCLUSIONS

In terms of the technological preparation for the addi-
tive manufacturing of experimental samples of GTE
working blades, a computer simulation of printing
was carried out using the Simufact Additive software
product and the obtained results were compared with
the reference model. The optimized computer models
of the GTE blade were obtained taking into account
the spatial deformations that occur during the printing
process. According to the calculation results, using
the optimized models, the deviation of the geometric

dimensions of printed blades does not exceed the tol-
erances for the product size of £0.3 mm.
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ABSTRACT

The paper is devoted to studying the influence of initial angular deformation caused by uneven transverse sagging of the butt
weld during cooling on the stress concentration factors (SCF) in the transition zones from the face reinforcement and the weld
root to the base metal (BM). An analysis of the existing formulas was carried out to determine the factor that considers the
influence of initial angular deformation on the SCF on the fusion line of the weld with the BM. An analysis of the available
formulas was carried out to determine the factor that takes into account the effect of initial angular deformation on the SCF on
the fusion line of the weld with the BM. As a result, it was found that these formulas were developed for joints with a butt weld
symmetrical relative to the median plane of the plates being welded and cannot be used for calculations near the weld root.
A theoretical justification is given that initial angular deformation should lead to a decrease in stresses on the root side of the
joint. New analytical formulas for the determination of the SCF on the fusion line of the weld root with the BM are proposed,
considering initial angular deformation. A specific example was used to show that the presence of initial angular deformation
really results in a decrease in stresses on the root side of the joint. The results of analytical calculations were confirmed by

numerical calculations using the finite element method.

KEYWORDS: butt welded joint, angular deformation, stress concentration, tension, bending, weld root

INTRODUCTION

During fusion welding of butt welds without edge
preparation or with V-shaped edge preparation, the
amount of molten metal grows from the back to the
facial side of the joint, which causes uneven trans-
verse sagging across the thickness of the joined plates
during cooling [1]. As a result, the parts of the joint
parallel to the welding are rotated relative to each oth-
er by an angle y, forming an angle between the facial
surfaces of < 180° (Figure 1).

Such deviations in geometric shape lead to an in-
crease in stresses in welded joints under their axial
loading due to the occurrence of additional bending
stresses [2]. It is shown [3], that deviations in the geo-
metric shape occurring during welding have a signif-
icant negative impact on fatigue life, especially for
thin-sheet structures with low bending stiffness.

Since stress concentration is one of the basic fac-
tors that determine the fatigue resistance of welded
joints [4], the justification of a procedure for correct
assessing the effect of initial angular deformation on
the stress concentration factors (SCF) in the transition
zones from structural elements of a butt weld to the
base metal (BM) is a relevant scientific and technical
task in the field of strength, reliability and durability
of welded structures.

Copyright © The Author(s)

ANALYSIS OF EXISTING APPROACHES

AND MODERN CALCULATIONS

Taking into account the translational and angular mu-
tual displacements of welded plates during the forma-
tion of a butt joint, the generalised formula for deter-
mination of the theoretical SCF is as follows [5]:

OLG = acwamay, (1)

where a_ , o and o, are the SCF from the weld shape,
transverse displacement of welded edges and angular
deformation, respectively.

To determine the factor o, in joints with a weld sym-
metrical relative to the median surface of the joined
plates, the following formula was proposed in [6]:

3.
o, :1+€smy, )

where //2 is the distance from the weld edge to the
point of application of the axial load P; o is the thick-
ness of the joined plates (Figure 2).

1

Figure 1. Angular displacement as a result of uneven transverse
sagging of the metal during the formation of a butt weld
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Figure 2. Calculation scheme of a butt welded joint with symmet-
rical reinforcement and initial angular deformation

According to the recommendations of the Interna-
tional Institute of Welding (ITW) [7], to determine o,
the following formula is used:

o =1 +ﬂ tanh (B)
o B
where the non-linear factor depending on B takes into
account the effect of reducing the initial angle y as a
result of the vertical displacement of the section, to
which the axial force is applied [8].

Given that the angle usually does not exceed 5° [9],
we can take siny =y up to the fourth decimal place. Thus,
without taking into account the effect of rectification,
formulas (2) and (3) can be considered identical.

Considering Figure 2, it can be clearly seen that
due to the angular deformation under the action of
the axial force P, a bending moment M, also occurs,
which on the fusion line of weld metal (WM) with the
BM will be determined by the formula:

’ ©)

M{ :ﬂsin Y.
2
“
Then, tensile stresses from the axial force in the
section corresponding to the fusion line are:
r_P
bd

>

and the bending stress in this section from the action
of the bending moment is:

B _3Pl
c —siny,
bd

where 7 is the tensile; B is bending; b is the width of
the joined plates.

Therefore, the total stress on the upper side of the
joint will be determined as the sum of tensile and
bending stresses:

4

Figure 3. Geometric parameters of an idealised model of a butt
joint made by one-sided fusion welding

16

o = P 1+3—lsm
e S )

As we can see, in the brackets of formula (5), we
have the factor o, from the formula (2).

Since [6] considered a symmetrical weld, the
stresses on the lower side of the joint left ignored,
because it is obvious that they will show the differ-
ence in tensile and bending stresses (see the diagram
in Figure 2) and will be less than stresses on the upper
side. At the same time, in [10, 11], when calculating
the SCF on the root side of the joints made by one-sid-
ed welding, the SCF from the weld shape was also
multiplied by the SCF from the angular deformation,
as a result of which the total SCF increased, although
in fact the initial angular deformation should lead to
its reduction near the weld root.

It is known [12, 13] that under both static and cy-
clic loads, the fracture of thin-sheet welded joints be-
gins namely in the transition zones from the weld root
to the BM, so it is necessary to quantitatively consider
the effect of initial angular deformation on the value
of stresses in these zones.

THEORETICAL FUNDAMENTALS
FOR DETERMINATION
OF SCF NEAR THE WELD ROOT

According to [14], the bending moment caused by the
eccentricity of the axial load applied in the area with
the weld on the fusion line of the weld root with the
BM in a butt joint without initial angular deformation
(Figure 3) will be determined by the formula:

r ) g
M, =3[hf ~Ry+\[R; ‘Tr]’ ©)

where A x is the height of the facial reinforcement; R ’
is the radius of the convex part of the facial reinforce-
ment; g is the width of the weld root.

Taking into account the distance between the fu-
sion lines of the facial reinforcement and the weld
root with the BM, which is (g - g.)/2 (see Figure 3),
the bending moment from the initial angular deforma-
tion on the fusion line of the weld root with the BM
will be determined by the formula:

P(l+gf —gr) ]
My’ :—2 sinvy, (7

where g is the width of the facial reinforcement.

Since the direction of the bending moment associ-
ated with the initial angular deformation is opposite
to the direction of the moment caused by the eccen-
tricity, the final moment on the fusion line of the weld
root with the BM is determined as the difference of
moments (6) and (7):
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M=M,~M] =

P / 2 : 8
:E[hf_R'f+ R}—%T’—(l+gf—gr)smy]. ®

If we introduce:

2
m=8+hf—Rf + RJ% _%,

then, the bending stress on the fusion line of the weld
root with the BM for joining a unit width according to
[14] at b, < 6/2 is determined by the formula:

of =
_ Mm
- 2 2 3 B 3779
er (ry+ﬂ) lanbo(ry+m)+be+M
2 g 2 24(n+bhy)

and at b, > 8/2 — by the formula:

ol =
_ Mm (10)
m\V 2 4+m m m? m’ ,
2r.|| n+—| In—= ——(rr+m)+—+7
2 2r, 2 8 12(2r.+m)

where 7 _is the radius of the transition arc from the
weld root to the BM; b, is a parameter that character-
izes the concentrator sharpness near the weld root and
is determined by the formula:

Jglran?

where £ is the height of the weld root.

Substituting the expression for bending moment
(8) into (9) and (10), we obtain formulas for the deter-
mination of bending stresses on the fusion line of the
weld root with the BM in the joint with initial angular
deformation, respectively, at b < 3/2:

G, =

_ P[m—S—(l+g/._gr)siny]m (an

2 2 3 _ 3
4”"1:(7;4.’;) lnm_bo(n‘+m)+l;)+’rwn%()):|
7

24(r, +by)

and at bO >9/2

B _
c, =

_ P[m78f(l+gffg,)siny}m : a2

2 2
4r, r,+ﬂ 1n2rf+m7ﬂ(rr+m)+m—+7m
2 2r 2 8 12(2n +m)

¥

The tensile stresses on the fusion line of the weld
root with the BM at b < 6/2 and at b, > &/2 are deter-
mined, respectively, by the following formulas [14]:

T P
o) = ; ; (13)
o B i
7, 1.+ by
and
P
ol = : (14)
2r.+m m
r.| In +
2r, 2r.+m

Therefore, the theoretical SCF on the fusion line
of the weld root with the BM at b, < 6/2 will be de-
termined as the ratio of the sum of bending (11) and
tensile stresses to the nominal stress 6, = P/6 (13):

o =2 ! +

o r.+by m—b
Hlpnr™% " ~%

7. +by

7

(15)
m|:m767(l+gf 7g,)siny:|

2 2 3 _ 3
4 (l"’,‘Fﬂj lnmfbo(rr+m)+b—o+7m +(m=2h)
2 r 2 24(n+by)

+

and at b, > 6/2 — of the sum of stresses (12) and (14):

(16)
m[m—S—(l+gf—g,.)siny}

2 2
4 rr+ﬂ lnw—ﬂ(r,+m)+m—+
2 2 2 8

+

m3

12(2r, +m)

REFINED APPROACH TO DETERMINATION
OF SCF ON THE FACIAL SIDE OF A JOINT

The use of formulas such as (1), which involve mul-
tiplying the theoretical SCF at tension by other fac-
tors considering additional bending stresses, is not
fully correct, since it is known [15] that the theoreti-
cal SCFs for tensile and bending stresses in the same
concentrator are different.

According to [16], the bending stress on the fusion
line of the facial reinforcement with the BM for joining a
unit width at @, < /2 is determined by the formula:

of =
= Mo (17)
) 2 2 SBa(s_ o V]
2rf (rf«{»éj lnrf+a07a0(rf+5)+aio+w
T2 rr 2 24(rf+a0)
and at a, > 8/2 — by the formula:
B
Gf=
M3
- > > (18)
§)2 248 2 5
2rp(|rp+< | In —f(r/ +6)+—
2 2 2 8 12(2r, +9)
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where r, is the radius of the transition arc from the
facial reinforcement to the BM; a, is a parameter that
characterises the concentrator sharpness near the fa-
cial reinforcement and is determined by the formula:

reh,
a0:4\/5 S

Jgi +an}

The tensile stresses on the fusion line of the facial
reinforcement with the BM at a; < /2 and at a, > 6/2
are determined, respectively, by the following formu-
las [16]:

P

o = (19)
’ re+a —
rf(lnf 0+78 aOJ
I"f rf+a0
and
P
T
Gr= . 20
/ 2rf+6 S (20)
Vf ln +
2rp 21y 48

It is obvious that the eccentricity on the fusion line
is equal to zero, so the bending moment at this point
is caused only by the initial angular deformation and
is determined by the formula (4).

Since the direction of stresses from the bending
moment caused by the initial angular deformation on
the facial side of the joint coincides with the direction
of stresses from the axial force, the theoretical SCF
on the fusion line of the facial reinforcement with the
BM at a, < 8/2 will be determined as the ratio of the
sum of bending stresses (17), taking into account (4)
and tensile stresses (19), to the nominal stresses:

r_ 98 1
ol =— o s +
7| p T | 9=dy
ry Tyt ag
2
N . dlsiny 3 —
rr+a 2 8 +(5-2
4 (rf-+§j In-L O—ao(r/»+8)+a—0+M
) ry : 2 24(rf+a0)

and at a, > 8/2 — of the sum of stresses (18), taking
into account (4) and (20):

Kl ! +
Ty 1HM+ 5
2y 2y

of =

d/siny 22)

2

2r +8 2 3

4 (rf+§) =7 —§(rf+6)+6—+67
T2 2rp 2 8 12(2r, +3)

+

CALCULATION RESULTS
AND THEIR DISCUSSION

Let us consider a butt welded joint of aluminium
AMg6M alloy with a thickness of 1.8 mm, for which
theoretical SCFs were calculated in [14] on the fu-
sion lines of the facial reinforcement and the weld
root with the BM without considering the initial an-
gular deformation (Table 1), and postulate the initial
angular deformation y = 2° and the distance from the
fusion line of the facial reinforcement with the BM to
the point of applying the axial load //2 = 3 mm.

Since b, < 8/2 (see Table 1), the SCF on the fusion
line of the weld root with the BM in the studied joint
will be determined by formula (15), and as a result, it
will be found to be 1.92. If we introduce y = 0 in for-
mula (15), we find that in a similar joint without initial
angular deformation, the SCF on the fusion line of
the weld root is 2.4, which is confirmed by the results
of the finite element method (FEM) calculations con-
ducted in [14]. Thus, the presence of initial angular
deformation leads to a 20 % reduction in stresses near
the weld root.

Also, for this joint a, < 8/2 (see Table 1), so the
SCF on the fusion line of the facial reinforcement
with the BM will be determined by formula (21), and
as a result, it will be found to be 2.14. Introducing
v = 0 in formula (21), we find that in a similar joint
without initial angular deformation, the SCF on the
fusion line of the facial reinforcement with the BM
is 1.62, which is also confirmed by the results of the
FEM calculations carried out in [14]. Thus, the ini-
tial angular deformation leads to a 32 % increase in
stresses on the facial side of the joint.

The obtained analytical results are in good agree-
ment with the results of numerical calculations by the
finite element method (FEM), according to which the
maximum stress near the weld root was 2.01 MPa,
and near the reinforcement — 2.22 MPa (Figure 4).

Table 1. Geometric dimensions of structural elements of butt joint weld of aluminium AMg6M alloy made by TIG welding

L . S . Radius of transition .
Joint side Projection width g, | Projection height 4, from WM to BM 7. Radius of the convex |Concentrator sharpness
mm mm part R, mm parameter a, (b)), mm
mm
Facial (f) 7.000 1.000 0.690 5.935 0.536
Root (r) 3.750 0.750 0.490 2.229 0.515
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PECULIARITIES OF CALCULATION OF STRESS CONCENTRATION FACTORS IN THIN-SHEET
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Figure 4. Calculated stress fields in the studied joint with initial
angular deformation obtained by FEM
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Thus, the stress on the facial side of the joint differ by
3.8 %, and on its root side — by 4.7 %.

The applied axial load was 1.8 N in order that the
rated stress in a 1.8 mm thick joint of a unit width was
1 MPa. Thus, the obtained stress values in the con-
centrator zones were equal to the values of the corre-
sponding SCF, which helped to simplify the compari-
son of analytical and numerical results.

To prevent the influence of the finite element mesh
sizes on the values of maximum local stresses, it was
refined during the analysis until the difference be-
tween the stress values in the final and previous mod-
els was less than 5 % [17]. As a result, the linear size
of the final model element was 0.1 mm, and the model
itself had 16848 elements with 70308 nodes.

Since o, = 1, the total SCF a_= 2.14, and the the-
oretical SCF of the weld shape a_, = 1.62, according
to formula (1), the SCF of angular deformation o, ac-
cording to the refined theory is 1.32, and according
to formula (2), which does not take into account the
difference between the SCF at tension and bending,
this value is almost 1.35. It is expected that the refined
calculations are less conservative, as far as for butt
welded joints, the SCF at bending is slightly lower
than the SCF at tension [18].

CONCLUSIONS

1. An analysis of existing formulas was carried out
to determine the factors that take into account the in-
fluence of initial angular deformation caused by un-
even thermal sagging of butt welds across the joint
thickness on the total stress concentration. Taking into
account the nature of the analysed formulas, it was
theoretically justified that initial angular deformation
should lead not only to an increase in stresses on the
facial side of the joints, but also to their decrease on
the root side.

2. For the first time, analytical formulas for deter-
mination of the theoretical stress concentration factor

on the fusion line of the weld root with the base metal,
which take into account the initial angular deforma-
tion, were obtained.

3. The analytical formulas for evaluating the ef-
fect of initial angular deformation on the theoretical
stress concentration factor on the fusion line of the
facial weld reinforcement with the base metal were
improved in terms of considering the difference be-
tween the stress concentration factors of tensile and
bending stresses.

4. On the example of a thin-sheet butt welded joint
of aluminium AMg6M alloy, made by TIG welding,
it is shown that the presence of initial angular de-
formation with a value of 2° leads to an increase in
stresses on the facial side of the joint by 32 % and to
their decrease by 20 % near the weld root compared to
the joint without initial angular deformation. The ob-
tained results are confirmed by numerical calculations
using the finite element method with a discrepancy of
not more than 5 %.
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ABSTRACT

In order to optimize the technology of production of nickel- and iron-based heat-resistant alloys, the E.O. Paton Electric
Welding Institute conducted melting of a batch of ingots of Kh38VT and Kh60VT grades. The ingots were produced using the
technology of cold hearth electron beam melting and portioned feed of liquid metal to a water-cooled crucible. The conducted
work showed that the electron beam melting method allows producing high-quality defect-free ingots of nickel-based heat-re-
sistant alloys that meet the requirements of the standards, and it can be used instead of secondary vacuum-arc remelting. When
using ingots of primary induction remelting as the initial charge billet, it is not necessary to add alloying elements with high
vapor pressure to ensure a chemical composition that meets GOST 5632—72. In addition, the level of mechanical properties of
KhN60OVT alloy bars almost completely satisfies the requirements of TU 14-3-571-2004 on “Seamless cold-deformed pipes
from the KhN60OVT (EI868) alloy and KhN60VT-VD alloy for the aviation industry”.

KEYWORDS: heat-resistant alloy, charge billet, ingot, electron beam melting, cold hearth, refining, impurities, metal quality

INTRODUCTION

Development of new technological processes, ensur-
ing removal of impurities, nonmetallic inclusions and
the production of physically and chemically homoge-
neous ingots, is of great importance in improving the
service and technological properties of heat-resistant
steels [1].

Vacuum metallurgy has a prominent place among
the metallurgical methods of improvement of the qual-
ity of steels and alloys [2, 3]. Vacuum melting of the
metal, on the one hand, prevents its interaction with
atmospheric gases, and on the other hand, intensifies
the degassing and evaporation reactions. Moreover,
remelting in a vacuum environment enables addition-
al cleaning of the metal from nonmetallic inclusions,
producing ingots and finished products with a homo-
geneous dense structure without any macrodefects [4].

New processes of electron beam melting (EBM) al-
low producing metal of an even higher quality [5, 6].

Electron beam melting, which combines the best
features of vacuum-induction and vacuum-arc melt-
ing, is an efficient method of furnace vacuum metal-
lurgy. At EBM the liquid metal contact with fire-resis-
tant materials is absent, and the heating and melting
processes are controlled independently of each other,
that allows varying the liquid metal temperature and
vacuuming time in a broad range [7]. These advantag-

Copyright © The Author(s)

es in combination with continuous metal feed ensure
producing ingots of maximally high purity with de-
fect-free structure during EBW.

Application of EMB technology to improve the
quality of special steels and complex alloys based on
iron and nickel allows practically completely remov-
ing many of the low-melting impurities (lead, zinc,
bismuth, tin, etc.) and even lowering the nonmetal-
lic inclusion content simultaneously with an abrupt
lowering of the content of hydrogen, nitrogen, and
oxygen at remelting of these materials. Owing to a
high degree of refining and formation of ingots with
a more homogeneous structure and chemical compo-
sition, EBM results in an essential improvement of
the physical-mechanical properties of the metals and
alloys [8]. Their technological plasticity is increased,
particularly at pressure treatment. So, remelting of
tool and bearing steels provides: an improvement in
hot deformability; lowering of the required degree
of forging reduction and cracking sensitivity at heat
treatment; improvement of polishedness and ductile
properties [9].

MATERIALS
AND EXPERIMENTAL PROCEDURE

In order to determine the degree of refining of heat-re-
sistant nickel-based alloys and to optimize the tech-
nology of their production, PWI performed melting
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Figure 1. Charge billets: ¢ — KhN60VT; b — KhN38VT
of ingots of KhN38VT and KhN60VT grades. Nick-
el-based KhN60OVT alloy is widely used in the aircraft
industry. Ingots were produced by the technology of
cold hearth EBM with portioned feed of liquid metal
into a water-cooled crucible.

Test melts were conducted in UE5812 electron
beam unit fitted with a cold hearth [10].

The technological sequence of melting the ingots
consisted of the following stages: taking samples for
control chemical analysis of the initial charge, prepa-
ration of the equipment and technological fixture for
melting; forming the consumable billet; melting pro-
cess; taking samples for chemical and gas analysis of
the produced ingot.

SE “STC “Titan” of the E.O. Paton Electric Weld-
ing Institute of the NAS of Ukraine” performed melt-
ing of a batch of ingots of KhN60VT and KhN38VT
grades.

Charge billets for producing ingots of KhN60VT
and KhN38VT grades were ingots of primary induc-
tion remelting (Figure 1).

The head parts of the initial billets had a certain
amount of crystallized slag in their composition (Fig-
ure 2).

Figure 2. Appearance of the head part of the initial charge billet

22

Compared to a VAR ingot, an EBM ingot does not
require any additional surface treatment (cutter turn-
ing or surface melting by an arc), or removal of the
ingot crop part.

Experience of producing nickel-based heat-re-
sistant alloys by cold hearth EBM showed that at a
sufficiently large amount of slag in the initial charge
it penetrates into the cold health. When slag accumu-
lates in the cold hearth, the drain spout is blocked,
thus creating the conditions which make pouring of
the liquid melt into the crucible more complicated.
Moreover, the cold hearth is not capable of holding
up the all the liquid slag accumulated during melting,
and its certain amount penetrates into the liquid metal
melt in the crucible. At pouring of the next melt por-
tion into the crucible, slag entrapment in the liquid
melt at the cold walls of the crucible may occur, thus
impairing the ingot surface quality.

Thus, in order to prevent ingress of a large amount
of slag into the ingot melting and crystallization zone,
the initial billets are loaded into the unit so that re-
melting occurred from the bottom part at the start of
melting to the head part at the end of melting.

The consumable billet was loaded into the electron
beam unit box by the shop crane.

After loading in the charge billet and preparation of
the unit for melting, it was sealed and pumped down.
Upon reaching the working pressure in the melting
chamber of 1.33-102-6.66-107° Pa, leakage into the
chamber working volume was determined. The ad-
missible leakage value is not higher than 30 um-l/s.

The essence of the process (Figure 3) consisted
in the horizontal feed of consumable billet 6, at a set
speed into the melting zone, its melting by the elec-
tron beams above cold hearth 7. As the cold hearth
was filled, the liquid metal was poured into crucible
8, where ingot 9 of the required length was formed.

Deposition of a new layer of the skull in the cold
hearth was performed for each ingot (Figure 4).

During melting, the initial charge was continuous-
ly fed into the working area above the cold hearth,
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Figure 3. Schematic of cold hearth electron beam melting: /-5 —
electron beam guns; 6 — consumable charge billet; 7 — cold
hearth; § — crucible; 9 — ingot

where its smelting occurred under the effect of elec-
tron beam heating. The melting process was stable,
however, precipitation of a considerable amount of
slag was observed, which stayed in the cold hearth in
the melting zone. Slag penetration into the liquid melt
in the crucible in small amounts was also observed
(Figure 5).

In order to improve the processes of refining from
impurities and inclusions at melting of ingots of nick-
el-based heat-resistant alloys, the time of liquid metal
soaking in the cold hearth and the crucible was ex-
tended, due to lowering the melting productivity from
280 to 240 kg/h.

During melting, in keeping with the conducted cal-
culations for determination of optimal melting modes,
the following technological parameters were kept
constant: melting rate, time between portion pouring,
and portion height in the crucible. Ingot heating in the
crucible was conducted by scanning over the surface
with the beam of electron beam guns. During melting
the electron beam moved over the upper end face of
the formed ingot in the zone of the melt contact with
the working surface of the crucible inner part, provid-
ing deeper penetration of the ingot surface, melting
up of the present casting defects and compensation
of heat removal into the crucible that had a positive
impact on the structure. Numerical values of the tech-
nological parameters for ingots of 400 mm diameter
are given below.

Technological parameters
of melting 400 mm diameter ingots

Meltingrate, kg/h . ... ... o 240
Time between pouring the portions, s. . .................. 60
Height of portions in crucible simultaneously, mm .......... 4
Power ofthe 1t gun, kKW. ............ ... ... ... ... ..... 90

Power of the 2™ gun, kW . ... ... ... ... .. ... ...... 90

Figure 4. Appearance of skull

Power of the 3@ gun, kW ............................. 90
Power of the 4" gun, KkW. . ...........................
Power of the M gun, KW. ............................

Rate and power of metal deposition into the cold
hearth and crucible were kept constant. The process
of smelting the initial charge billets was continued
up to approaching the zone of the head part melting.
This moment was clearly observed at penetration of
slag into the melting zone, located in the head part
of the initial billet. Here, intensive metal sputtering
and bright glowing of the melting slag were observed
(Figure 6). At that moment the process of melting of
the initial charge billet stopped.

At the end of melting, removal of the shrinkage
cavity was performed by gradually lowering the pow-
er of heating the ingot upper end face in the crucible.

Ingots of nickel-based heat-resistant KhN60VT
and KhN38VT alloys with outer diameter of 400 mm

Figure 5. Process of EBM of nickel-based heat-resistant
KhN60OVT alloy
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Figure 6. Melting of slag contained in the initial charge billet

and up to 2000 mm length were produced as a result
of the conducted melting operations (Figure 7).

The ingot surface quality as regards the presence
of pores, cavities, nonmetallic inclusions and cracks
was determined visually, without application of mag-
nifying instruments. The side surface of the produced
ingots after cooling for 6 h in vacuum was clean, with-
out traces of tarnishing colours. The depth of surface
defects of casting origin did not exceed 6 mm, defects
in the form of tears, cracks or lacks-of-fusion were
absent. Individual slag embedments were observed in
the ingot surface layer (Figure 8).

Ingot facing was performed on a band saw.

The surface of the produced ingots was machined
to remove casting defects. The ingots were stripped
on DIP-500 lathe (Figure 9).

Thus, a technology of melting high-quality ingots
of nickel-based heat-resistant alloys by the method of
electron beam melting was optimized, which allows

.

W2 3

ofil]1 2
W 'g\"‘:" ri“:- : T %

Figure 8. Quality of the cast surface of 400 mm dia ingot from
heat-resistant KhN60VT alloy

producing ingots with a satisfactory surface quality.
The possibility of EBM application instead of VAR
for remelting ingots of open induction melting is
shown.

Samples for ICP analysis were taken from the
head, middle and bottom parts of the produced ingots.
Samples were taken from the ingot side surface at its
machining as follows: preliminary drilling to 2—-3 mm
depth, surface layer chips were thrown away. The
sample was taken at further turning to the depth of
7—-10 mm. Chip overheating when taking the samples
was not allowed. No lubricating-cooling liquids were
used when taking the samples. The selected samples
were placed into paper bags with indication of melt
number and sampling area. The weight of each sam-
ple was at least 2030 g. Element content in the ingots
was taken to be equal to mean arithmetic values of the
results of measurements for all the samples.

The same procedure was used to select one point
in the central part of each initial charge billet.

Chemical element content was determined by the
method of inductively-coupled plasma-optical emis-
sion spectrometry (ICP-OES) in ICP-spectrometer
ICAP 6500 DUO.

Figure 7. Finished ingots of 400 mm diameter from heat-resistant alloys: « — KhN60VT; b — KhN38VT
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Figure 9. Machining of 400 mm dia. ingot from heat-resistant KhN60VT alloy

Table 1 shows the results of measurement of
chemical composition of the initial charge billets and
finished ingots by the main elements and impurities to
GOST 5632-71.

In addition, measurements of the content of other
impurities and modifiers were conducted (Table 2).

Analysis of the obtained results showed that at
EBM of the initial billets manganese content decreas-
es by 35 % for KhN38VT alloy and by 57 % for KhN-
60VT alloy. A significant lowering of the content of
magnesium by 95 % and of silicon by 50 % also takes
place in KhN60OVT alloy. A certain increase of phos-
phorus content in KhN38VT alloy should be noted.

b

As to the content of other chemical elements, there
is no significant change in ingots of KhN60VT and
KhN38VT alloys after electron beam remelting.
MI-99 samples of a cylindrical shape, in 4 mm
diameter and length were prepared to determine the
content of oxygen and nitrogen. Samples were made
from blanks, cut out of the ingot end face chamfer.
Nitrogen and oxygen content in KhN60VT and
KhN38VT ingots was determined in TC-500 analyz-
er. The principle of operation of the analyzer for nitro-
gen/oxygen determination consists in melting the ana-
lyzed sample in the graphite crucible of the furnace in
a helium flow. Reaction of the released oxygen with

Table 1. Chemical composition of EBM ingots from KhN60VT, KhN38VT steels, wt.%

Grade Sampling location Fe C Si Mn Ni Cr
KhN38VT Initial 34.209 0.07 0.343 0.674 36.351 21.521
1 34.709 0.11 0.357 0.435 35.802 21.131
After EBM
2 34.358 0.09 0.361 0.462 35.757 21.068
- GOST 5632-72 31.08-41.44 0.06-0.12 <0.80 <0.70 35.0-39.0 20.0-23.0
KhN60VT Initial 0.214 0.08 0.393 0.455 58.83 23.526
1 0.218 0.09 0.198 0.194 59.13 23.363
After EBM
2 0.207 0.10 0.177 0.189 59.25 23.417
- GOST 5632-72 <4.00 <0.10 <0.80 <0.50 50.874-63.200 23.50-26.50
Table 1 (Cont.)
Grade Sampling location W Ti Al Ce S P
KhN38VT Initial 3.450 0.856 0.460 <0.03 0.001 0.0065
1 3.490 0.891 0.464 —»— —»— 0.010
After EBM
2 3.370 0.926 0.461 —»— —»— 0.013
- GOST 5632-72 2.80-3.50 0.70-1.20 <0.50 —»— <0.020 <0.030
KhN60VT Initial 14.670 0.488 0.356 —»— 0.010 0.0081
1 14.460 0.429 0.379 —»— 0.003 0.0050
After EBM
2 14.980 0.433 0.400 —»— —»— 0.0060
- GOST 5632-72 13.0-16.0 0.30-0.70 <0.50 —»— <0.013 <0.013

25



S.V. Akhonin et al.

Table 2. Content of impurities and modifiers in EBM ingots of KhN60VT, KhN38VT steels, wt.%

Grade Sampling location As Ca Cd Ce Co Cu
KhN38VT Initial <0.001 0.010 <0.001 <0.03 0.020 0.047
1 —»— 0.013 —»— —»— 0.019 0.039
After EBM
2 —»— 0.011 —»— —»— —»— 0.040
KhN60VT Initial —»— 0.032 —»— —»— 0.003 0.002
1 —»— 0.009 —»— —»— 0.002 —»—
After EBM
2 —»— 0.012 —»— —»— —»— —»—
Table 2 (Cont.)
Grade Sampling location Mg Mo Nb Pb Sb v
KhN38VT Initial 0.005 0.155 0.013 0.003 0.017 0.010
1 0.004 0.158 0.012 0.002 0.015 0.011
After EBM
2 —»— 0.160 0.016 0.003 —»— —»—
KhN60VT Initial 0.344 0.003 <0.001 0.004 0.013 <0.001
1 0.014 0.006 0.002 0.003 0.017 —»—
After EBM
2 —»— 0.007 0.004 —»— 0.013 —»—

graphite results in formation of CO and partially CO,.
These gases, together with helium, are carried away
and pass through a catalyst (CuO-based), where CO is
oxidized to CO,. The mixture passes through an infra-
red cell, which measures the lowering of the intensity
of infrared radiation caused by CO, absorption that is
proportional to oxygen content being determined.
The gas flow from the IR cell passes through
“Lecosorb” catalyst, where CO, and H,O are retained,
while the remaining nitrogen is carried out in the he-
lium flow to the thermoconductometric cell, where
nitrogen content is determined by the principle of dif-

Figure 10. Macrostructure of a bar billet of 165 mm diameter
from KhN60VT alloy (x100)
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ferent conductivity of the two gases (detected mixture
of nitrogen and helium against pure helium).

Table 3 shows the results of measuring oxygen and
nitrogen content in KhN60VT and KhN38VT alloys.

As one can see from the Table, oxygen content
decreases by 10-14 % for KhN38VT and KhN60VT
alloys. Nitrogen content decreases by 8 % for KhN-
38VT metal and by 42 % for KhN60VT metal.

Research on fabrication of semi-finished products
in the form of KhN60VT bars was conducted with the
purpose of further study of metal quality.

Bars of 165 mm diameter were produced by forg-
ing from 400 mm dia ingots. Deformation processing
of the ingots was conducted in the temperature range
of 1170-900 °C.

Investigations of the produced bar billet of
165 mm diameter from KhN60VT alloy showed that
the microstructure is austenitic, with grain size cor-
responding to 1-2 number of DERZHSTANDART
5639 (Figure 10).

Studies of mechanical properties of the produced
metal were conducted by tensile testing of samples at

Table 3. Gas content in EBM ingots of KhN60VT, KhN38VT
steels, wt.%

Grade State [O] [N]
Initial 0.0048 0.0084
KhN38VT
After EBM 0.0043 0.0078
Initial 0.0048 0.026
KhN60VT
After EBM 0.0041 0.015
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Table 4. Mechanical properties of 165 mm bars from KhN60VT alloy produced by EBM

Sample number 3, % v, % o, MPa 6, MPa
1 68.4 70.2 311 749
2 67.4 65.9 323 756
3 67.6 70.9 303 745
TU 14-1-286-72 45-60 52-60 295-390 740-880

T'=20 °C. Results of the conducted tests (see Table 1)
show that the metal of semi-finished products in the
form of bars, obtained as a result of the performed
work, meets the standard requirements. The bars are
characterized by higher ductility. This may be related
to the fact that the EBM process provides deeper re-
moval of nonmetallic inclusions and lower values of
gas content.

Performed work showed that the electron beam
melting method allows producing sound defect-free
ingots of nickel-based heat-resistant alloys that meet
the standard requirements, and it can be used instead
of secondary vacuum-arc remelting. At application
of ingots of primary induction remelting as the ini-
tial charge billet, there is no need for adding to the
charge the alloying elements with a high vapour pres-
sure to ensure the chemical composition, meeting the
requirements of GOST 5632-72. It should be further
emphasized that the level of mechanical properties of
the bars from KhN60OVT alloy practically complete-
ly meets the requirements of TU 14-3-571-2004 for
“Seamless cold-deformed pipes from the KhN6OVT
(EI868) alloy and KhN60OVT-VD alloy for the avia-
tion industry”.
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PRODUCTION OF FERROVANADIUM
UNDER THE CONDITIONS OF ELECTROSLAG MELTING
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ABSTRACT

The electroaluminothermic process is considered for ferrovanadium production from a vanadium-containing charge mixture by
reducing vanadium oxide with aluminium in a slag layer with simultaneous electrical heating of the slag bath. The key factors
influencing the fundamental parameters of the process have been identified. Samples of final slag were examined, and chemical
composition and metal particle distribution in the slag layer were determined.

KEYWORDS: electroslag process, ferrovanadium, electroaluminothermic reduction, slag, chemical composition, metal, in-

clusions

INTRODUCTION

More than 90 % of all the vanadium mined in the world
is used in the metallurgical industry for production of
special steels and doping titanium alloys [ 1-4]. Vanadi-
um addition to chemical composition of steel promotes
an increase in wear resistance, strength and hardness of
the metal [2, 5]. Vanadium binds nitrogen and reduc-
es the steel sensitivity to aging, while simultaneously
increasing its heat resistance. Vanadium microalloy-
ing became widely applied in structural steels, greatly
improving their consumer qualities [6, 7]. Vanadium
is also used for cast iron alloying [8]. Titanium alloys
containing up to 4 % vanadium are widely applied in
the aerospace industry to manufacture parts of jet en-
gines and flying vehicle airframes [3].

World tendencies in metallurgy and related sectors
are indicative of a stable growth in demand for vanadi-
um-containing steels and alloys [4]. During steel smelt-
ing vanadium is added to the metal predominantly in
the form of ferrovanadium [2, 9]. Other vanadium-con-
taining alloys, so-caller master alloys, are used more
seldom. Ferrovanadium grades with vanadium content
from 35 to 85 % are available in the market [9, 10]. The
majority of ferrovanadium, however, is produced and
consumed in the form of FeV80 ferroalloy. On the one
hand, during its manufacture the higher vanadium con-
tent in the alloy reduces the specific production costs
per a product unit, making production more cost-ef-
fective. On the other hand, metallurgical enterprises,
as consumers, also give preference to FeV80, so as to
minimize the total quantity of the ferroalloy that needs
to be spent during steel alloying.

Vanadium oxides are the main raw material for fer-
rovanadium production [9—11]. Vanadium reduction
from its oxides may be performed with carbon, sili-
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con and aluminium. Carbon application as a reduc-
ing agent, leads to production of an alloy with higher
carbon content. Therefore, silicon and aluminium are
used in industry for vanadium reduction from its ox-
ides. However, silicathermic method does not allow
producing ferrovanadium with high vanadium content
and low carbon content [9, 10]. On the other hand, al-
uminium reduces vanadium more completely than sil-
icon does, owing to a higher thermodynamic strength
of the aluminium oxide. Therefore, low-carbon fer-
roalloys with more than 70 % vanadium content are
produced only by aluminothermic reduction. Alloys
with lower vanadium content are often produced by
silicathermic method [9, 10].

The reaction of vanadium reduction with alumini-
um from pentoxide is highly exothermic:

3V,0, + 10Al — 6V + 5A1,0

273
AG®(T) = —441707 + 24.7T, J/mol O, M

The heat released during this reaction, is sufficient
not only for melting the iron added to produce the al-
loy, but also for ensuring an effective separation of
the produced metal and slag, enriched in aluminium
oxide [12].

All the production processes with vanadium oxide
reduction with aluminium can be divided into alumino-
thermic (thermite) and electroaluminothermic [7, 10].

In out-of furnace aluminothermic process (ther-
mite) the charge consists of iron scrap (or iron oxide),
granules of vanadium pentoxide, aluminium and such
fluxes as soda ash or fluorspar [9, 12]. Aluminium is
added to the charge in the amount of 100-102 % of
that required for reduction of vanadium pentoxide by
the stoichiometry. Before loading into the reactor, the
charge materials are thoroughly mixed in the mixing
drum. The reduction process is performed in reac-
tors lined with magnesite. The thus produced ferro-
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vanadium usually contains 82-85 % V, up to 2 % Si,
1.5 % Mn and 0.06 % C. Under production condi-
tions, 90-95 % of vanadium passes into the alloy from
the charge. Final slag contains up to 4.5 % vanadium
oxides. The main disadvantages of this process are the
high reaction intensity accompanied by considerable
dust and gas emissions, and significant metal con-
sumption with remains in the slag after the reaction.

To increase vanadium extraction into the alloy, the
melting scheme with additional electric heating of the
slag during ferrovanadium production is used [6, 9,
10]. Additional heating of the slag promotes a more
complete reduction of vanadium and improves the
conditions for melting product separation, as the slag
remains sufficiently liquid during the entire melting
operation. The electroslag process is less active and
more controlled, accordingly, than the thermite one,
while vanadium extraction under certain conditions
increases up to 95-97 %. The electroaluminothermic
method also allows using lower vanadium oxides
(V,0,, V,0,) for ferrovanadium production, where
the reduction reactions are accompanied by smaller
thermal effect [10].

This work is an experimental study of the elec-
troaluminothermic process of ferrovanadium produc-
tion for vanadium-containing raw materials by reduc-
ing vanadium oxide with aluminium in a slag layer,
with simultaneous electric heating of the slag bath.

Experiments were conducted in a laboratory elec-
troslag furnace of USh-114 type and in semi-indus-
trial flux-melting furnace of A-550 type. The vanadi-
um source in the charge was granulated commercial
vanadium pentoxide of 3—5 mm fraction with the
following chemical composition, wt.% 82-86 VO,
3-8 AlL,0,,4-7 CaO, up to 2 Fe,0,, 1.5 TiO,, 0.3 SiO,,
0.5 of other impurities. Crushed aluminium wastes
with particle size of 3—5 mm were used as a reducing
agent. The charge composition also included powder
of 1 mm fraction. Lime and calcium fluoride were
used to adjust the slag pool chemical composition. A
starting point for determination of the charge compo-
sition was stoichiometric calculation in keeping with
reaction (1). In order to obtain a ferroalloy with the
specified vanadium content (C, %), it is necessary
to add iron to the charge composition in the amount
which can be calculated by the following formula:

_IOO—CV ” _100—CV

Fe Cv v Cv

m S56m kg.

. s
VZ O5

Thus, in order to produce a ferroalloy with 50 %
vanadium content from 10 kg of vanadium pentox-
ide, it is necessary to add 4.9 kg of aluminium and
5.6 kg of iron to the charge, and to produce a ferroal-

loy with 80 % vanadium, 1.4 kg of iron should be
added. Here, the total calculated quantity of the pro-
duced alloy will be equal to 11.2 and 7.0 kg, respec-
tively. The total amount of slag which will form from
Al O, and CaO will be equal to 12.3-13.3 kg. Since
commercial vanadium oxide containing impurities, is
used in the charge, 0.36—0.95 kg of aluminium oxide
and 0.48-0.83 kg of calcium oxide will enter the slag
together with it. In addition, up to 0.24 kg Fe,O, and
0.18 kg TiO, will enter the slag with vanadium pent-
oxide, which can be reduced with aluminium to the
respective metals and can go into the ferroalloy. For
instance, under the condition of total reduction of tita-
nium oxide, ferrovanadium with 80 % vanadium can
have up to 1.5 % titanium in its chemical composi-
tion. In view of the possible aluminium consumption
for reduction of iron and titanium oxides, the amount
of aluminium in the charge should be increased by
1-2 % of that required for reduction of all the vanadi-
um oxide in the charge.

Lime and calcium fluoride are added to the charge
to produce slag of the desired composition. To have
liquid slag, in keeping with the equilibrium diagram
of CaO-AlO, system [13], lime content in it should
be equal to 48-53 % of Al,O, content. A rational quan-
tity of calcium fluoride in the charge was determined
experimentally, as it is not only the slag diluent, but
also a regulator of its electric resistance. During the
laboratory experiments in USh-114 furnace, the slag
mixture was formed on the base of flux of ANF-28
type [14], which contains 41-49 % CaF, 26-32 %
Ca0, 20-21 % SiO, and up to 5 % ALQO,. The reduc-
tion process was performed in a graphite crucible. The
general scheme of organizing the melting is shown in
Figure 1.

Melting was begun with a solid start with melting
of part of the slag-forming materials in the crucible.
After the liquid slag bath formation, the charge mix-
ture was loaded in portions into the space between the

a

Figure 1. Schematic of realization of the process of reduction
clectroslag melting of ferrovanadium: @ — process initiation;
b — charge melting
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Table 1. Composition of laboratory melt charge, g

Experiment V,0, CaF, ANF-28 Fe Al Total
10 400 20 100 50 200 770
11 200 —»— —»— —»— 100 470
12 500 —»— —»— —»— 170 840
13 —»— 70 —»— —»— 140 860
14 510 150 —»— —»— 850
Table 2. Chemical composition of the produced metal, wt.%
Experiment v Al Si Ti Fe
10 41.38 14.7 2.51 1.63 38.48
11 24.45 7.21 1.43 N/D 62.35
12 65.15 4.17 2.66 0.64 25.45
13 61.29 7.38 4.0 0.44 23.03
14 67.0 11.0 N/D N/D 15.0

graphite electrode and the crucible wall. Slag-form-
ing components were added periodically, to adjust the
chemical composition of the slag. The speed of the
charge loading was regulated in keeping with its melt-
ing rate. After melting of the entire charge, the slag
bath was kept for some time with power supply on,
for completion of the reduction reactions and achieve-
ment of a more complete separation of the metal and
the slag. After completion of the soaking, the pow-
er source was disconnected, and the molten products
of melting were poured out of the crucible into the
prepared metal mould. After their solidification and
cooling, the weight of the produced metal and slag
was measured on the laboratory scales and samples
were taken for chemical analysis. During melting the
electric mode was adjusted manually.

A series of melts were conducted under the labo-
ratory conditions in electroslag furnace of USh-114
type, during which the features of running of the main
reduction electroslag process and state of the slag
bath were experimentally studied, and the conditions
were determined for achievement of the best results.
Tables 1, 2 give the composition of the charge and the
chemical composition of the produced metal for the
five final laboratory melts.

Experimental melts in a small volume allowed ad-
justment of the charge composition to obtain a slag
bath of the required density and electric resistance,
so as to ensure an appropriate running of the process
of reduction and separation of the slag and the met-
al. However, because of the small volume of the melt

Table 3. Composition of the charge for an experiment on electro-
slag melting of ferrovanadium, %

V,0, Al Fe CaF CaO Total

55 22 5 2 16 100

30

and short melting duration, which was not longer than
5 min, the melting crucible did not have time to heat
enough for all the produced metal to stay in the lig-
uid state up to process completion in the entire vol-
ume of the melting zone. As a result, a certain part
of the metal could not be poured out of the crucible
after melting was over. Considerable specific losses of
heat from the melting space, as a manifestation of the
scale factor, also negatively influenced the complete-
ness of the reduction process, which is illustrated by
increased aluminium content in the produced metal
(Table 2), even under the condition of its actual lack
in the charge compared to the calculated value by the
stoichiometry. Increase of the slag bath temperature
promoted an increase of vanadium extraction into the
metal (melts 12-14, Table 2).

Analysis of the laboratory melt data was the basis
to develop a charge mixture for smelting ferrovana-
dium by the electroslag technology without applica-
tion of ANF-28 flux. Charge composition shown in
Table 3 was selected for experimental melting on a
larger scale, performed in a furnace of A-550 type.

The ratio of the slag-forming components in the
charge was selected so as to obtain at the start of melt-
ing a liquid slag bath, consisting of CaF, and CaO,
and, later on, maintain CaO percentage content in the
slag at the level of 48-53 %, with aluminium oxide
entering the slag as a result of running of reaction (1).

During melting, the charge melted rather quickly,
but without a pronounced pyroeffect. The total amount
of the charge was 23.6 kg per melt. The duration of
the process of charge melting was close to 16 min,
and the bath was kept under current for another 4 min.
After completion of the process, the melting products
were poured into a steel mould (Figure 2). Here, no re-
mains of the metal or the slag were left in the melting
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Figure 2. Appearance of slag and ferroalloy in the mould

crucible. The overall weight of the melting products
was 23.05 kg, of which 7.15 kg were ferrovanadium
and 15.9 kg were slag (2.22 kg of slag per kilogram of
metal). Evaporation losses were 0.55 kg. The quantity
of the produced ferrovanadium is equal to 84.3 % of
the total calculated quantity of vanadium and iron in
the charge. Here, the specific power loss is equal to
1.958 kW-h/kg or 14 kW-h per one experiment.

Chemical composition of the produced alloy is
given in Table 4. A too high carbon content in the
metal is due to conducting the reduction process in a
graphite crucible. However, application of a crucible
with lining from a refractory material, not containing
any carbon, will ensure production of an alloy with
carbon content meeting the requirements. Extraction
of the charge vanadium into the metal was equal to
72 %. Here, reduction was performed with actual lack
of aluminium in the charge compared to the theoret-
ically required one, in order to determine the degree
of its utilization and absorption by the metal. Analysis
of the obtained data showed that 89 % of aluminium
from the charge was consumed directly for reduction
of vanadium passing into ferrovanadium, and 3.9 %
of aluminium from the charge entered the alloy. The
rest of the aluminium was consumed in iron and tita-
nium oxide reduction, and was lost to evaporation and
oxidation. The process of metallic aluminium interac-
tion with the slag bath obviously requires additional
study. However, in any case, to increase vanadium
extraction into the alloy, it is necessary to increase the
aluminium fraction in the charge, taking into account
the respective stoichiometric relationships.

Slag from experimental melt, entering the mould
together with the metal, was studied. The thickness
of the slag layer in the mould was approximate-
ly 0.05 mm (Figure 2). The slag was of gray colour

Figure 3. General view of a layer of slag in section (below is the
slag-metal interface)

and had a dense fibrous structure (Figure 3). A thin
yellowish-white layer was observed on the slag sur-
face, corresponding to slag-metal interface. Studies
showed that it does not contain any vanadium oxide
at all. On the other hand, the slag proper contains up
to 4 % of vanadium oxide, 52-59 % aluminium ox-
ide and 32-36 % calcium oxide. These data show that
in order to improve this result, it is necessary to not
only increase the aluminium fraction in the charge,
but also add lime to the slag bath before soaking in
such an amount, that the lime/aluminium oxide ratio
was equal to 1:1 in the slag.

Electron microscopy studies of the slag samples
revealed clusters of fine metallic inclusions along the
slag-metal interface in a layer approximately 8 mm
thick (Figure 4). Average size of the detected metal par-
ticles was 120—-125 nm (Figure 5). By their chemical
composition they are vanadium (97-98 %) with alu-
minium admixture (Figures 5, 6). Analysis of the slag
chemical composition in this layer showed that it con-
sists predominantly of aluminium oxide, calcium oxide
and a small amount of vanadium oxide (Figure 6).

Average size of metal particles detected in the slag
layer, gradually decreases from 125 nm near the met-
al-slag interface to 70 nm (Figure 7, @) in the middle
of the layer and to 10 nm near the slag-atmosphere
boundary (Figure 7, b). Here, aluminium content in its
chemical composition becomes higher (Figures 6, 7).
Residual vanadium content in the slag layer in the di-
rection away from the slag-metal interface (lower lay-
ers) towards the slag-atmosphere surface (upper lay-
ers) is doubled from 1.08 to 2.15 % near the surface.
In the middle layers the residual vanadium content is

Table 4. Chemical composition of the produced ferrovanadium, wt.%

\Y%

Si

Al

Mn

72.68-74.27

0.6-1.17

1.67-2.93

2.08

0.08-0.11

0.3
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Figure 4. Clusters of metal particles in the slag layer near the
slag-metal interface (surface on the right)

equal to 1.79 %. Such a picture is the result of con-
tinuation of the reduction process running in the slag
layer after its penetration into the mould with simul-
taneous precipitation of metal drops in the liquid slag
under the impact of the force of gravity. Reaction (1)

is strongly exothermic, so that with temperature low-
ering the equilibrium in it is shifted further towards
vanadium reduction. In view of that it may be ratio-
nal to take measures aimed at slowing down the slag
cooling in the mould during production.

It should be noted that coarse metal inclusions
were not detected in the studied slag samples which
is an indication of rather good separation of the melt-
ing products. All the metal particles detected in the
slag layer consist of vanadium and aluminium and do
not contain any iron. It can be assumed that during
melting of the charge iron (in the experiment this was
powder of 1 mm fraction), the forming coarse drops
of molten iron are not fragmented in the slag pool and
rather quickly separate from it, passing into the lig-
uid metal pool. At the same time, vanadium reduc-
tion occurs predominantly on aluminium drops. They
have smaller specific weight than the iron ones and
lower precipitation rate, accordingly, and they can be
entrapped by liquid slag flows. Moreover, running
of a highly exothermic reaction of vanadium reduc-
tion significantly heats the reaction zone that leads to
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Figure 5. Size (a) and chemical composition (b) of the metallic inclusion in the slag near the slag-metal interface
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Figure 7. Size and chemical composition of metal particles in the middle of the slag layer (@) and near the slag-atmosphere boundary (b)

reduction of the surface tension value of the present
substances, dilution of the liquid phases and this way
it promotes dispersion of the metal phase in the slag as
a result of drop deformation under the impact of dy-
namic pressures of the environment, which are great-
er than the interphase tension forces [15]. Thus, the
movement, coalescence and dispersion of the metal
drops of different composition in the slag layer have
a significant role in separation of the melting products
and alloy formation.

CONCLUSIONS

1. The process of producing ferrovanadium by elec-
troaluminothermic method, during which vanadium is
reduced from its oxide with aluminium in a slag layer
in the electroslag furnace, is less active and, therefore,
more controlled than the aluminothemic (thermite)
process. At such organization of the reduction process
it is easier to control the slag viscosity, separation of
the melting products, dissolution of the refractory lin-
ing and achievement of high product quality. Owing
to the possibility of flexible adjustment of the charge
composition, it is possible to produce ferroalloys with
vanadium content from 40 up to 80 %, depending on
the demand. Another important advantage of the elec-
troaluminothermic process is simplified requirements
to raw material preparation.

2. During the experiment on testing the developed
procedure of producing ferrovanadium performed in
electroslag melting furnace of A-550 type under the
conditions close to the industrial ones, 7.15 kg of fer-

rovanadium with vanadium content of 73-74 % and
15.9 kg of slag with up to 4 % residual vanadium ox-
ide content were produced from the charge of 23.6 kg
weight. Here, vanadium extraction into the metal
phase was equal to 72 %, and power consumption was
1.958 kW-h/kg.

3. Metal inclusions detected in the final slag, are of
the size of 10—125 nm and by their chemical composi-
tion they consist of vanadium with a small aluminium
addition. Their distribution by size and chemical com-
position in the slag layer shows that vanadium reduc-
tion and melting product segregation go on also in the
mould during slag cooling.

4. Work on further improvement of the tested tech-
nology and its adaptation to the conditions of the spe-
cific production require solving the tasks on increas-
ing the degree of vanadium extraction into the alloy
and optimization of the specific power losses.
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MATHEMATICAL MODELLING OF THE PROCESSES

OF COMPONENT DIFFUSION

IN THE CORE-GRAPHITE ELECTRODE SYSTEM IN
AN INDUSTRIAL ARC STEELMAKING DC FURNACE

OF THE DSP PS-12 TYPE
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1.O. Goncharov, 1.O. Neilo
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ABSTRACT

The work shows the possibility of using the method of mathematical modelling to predict the distribution of chemical compo-
nents in the core-electrode system during operation in an arc steelmaking furnace, taking the diffusion processes into account.
The diffusion coefficients for each component were determined on the basis of the developed two-dimensional finite element
model of the process of component diffusion in this system, and taking into account the experimental data on the residual
distribution of the component content in the cross-section of the cored electrode. These coefficients were used to conduct mod-
elling of the diffusion process in order to assess the possible distribution of the component content in the cored electrodes of an
increased diameter and to demonstrate the modelling results, taking into account different initial concentrations.

KEYWORDS: arc steelmaking furnaces, graphite cored electrodes, specific electrical resistance, components, concentration,

diffusion, mathematical modelling

INTRODUCTION

The composition of graphite electrode cores can vary
widely depending on the type of furnace, the type and
quality of the charge, steel grade, electrical condi-
tions, etc. [1, 2]. The core in the initial state consists
of a mixture of graphite with impurities of compo-
nents containing Li, Na, K, etc.

Optimisation of the initial chemical composition
of the core for electrodes of different type size (di-
ameter) and purpose can be performed by numerical
experiments (mathematical modelling) of the pro-
cess of mutual diffusion of chemical elements (com-
ponents) in the core-electrode system at high tem-
peratures in a furnace, taking into account the known
data on the diffusion coefficients of these elements
in graphite. However, such data, taking into account
high temperatures in a furnace (1800-2300 °C) and
the near-arc region of the electrode itself of up to
4000 °C, is almost not publicly available. For exam-
ple, the works [3—5] present experimental data on the
diffusion coefficients of some elements (Li, Na, K)
in graphite, but at low temperatures (25 and 960 °C)
[6]. Therefore, one of the ways to solve these issues
is to determine or approximately evaluate the values
of diffusion coefficients of the core components as
a result of processing the existing experimental data
according to the residual content of these compo-
nents in the core-electrode system.

Copyright © The Author(s)

This work presents the results of the first attempt
of mathematical modelling of the diffusion processes
of the core components for an electrode with an initial
diameter of 350 mm and electrodes of an increased
diameter of 508 and 600 mm of two compositions
(symbolic designation F, and Fy).

A general view of an industrial cored electrode
with an outer diameter of 350 mm used in a 12-t in-
dustrial DC furnace of the DSP PS-12 type is shown
in Figure 1. In the work, the samples were used in the
study taken from the lower (near-arc) region of the
electrode after its 18 h operation in the furnace and
a further cooling to room temperature. The samples
were taken at a distance of 35 mm from the core axis
and 80 and 105 mm from the core-electrode interface
to determine the actual distribution of the core com-
ponents in the body of this electrode (Figure 2).

PROCEDURE FOR THE DETERMINATION
OF DIFFUSION COEFFICIENTS

OF COMPONENTS IN THE
CORE-ELECTRODE SYSTEM

The distribution of the diffusion component content in
the cross-section of the cored electrode can be deter-
mined by solving the diffusion equation in a two-di-
mensional formulation:

dc d’c  d’c
dtD(ddyj ®
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Figure 1. Temperature distribution and changes of geometric pa-
rameters in real time of the furnace operation for the cored elec-
trode with an initial diameter of 350 mm
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Figure 2. Distribution of the component content in the cross-sec-
tion of the core and electrode with an outer diameter of 350 mm;
l—Cu;2—K;3—Cr;4—Ba; 5—Ti
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Table 1. Initial content of components in the core (composition of

F,) for the calculation of diffusion coefficients, wt.%

Time, h Cu K Cr Ba Ti
0 15.6 2.0 2.75 2.1 9.4
3 Data in Figure 2

where c is the concentration of the diffusion compo-

nents; D, is the diffusion coefficient of the diffusion

components; ¢ is the time; x, y are the coordinates.
The initial boundary conditions:

c(t=0) = ¢, — in the core at
O<r=4x>+)* < D

c(t=0) =0 — in the electrode at

D <r=yx*+y>< D, @

The initial data for modelling were the actual data
on the content of components in the core in the initial
state (Table 1) and in the core and electrode after op-
eration of the cored electrode with an initial diameter
of 350 mm in the furnace (Figure 2). After use in the
furnace, the diameter of the electrode decreased as a
result of oxidation to 215 mm (Figure 1).

A two-dimensional finite element model of diffu-
sion in the cross-section of the cored electrode was
developed (Figure 3). In the core (r < R, = 23 mm),
the initial concentration (content) of each compo-
nent was set (Table 1), in the rest of the electrode
(23 mm < r < 105 mm), the initial concentration was
set to zero.

Due to the lack of data on the values of diffusion
coefficients of the considered components in graphite
at high temperatures, it was assumed that the diffusion
coefficients on the electrode temperature in the tem-
perature range of 30-4000 °C could be determined as
averaged. The time of electrode operation was set to
3 h, based on the fact that after some time from the start
of the electrode operation in the furnace, as a result of
diffusion, the content of the core and electrode compo-
nents corresponds to that shown in Figure 2. As a result
of the carried out numerical experiments, the diffusion
coefficients for each component were determined un-
der the condition of maximum coincidence with the
experimental data on the distribution of the component
content by the electrode radius at the end of its oper-
ation. The iterative selection of diffusion coefficients
was performed at the smallest square deviations [6]:

20&ﬁfamm )
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where (f, — /) is the square deviation between the ac-
tual value f and the corresponding estimated f; n is
the number of pairs of compared values.

The additional verification and correction of the
experimental data on the distribution of the compo-
nent content in the electrode was carried out. The total
amount of the components (gain of content per vol-
ume) in the electrode after 3 h of operation should not
exceed the initial amount in the core and remain ap-
proximately the same (excluding burnout losses and
diffusion into the environment). The amount of the
components before and after operation in the furnace
can be estimated by the initial content of the compo-
nents in the core and the residual total content in the
core and electrode.

RESULTS OF THE DETERMINATION
OF DIFFUSION COEFFICIENTS
OF THE CORE COMPONENTS

Using the presented procedure, the diffusion coeffi-
cients for each component contained in the core were
iteratively selected. Figure 4 shows the results of cor-
recting the experimental data on the distribution of
the content of the Ti component after operation in the
furnace, provided that the amount of the component
before and after the operation of the cored electrode
in the furnace is maintained, as well as several cal-
culated distributions of the content of the Ti compo-
nent after the furnace operation for different iterations
to determine the diffusion coefficient, indicating the
standard deviation from the corrected experimental
data. As a result of the iterative selection, the diffusion
coefficient for the Ti component is 540 mm*h (mean-
square deviation is 0.024).

Figure 5, a shows the predicted calculated com-
ponent distributions in the cross-section of the cored
electrode with an initial diameter of 350 mm after
use in the furnace, the diameter of which was re-
duced as a result of burning to 215 mm in accor-
dance with the determined diffusion coefficients. It
can be seen that the distributions of all components
are quite uniform with a slight increase towards the
centre of the electrode.

Based on the determined calculated values of the
diffusion coefficients of the components and their dif-
ferent initial concentrations in the core, the diffusion
process was modelled to predict the possible distribu-
tion of their content in the cored electrodes of an in-
creased diameter (508 and 600 mm) after 3 h of oper-
ation in the furnace. The modelling results (Figure 5,
b, ¢) showed that the initial component concentration
in the core of the electrodes of an increased diameter,
as in the electrode with a diameter of 350 mm, did not
ensure the distribution of a uniform content of these

15.600
13.371
11.143
8914
6.686
4.457
2209

0

Figure 3. Two-dimensional finite element model of diffusion in the
cross-section of the cored electrode: @ — concentration of the Cu
component in the initial state; b — after 3 h of electrode operation

components over the entire cross-section of graphite
electrodes. In the cross-section of the electrode, clos-
er to its outer surface, the content of the components

Electrode

[

=

=
o
by

=
o
T

Content of the Ti component, %

=
-
T

0 20 40 60 80 100 R, mm

Figure 4. Experimental and calculated distributions of the con-
tent of the Ti component depending on the radial coordinate of
the electrode with an initial diameter of 350 mm after 3 h of the
furnace operation: /, 2 — initial and corrected experimental data;
3 — calculated data at D = 650 mm?*h; 4, 5 — at D = 500 and
540 mm*h
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Figure 5. Estimated distributions of the content of core compo-
nents depending on the radial coordinate of electrodes with initial
diameters of 350 mm (a), 508 mm (b), 600 mm (c) after 3 h of
the furnace operation and components and corresponding values
of diffusion coefficients D, mm?/h: I — (Cu) 1170; 2 — (K) 620;
3 —(Cr) 460; 4 — (Ba) 290; 5 — (Ti) 540

(except for the Cu component) after 3 h of operation
remains almost zero, which is a negative factor for
ensuring the effective operation of the electrode.

Table 2. Limit parameters of an increased initial content of com-
ponents of £y in the core of electrodes with the diameters of 508
and 600 mm, wt.%

Time, h Cu K Cr Ba Ti

0 15.6 4.0 5.5 6.6 9.4

Note. The initial content of components in the electrode is equal
to zero.
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Figure 6. Distribution of the component content in the radial di-
rection of the electrode with a diameter of 508 (a) and 600 mm (b)
after 3 h of operation and components and corresponding values
of diffusion coefficients D, mm?/h: I — (Cu) 1170; 2 — (K) 620;
3 —(Cr) 460: 4 — (Ba) 290; 5 — (Ti) 540 with an increase in the
initial content of individual components in the core

Taking into account that as a result of modelling,
a rather low component content was obtained in the
electrodes of increased diameters (508 and 600 mm)
after 3 h of operation in the furnace, it was decided
to increase the initial concentration (content) of indi-
vidual components in the core Fj for these electrode
diameters (Table 2).

Based on the obtained calculated values of the dif-
fusion coefficients of the components and increased
initial concentrations of the individual components
(K, Cr, Ba) in the core, the diffusion processes were
modelled in the core to evaluate the possible distribu-
tion of the component content in the cored electrode
with a diameter of 508 and 600 mm after 3 h of op-
eration in the furnace (Figure 6, a, b). The modelling
results showed that even a significant increase in the
initial component content in the core by 2-3 times
did not ensure a uniform distribution of these com-
ponents in the cross-section of a graphite electrode of
an increased diameter after 3 h of operation. On the
periphery, closer to the outer surface of the electrode,
the content of components remained very low. Only
copper, due to the highest value of the diffusion co-
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efficient, has a non-zero content distribution over the
entire cross-section of the electrode.

CONCLUSIONS

1. For the first time, it was shown that mathematical
modelling can be used to predict the distribution of
components in the core-electrode system during oper-
ation in an arc furnace, taking into account the diffu-
sion processes.

2. Due to the lack of data on the values of the con-
sidered components of the diffusion coefficients in
graphite at high temperatures, it was assumed that the
diffusion coefficients can be determined as averaged
from the electrode temperature in the temperature
range of 30—4000 °C. The time of electrode operation
was set to three hours.

3. Based on the developed two-dimensional finite
element model of the process of the component diffu-
sion in the core-electrode system in the cross-section
of the cored electrode and experimental data on the
distribution of the content of components (Cu, K, Cr,
Ba, Ti) in the initial state and after three hours of op-
eration of the cored electrode with an initial diameter
of 350 mm, in the course of numerical experiments,
diffusion coefficients for each component were itera-
tively determined, provided that the maximum coinci-
dence with the least square deviations with the exper-
imental data at the end of the electrode operation in a
DC arc furnace.

4. Based on the determined calculated values of
the diffusion coefficients of the components and their
different initial concentrations in the core, the dif-
fusion process was modelled to predict the possible
distribution of their content in the cored electrodes of
an increased diameter (508 and 600 mm) after three
hours of operation in the furnace. The modelling re-
sults showed that even a significant increase in the
initial component content in the core by 2-3 times
did not ensure a uniform distribution of the content
of these components in the cross-section of graphite
electrodes of an increased diameter, and at the pe-
riphery, closer to the outer surface of the electrode,
the content of components after 3 h of operation is
close to zero. Only copper, due to its rather high con-
tent in the core and a high diffusion coefficient, has a
non-zero distribution of the content across the elec-
trode cross-section.

5. To consider it necessary to continue the works
on mathematical modelling of diffusion processes in

the core-electrode system in relation to arc steelmak-
ing furnaces.
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ABSTRACT

The paper considers various aspects of the modification and microalloying of weld metal of high-strength low-alloy (HSLA)
steels with dispersed particles of various compounds. The essence and relationship of the processes is highlighted in the context
of improving the mechanical properties of the weld metal. The methods and technologies of modification of the structure of

HSLA steels and their welded joints were analyzed. The use

of various technologies and methods of introducing modifiers into

the liquid weld pool is considered, with determination of their effectiveness and impact on the quality of the final product. The
influence of different types of modifiers on structure formation, features of the kinetics of phase transformations, structural and
chemical liquation and mechanical properties of the resulting welded joints have been analyzed. Particular attention is paid to
the aspects of nanomodification of weld metal, determining its advantages and disadvantages.

KEYWORDS: high-strength low-alloy steels, modification, microalloying, microstructure, mechanical properties, automatic

welding, weld metal, liquation, nanoparticles

INTRODUCTION

Welding in modern industry is an indispensable part
of production processes, which creates an integral el-
ement of construction and manufacture. The ability
to produce joints ensuring the strength and ductility,
makes welding a critical stage of the production cy-
cle. However, with advance of technology and expan-
sion of quality requirements, the need to improve the
techniques and materials used in the welding process
becomes greater.

In particular, welding of high-strength low-alloy
(HSLA) steels with a low content of alloying elements,
faces the challenge of ensuring not only strength, but
also toughness of the weld metal structure.

Controlling the formation of primary microstruc-
ture of the weld metal is given a lot of attention in lit-
erature. Grain refinement [1], solid solution alloying
and microalloying [2], as well as formation of non-
metallic inclusions of a certain size, composition and
morphology (also by addition of dispersed high-melt-
ing particles into the weld pool) [3] are the main fac-
tors, allowing providing of weld metal strength and
toughness. Among these methods, application of weld
metal modification by second phase particles is be-
coming and integral part for achieving optimal results.

“Microalloying” term should be understood as a
method to influence the structure and properties of the
metal (alloy) only by adding small quantities (<0.1 %)
of elements or their compounds to its composition,
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which have a considerable impact on the processes
running in the solid phase.

“Modification” term should be understood as a set
of any chemical, physical or complex processes, in-
fluencing the end structure and properties of the metal
(alloy). This is a process of active regulation of prima-
ry crystallization and/or changing the degree of dis-
persity of the crystallizing phases. Metal modification
can be conducted by adding modifiers to the melt, or
by active influence of various physical (mechanical)
methods on the melt.

“Nanomodification” term should be understood to
mean adding nanoparticles or nanomaterials of less
than 100 nm size to the liquid weld pool with the pur-
pose of influencing the formation of weld metal mi-
crostructure to improve its properties.

Dispersion strengthening, where second phase par-
ticles are used, as a mechanism of grain growth pre-
vention, similar to the mechanism of refinement of mi-
crostructural components, is particularly important for
weldable steels. Refinement of the structure of the ma-
jority of steels and alloys has a favourable impact on the
entire complex of their mechanical properties [4].

There is a large number of materials and methods
for realization of modification in modern technologi-
cal processes. One of them is addition of high-melting
exogenic inclusions into the liquid melt (inoculation).
Two main mechanisms of the influence of exogenic in-
clusions on melt crystallization are usually considered
[5]- In keeping with the first one, the particles are in-
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dependent crystallization centers, performing “direct”
heterogeneous nucleation, or form such centers as a re-
sult of interaction with the melt. By the second mech-
anism, the particles block the growth of crystallites or
structural elements, which form during cooling.

Modification results in refinement of the grains or
structural components. In a number of cases, direct
combination of both the processes is possible, which
leads to transformation of the phases with an acicular
or lamellar structure into a more equilibrium globu-
lar one that increases the metal strength, ductility and
toughness, preventing internal stress concentration
and cracking.

Over the recent years, application of special-
ly prepared nanopowder inoculators or modifiers to
increase the cast metal quality is attracting a lot of
interest. These are nanopowders with particle sizes
of <100 nm from refractory compounds (oxides, ni-
trides, carbides, borides, etc.) [6, 7]. At addition to the
melt, they are distributed over the liquid metal vol-
ume, and serve effective crystallization centers.

Wide prospects of dispersed powder application
for modifying influence on the melt in metallurgy al-
low looking in a new way at the possibilities of con-
trolling the process of liquid pool crystallization in arc
processes of fusion welding [8, 9].

Modification is widely used in production of mate-
rials for construction, transportation, mechanical en-
gineering and other industries, as a result of improve-
ment of the strength, ductility and impact toughness
of metal products operating under high loads and ex-
treme service conditions [4].

Alongside the indubitable advantages of appli-
cation of the modification method, however, use of
modifying for welded joints may face certain chal-
lenges and potentially negative consequences. This is,
primarily, formation of macro- and microdefects, cav-
ities, pores, cracks and other defects, appearance of
regions of chemical heterogeneity and liquation in the
weld. Secondly, the particles can completely dissolve
in the liquid pool without any modifying effect that
necessitates application of additional specific require-
ments to control of temperatures and technical param-
eters of welding. Thirdly, nonuniform distribution of
particles in the weld metal will lead to heterogeneity
in the microstructure, and, consequently, to lowering
of the mechanical properties in individual regions of
the weld.

The objective of this work is analysis of literature
data on modification and microalloying of the metal
of welds, influence of modifying particles of different
compounds on the structure and mechanical proper-
ties, as well as of the prospects for nanoparticle ap-
plication for welding high-strength low-alloy steels.

MODIFICATION AND MICROALLOYING
OF THE WELD METAL

Addition of powderlike material into the weld pool
(Figure 1) may lead to different consequences, name-
ly primary modifier particles remain in the weld metal
(modification); the particles may dissolve complete-
ly, changing the solid solution composition (microal-
loying) [10]; new particles precipitate in the form of
dispersed nonmetallic inclusions (dispersion harden-
ing); the particles coagulate and/or stick to each oth-
er, forming complex phase precipitates (coagulation);
particles change the morphology and composition of
nonmetallic inclusions already existent in the metal.

Changes of chemical composition of weld metal
and particles can also influence the kinetics of trans-
formation in the solid state, transformation tempera-
ture and the forming microstructure. Influence of
modifiers at liquid metal crystallization may influence
the primary dendritic structure of the weld metal, the
width and type of the weld dendritic structure [11].
The microstructure will be influenced by the compo-
sition, distribution and size of modifying and second-
ary particles [12].

As a result of the dispersed particles interacting
with the liquid metal, when they are used for modi-
fication, their complete or partial dissolution is pos-
sible, leading to metal microalloying in individual
regions of the weld. Therefore, at modification by fine
particles this process cannot be considered without re-
gard to microalloying.

It is widely known that the microcontent of chem-
ical elements or their compounds in the metal or the
welded joint can have an essential influence on the
nature of metal crystallization, shape and composition
of nonmetallic inclusions, structure of grain boundar-
ies and near-boundary zones, weldability, hardening,
heat- and wear resistance, etc., i.e. on a whole set of
technological and service properties [13].

One of the effective methods to control the lig-
uid metal composition during electric arc welding is

Presence

of primary
modifier particles \

Dissolution, change
of solid solution
composition

Change of morphology
of dispersed NMI

2
@:
;‘\

Modification
by dispersed
particles

_ Coagulation,
formation of PhP

Precipitation
. from solid solution
in the form of discrete NMI

Figure 1. Modification influence on the nature of transformations
of dispersed particles [31]
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its modification and microalloying through welding
consumables which is effective in terms of cost and
technology. Literature sources quite widely cover the
problem of microalloying of steels and their welded
joints [14].

Although the content of individual elements
at microalloying is not higher than 0.1 wt.%, they
have a considerable effect on the processes running
in the solid phase (structural-phase transformations,
phase composition, size of the primary austenitic
grain, structure and cleanliness of the boundaries and
near-boundary zones, etc.) [15].

So, microalloying with chromium increases the
hardness, strength, toughness, wear resistance, im-
proves the corrosion resistance, as well as ductility,
but decreases the heat conductivity. Vanadium im-
proves the hardness, strength, toughness, resistance
to dynamic stresses and wear, reduces temper brittle-
ness, refines the structure and improves the resistance
to overheating at quenching. Molybdenum increas-
es the hardness, strength, hardenability, treatability
by cutting, heat resistance; promotes formation of a
fine-grained structure, improves the weldability and
mechanical properties of the welded joints. Titanium
microadditive improves the hardness, strength, and
wear resistance, but lowers the hardenability. Titani-
um is used in the form of its compounds with carbon,
nitrogen and boron. Titanium carbonitrides Ti(C, N)
are the most often used as modifiers, leading to grain
refinement. Application of WC tungsten carbide in the
metal of low-alloy steel leads to formation of a more
homogeneous microstructure, increasing the ductile
characteristics [16]. Boron microadditives are used
to improve the set of mechanical properties of steels,
subjected to hardening with tempering. Here, boron
influence is associated with increase of hardenability
and refinement of austenitic grain. In some cases not
free boron, which is difficult to add to the liquid met-
al, but its compounds TiB,, LaB,, CaB,, etc. are used.

Recently, such nanomaterials, as nanoparticles of
carbon [17, 18], graphene [19] or fine oxides of re-
fractory metals [20] also began to be used for mod-
ification.

Modification of welded joint metal allows effec-
tive use of the modes of postweld heat treatment to
produce the desired structural components and me-
chanical properties.

In the general case it can be noted, that applica-
tion of microalloying and modification leads to grain
refinement and to producing a more homogeneous
structure that has a positive impact on the toughness
and ductility characteristics of the welded joints, and
influences the technological and other properties of
the metal [20, 21].

TECHNOLOGIES OF ADDING MODIFIERS

Different modification technologies are traditionally
used in metallurgical production, namely: chemical,
electrochemical and physical (microcoolants) and
combined, by adding modifiers into the solution, or
applying different physical (mechanical) methods to
the solution. Widely applied among the modification
technologies are the chemical methods, using the
chemical state of the modifiers for modifying the met-
al structure. This is achieved by adding powders of
different chemical compounds to the liquid pool in the
form of flux-cored wires, bands, aerosols or predepo-
sition of powder onto the surface (adhesion bonding).
This approach allows refining the metal structure and
forming new strengthening phases, which, in its turn,
promotes an improvement of its service properties
[22, 23].

The physical impact methods having a modify-
ing effect include the following: ultrasonic treatment,
high-frequency peening, temperature-time treatment,
superposition of an electromagnetic field on the melt,
etc. Of great interest are the processes related to pres-
sure application to the metal of crystallizing castings.
In particular, in the technological schemes of casting
with alloy crystallization under pressure (die cast-
ing — DC) the pressure applied to the melt during
solidification, has a significant influence on the nature
of crystallization.

At present there are few references in literature to
the use of combined technologies of adding modifiers,
which influence the metal structure components and
thus improve its performance [24].

Among the modern methods of adding modifiers
to cast iron and steel melt, the following should be
singled out: method of processing with balls of the
matching master alloys; submerged block method;
processing with lump ferroalloys, processing by pow-
derlike wire and blowing with powderlike ferroalloys.

Application of combined ultrasonic methods of
welded joint surface modification using nanosized
modifiers can improve the modification effectiveness.
Reduction of the dimensions of modifying particles
leads to reduction of mean dimensions of weld metal
grains and stress intensity factor [24]. Use of nanodis-
persed particles having higher specific surface energy
increases the probability of chemical interaction be-
tween the particles and the metal, leading to forma-
tion of strong bonds and more effective refinement of
the deposited metal structure (Figure 2).

Similar to metallurgical production, the methods
of modification of welded joint metal can also be di-
vided into three main groups: chemical (addition of
modifiers), physical (application of external physical
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uIT
(HFMP)

Figure 2. Scheme of combined application of ultrasonic methods of surface modification: ¢ — ultrasonic impact treatment (HFMP);
b — surface microstructure and X-ray patterns of the studied regions [24]

impacts) and combined [14], while all the modifiers
can be divided into three classes, depending on the
manner of their influence on weld metal crystalliza-
tion [22].

Modifiers of the first kind improve the wettability
of one alloy component by another one, i.e. they re-
duce the energy of surface tension on the interface,
thus facilitating the nucleation of the new solid phase,
contacting the liquid (Figure 3). Modifiers of the 2™
kind are directly the crystallization nuclei. They, how-
ever, can be such rather conditionally — in the case,
when the melt temperature is so close to that of mod-
ifiers solidification that it will be insufficient for melt-
ing the modifiers added to the liquid pool. Modifiers
of the 3" kind (inoculators) change the weld metal
structure by lowering the temperature of overheating
of the liquid metal being solidified [14]. The high-
er cooling rate increases the crystallization rate and
promotes an increase in development of the liquation
processes which is favourable for the weld metal mi-
crostructure.

e e S B _ 4 :
Figure 3. Microstructure (x500) of weld metal of HSLA steel 14KhGNDTs with modifier addition: « —without addition; b — MgO;

¢—Z7Zr0,; d —TiO,; e — ALO
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Moreover, the modifiers can be divided into two
types: those, which do not change the surface prop-
erties of the crystallizing phase, and those changing
the surface tension on the melt-particle interface [14].
Additives of the second type are usually called sur-
face-active, and they are selectively concentrated on
the surface of the crystals (dendrites). Surfactants are
capable of creating a continuous adsorption layer. It
means that at practical absence of surface-active mod-
ifier solubility in the solid phase a shell of a liquid
enriched in modifier elements forms around it [14].

Complex modifiers are a system consisting of two
and more modifiers of the same or different types of
elements from those given above. Such a complex
application of modifiers allows significantly decreas-
ing the liquation processes in the weld metal and the
HAZ, which will lead to a more uniform distribution
of the alloying elements, lowering of concentration
gradients and homogenizing of the properties (Fig-
ure 4) [25]. The effect of such modifiers, depending
on their type, is usually manifested in a more inten-

\ :.
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Figure 4. Influence of modifying additives (Nb, V, Ti, Ni) on alloying element liquation in weld metal of HSLA steels: « — A57
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A656 G80 steel [25]
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sive and complex way, simultaneously influencing
the mechanical, technological and service properties
of the weld metal [26].

The physical methods of modification include
those, which are based on the influence of physical
processes on the processes of crystallization and for-
mation of the weld metal structure. This is, in partic-
ular, application of vibrations during welding, pulsed
application of energy from the heat source; pulsed
feed of electrode or filler wire; application of sourc-
es with welding current modulation, as well as in a
number of cases use of additional heat sources influ-
encing the HAZ close to the weld fusion line; exter-
nal electromagnetic influence, etc. [14, 27]. In work
[28] the authors used a combined method of treatment
of welded joints of 40Kh steel. The nitride layer was
applied by plasma nitriding, and then treated by a
scanning electron beam. It was found that hardness
(850 HV) increased more than three times, compared
to the initial material. Application of this combined
method (PN + EBT) improves the steel wear resis-
tance at abrasive wear by more than two times, com-
pared to plasma nitriding.

INFLUENCE OF MODIFIERS
ON THE STRUCTURE AND PROPERTIES
OF WELD METAL OF HSLA STEELS

Flux-cored wires with different degree of filling with
particles of oxides, carbides and nitrides of predomi-
nantly refractory metals are often used as modifiers in
welding HSLA steels. The following compounds are
often used for these purposes: TiC, SiC, NbC, TiO,,
ALQ,, ZrO,, MgO, TiN, TiB. Appearance of modifier
powders is given in Figure 5.

In work [29] it was established that carbide mod-
ifiers (TiC, SiC, NbC) influence the transformation
kinetics and formation of secondary crystalline struc-
ture due to their dissolution and change of the metal

R O e R 10) i [c]

Figure 5. Appearance of modifier powders: « — ALO
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chemical composition, while oxide modifiers (TiO,,
Al O,, ZrO,, MgO) and modifiers based on titanium
compounds dissolve and precipitate on the surface of
nonmetallic inclusions, as well as in the form of indi-
vidual nonmetallic inclusions and phase precipitates,
influencing structure formation and mechanical prop-
erties of the modified weld metal.

It was shown [29] that at modification by particles
based on titanium compounds new nonmetallic in-
clusions are formed, appearing inside the weld metal
grains with high dislocation density (107'°-10""" cm2)
around the inclusions, which has a negative impact on
the ductility indices of the welded joint metal.

Oxide-based modifiers have a complex impact on
structure formation processes and they can be recom-
mended for industrial applications. Proceeding from
the obtained results the authors ranged by the degree
of modifiers influence on weld metal strength and
ductility: ZrO,-MgO-TiO,~-AlO,. It was found that
modification by ZrO, powders should be recommend-
ed to improve the ductility and impact toughness, and
AlO, powders should be used for higher strength.

In work [30] it was established that modification
with ZrO, and MgO particles leads to a certain in-
crease of the temperatures of the beginning of trans-
formation for cooling rates below 17 °C/s. Modifica-
tion by TiC, SiC, NbC, TiO,, AL,O, and TiN particles
leads to lowering of critical transformation tempera-
tures. Modification by carbide modifiers and TiN
leads to formation of a pronounced martensite phase
at dilatometric and metallographic investigations.
The highest martensite content and the highest values
of metal microhardness were produced for samples
modified by TiN particles.

Dependence of transformation temperature on the
cooling rate demonstrates a lowering of the trans-
formation temperature for all the studied samples. It
should be noted that modification by ZrO, and MgO

= o ”'.___‘ % Tl

b—MgO; ¢ —TiO,; d — ZrO,; e — SiC; f—TiC
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Raﬂ(l ‘ut'thc quantity of ferrite to the quantity of bainite
particles leads to improvement in the transformation
temperature by 50-75 °C, and on the whole the values
of transformation temperature for MgO, ZrO,, TiO,,
Al O, oxide modifiers are higher than those for SiC,
VC, NbC carbide particles. The lowest temperature
transformation values are observed for a sample mod-
ified by TiN titanium nitride [30].

Influence of modifying particle type on the me-
chanical properties of weld metal of HSLA steels
(Figure 6) shows a lowering of strength and increas-
ing of ductility characteristics at increase of the ratio
of the quantity of ferrite phase to that of bainite phase.

At the same time, an opposite dependence was es-
tablished at weld metal modification by TiN and NbC
particles, which was accounted for by the presence
of a martensite phase in the structure of weld met-
al of these samples, as a result of dissolution of car-
bide-forming modifiers.

NANOMODIFICATION.
ADVANTAGES AND DISADVANTAGES

Application of finer particles or powders of refractory
metals became a further development of the technol-
ogy of metal structure modification. Use of such par-
ticles of less than 100 nm size on the one hand allows
controlling the metal structure already at the micro- or
even atomic level, and on the other hand it requires
development of special technologies and equipment
for their realization. Application of such nanoparti-
cles allows more thoroughly influencing the growth
of primary grains during liquid metal crystallization;
controlling the grain-boundary processes; forming a
complex subgrain microstructure; influencing the dis-
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Figure 6. Influence of structural composition on
mechanical properties of modified weld metal: a —
ultimate strength; b — yield limit; ¢ — fracture
toughness [29]; / — without modification; 2 —
Zr0,; 3 —TiO,; 4 —ALO,; 5 —MgO; 6 —FeTj;
7 —TiN; 8 —SiC; 9 —TiC; 10 —VC; 11 —NbC

tribution of dislocations, impurities and level of chem-
ical heterogeneity, i.e. improving the metal structure
in some way and increasing its metal properties.

At the same time, scientists are faced serious dif-
ficulties of both technological and research nature.
From the view point of technology, equipment should
be developed for adding nanopowders into the weld
pool and for preventing their dissolution at the stage
of weld metal crystallization. Their dissolution has to
be prevented that is a more complex task, compared to
traditional particles of larger size, used for modifica-
tion. Moreover, a uniform distribution of the nanopar-
ticles should be ensured, disregarding their tendency
to combine — to form clusters and aggregations.

Therefore, the majority of the works, devoted to
welded joint modification by nanoparticles are de-
voted to solid-phase welding, i.e. welding, where no
melting occurs. Now, in those works, where fusion
welding methods (TIG, MIG/MAG) are used, the
nanoparticles solubility is almost not controlled.

In work [29] an attempt was made to assess the
change in nanoparticle size during welding of HSLA
steel. Analysis of the distribution of particles and size
of inclusions in the metal of welds without modifiers
and with their application reveals a reduction of the
fraction of fine inclusions, and increase of the fraction
of inclusions large than 0.36 um.

An important technological aspect of nanomodi-
fication is addition of nanoparticles to the weld pool.
The high specific surface energy of the nanoparticles
associated with a large overall surface area, leads to
nonuniform distribution of the nanoparticles (Fig-
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Figure 7. General appearance of nanopowders: a — AL O;;

ure 7) [31, 32]. They most often coalesce, forming
conglomerates or clusters of nanoparticles, or pre-
cipitate at the bottom of the weld pool. Moreover, in
welding processes the temperature in the zone of heat
source impact is higher than the melting temperature
of many refractory nanodispersed compounds causing
their dissociation and further dissolution of the prod-
ucts in the weld pool melt [33].

In work [15] the influence of titanium-containing
nanoparticles on crystallization of acicular ferrite and
mechanical properties of metals for multipass arc
welding was studied. In the study particle dispersion
was conducted, using ultrasonic treatment. However,
achievement of a uniform distribution of nanoparti-
cles in liquid glass for further coating of the electrodes
requires treatment for 6 hours that is not practical in
serial production. The authors also determined that
the percentage of acicular ferrite in the weld metal be-
comes higher with increase of the amount of nanopar-
ticles of TiO, titanium oxide in the electrode coating.

In work [34] the influence of TiO, SiO,, AL,O, and
Mn, O, nanoparticles on the features of destruction of
Charpy impact V-notch specimens produced by sub-
merged-arc welding was studied. Increase of strength
and impact toughness of the welds as a result of great-
er surface density of acicular ferrite at decrease of
the lath thickness as a result of modification by TiO,,
Si0,, AL,O, or Mn,O, nanoparticles was found.

In work [35] SiC and TiO, nanoparticles were used
at friction stir welding of AA7075 and AA2024 alu-
minium alloys. It was established that the nanoparti-
cles are dispersed in the welding one, forming a refined
microstructure and preventing formation of harmful
defects. This distribution improves the load-carrying
capacity, effectively increasing the tensile strength of
the joint. The nanoparticles promote a more uniform
stress distribution and slow down crack initiation and
propagation.

Work [36] is a study of the influence of SiO,
nanoparticles, graphene nanoplatelets (Gnps) and
biocoal, added to the weld pool at FSW of AISI-SAE

b

b —TiO, (x100000)

1010 steel and CDA 101 copper. It was found that
additions of a considerable quantity of nanoparticles
resulted in undesirable values of the strength inten-
sity factor. At the same time, the microstructure of
the weld with application of nanoparticles was quite
favourable. The grains in the HAZ and TMAZ were
considerably refined, due to application of nanoparti-
cles. The result showed that biocoal nanoparticles ob-
tained naturally have a potential to replace expensive
nanofillers in metal welding.

Cracking during weld pool solidification was a se-
rious problem in fusion welding of high-strength and
high alloys for many years. It has been established
recently that application of TiC nanoparticles as filler
materials is an effective method of preventing cracks
at solidification during TIG welding of sheet alumin-
ium alloy AA7075. Experimental results showed that
filler metal with TiC nanoparticles effectively prevents
cracks at crystallization. Evaluation of microstructure
reveals an equiaxed morphology of the grains in the
fusion zones [37].

Thus, application of nanomodification in welding
offers a number of advantages. First, this is structure
improvement: nanomodifiers allow producing a more
dispersed structure in the weld metal, and under ap-
propriate conditions reaching a more homogeneous
structure, reducing its defectiveness, lowering the lev-
el of residual hydrogen, improving the brittle fracture
resistance, and reducing porosity. Secondly, this is in-
crease of mechanical characteristics: during primary
crystallization the nanoparticles will slow down the
growth of crystallites, concentrating predominantly
on their boundaries, and this will lead to refinement of
the secondary microstructure, which will promote an
increase of hardness, strength, and, most importantly,
impact toughness at negative test temperatures. Third-
ly, this is improvement of the weld metal resistance
to the influence of the environment: nanoparticles
can improve the weld metal resistance to oxidation,
corrosion and other aggressive factors, acting under
extreme conditions.
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CONCLUSIONS

1. Performed analysis of literature sources showed
that modification and microalloying of the metal of
welds by feeding flux-cored wire with dispersed parti-
cles of oxide compounds is a promising technological
measure of controlling the structure and improving the
mechanical properties of weld metal of HSLA steels,
which can be used under production conditions.

2. In modern modification technologies, applica-
tion of refractory chemical compounds of various el-
ements is designed for active regulation of primary
crystallization processes, change of the degree of the
solidifying phase dispersity and formation of a fine
secondary structure.

3. Nanomodification of weld metal of HSLA steels
and other alloys can be used with success for differ-
ent welding methods (TIG, MIG/MAG, FSW) which
allows significantly influencing the weld metal struc-
ture, refining both the primary and secondary struc-
ture, reducing the grain size, lowering liquation and
improving their functional characteristics of strength,
ductility, toughness and wear resistance.
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INFORMATION

PLASMAT

7 "y* \ companies group

ELECTRON BEAM PRODUCTION OF HARD ALLOY TOOLS

Having combined the expertise of the E.O. Paton Electric Welding Institute and NTUU “Sikorsky
Kyiv Polytechnic Institute, the “PlasmaTec” Company founded an R&D Center in 2018. The objec-
tive of the Center is creation of competitive innovative developments and technological solutions
to provide the industry with fundamentally new production methods. The technological core of the
Center is material processing with a high-energy electron beam in electron beam remelting units. The
potential and R&D resources of the Center allow conducting a full range of work, including:

e performance of scientific research;

e product design and forecasting their operating life; D — 31 mm
d— 22 mm

e individual development of technologies for hard alloy H— 14 mm

part production.

R&D Center Mission

Ensure the best quality and the longest service life, com-
pared to similar steel parts.

D —26 mm
d— 18 mm
H—20 mm

R&D Center advantages

e technology of a complete

cycle of secondary raw mate-
rial recycling and manufactur-
ing new parts based on WC—

Co hard alloys;

e our own research and pro- D— 56 mm
] . d—28 mm

duction laboratory ensuring H— 45 mm

control of the process of tech-
nology development and pro-
duction at each stage;

e high level specialized expertise in electron beam technologies: welding,
heat treatment, sintering, coating.

Parts produced on a regular basis

D—82mm e hard-alloy rollers for wire winding machines:
d — 62 mm
H—24.5mm

e metallurgical guide rollers and scale breakers for wire rolling mills (ma-
terial WC—Co);

e rollers with WC—Co carbide inserts for wire drawing mills.

We develop all the solutions individually in accordance with the customer requirements
https://plasmatec-weld.com.ua/




