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ABSTRACT

The paper is devoted to studying the technological features of plasma-arc spraying by consumable current-conducting wire-an-
ode. The relevance of applying such a process is related to the possibility of spraying directly by atomization of wires without
the need to make powder materials from them. Experimental verification of the results of mathematical prediction of the influ-
ence of annular protective flow of compressed air, accompanying the particle-loaded plasma jet, on the results of plasma-arc
spraying by compact wire anodes was performed. The key role of increasing this flow rate above 20 m¥h for improvement
of the spay-deposited coating formation and quality was established. In spraying of coatings from compact wires porosity
decreased with increase of the values of flow rates of accompanying air flow G,, and achievement of this parameter values
within 0.5-2.5 %. Conducted experiments allow producing porefree coatings in spraying with wires from M2 copper, Kh20N80
nichrome, NP1 nickel, AMg63 aluminium-magnesium alloy. Studying these experimental results showed that at increase of the
rate of accompanying protective air flow G, from 0 to 40 m%/h, the loss of alloying elements (C, Mn) during spraying by steels
wires of 65G and 70 grades decreases by 30-40 % on average. Increase of the parameter of rate G, of the air flow accompanying
the particle-loaded plasma jet influences improvement of the coating bond strength and wear resistance. So, at G, = 20-40 m%h
the bond strength at tearing off of coatings from steel 70 along the normal reaches 60—70 MPa, and that of coatings from M2
copper is 40-55 MPa. Wear resistance of coatings under the conditions of boundary friction and resistance at cavitation wear
increases at G, increase from 0 to 40 m?®/h, which is manifested in reduction of such wear from 1.35 to 0.32 mg/min.

KEYWORDS: plasma-arc spraying, compact wires-anodes, accompanying flow, material utilization factor, coating bond

strength, wear resistance

INTRODUCTION

At present, there exists a certain number of promising
industrial technologies of functional coating depo-
sition [1]. In particular, such technologies are used,
which allow spraying compact metal and flux-cored
wires by plasma-arc process. At application of such a
process arc melting of the wire takes place with for-
mation of liquid metal drops in argon atmosphere [2].
For consumable-wire plasma-arc spraying the plas-
ma arc which runs between the tungsten cathode and
the wire, is blown by an intensive accompanying air
flow. The argon flow around the arc is fed through
a plasma nozzle with small flow rate. Air is fed into
the gap between the plasma and protective nozzles at
considerable rate [3]. The features of such a process
consist in that wire material melting and atomization
take place in a shielding argon atmosphere, and melt
fragmentation and disperse particle acceleration oc-
cur in the plasma jet, compressed by a accompany-
ing air flow, coming out of an annular gap between

Copyright © The Author(s)

the plasmatron nozzles. It allows ensuring minimum
evaporation losses of wire material and optimum frac-
tional composition of the sprayed dispersed phase,
spraying material particles reaching a subsonic speed
at the moment of collision with the base, high volume
concentration of the sprayed particles and minimum
opening angle of the particle-loaded plasma flow [4].
However, there arises the risk of molten wire material
saturation with oxygen and nitrogen from the air at its
introduction into the zone of the electric arc impact,
which may cause disturbance and air penetration into
the high-temperature arc. The molten metal drops are
also influenced by the conditions of protection of the
particle-loaded plasma jet at the working distance be-
tween the plasmatron and the sprayed surface [5]. As
a result, the chemical composition of the deposited
coating may differ considerably from that of the wire
fed into the arc. In order to eliminate this phenom-
enon, it is necessary to create reliable protection of
not only the wire fusion zone, but of the entire parti-
cle-loaded plasma jet. Solving this problem, as well
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as improvement of service characteristics of the coat-
ings, applied by the described method, and strength of
their bond with the base is an urgent task.

The objective of the work is studying the influence
of shielding gas flow accompanying the particle-load-
ed plasma jet on the process of plasma-arc spraying
by a consumable wire-anode and on the service prop-
erties of the coatings which are deposited using this
process.

THEORETICAL ANALYSIS

OF THE ACCOMPANYING FLOW
INFLUENCE ON THE PLASMA FLOW
CHARACTERISTICS

The following tasks were solved to achieve the de-
fined objective: analysis of the computational mod-
eling of the process and influence of the rate of the
accompanying gas flow on its characteristics, exper-
imental studies of the influence of the accompanying
flow of shielding gas on the material utilization factor,
as well as such service properties of the coating as
porosity, bond strength, and wear resistance.
According to the technological scheme of the pro-
cess of plasma-arc spraying by wire-anode, the re-
fractory cathode forms an annular electrode nozzle of
radius R with the channel wall (Figure 1), through
which the plasma gas is fed at rate G, and the total arc
current | flows. Plane z = 0 was taken as the start of
the computational domain, assuming that it is located
at a certain distance from the cathode working edge.
It allowed at the first stage excluding the near-cathode
processes from consideration and regarding the arc
plasma flow in this plane as axisymmetric and unidi-
mensional along OZ axis, and, thus correctly assign-
ing the initial boundary conditions. It is assumed that

shielding gas with flow rate G, is fed through annular
channel R -R, as an axisymmetric flow at angle a to
the system axis of symmetry. Anode wire is located at
distance Z, from the start of computational domain. It
is assumed that the anode current decreases smoothly
in the region of anode binding and then (atz > Z,) cur-
rentless inertial movement of gas takes place.

At theoretical analysis of the processes of gas
heating and movement at plasma-arc atomization
of the wire-anode the computational domain can be
conditionally divided into three regions (Figure 1):
1 — arc plasma flow region inside the plasmatron
nozzle (0 <z<Z)); 2 — region of external flow of arc
plasma and its interaction with the shielding gas flow
(Z,<£2<Z,); 3—region of inertial movement without
the current plasma (z > Z,).

The following assumptions were taken for math-
ematical description of the processes occurring at
formation and flowing out of the plasma jet from the
plasmatron nozzle:

e the considered plasma system has cylindrical
symmetry, and the occurring processes are considered
stationary;

e shielding gas is fed as an axisymmetric flow
through the annular channel;

e shielding gas flow in the channel is considered
laminar and is described by model dependencies;

e plasma is in the state of local thermodynamic
equilibrium, plasma self-radiation is volumetric;

e joule heat release is the main mechanism of plas-
ma heating (the work of the pressure forces and vis-
cous dissipation can be neglected), and energy transfer
in the arc column takes place due to heat conductivity
and convection (natural convection is ignored);

Plasma gas
(argon)

|

Shielding gas

(air)

Cathode

—
—0

Wire (anode)

Atomization jet

[T

d

Figure 1. Plasmatron appearance (a), visualization (b) and technological scheme of the process and scheme of computational mathe-
matical model of heating and movement of gas at plasma-arc spraying of coatings by current-conducting wire-anode: 1 — cathode; 2 —
nozzle; 3 — blowing gas feeding channel; 4 — wire-anode’ 5 — arc plasma; 6 — blowing gas (accompanying gas flow); 7 — mixing

zone; 8 — external gas atmosphere
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e plasma flow is viscous, subsonic, flow mode is
turbulent;

e external magnetic fields are absent.

At construction of the physico-mathematical mod-
el it was assumed that refractory cathode forms an
annular electrode nozzle of radius R with the chan-
nel wall (Figure 1), through which the plasma gas is

R

= ancpurdr , and the total arc
0

fed at flow rate G1

R (2)
current | =2nE I ordr flows. Plane z = 0 located
0

at a certain distance from the cathode working edge,
was taken as the start of the computational domain.
It allows regarding the arc plasma flow in this plane
as axisymmetric and unidimensional along axis OZ.
Shielding gas is fed at rate G, through annular chan-
nel R -R, as an axisymmetric flow at angle o to the
system axis of symmetry. Anode wire is located at dis-
tance Z, from the start of the computational domain. It
is assumed that in the region of anode binding the arc
current smoothly decreases and furtheron (at z > Z,)
currentless inertial movement of gas takes place.

The system of magnetohydrodynamic (MHD)
equations in the approximation of turbulent boundary
layer for time-average values of plasma temperature
and velocity is as follows [3, 4]:

0

10, _

(U&J+V&Jj—la(r&]j_a p+ iz : (2)
P oz or ror "ar oz M02 '

oT o7 10( _oT) j°
C lu—+v—|===—|rm— |[+—-y.
P IO( oz 6rj rar(xar] c v

where T is the average plasma temperature;
v=(pv+pV')/p, v is the mean radial velocity, r is
the mean plasma density, r' and V' are the fluctua-
tions of the density and radial velocity; u is the mean
axial velocity of plasma; p is the pressure, which
within the plasma-forming channel is defined as

dp,
dz

Z R,
p= pext—j dz+p, EJO‘H dr, and in the open
z r

R,
areaofthearcdischarge(z>Z)p = pg, +1o E J cHdr;

Cp(T, p) is the specific heat capacity at constant pres-
sure; S is the plasma electric conductivity; j is the
vector of electric current density; y(T, p) is the bulk
density of self-radiation power; 1 and 7 are the total
coefficients of dynamic viscosity and heat conductivi-
ty of plasma, which are the sums of molecular and tur-

bulent viscosity and heat conductivity, respectively;

: : : 1.1
is the universal magnetic constant; H = —E IG rdr
r
0

is the azimuthal component of the arc current mag-
netic field.

The system of MHD equations together with the
accompanying relationships, k-e model of turbulence
and boundary conditions completely defines the ther-
mal and gas-dynamic characteristics of turbulent plas-
ma flow, both in the arc and inertia areas of the flow.
These equations make up the base of a unified mathe-
matical model, suitable for calculation of spatial dis-
tributions of temperature and velocity of the subsonic
plasma flows, which in our case are generated by the
plasmatron with a partially open arc in the presence of
an accompanying gas flow around the arc.

The developed physico-mathematical model and
software for its computer realization were used to
conduct numerical analysis of the characteristics of
the subsonic turbulent flow of argon plasma, which
is generated by the plasmatron with a consumable
wire-anode at different modes of its operation (Fig-
ures 2, 3). This analysis showed that flow rate G, of
the gas flow accompanying the particle-loaded plas-
ma one, has a rather substantial impact on velocity u
and temperature T of the latter. With increase of value
G,, values u and T grow in direct proportion. It is ra-
tional to use the accompanying gas flow with rates
G, =20 m%h and higher.

Numerical studies in work [3, 4] showed that
blowing of the plasma jet by an accompanying flow
of cold gas prevents its expansion and essentially in-
creases its extent. So, at a distance of approximately
50 mm from the plasmatron nozzle edge, the width
of the plasma flow core, not blown by shielding gas,
approximately two times exceeds the respective val-
ue for a jet, surrounded by the flow [3]. Argon con-
centration in the high-temperature core of the plasma
jet, surrounded by the accompanying shielding gas,
remains high at considerable distances (close to 0.5 at
150 mm distance from the nozzle edge) [4]. As a re-
sult, the protected plasma jet preserves its momentum
and energy much longer, and practically does not mix
with the accompanying gas.

Thus, numerical calculations given in works [3,
4], show that the technological measure of applying
an accompanying flow, which compresses the plasma
jet, essentially influences the characteristics of parti-
cle-loaded plasma jet. A comprehensive assessment of
the rationality of application of this technique during
plasma-arc spraying with wire-anodes requires a more
complete study of its influence both on distribution of
plasma temperature and velocity, and on the structure

5
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U, m/s

U, m/s

2000

1500

1000

500

2000 Gg =0 I]'I:;.-"h
1500

1000

500

0 1.5 3.0 4.5 6.0 75 R, mm

0 1.5 3.0 45 6.0 7.5 a
T, K
G>=20 m¥h

16000 16000
12000 12000
8000 8000
4000 4000

0 1.5 3.0 45 6.0 7.5 b 0 1.5 3.0 4.5 6.0 7.5 R, mm

Figure 2. Radial distributions of plasma velocity (a) and temperature (b) at | =200 Aand G, = 1 m¥h in the following regions [3, 4]
1 —nozzle edge (z =3 mm); 2 — wire-anode region (z=9.3 mm); 3—z= 150 mm; 4 — z =250 mm

and properties of the spray-deposited coatings from
different types of wire materials.

EXPERIMENTAL PROCEDURE

Technological experiments on determination of the in-
fluence ofthe accompanying flow on service properties
of the produced coatings were performed, proceeding

10]. Carbon steel of grade 20 (GOST 16523-97) was
used as the base. Plates from this steel were sprayed
with compact wires of 1.2-1.6 mm diameter from
steel 70 (GOST 103-2006), 65G (GOST 103-2006),
18Kh15N3M (GOST 103-2006), Kh20N80 nichrome
(GOST 12766.1-90), M2 copper (GOST 859-2001)
and AMg63 aluminium alloy (GOST 4784-97). Wire

from the above calculation-based recommendations. A from commercial NP1 nickel (GOST 492-2006) was

laboratory facility based on Plazer 30PL-W unit (up-
graded batch-produced UN-126 unit) was developed
for this purpose [6]. This unit was further fitted with
equipment to study the micrometallurgical process-
es, which included thermal vision and original video
optic systems for recording the spraying process [7—

U, m/s

spray-deposited on high-strength VCh 35 cast iron
with globular graphite (GOST 7293-85).

The value of breaking stress in “coating-base”
composition at normal tear, determined by the “con-
ical pin” procedure, was used to assess the strength
of coating bond o, A with the base [11]. Tribotechni-

T K

2500

2000

1500

1000

500

2

L 1

20000

15000

10000

5000

2 50 100 150 200

1=
1

1
0=1=2 50 100 150 200 Z, mm

F4] )1 Z
0 a b
Figure 3. Longitudinal changes of plasma velocity (a) and temperature (b) on the jet axis at different modes of plasmatron operation
[3,4]:1—1=200A,G,=1m¥h, G,=20 m¥%h; 2—1=200 A, G, = 1 m%h, G, =0 m%h; 3— =200 A, G, = 1.5 m%h, G, = 20 m¥/h;
4—1=260A,G,=1m¥h, G,=20m¥h; 5—1=160A, G, =1 m¥h, G, =20 m¥h
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cal testing of coatings was conducted using friction
testing machine 2070 CMT-1 under the conditions
with limited lubrication and without it by the schemes
of “coated disc-block (SCh-20 cast iron, steel 40Kh,
copper-asbestos alloy, steel 45)”, “cylinder (SChNMD
cast iron) — ring (coating)”, “plane (steel 20 — after
carbonization, bronze, SCh-20) — coating”; “disc—
plane” (Amsler procedure), as well as reciprocat-
ing motion with 61 mm amplitude, V = 0.023 m/s,
P = 11 MPa [12]. Metallographic investigations of
the coatings were conducted in optical microscopes
MIM-7, MIM-8, Neophot-23 at up to x1000 magnifi-
cation. The composition of the etchants and modes of
etching of the polished samples were selected accord-
ing to the recommendations [13].

The cavitation wear resistance was determined by
the method of magnetostrictive vibration. Test sam-
ples were prepared in keeping with the requirements
of ASTM G32-10 standard. Testing was conducted at
the frequency of 20 £+ 0.1 kHz, amplitude of 55+ 3 pm
and 500 kW power of ultrasonic generator. Water was
used as the test solution.

ANALYSIS OF EXPERIMENTAL RESULTS

Compressed air was used as accompanying shielding
gas with flow rate G, from 0 to 40 m¥h. First, the
impact of rate G, on the parameters of the technolog-
ical mode of spraying was determined, in particular,
on the material utilization factor (MUF). For this
purpose, value G, was varied, leaving other parame-
ters constant: flow rate of plasma gas (argon) G, =
= 1.5 m%h; arc current | = 200 A; spraying distance
of 160 mm; wire-anode from steel 70 (1.6 mm diame-
ter). MUF value was determined by the following for-
mula: MUF = (m /m)-100 %, where m_is the weight
of the coating spray-deposited per a unit of time; m
is the weight of the wire-anode, spray-deposited per a
specified unit of time. It was found that with increase
of value G, from 0 to 20 m%h, MUF is also gradual-
ly increased from 52 to 72%. At G, > 20 m*h MUF
stops growing and a remains stable value of the order
of 72 %.

Proceeding from the results of further experi-
ments, it was found that at increase of flow rate values
G, from 0 to 40 m¥h, the degree of loss of alloying
elements (C, Mn) during spraying with steel 70 wire,
decreases by 30—40 % on average, compared with
the initial chemical composition of this wire. When
spraying with wire from 18Kh15N3M stainless steel,
the content of such alloying elements as Ni, Mo, W in
the coating remains practically unchanged, compared
to their content in the sprayed wire. It was found that
at values G, = 20-40 m3/h, oxygen content in the melt-
ing zone at the wire-anode tip after an abrupt breaking
of the arc is close to these values in spray-deposited
coatings for such wire grades with elements with a
higher affinity to oxygen, as Kh20N80 and AMg63,
and in the case of spraying with copper wire M2 this
value in the coating is smaller by 1.5-2.0 times on
average.

Spray-deposited coatings, produced by plasma-arc
atomization of copper wire-anode of M2 grade, have
a dense layered structure, characteristic for plasma
coatings (Figure 4). Porosity value mainly is within
0.5-2.5 %. A tendency to lowering of this value with
increase of flow rates of the accompanying air flow
was established. At values G, = 20-40 m*h, pore-
free coating were produced, alongside optimization
of such parameters as current, plasma gas flow rate
and pressure and spraying distance, at spraying with
wires from copper M2 (Figure 4), stainless steel (Fig-
ure 5), nichrome, nickel (Figure 6) and AMg63 alu-
minium-magnesium alloy.

Thickness of the lamellas in the coating is equal
to 830 um on average, the lamella interfaces are de-
fectfree (Figure 5). This is an indirect indication of
formation of a metallurgical bond between them and
realization of a totality of microwelding processes be-
tween the earlier solidified layers in the coating and
spray-deposited molten particles. Formation of such a
bond is possible only under the conditions of increase
of the velocity of particle-loaded plasma jet at its ac-
celeration by the accompanying flow. Another indi-
cation of the effectiveness of the influence of accom-

Figure 4. Microstructure of porefree coating from copper wire of grade M2: a — before; b — after etching
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dl y 100 um

Figure 5. Layer microstructure of coatings, produced by plasma-arc atomization by moving wire-anode from 18Kh15N3M stainless
steel, at the following rates of accompanying air flow, compressing the plasma: G, = 40 m%h (a, b) and G, =5 m%h (c, d)

panying flow on the process of plasma-arc spraying
is minimizing pore formation in the produced layers,
which can be clearly traced at comparison of the re-
sults of spraying with different rates G, of the accom-
panying air flow (Figure 6).

At determination by the pin procedure of bond
strength of coatings spray-deposited by the studied
plasma-arc process, it was found that the value of this
characteristic is influenced by rate G, of the accompany-
ing air flow, coming out of the annular gap between the
plasmatron nozzles. Figure 7 shows an example of the
influence of rate G, of accompanying air flow on bond
strength o, of coatings produced by plasma-arc spray-
ing with wires (1.6 mm diameter) from steel 70 and M2
copper (tearing along the normal, base is steel 20).

The bond strength of spray-deposited coatings is
also influenced by current | of the plasma arc. At plas-

ma-arc spraying of wire from steel 70, with increase
of current the bond strength o,  of coatings (tearing
along a normal, base is steel 20) first rose, and then
somewhat decreased by the end. Spraying was con-
ducted with the following mode parameters: plasma
gas (argon) flow rate G, = 1.5 m%¥h; rate of accom-
panying air flow, G, = 40 m%¥h; spraying distance of
160 mm. Comparison of the influence of G, and G,
parameters on bond strength showed that the latter of
them is more significant.

It is found that the technological parameter of rate
G, of accompanying annular air flow, coming out of the
annular gap between the plasmatron nozzles, influences
the increase of coating wear resistance under the condi-
tions of boundary friction and cavitation wear. So, for in-
stance, an increase of coating wear resistance under the
conditions of boundary friction and cavitation wear was

Figure 6. Porefree coating produced by plasma-arc spraying of NP1 nickel wire (base is high-strength cast iron with VVCh 35 globular

graphite)
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Figure 7. Influence of accompanying air flow rate G, on coating
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Figure 9. Wear intensity | of plasma coatings produced by atomization of wires-anodes (rider is steel 40X; load P = 10 MPa; velocity
V =1 m/s; lubrication is oil HC20, 30 drops/min; friction machine 2070 CMT-1): a — from steels 65G (1) and 70 (2) at G, = 20 m¥h,
compared to steel 20 after carburization (3); b — from steel 70 at accompanying flow rates: G, = 5 m¥h (1); 20 (2); 40 (3)

revealed at G, increase from 0 to 35-40 m*h (Figure 8).
This is attributable to increase of adhesion strength be-
tween the coating layers at G, increase.

Conducting tribotechnical testing of coatings de-
posited by plasma-arc atomization of compact met-
al wires-anodes, showed the positive influence of
increase of accompanying flow rate G,. Under the
conditions of friction with limited lubrication by the
schemes of coated disc — block, steel 40X)”, it was
found that coatings from steels 65G and 70 deposited
at G, = 20 m%h have 60-70 % higher resistance than
that of steel 20 after carbonization (Figure 9, a). At
decrease of accompanying flow rate (G,=5 m*h) the
coating wear resistance decreases, and at increase of
the rate (G,= 40 m%h), it increases (Figure 9, b).

CONCLUSIONS

1. Experimental verification of the results of mathemati-
cal prediction of the influence of annular shielding flow
of compressed air, accompanying the particle-loaded
plasma jet, on the results of plasma-arc spraying by com-
pact wires-anodes showed the key role of increasing this

flow rate above 20 m%h for improvement of formation
and quality of the sprayed coatings.

2. A tendency was established to lowering of po-
rosity of sprayed-deposited coatings with increase
of the values of accompanying air flow rate G, and
reaching this parameter values within 0.5-2.5 %, and
at G, = 35-40 m%h porefree coatings were obtained
at spraying by wires from M2 copper, Kh20N80 ni-
chrome, NP1 nickel, and AMg63 aluminium-magne-
sium alloy.

3. It was confirmed that at increase of accompany-
ing shielding air flow rate G, from 0 to 20-40 m%/h,
the loss of alloying elements (C, Mn) during spraying
by steel wires of grades 65G and 70 decreases by 30—
40 % on average. Here, oxygen content in the melting
zone at the tip of the wire-anode after an abrupt break-
ing of the arc for such wire materials as Kh20N80 and
AMg63 with elements with a higher affinity to oxy-
gen, is close to these values in spray-deposited coat-
ings, and for the case of spraying by copper wire M2
this value in the coating is smaller by 1.5-2 times on
average.
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4. The influence of increase of the parameter of
rate G, of air flow accompanying the particle-loaded
plasma jet, on improvement of bond strength and wear
resistance of coatings was established. It is shown that
at G, = 20-40 m*h the bond strength at coating tear-
ing from steel 70 along a normal reaches 60-70 MPa,
and that of M2 copper coating is 40-35 MPa. An in-
crease of wear resistance of coatings was found un-
der the conditions of boundary friction and cavitation
wear at G, increase from 0 to 35-40 m?/h.
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OF CHARGE COMPONENTS IN FLUX-CORED STRIPS
OF C+e-Cr—Mo ALLOYING SYSTEM ON CHEMICAL
AND STRUCTURAL HETEROGENEITY

OF THE DEPOSITED METAL
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ABSTRACT

It is generally known that wear resistance of the deposited layer in the above-mentioned alloys depends on the reinforcing phase
characteristics, its concentration and qualities of the matrix alloy. The methods of X-ray structural, metallographic analyses and
X-ray microanalysis of metal of S00Kh30M type deposited by flux-cored strips revealed the dependence of the concentration,
form, orientation, phase components and integral hardness of the carbides on the method of adding chromium as the main car-
bide forming element, to the charge. It is found that the maximum concentration of the carbide phase of up to 80-90 % in the
deposited layer is achieved at addition of Cr,C, chromium carbide to the flux-cored strip charge. Complex carbide systems —
(CrFe),C, are mainly present in the deposited metal for all the samples. Molybdenum does not form any separate carbide
compounds, but it is a component in carbides of (Cr, ;Fe, ,Mo, ,)C, type. High concentration of the carbide component leads to
carbide washout, in connection with a considerable reduction of the matrix alloy. Optimal concentration of the carbide phase in
metal of 500X30M type deposited with flux-cored strip, is achieved by adding a carbide forming element — chromium to the

electrode material charge in the proportion of 15-25 % chromium carbide and 75-85 % ferrochrome.

KEY WORDS: flux-cored strip, chromium carbide, ferrochome, carbides, hardness, microstructure, matrix, concentration

INTRODUCTION

Wear-resistant surfacing of parts by flux-cored wires
or strips is one of the effective and widely used
methods of their strengthening and increasing their
service life [1-3]. A steadily growing demand to in-
crease the equipment operability in different indus-
tries, makes it necessary to continuously improve
the compositions and quality of electrode and filler
materials for surfacing.

A wide range of parts of the mining and metallur-
gical complex are traditionally surfaced, using elec-
trode (filler) materials, which allow producing de-
posited metal of the type of high-chromium cast iron,
resistant to abrasive and gas-abrasive wear [4-6]. The
effectiveness of such materials largely depends on the
carbide phase concentration in the deposited metal, its
orientation, structural components, as well as quality
of the alloy matrix [7-9].

The above-mentioned characteristics of the de-
posited metal can differ essentially, depending on the
chemical composition of the electrode and filler mate-
rials proper, as well as the composition of the charge
of flux-cored wires and strips.

The objective of this work is investigation of
the influence of carbide-forming components of the
charge of PL-AN180 flux-cored strip on the structure

Copyright © The Author(s)

and phase components of the deposited metal and de-
velopment of optimal composition of the flux-cored
strip to produce a coating resistant to abrasive and
gas-abrasive wear.

INVESTIGATION PROCEDURES
AND EQUIPMENT

Methods of X-ray structural, and metallographic anal-
yses and X-ray microanalysis were used to study the
deposited metal of 500Kh30M type. Hardness mea-
surement was conducted in M-400 microhardness
meter of LECO Company, and JAMP-9500F and
DRON-UM1 instruments were used for X-ray spec-
tral, electronic spectroscopy and X-ray diffraction
studies. Microstructural studies were conducted using
Neophot-32 microscope.

Sample surfacing was performed by electric
arc method, using self-shielded flux-cored strip
PL-AN180, which allows producing deposited
metal of the following chemical composition, wt.%:
4.5 C; 30 Cr; 1 Mo. PL-AN180 flux-cored strip is
used for producing wear-resistant bimetal plates of 5
to 30 mm thickness. Such bimetal plates are readily
transformed into a wide range of parts for different
metal structures, by laying-out, cutting and bending,
thus extending their serviceability. These plates can
be used to manufacture hoppers, conveyors, pipelines,
dump truck bodies, lining of crushing and grinding

11
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equipment, as well as other parts and structures which
are exposed to intensive abrasive wear [10].

In C-Fe—Cr-Mo alloying system mainly chromi-
um carbides are present as the reinforcing phase, and
an iron-based alloy is the matrix. It was important to
determine how the concentration of carbides and oth-
er characteristics of the deposited layer are affected by
the form, in which the main carbide-forming element,
namely chromium, is added to the charge. High-car-
bon ferrochrome of grade FKh900 and chromium car-
bide were used for chromium addition. The latter is
close to stoichiometry of Cr,C, carbide in its chemical
composition.

Alloying elements, wt.%

Alloying elements, wt.%

L B R LT R = R |
=]

=

Alloying elements, wt.%

EXPERIMENTAL INVESTIGATIONS
AND THEIR RESULTS

Flux-cored strips of 16.5%4.0 mm cross-section with
different content of chromium and ferrochrome were
prepared for experiments:

e sample 1 —50 % chromium carbide + 50 % FeCr;

e sample 2 — with Cr carbide, but without FeCr;

e sample 3 — with FeCr, but without chromium
carbide.

Here, other charge components remained un-
changed.

Surfacing was conducted in two layers to elimi-
nate the influence of base metal in the deposited metal

90
80
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50

o0
oo o o

o o

90
80
70
60
50
40

Distance, pm

Figure 1. Distribution of alloying elements by deposited layer height: a — sample No.1; b — 2; ¢ — 3 (1 — iron; 2 — chromium;

3 — molybdenum; 4 — carbon)
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working zone. Depending on the composition of the
charge used, the ratio of phase components changed,
and, thus the integral hardness of the deposited metal
near the fusion line in the first and second layer. Car-
bide dimensions and orientation were also studied. In
samples No.1 the volume fraction of the carbides is
equal to 63—65 vol.%, integral hardness by the depos-
ited layer height is 5400, 8100, and 9500 MPa, re-
spectively, form factor is 1.32, the carbides are dis-
oriented. Carbide orientation is of lanceolate shape,
predominantly directed along the heat dissipation
line; carbides are of a hexagonal shape disoriented.
In samples No.2 the volume fraction of carbides is
85-90 vol.%, integral hardness is 6100; 7200 and
10800 MPa, form factor is 3.57, carbides are pre-
dominantly located along the heat dissipation line.
In samples No.3 the carbide volume fraction is equal
to 4045 %, integral hardness by deposition height is
5620; 6860 and 7100 MPa, respectively, form factor
is equal to 1.19, carbides of lanceolate shape are ori-
ented predominantly along the heat dissipation line,
those of hexagonal shape are disoriented. Form factor
grows at increase of chromium carbide content in the
flux-cored strip charge.

Figure 1 shows the curves of alloying element dis-
tribution by the deposited layer height, which corre-
spond to a change of integral hardness.

An optimum combination of the deposited layer
wear resistance and toughness is determined by the
type and quantity of the carbide phase, its orientation,
as well as matrix structure. At an anomalously large
fraction of the carbide phase and coincidence of its
orientation with the direction of the abrasive flow, the
deposited metal wear resistance decreases, as “wash-
ing out” of the carbide component from the matrix
takes place which is depleted in alloying elements.

Conducted investigations showed that the transi-
tion zone along the line of fusion with the first layer
of the deposited metal in all the cases is characterized
by formation of the solid solution dendrites and car-
bide eutectics in the interdendritic space. Dimensions
of the zone with dendritic form of crystallization vary
as follows: 50-370 um in sample No.1, 40-120 pm in

Figure 3. Sample microstructure: No.1 (a), No.2 (b), No.3 (c)

Vol _

Figure 2. Typical structure of base metal — deposited layer tran-
sition zone

sample No.2 and 60-308 pm in sample No.3. Typi-
cal structure of base metal — deposited layer transition
zone of all the studied samples is shown in Figure 2.

The method of X-ray structural analysis was used
to determine the quantitative phase composition, type
and parameters of the deposited metal crystalline lat-
tice. The structure of the studied types of the depos-
ited metal is an austenitic matrix and carbide phase
of Cr,C,, as well as carbides with somewhat changed
parameters, that suggests complex alloying of the car-
bide, the formula of which is similar to the calcula-
tion formula (Cr, .Fe, ;Mo ,)C, from the international
base of crystallographic data Pcpdfwin [11]. No Mo
carbides were found. It is obvious that independent
carbides do not form at Mo addition to the alloy in
the quantity of approximately 1 %, and molybdenum
liquates into Cr carbides.

The method of X-ray microanalysis was used to
conduct investigations of alloying element distribu-
tion in the structural components and to determine
their chemical composition. At transition from the
first to the second layer of the deposited metal the na-
ture of structure formation changes: the second layer
structure is an austenitic matrix with carbides of dif-
ferent shape and orientation with their gradual coars-
ening towards the deposited metal surface.

A typical structure of the deposited metal sec-
ond layer in sample No.1 is given in Figure 3, a, and
chemical composition of its phase components — in
Table 1; that of sample No.2 — in Figure 3, b and
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Table 1. Weight fraction of elements in the points of analysis of

sample No.1
Ana!y5|s C Al Si Cr Fe Mo Total
point

1 894 | 0.04 | 0.02 | 53.56 | 36.35 | 1.08 |100.00

2 9.23 | 0.00 | 0.00 | 51.37 | 38.59 | 0.81 |100.00
3 9.00 | 0.02 | 0.01 | 53.75 | 36.42 | 0.80 |100.00
4 9.16 | 0.05 | 0.00 | 53.66 | 36.23 | 0.89 |100.00
5 316 | 1.12 | 0.75 | 8.75 | 85.45 | 0.78 |100.00
6 2.58 | 1.00 | 0.77 | 9.75 | 85.57 | 0.34 |100.00
7 211 | 059 | 0.83 | 8.15 | 86.87 | 1.44 |100.00
70 ]

=

g

" e Table 2. Weight fraction of elements in points of analysis of sam-

E s0 L ple No.2

3

L3 .

240 Analysisl ol Al | i | er | Fe | Mo | Tol

E 3 point

<30r 1 | 887 [ 000 | 0.09 | 5373 |36.38 | 0.93 |100.00
2 8.91 | 0.00 | 0.04 | 53.35| 36.81 | 0.88 |100.00
3 9.04 | 0.04 | 0.00 | 54.76 | 35.39 | 0.77 |100.00
4 9.11 | 0.05 | 0.03 | 54.91 | 35.18 | 0.72 |100.00
5 211 | 131 | 115 | 7.28 | 87.10 | 1.04 |100.00
6 230 | 1.32 | 092 | 7.78 | 86.62 | 1.06 |100.00

b Distance, um

Figure 4. Structure (a) and distribution of alloying elements in  Tgp]e 3. Weight fraction of elements in points of analysis of sam-
(FeCr),C, carbide (b): 1 — iron; 2 — chromium; 3 — molybde-  pje No.3
num; 4 — carbon

in Table 2; of sample No.3 — in Figure 3, c and in |Analysis. 1, | o | o | g
Table 3. point

1 | 928 | 0.02 | 0.04 |53.24|36.02 | 140 |100.00
DISCUSSION OF THE RESULTS

8.80 | 0.00 | 0.01 |52.27 | 38.16 | 0.75 [100.00

Presented data demonstrate reduction of the car- 873 | 0.00 | 0.05 | 52.63 | 3749 | 1.10 |100.00

bide-forming element in the austenitic component of 9.22 | 001 | 000 | 52.88 | 36.80 | 1.10 |100.00
! . " 212 [ 065 | 0.60 | 11.98 | 83.89 | 0.75 [100.00

the deposited metal, depending on the composition of

the charge, used at surfacing.

Mo | Total

OB |jlw(N

223 | 0.69 | 0.64 | 10.27 | 85.16 | 1.01 |100.00

< 80 o 80 F
70 Z 70
£60 Z 601
= -
3 50 5 501
i 40 - 2 40,
£30 230
= )
=20 220
<10 < 10t
-
0 , 0 0 2 30
b Distance, pm b Distance, pm
Figure 5. Structure (a) and distribution of alloying elements in  Figure 6. Structure (a) and distribution of alloying elements in the
(Cr,Fe,, Mo, ,)C, carbide (b): 1 — iron; 2 — chromium; 3 —  deposited metal structural components (b): 1 — iron; 2 — chro-
molybdenum; 4 — carbon mium; 3 — molybdenum; 4 — carbon
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Hardness in structural components (P = 100 g) in
the studied types of the deposited metal practically
does not change: Aus + fine C — 6100—-6700 MPa (it
is practically impossible to separate austenite and dis-
persed carbides); hardness of lanceolate carbides —
16500-16800 MPa, of those of hexagonal shape —
approximately 11500-11800 MPa.

The composition and degree of alloying of (Fe-
Cr),C, carbides was determined, wt.%: 8.9-9.1 C;
52-53 Cr; 37.2-38.5 Fe; 0.2 Mo, and of those of
another composition, wt.%: 9.5 C; 31.5-32.0 Cr;
50.8-52.0 Fe; 2.8-6.0 Mo that practically confirms
presence of a carbide, described by (Cr, Fe, ,Mo, ,)C,
formula. Figures 4 and 5 also show typical curves of
linear distribution of alloying elements in (FeCr),C,
and (Cr, Fe, ,Mo,)C, carbides. It should be noted
that (Cr, Fe, Mo, ,)C, carbide is heterogeneous by its
structure (sample No.1).

Hard wear-resistant alloys are heterogeneous by
their structure. Figure 6 (sample No.2) shows typical
curves of alloying element distribution in the depos-
ited metal structural components, which demonstrate
the heterogeneity of the structure and composition of
phase components, and clearly show the diffusion-in-
duced redistribution of alloying elements in the zone
of transition from the matrix to the carbide.

CONCLUSIONS

Investigations showed that the optimum concentra-
tion of the carbide phase in the metal, deposited with
flux-cored strip of PL-AN180 type, is achieved due
to adding carbide-forming element — chromium to
the electrode material charge in the proportion of 15—
25 % chromium carbide and 75-85 % proportion of
ferrochrome. Complex carbides of (CrFe),C, system
are mainly present in the deposited metal for all the
samples. Molybdenum does not form separate car-
bide compounds, but is a component in carbides of
(Cr,Fe,,Mo, ,)C,type.
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FROM POWDER MATERIALS
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ABSTRACT

The aim of the work is to create additive electron beam technology for layer-by-layer manufacture of metal parts from pow-
der materials. To carry out investigations, an experimental model of additive equipment was made, a software and hardware
platform for additive manufacturing was designed, technological methods and modes of printing products of a set shape with
predicted strength properties were invented. Applying the additive method, 25 experimental samples for further tests were
printed. For each of the products, the speed of beam movement, its power and dynamic focusing current were determined. The
influence of basic parameters of the technological process of surfacing on the formation and features of the surface structure
and chemical composition of the samples were studied. It was found that the chemical composition of products corresponds to
the composition of raw materials except for the content of aluminium, which is underestimated by 0.6-1.96 % relative to the
chemical composition of the powder. To eliminate this drawback, it is necessary to maintain the aluminium content in titanium
alloy powders at the highest level. According to the results of investigations in the created equipment, according to computer
models, the products of industrial and medical purpose were printed, the printing modes of which are optimized. From the
powders of titanium alloys, the models of stator blades of a gas turbine aircraft engine, human skull implant and bioprosthesis
were manufactured.

KEYWORDS: additive technologies; 3D printer, electron beam surfacing, metal powder, titanium alloy, chemical composi-

tion, surface microrelief

INTRODUCTION

Innovative technologies of layer-by-layer manufac-
turing of products by the method of rapid prototyp-
ing open up new opportunities for the manufacture of
parts of a set shape with predicted properties.

The process of creating products by such a method
with the use of an electron beam is relatively new,
but it successfully opened up great prospects for the
manufacture of a wide range of industrial and medical
products. It is based on the operation of layer-by-lay-
er melting of metals in vacuum using electron beam.
This approach is distinguished by a quick transition
to the manufacture of three-dimensional products di-
rectly from the system of automated designing with
the ability of using a wide range of metals and alloys,
including refractory and chemically active ones [1].

In Ukraine and in the world, creation of additive
technologies for growing products by electron beam
surfacing is urgent. As far as domestic equipment
does not exist, it is relevant to create the equipment
and software for it to realize additive manufactur-
ing oriented to be introduced at the enterprises of the
aerospace industry and turbine building, and also for
the needs of biomedical branch.

The specialists of the E.O. Paton Electric Welding
Institute of the NAS of Ukraine carried out investiga-
tions on the development of technologies and equip-
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ment for additive manufacturing of metallic parts by
the method of rapid prototyping.

OBJECT, AIM, TASKS AND RESULTS OF IN-
VESTIGATIONS

The results of previous research works showed the
possibility of creating industrial equipment for elec-
tron beam melting of metal powder materials, as well
as the ability of manufacturing products of a complex
shape by an additive method [2].

The authors set the aim of developing additive
electron beam technology for manufacturing products
of aerospace industry and turbine building and create
an experimental model of additive equipment.

The object of investigations was electron beam
technologies for growing products using metallic
powder materials. The basic tasks are the develop-
ment of an experimental model of additive equipment
and software, creation of printing technology, manu-
facture of experimental samples, studies of their prop-
erties and manufacture of industrial parts.

As a result of the project realization, a unique
equipment for realization of additive electron beam
manufacturing was created, which is oriented on the
introduction at domestic enterprises of aerospace
industry and turbine building: JSC “Motor Sich”,
SE “LRZ” Motor, “SE EDB “Pivdenne” and “Zo-
rya-Mashproekt” Gas Turbine Research and Devel-
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opment Complex. The equipment is also relevant for
the needs in the biomedical industry and mechanical
engineering.

TECHNOLOGY OF ELECTRON BEAM
SURFACING

The technology of electron beam surfacing is similar
to the technology of selective laser sintering, which is
widely used in industry. Its main difference consists in
using an electron beam as a power source instead of a
laser. The technology is based on the possibility of us-
ing a high-power electron beam for melting of a metal
powder in a vacuum chamber with the formation of
successive layers that repeat the contours of a digital
model of a product. Unlike the technologies of laser
sintering, electron beam surfacing allows increasing
the efficiency due to a high power of the guns and
electromagnetic unlike electromechanical beam scan-
ning [2].

The technology provides an opportunity to main-
tain a thermostable process of manufacturing parts
throughout the whole manufacturing cycle. The tem-
perature in the bed, where a product is created, is
maintained as a result of action of electron beam as
a power source. Before surfacing, the powder layer is
heated to a temperature of about 700—-1000 °C, which
allows creating parts with lower residual stresses
caused by a gradient of temperatures between already
cooled and still hot layers. The thermostable process
makes it impossible or significantly reduces the for-
mation of cracks and shaping defects.

In addition, a complete remelting of a metal pow-
der allows manufacturing monolithic products, which
provides the maximum strength. As to mechanical
properties, finished products almost do not differ from
cast parts.

In the process of printing, the device reads data
from a file, containing a three-dimensional digi-
tal model of a product and creates successive layers
of the powder material. The contours of layers are
formed by a focused electron beam, which melts a
metal powder in the collision places. The surfacing
is carried out in protected vacuum chambers, which
provides an opportunity to work with chemically ac-
tive metals, sensitive to oxidation, for example, with
titanium and its alloys [1].

The technology of layer-by-layer electron beam
surfacing in vacuum allows creating dense metal
products of a set shape with a high geometric preci-
sion [2].

ADDITIVE ELECTRON BEAM EQUIPMENT

Technologies and equipment created by the staff col-
leagues of PWI, from the very beginning are oriented

on the needs of Ukrainian enterprises. For manufac-
ture it is predicted to involve raw materials necessary
for the manufacturer. This approach makes it possi-
ble to provide a manufacture of parts and assemblies
based on the needs of the consumer and in a close
contact with him. The developed technologies will al-
low reducing terms of introduction of new types of
products into manufacture, expanding its assortment,
and also creating basically new types of products with
the properties predicted in advance, the manufacture
of which is impossible without application of the
methods of 3D printing [1].

In recent years, a noticeable trend is observed in
the introduction of additive technologies in the lead-
ing domestic companies in the aerospace industry and
turbine building: SE EDB “Pivdenne”, JSC “Motor
Sich “and SE “Zorya-Mashproekt” Gas Turbine Re-
search and Development Complex [2].

To solve the set problems, investigations were car-
ried out with the use of equipment for 3D printing.

PRINCIPLE OF EQUIPMENT OPERATION

The created equipment operates as a part of the ad-
ditive electron beam equipment for melting of metal
powder materials (Figure 1). The supply and dosing
of metal powder takes place directly in the vacuum
chamber from the hoppers, from which the metal
powder enters the working table under the action of
gravity. According to this principle of powder supply,
the use of any dosing mechanisms is not provided.
After selecting a certain amount, the powder from the
hoppers is automatically fed in bulk to maintain a suf-
ficient level on the table.

Metal powder melts under the action of electron
beam, which is created by an electron beam gun,

EBG=

Focus coil

= Bed

= Platform

Figure 1. Scheme of additive process
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Figure 2. Equipping of vacuum chamber (designations 1-15 see
in the text)

where the beam is focused and deflected by appropri-
ate systems.

A product is formed layer-by-layer, while the plat-
form, on which a part is grown, is lowered after the
formation of each layer.

TECHNOLOGICAL EQUIPMENT

For investigations, an experimental model of additive
equipment based on a small-sized installation of type
SV-212M for electron beam welding was designed,
manufactured and set up.

The created equipment (Figure 2) consists of vac-
uum chamber 7, bed 2, where platform 3 with pal-
let 10 is located, on which a product is grown. In the
hoppers 4, a metal powder is located, which is fed in
bulk on the table 5. The rail 6 moves along the table
5 and distributes the metal powder on the surface of
the pallet 10. The rail is fixed on the guides 7. In a
horizontal plane, the rail is moved by the actuator 8
with electric motor 9.

Platform 3 with pallet 10 are located in the bed 2
and moves along the vertical axis by means of a mov-
able sleeve 11, which is fixed to the rail 12 mounted
on the brackets 13. The movement is controlled by
electric motor 14.

Figure 3. Equipment for electron beam 3D-printing (designation
1-9 see in the text)
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Reflector 15 protects the vacuum chamber from
the action of a high temperature, that arises on the
surface of the layer, where a product is formed.

A photo of the created additive equipment is given
in Figure 3.

The equipment (Figure 3) consists of a small-sized
vacuum chamber 1 with the mechanisms for moving
the platform 8 and the mechanisms for supply and
distribution of powder 9. The power unit includes
electron beam gun 2 and high-voltage power source
4. The electron beam gun 2 is placed on the vacuum
chamber. The vacuum system of the equipment pro-
vides working pressure in the chamber better than
10+ Torr. The elements of the system for control of
the equipment are located in the cabinets 3, where the
units for control of the following units are located:
high-voltage source, vacuum system and MCP con-
troller. High-voltage source 4 allows generating a
voltage of 60 kV and an electron beam current of up to
100 mA. The amplifiers of scanning waveforms 5 and
dynamic focusing 6 form the technological scannings
of the electron beam and its focusing. The equipment
is controlled by an industrial computer 7.

ELECTRIC EQUIPMENT

To control the electron beam and technological equip-
ment, the following units were designed, assembled
and set up:

m Power unit, consisting of:

e 60 kV high-voltage source;

e clectron beam gun with a high-voltage cable.

m Scan control system, consisting of:

e two-channel scanning waveform amplifier;

e dynamic focusing signal amplifier.

m MCP controller that controls the printing process.

m Electric drive Siemens Sinamics S120 for move-
ment mechanisms with electric motors Siemens
Simotics 1FK7.

m Industrial computer with Windows 10 operating
system.

m Control cabinet, where switching equipment and
MCP controller are located.

m Vacuum system control cabinet.

CONTROL SYSTEM

The system for control of additive equipment (Fig-
ure 4) is built on the base of the MCP hardware con-
troller, which controls the current of the electron
beam, its scannings, focusing and movement mecha-
nisms. The controller interacts with the industrial PC
computer, where models of products are formed and a
job-file is created, in which the algorithms of product
construction are written. From the computer, a job-file
via the Ethernet network goes to the MCP controller,
which controls the 3D printer equipment.
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Figure 4. Flow chart of equipment control: EBG — electron beam gun; FC — focus coil; SS — scanning system (other see in the text)

The controller generates analog signals to control
the electron beam scannings (Figure 4), coming to the
scan amplifiers, to which the deflecting coils of EBG
are connected.

The electron beam along the X and Y axes deflects
and creates a surfacing zone of the desired shape. The
surfacing process is performed by the program ac-
cording to the computer model of a product according
to preliminary set technological modes.

Electron beam current | , currents of static I, and
dynamic I, focusing are also objects of control.

In addition, the controller controls the system of
3D printer movements, which switches the mecha-
nisms for vertical movement of the platform (Z axis)
and horizontal distribution of metal powder on the
platform.

The industrial computer controls the vacuum
system of the equipment and a high-voltage power
source.

SOFTWARE AND HARDWARE PLATFORM

To control the additive equipment, in cooperation
with Materialise, Belgium, a software and hardware
platform was created, which consists of process con-
troller and package of application software for reali-
zation of additive manufacturing [2].

The structure of control platform and the state of
interactions between its components are given in Fig-
ure 5 [2].

SOFTWARE

Creating 3D models of products is possible using any
software of CAD type. Analysis and editing of models
is performed by the Materialize Magics software.
The ready-to-print computer model of products
is further processed by the BuildProcessor software,
which allows decomposing models into layers, setting
parameters and structure of their formation, specify-
ing power, speed of its movement, focusing and set-
tings of the electron beam for each product. The soft-

ware also allows choosing the layer thickness, product
material and texture variants for filling the layers [2].

BuildProcessor forms a job-file that goes to the
MCP controller. Using a job-file, the controller directs
the printing process.

For control of the equipment during printing, the
MCP Operator interface software is used, where tech-
nological parameters of the equipment are set, and
also the printing process is controlled and displayed in
real time with the possibility of correcting the param-
eters. The software allows selecting a file of products,
determining the start and end time of manufacturing
cycle and its stage. The software provides a three-di-
mensional visualization.

Setting of the MCP controller and calibration of
the 3D printer are performed in the Toolbox software
(Figure 5).

STAGES OF ADDITIVE MANUFACTURING

The sequence of stages of additive electron beam
manufacturing is given in Figure 6 [3].

First, a 3D model of the object is created. This
model can be developed using computer-aided de-
sign (CAD) systems or reverse engineering methods,
such as object laser scanning. The obtained CAD file
should be converted into a standard format for addi-

Figure 5. Structure of control platform
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Materialise

Build
Processor

EBM
Control

Post
Processing

STL or Support
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Create file to
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Powder
recovery

Removal of
support

Surface

Figure 6. Stages of additive electron beam manufacturing

tive manufacturing, which represents usually a STL
file. To maximize cost savings and reduce waste, it
is necessary to optimize the location and a number
of objects on the assembly platform. Usually, several
parts are printed at once. The computer model of as-
sembling products using software is “cut” into layers.

The next stage requires transferring a file to the
additive hardware and configure it.

Next, the 3D printer builds products layer-by-layer.
The thickness of the layer determines the final quality
and depends on the features of printing technology.
The size of products depends on the capabilities of
the equipment.

After building and cooling, the assembly can be
removed from the equipment.

Then, cleaning, polishing and finishing of parts
surface is performed. It is also possible to further fin-
ish them to the desired standard. This requires using
of other machines and tools [4].

SAMPLES OF PRODUCTS
AND THEIR INVESTIGATION

On the created experimental model of additive elec-
tron beam equipment, experimental products are
printed for further testing.

Figure 7. Ti6AI4V ELI powder
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The aim of the experiment is to investigate the influ-
ence of the basic parameters of the technological process
of surfacing on qualitative indices of products [5].

For this purpose, it is expected to print experimen-
tal samples and test their properties. It was necessary
to investigate: the influence of printing parameters on
the formation of surfaces of products; features of the
structure of surfaces; chemical composition of sam-
ples; based on the results of tests, invent the optimal
printing modes.

Ti6Al4V ELI POWDER

To print samples, the powder of the titanium TiAIBAI4V
ELI alloy is used, produced by the Chinese company
Sino-Euro Materials Technologies of Xi’an Co., Ltd.
The powder was produced by the method of plasma
melting and centrifugal spraying (PREP technology)
[6]. The powder granules have a spherical shape with
minimal defects (Figure 7). PREP powder is the best
for electron beam additive manufacturing [7].

Technological characteristics and chemical com-
position of Ti6Al4V ELI powder are provided in Ta-
ble 1 and Table 2, respectively [8].

Table 1. Technological characteristics of Ti6AI4V ELI powder

Fraction, pm 45-106
. o D10 53-58
Partlcle(:ézlgz)fh;trrllbutlon D50 2590
D90 125-130
Yield, s/50 g 20-25
Density, g/cm? 2.5-2.7
Oxygen content, ppm 500-1800

Table 2. Chemical composition of Ti6Al4V ELI powder

Composition of alloying elements,
wt.% of particles

Composition of impurities,
wt.% of particles

Al \Y Fe Ti C N H

5.5-6.75 | 3.54.5 Base | <0.08 | <0.05 |<0.015
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Table 3. Technological modes of sample surfacing

Number Beam parameters Dynar_nic
of sample S focusing
peed, mm/s Power, W current, A
1 780 675 -0.9
2 780 675 -0.61
3 240 270 -0.9
4 540 495 -0.31
5 540 495 -0.61
6 780 675 -1.2
7 540 495 1.27
8 240 270 -0.61
9 780 675 -0.31
10 780 675 0.33
11 540 495 0.96
12 540 495 0.65
13 240 270 -0.31
14 240 270 0.33
15 240 270 0.65
16 780 675 0.65
17 780 675 0
18 240 270 -1.2
19 540 495 -0.9
20 540 495 -1.2
21 780 675 1.27
22 780 675 0.96
23 240 270 0
24 540 495 0
25 540 495 0.33
EXPERIMENTAL SAMPLES

For further tests, from the powder of the titanium
Ti6AIl4V ELI alloy, experimental samples of products
were manufactured (Figure 8).

The produced samples (Figure 9) have a rectan-
gular shape of 24x24 mm and a thickness of 10 mm.

Product contour

Central zone

Figure 8. Experimental samples

55 mm from this thickness are technological supports
and another 5 mm is the body of a product. A quantity
of printed samples is 25 pcs.

For printing samples, the following technological
parameters were set:

® beam trajectory shift step is 0.2 mm;

e thickness of the powder layer is 0.1 mm;

® scanning strategy: two-directional with the di-
rection of rotation by 90° for each layer.

For each sample, the speed of movement of the
beam and its power and a set dynamic focusing cur-
rent were determined. The parameters of sample
printing are given in Table 3.

Product contour

s

Product contour

"FT-_’_T’.?_
/. ’.-’ <9 //‘J

e
e i

o :
A
,"// =

,1!

Figure 9. Product sample
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Table 4. Chemical composition of samples

Number of Chemical elements, wt.%
measure-
ment Al % Fe Ti
Sample No.2
1 5.04 4.21 0.01 90.75
2 4.85 4.33 0.06 90.76
3 5.09 4.40 0.02 90.48
Sample No.5
4 4.55 4.32 - 91.13
5 4.32 4.63 - 91.05
6 4.79 4.25 - 90.96
Sample No.8
7 5.00 4.28 - 90.72
8 5.17 4.04 - 90.79
9 4.90 4.38 — 90.72

INFLUENCE OF TECHNOLOGICAL
PARAMETERS ON PRODUCT FORMATION

In order to study the influence of technological param-
eters on the formation of products of powder of tita-
nium Ti6AI4V ELI alloy, investigations using a meth-
od of scanning electron microscopy (SEM, scanning
electronic microscope SEM-515 of Philips Company,
Netherlands) were conducted. Data on the chemical
composition of products were obtained. The samples
No.2, No.5 and No.8 were investigated, which were
printed on different modes of beam speed and its pow-
er: 780 mm/s/675 W (sample No.2); 540 mm/s/495 W
(sample No.5); 240 mm/s/270 W (sample No.8), but
with the same value of dynamic focusing current | .
—0.61 A. The results of investigations are presented in
Table 4.

It was found that the content of aluminium is by
0.6-1.96 % underestimated relative to the chemical
composition of powder (see Table 2). The deviation
is probable, associated with an increased volatili-
ty of aluminium vapour in the conditions of a high
vacuum. To eliminate this drawback, it is necessary
that in powders of titanium alloys, aluminium con-
tent maintained at the highest level. The content of V
corresponds to the composition of powder. The peak
of Fe in the spectrum (Figure 10) is almost absent
(0-0.06 % Fe).

Ti

wt.%
Ti | 90.75
_f_’\_l_ 5.04
VvV | 421
Fe | 0.01

v

Ti

Al j h

Fe i | Fe
0 1 2 3 4 5 smmneeny g0 00 10 110 12

Figure 10. Spectrum of sample No.2
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In the course of further studies by SEM meth-
od, for each sample, images of surface microrelief
were obtained. It was found that products are mostly
characterized by a homogeneous profile of microre-
lief. The structure of the surfaces formed in different
zones, differs by its morphology depending on the
technological modes.

For example, from Figure 11, it is seen that in the
central zone of samples at a beam speed of 780 mm/s
and its power of 675 W, depending on the dynamic fo-
cusing current (I,), the character of the surface relief
and parameters of their roughness are changed.

The surfaces of the produced samples are mostly
featured by a banded type in the presence of a clear di-
rection (Figure 11). On some surfaces, the areas with
local microroughnesses are observed (Figure 11, e—g).
Also, changes in the roughness parameters of surface
microrelief are observed, namely distances (or step)
between roughnesses of the surface profile behind the
apexes and the height of the relief (Figure 11, g-i).

In addition to the abovementioned structural char-
acteristics of surfaces, depending on the speed of the
beam and its power, the general appearance of surface
relief also changes. Thus, while reducing the speed of
the beam to 240 mm/s and power to 270 W, surfac-
es are formed with another relief in the absence of a
clearly defined banded structure at some coarsening
of the step of the roughnesses of the surfaces behind
the apexes (Figure 12). Such structural changes can
be reduced to the temperature conditions of heating
and cooling while producing samples.

Taking into account the abovementioned, it be-
comes necessary to conduct more detailed studies of
the parameters of surface microrelief in the samples
produced on different technological modes and com-
pare these structural characteristics, depending on
speeds of the beam and power, as well as the dynamic
focusing current.

Therefore, the next investigations will be devoted
to the study of the structure of surfaces of samples in
several zones (central zone and contour of the sam-
ple) at different magnifications, including a top view
of surfaces and at inclined position of samples; flaws
detection (pores, lacks of fusion, microroughnesses,
inclusions); measurement of microrelief roughness
parameters in the examined areas, namely the dis-
tances between the roughnesses of the surface profile
behind the apexes and the height of the relief.

EXPERIMENTAL SAMPLES OF PRODUCTS

In the created additive electron beam equipment accord-
ing to computer models, industrial and medical products
were printed, the modes of whose printing were opti-
mized based on the results of previous studies.
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Figure 11. Surface relief (x120) in the central zone of samples at a beam speed being 780 mm/s and power of 675 W, depending on the
dynamic focusing current (I ,): a — 1 .= —1.2 A (sample No.6); b — 1 .= -0.9 A (sample No.1); ¢ — | .= -0.61 A (sample No.2); d —
l,,=—0.31 A (sample N0.9_); e —l,=0A (sample No.17); f — 1, = 0.33 A (sample No.10); g — 1 , = 0.65 A (sample No.16); h— 1 . =
=0.96 A (sample No.22); i — | .= 1.27 A (sample No.21)

Figure 12. Surface relief (x120) in the central zone of samples at a beam speed of 240 mm/s and the power 270 W depending on
dynamic focusing current (I ,): a — 1 ,= 1.2 A (sample No.18); b —1,,=—-0.31 A (sample No.13); ¢ — I .= 0.65 A (sample No.15)
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Figure 13. Experimental models of stator blades of gas turbine aircraft engine (description a, b — see in the text)

Figure 14. Implant of braincase. Model and printed product

Figure 15. Biopros*thesis. Models and printed products

Figure 13 shows experimental models of stator
blades of gas turbine aircraft engine, printed from
metal powders of the following titanium alloys:

a) Ti6Al4V ELI, fraction of 45-106 pm, granules
of a spherical shape, produced by PREP technology,
manufacturer is Sino-Euro Materials Technologies of
Xi’an Co., China;

24
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b) VT-20, fraction of 63—160 pm, granules of an
arbitrary shape, produced by HDH technology, manu-
facturer is LLC “Ti Technology”, Ukraine.

Figure 14 shows a computer model and a printed
implant of a humane braincase, Figure 15 shows bio-
prosthesis and their models. Products made of powder
of titanium Ti6AI4V ELI alloy.
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CONCLUSIONS

Based on the results of research works, an experi-
mental model of additive equipment was designed
and manufactured, electron beam technology of lay-
er-by-layer surfacing of metal products of powder
materials was created, experimental samples of prod-
ucts were printed; laboratory examinations of sam-
ples were carried out, industrial and medical products
were manufactured.
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DESTRUCTION OF WELDED JOINTS OF SINGLE-CRYSTAL
HIGH-TEMPERATURE NICKEL ALLOYS AT TENSILE TESTING
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ABSTRACT

Mechanical properties were determined and features of destruction of welded joints on single-crystals of high-temperature
nickel alloys at tensile testing in the range of temperatures close to working temperatures were studied. Two characteristic
temperature ranges of destruction were found: 500-800, 8001200 °C. In the first temperature range welded sample destruction
occurs in the base metal at mixed fracture mode: brittle, quasibrittle and ductile. In the second range destruction takes place in
the weld metal, fracture is multicenter, predominantly brittle with presence of secondary cracks. The considered features are
related, mainly, to changes of the initial structure of the single-crystal, as a result of solidification and at cooling of the weld
metal. These mainly are formation of a multilevel substructure, refinement of dendrites, y- and y'-phases, eutectic formations
and carbides at reduction of dendrite liquation of the weld metal.

KEY WORDS: single-crystal, high-temperature nickel alloys, welded joint, weld, tensile testing, temperature ranges of de-

struction, destruction features, microstructure

INTRODUCTION

Improvement of the effectiveness of modern gas tur-
bine engines (GTE) is achieved due to increase of
gas temperature at the turbine inlet, which, in its turn,
makes certain requirements on the high-temperature
strength of materials used to manufacture the compo-
nents and parts of the hot path [1-3]. Satisfying these
requirements through application of high-temperature
nickel alloys (HTNA) and multicomponent alloy-
ing, optimization of the structure, in particular, sin-
gle-crystal one, has practically exhausted its potential.
Solving this problem due to a change and optimiza-
tion of the geometry of individual parts often becomes
a complex technology and cost problem. This is par-
ticularly evident, when growing one of the critical and
complex-loaded GTE parts — a single-crystal blade
with transpiration and other cooling methods. Here,
alongside producing a perfect single-crystal structure
of a certain crystallographic orientation, it is neces-
sary to ensure a complex geometry of both the blade
outer surface, and inner cooling channels of a certain
cross-section and surface finish [3, 4].

Despite the advances of the technology of growing
single-crystals by directional solidification method,
manufacturing welded parts, made up of individual,
more readily adaptable-to-fabrication structural ele-
ments, is ever wider used [5-10].

A sufficiently large number of publications are
devoted to the subject of both welding and growing
HTNA single-crystals. However, there is practically
no information about the mechanical properties and
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destruction features of either welded joints as a whole,
or of the welds taken separately.

The objective of this work was studying the prop-
erties and destruction features of welded joints of
HTNA single-crystals at elevated temperatures, tak-
ing into account the need to develop a technology for
structure welding.

INVESTIGATION PROCEDURES

HTNA widely applied in industry — ZhS26 was se-
lected as the initial material for work performance.
The alloy chemical composition is as follows, wt.%:
4.3-5.6 Cr, 4.5-8.0 Al, 0.8-1.2 Ti, 0.8-1.4 Mo; 10.9—
12.5 W, 8.0-10.0 Co, 1.4-1.8 Nb, 0.22-0.27 Mn, 0.9—
1.1 Fe, 0.8-1.2'V, 0.13-0.18 C. Welding of 1.5-2.5 mm
samples, cut out of blanks, produced by the method of
directional high-gradient solidification, was performed
by the electron beam, as the most precise and widely
accepted method in aircraft construction. The modes
and crystallographic orientation of the samples were
selected proceeding from the condition of sound for-
mation of the welds, preservation of the initial crys-
tallographic orientation (not more that 10° deviation
was allowed), ensuring perfection of the single-crystal
structure (absence of high-angle grain boundaries) of
the weld metal [7, 11-13]. Samples for welding, test-
ing and investigations were cut out by spark method
with subsequent grinding. The cross-section and length
of the working part of tensile samples were equal to
~4 mm? and 18 mm, respectively.

Mechanical testing was conducted in ALLO-TOO
unit of Gleeble type in a chamber with residual pres-
sure of <1072 Pa at load rate of 1.84-1073 5. The range
of testing temperatures was equal to 500-1200 °C,
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which corresponded to average operating parameters
of GTE blades from ZhS26 alloy. Temperature moni-
toring, load recording and graphic presentation of the
“load-displacement” dependencies were performed
using software [14].

Tested were samples of two types: with longitu-
dinal and transverse location of the weld relative to
the load direction (Figure 1). As the cross-section of
the weld and that of the sample with its longitudinal
location (Figure 1, b) coincide, their testing allows
evaluation of the influence of structural changes re-
sulting from electron beam remelting and solidifica-
tion at single-crystal welding. Testing samples with a
transverse weld location gives an idea about the be-
haviour of the welded joint as a whole during testing,
which consists of a combination of different structural
regions: base metal, HAZ, and weld metal.

Crystallographic orientation of the initial samples,
welded joints and structural elements was assessed
involving the procedure of X-ray diffractometry by
analysis of the distribution of intensity of reflections
on the pole figures, 626 X-ray patterns (Iq”) and in the
plane, normal to the diffraction vector q-1q, [15-17].
Structural state of welded joints and fracture pattern
were studied by the methods of optical microscopy
(“MIM-77, “Neophot-32”), electron scanning micros-
copy (Camscan-4, SEM-515 PHILIPS), distribution
of chemical elements in individual components of the
fracture and structure was investigated by EDX anal-
ysis in JEOL microscope with JNCO attachment.

T CFERCCC{

Figure 1. Scheme of cutting out tensile samples from welded
joints of HTNA single-crystals and orientation of load P at testing
(a) and general view of tensile samples (b)

RESULTS AND DISCUSSION
WELDED JOINT STRUCTURE

The welded alloy (base metal) in the initial condition
is characterized by a developed cell-dendrite struc-
ture, which includes a finely-dispersed strengthening
y'-phase (Ni,Al), uniformly distributed in y-solid solu-
tion of the nickel matrix (Figure 2, a) with individual
inclusions of y—y’ eutectic formations and carbide pre-
cipitates of a complex composition and topography.
Eutectic formations and carbides are predominantly
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Figure 3. Pole figures {220} (a, b) and typical 2D distribution
of Iq, of {220} reflections (c, d) in the initial growth HTNA sin-
gle-crystal (a, ¢) and in the weld (b, d), X, y — angular instru-
mental coordinates; ©, and w, — angular coordinate of reciprocal
space

located in the interdendritic, interphase gaps. y’-phase
content in the alloy is equal to ~61 %.

Welded joint structure differs from that of the base
metal by noticeably smaller dimensions of the struc-
tural components. Thus, if the interdendritic spacing
(M) of the base metal is equal to 200-300 um, in the
weld it decreases to 30-50 um on the weld axis and
to 3—12 um near the fusion line (Figure 2, b). The
size of y'-phase particles (dy,) in the initial metal is
0.3-0.6 pm, in the weld it is by an order of magni-
tude smaller — 0.04—0.08 um, and in the HAZ it is
0.3-0.02 um. In connection with reduction of the di-
mensions of the structural components the chemical
heterogeneity of the weld metal markedly decreases
(Table 1).

The selected modes and welding scheme allowed
limiting the deviation of crystallographic orientation
of the welded joint from the initial value by not more
than 7° (Figure 3). The disorientation of the weld met-
al structure as a result of the influence of the thermo-
deformational cycle of welding can be more clearly
assessed by Iq, distribution (Figure 3). Distribution of
Iq, and its fragmentation according to [15—-19] corre-
sponds to formation of a substructure with a multilev-
el directional disorientation of the metal by the dislo-

Table 1. Dendritic liquation k= C /C,
ficient, C,— concentration on dendrlte axis, C, .

| 4203 y+y'

119

Figure 4. “6-26” distribution of IqH of {420} reflections in the
standard (0), in the initial metal (1) and along the axis of weld
metal (2, 3) of single-crystal ZhS26

120 121 122 20

cation boundaries that does not exceed 2°. Formation
of a multilevel structure leads to the conclusion about
the existence of residual stresses in the weld. The
found shifting of the peak of g, distribution in *6-26”
X-ray patterns (Figure 4)" towards the smaller angle of
26 reflection points to the presence of tensile stresses
in the direction along the weld [15-17]. Calculation,
made using the Hooke’s law and allowing for shifting
of Iq” peak showed that for welds of (110) orientation
can reach 397 MPa, and for (111) it is 520 MPa.

DESTRUCTION FEATURES OF SAMPLES
WITH TRANSVERSE LOCATION OF WELDS
(WELDED JOINTS)

In the generalized form, the results of rupture testing
of the welded samples are given in Figure 5 as o, and
o, , dependencies on temperature. They can be condi-
tionally subdivided into two regions. The first region
(testing temperature T_ < 800 °C) is characterized by
a smaller dependence of o, and o, on temperature,
more noticeable influence of the crystallographic ori-
entation and sample fracture in the base metal. In the
second region (T, > 800 °C) an intensive lowering
of o, and o, values, leveling of the influence of the
initial crystallographic orientation are observed, and
sample fails through the weld.

The above-mentioned fracture features of the
welded joints can be explained as follows. Welded
joints are a composite material, which consists of
regions of different structure: base metal, HAZ and
weld. Owing to more than an order higher dispersity
of the structural components, according to Hall-Patch

of the main chemical components of initial ZhS26 alloy and weld metal (k, — liquation coef-
o concentration in interdendritic space)

Region Al Ti \Y Cr Co Nb Mo W
Initial metal 0.7 0.55 1.28 1.98 1.2 0.6 1.6 1.89
Weld metal 0.94 0.7 12 1.04 1.02 0.9 1.08 1.24

*0.P. Karasevska took part in word performance.
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Figure 5. Dependence of ultimate strength o, () and yield limit 6, (b) on testing temperature of welded samples of ZhS26 alloy sin-
gle-crystals in the transverse (1, 2) and longitudinal (3) position of the welds. Load orientation: ~<100> (1, 3) and ~<110> (2)

Figure 6. Appearance of fractures in welded joint of ZhS26 alloy single-crystal of orientation close to [011], after testing for uniaxial

tension at the temperature of: a — 600 °C; b — 1050; ¢ — 900

law [19-21], the weld metal is in a more strengthened
state. Strengthening is also related to the observed in-
crease of the density of unpinned chaotic dislocations
in the weld metal (see Figure 4).

At increase of testing temperature to 800 °C and
higher, fracture shifts into the HAZ and the weld, as
a result of weakening of the strengthening effect of
the finely-dispersed structure, as well as a result of
increase of defect mobility [21, 22] on the low-angle
boundaries of the weld metal.

Fractures of samples tested at moderate (<600 °C)
temperatures, are characterized by quasicleavage
topography, combined with presence of regions of
fine-cellular tear with weakly manifested elonga-
tion (Figures 6, 7). At increase of test temperature
to 800 °C, the fractures develop a mixed fracture
mode — a combination of brittle (30-35 %), qua-
sibrittle (20-25 %) and ductile variants (45-50 %).
Accordingly, the fracture surface microrelief is rep-
resented by sites of low-ductility shear in metal and
quasicleavage facets of 50-60 pm size, steps of
1-20%20-100 pm of brittle banded appearance, and
shallow dispersed pits (0.5—1.5 um) of ductile fracture
(Figure 7). As the temperature approaches 800 °C, the
ductile fracture fraction rises up to 50-60 %, fracture

takes the pit-ductile form, and brittle fracture ele-
ments are gradually replaced by relief pits, fringed
by tear ridges. Investigations of the side surfaces of

Figure 7. Fragment of fracture surface of the welded joint. Test-
ing temperature of 600 °C (1 — steps with brittle banded relief;
2 — dispersed pits of ductile fracture; 3 — shear facets, quasibrit-
tle failure areas; 4 — banded relief, brittle fracture mode, band
width A, = 10 — 20 um)
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Figure 8. Conjugation of the sample lateral side and fracture
surface. Light arrows mark the microcracks on the sample side
surface, formed by plastic shear mechanism along the easy slip
planes {111} <110>. Test temperature of 600 °C (1 — steps with
brittle banded relief)

samples, broken in this temperature range (Figure 8),
revealed the presence of slip bands, relief shear areas
and microcracks which pass at a small angle to frac-

ture plane, which illustrates the shear mode of frac-
ture along the most loaded slip systems [18, 19, 23].

Welded joint fracture in the temperature range of
900-1200 °C runs in the weld, and is characterized
by multicellularity (Figure 9). The fractures are repre-
sented by such elements as: cleavage facets — of ~10-
20 um size and quasicleavage facets of ~8—15 pm, car-
bide type phase precipitates (0.3—0.4x3.0-7.0 um) on
cleavage facets, secondary microcracks (20100 um)
and coarse delaminations (100-350 pum). Individual
local areas of the ductile component (5-7 %) allow
us assuming that fracture runs with a certain fraction
of plastic deformation. The general fracture mode is
brittle (~90-93 %).

DESTRUCTION FEATURES OF SAMPLES
WITH A LONGITUDINAL LOCATION OF WELDS

At testing with longitudinal loading in the tempera-
ture range of 500-600 °C, the destruction of the
welds occurs in the ductile mode with pit size of
~2-9 um in the fracture (Figure 10). At increase of
testing temperature up to 800 °C the failure mode
changes to a mixed one, areas of quasibrittle failure
of ~3.0-9.5 um are observed in the fracture near the
pits. At further increase of temperature up to 1200 °C,
the mixed failure is characterized by increase of the
fraction of quasibrittle component, secondary cracks

Elements Briltllc Quasizbrirlle Dugtilc I;1P
Al 2.64 2.86 1.92 3.01
Ti 1.66 1.22 1.58 3.77
A% 0.35 0.34 041 0.45
Cr 4.45 5.63 5.75 4.7
Co 9.31 947 9.61 6.92
Ni 69.86 62.72 68.58 50.75
Nb 1.47 1.78 1.75 12.05
Mo 1.67 2.66 2.06 53
W 8.6 13.32 8.35 13.05

Figure 9. Fragments of fracture surface in different regions of weld metal at welded joint testing for uniaxial tension and chemical
element content in the fracture (wt.%). Testing temperature was 1050 °C. Welded joint orientation was [100]. 1 — brittle fracture: size
of cleavage facets d, = 10-20 um; 2 — quasibrittle fracture; 3 — local regions of ductile fracture: dispersed pits of size dp =1-2 pum;
4 — phase precipitates (PP); 5 — secondary cracks I . ~20-100 um (light arrows — PP)
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tion at temperatures of: 600 °C (a), 1050 (b), 1200 (c)

are observed (Figure 10), and the size of failure ele-
ments on the fracture surface is equal to 3.5-10.0 pum
(1050 °C) and 4.5-10.5 um (1200 °C). The fractures
inherit the dendrite morphology of the microstructure
of the weld, and of structural formation defects, de-
veloping during solidification.

A certain difference in fracture morphology, as in
the properties of welds, tested in the longitudinal and
transverse directions, is most probably, associated
with different orientation of the weld metal dendritic
structure relative to the direction of the applied load.

Note the complexity and multifaceted nature of
the fractures, nonuniformity of the relief that reflects
the heterogeneity of the structure and crystallographic
orientation of individual regions of the welded joints.

Proceeding from analysis of the results of the
above studies, features of destruction, mechanical
properties and structure, we can conclude that the
established difference in the properties and charac-
teristic deformations and failure of welded joints of
ZhS26 single-crystals in the high- and low-tempera-
ture range is largely determined by the nature of struc-
tural changes, occurring as a result of welding.

CONCLUSIONS

1. When assessing the destruction features and prop-
erties of nickel alloy welded joints, they should be re-
garded as a composite material, consisting of areas of
different structure.

2. As a result of welded joint testing for uniaxial
tension in the temperature range of 500-1200 °C, two
destruction regions were determined: 500-800 °C in
the base metal and 800—1200 °C — in the weld metal.

3. The destruction nature and type, properties of
welded joints of HTNA single-crystals, which are a
composition of structural regions, are determined by
the structural features of these regions, alongside the
initial crystallographic orientation.

4. Failure of welded joints in 500-800 °C tem-
perature range, considering the higher strength of
the welds, which differ by a higher dispersity of the
structure, takes place in the base metal. The fracture
is mixed — brittle, quasibrittle, and ductile. At in-

crease of testing temperature, the fraction of elements
of brittle fracture (in the base metal) decreases with
increase of the number of ductile fracture pits.

5. Failure of welded joints in the temperature range
of 800-1200 °C, occurs in the weld, in connection
with reduction of the strengthening effect of the fine-
ly-dispersed structure, dissolution of y’-phase, activa-
tion of the diffusion processes and unblocking of dis-
locations. The fractures differ by multicellularity and
are predominantly of a brittle nature with presence of
local secondary microcracks and delaminations.

6. The type of fracture of welds, tested in the lon-
gitudinal direction in the temperature range of 500-
800 °C, is characterized by prevalence of the ductile
component with local areas of quasibrittle failure, at
800-1200 °C — the failure is mixed, with increase
of volume fraction of the quasibrittle component with
temperature rise, and presence of secondary cracks on
the fracture surface. Unlike the welded joints in the
transverse direction, the welds are characterized by a
more homogeneous structure along their length.

7. Analysis of the properties and destruction fea-
tures of welded joints, leads to the conclusion that
development of the technology of fabrication of
welded structures from single-crystal HTNA should
be based on the need to preserve a homogeneous
structure and properties of individual areas of the
joint, along with taking into account the physical
and technological conditions of preservation of the
single-crystal structure.
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STUDIES OF COATINGS PRODUCED

BY HIGH-VELOCITY OXY-FUEL SPRAYING
USING CERMET POWDER BASED

ON FeMoNiCrB AMORPHIZING ALLOY
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ABSTRACT

The process of producing composite powders based on amorphizing Fe-alloy with the additives of refractory compounds by the
method of high-velocity oxy-fuel spraying was investigated. For spraying composite powders FeMoNiCrB—(Ti, Cr)C, FeM-
oNiCrB-ZrB, were used, produced from a mixture of powders of the compositions by mechanical alloying in a planetary mill.
As aresult of spraying, dense coatings (porosity is less than 3 %) were produced, which were formed from partially deformed
particles with a multiphase structure and a uniform distribution of structural components. The results of X-ray diffraction
phase analysis indicate the formation of amorphous-crystalline structure in the produced composite coatings. On the X-ray
patterns, the maximum peak amplitude from the crystalline phase against the background of the amorphous halo corresponds
to the TiCN phase in the coating FeMoNiCrB—(Ti, Cr)C and the ZrB, phase in the FeMoNiCrB—ZrB coating. The size of the
measured microhardness for the composite coating FeMoNiCrB—(Ti, Cr)C amounts to — 5.5+0.25 GPa, and for the coating
FeMoNiCrB-ZrB, it is 5.9£0.29 GPa.

KEY WORDS: high-velocity oxy-fuel spraying, amorphous phase, amorphous iron-based alloy, composite powder, composite

coating, microstructure, microhardness

INTRODUCTION

Amorphous metallic iron-based materials are wide-
ly used in industry due to their advantages, such as
high strength and hardness, excellent corrosion and
wear resistance, good magnetic properties, as well
as relatively low cost of material [1-3]. However,
a disadvantage of amorphous compact materials is
their low ductility and excessive brittleness at room
temperature, as well as low efficiency of equipment
and high production costs, which significantly limits
their practical application as structural materials [4].
To eliminate these disadvantages, materials based on
amorphous alloys are used on the surface of products
in the form of protective coatings, which are produced
by thermal spraying. The basis for the scientific and
practical interest of the use of amorphous iron-based
coatings and amorphous composite coatings in order
to increase the stability of the surface of products is
the cooling rate in thermal spraying of the powder
melt particles, which is 10°-10° K/s and is sufficient
for amorphization of the coating material. In addition,
amorphous metal coatings can be applied on large-
sized and complex parts. This allows expanding the
scope of their practical application.

For deposition of coatings from amorphizing
iron-based alloys, the methods of plasma, detona-
tion, electric arc and high-velocity oxy-fuel (HVOF,
HVAF) spraying are used. The produced coatings are

Copyright © The Author(s)

used to increase the corrosion stability of containers
for storage and transportation of spent nuclear fuel as
an alternative replacement of expensive nickel and
titanium alloys [5]; on parts operating in the condi-
tions of corrosion, corrosion-erosion and abrasive
wear for replacement of galvanic chrome plating [6,
7]; on parts of mobile warehouses [8]; to strengthen
and restore the pipes of industrial boilers, operating in
the conditions of high-temperature erosion wear [9].
The process of HVOF spraying is most widely used
to produce coatings with an amorphous structure due
to the use of a relatively low temperature and high jet
velocity in this method, which results in the formation
of a coating with a high density and adhesion strength
with the base.

Along with the use of iron-based alloys, compos-
ite coatings with an amorphous matrix are developed,
which was strengthened by the second phase. As rein-
forcing additives, TiN nitrides, B,C and WC carbides,
CrB, borides, Al,O, oxides, as well as stainless steel,
NiCer, etc. are used [ 10—14]. These composite coatings
show a significant increase in hardness, wear resis-
tance and corrosion resistance as compared to the ba-
sic analogue.

In this paper, a study of the structure formation and
phase composition of composite coatings, produced
by HVOF based on Fe-alloy, which is amorphised,
with reinforcing additives of refractory compounds
(Ti, Cr)C, ZrBr,, was carried out.
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Table 1. Characteristics of powders for oxy-fuel spraying of coat-

ings
Composition, wt.% Eamde MEthoq
size, pm of producing
FeMoNiCrB Spraying of melt
(36.2Fe-29.9Mo-23.6Ni <40 pb yni?ro o
7.6Cr-2.7B) Y nitrog
77 FeMoNiCrB-23 (Ti, Cr)C <40
MAInPM 15h
75 FeMoNiCrB-25 ZrB, <80

MATERIALS AND PROCEDURES
OF INVESTIGATIONS

For HVOF coatings with an amorphous structure,
powders based on amorphous alloy FeMoNiCrB were
used, produced by mechanical alloying (MA) in a
planetary mill (PM) [15]. The characteristics of pow-
ders are shown in Table 1.

%200

The spraying was performed in the installation
(HVOF) UVShGPN-M1 on the following technolog-
ical parameters of the process: propane-butane pres-
sure is 4 atm, oxygen pressure is 7 atm, air pressure is
6 atm, nitrogen pressure is 5 atm, spraying distance is
120 mm. The coatings FeMoNiCrB—(Ti, Cr)C and Fe-
MoNiCrB-ZrB, were deposited to the substrate NiCr
(thickness is 50-100 um), which was sprayed by elec-
tric arc method (wire diameter is 2 mm).

In metallographic examinations, an optical micro-
scope Neophot-32 with a digital photography device
was used; measurement of microhardness was car-
ried out in a PMT-3 device. X-ray diffraction analysis
(XRD) of coatings was carried out in the installation
DRON-UM-1, CuK  radiation, monochromatic.

RESULTS OF INVESTIGATIONS

Metallographic analysis revealed that coatings pro-
duced from all the studied materials have a dense,

e ST
R

=200

%400, 8 S R

Figure 1. Microstructure of HVOF-coatings: a — FeMoNiCrB; b — FeMoNiCrB—(Ti, Cr)C; ¢ — FeMoNiCrB-ZrB,
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Table 2. Results of investigations of HVOF-coatings based on FeMoNiCrB

Coating Thickness, | Microhardness -,
. Phase composition
material pum HV, s, MPa
FeMoNiCrB 200-250 43904290 A®D; Mo,FeB,; Fe,B; FeCr; Fe,O,; Cr, N|
A®D; Fe,Ti; Cr,Ni; TiC N, ; TiC N, ; Fe,. .C; Ni,Fe;
o (Ty . + 73 03" 70.7° 02" 70.8° 15177 3 2
FeMoNiCrB~(Ti, Cr)C 300-350 55104250 phases in small quantities: Ni,C; MoC; FeMoO,; FeO; FeC,
. A®; ZrB,; Fe; (Fe, Ni) solid solution; Cr,Ni,; MoNi,; Ni,Zr;
_ - +
FeMoNiCrB-ZiB, 900-950 5880290 phases in small quantities: ZrO,; Fe,B; Ni,B; MoB FeO N104Fe2604
7000 1, rel. un.
q
6000 5510 >880 200 F o MoFeB,
- o FeB
IE 5000 + 43()0 ¢ FeCr
= 150 A Fei0y
# 4000 o CrNi;
2
E 3000 - 100 'ﬂ
[=]
£ 2000 | ﬁ 1 :
= 50 ) . . o T8 H
1000 + D o B L S S N Y L
. L «ng ro WA i

FeNiCrMoB  FeNiCrMoB—(Ti, Cr)C FeNiCrMoB-ZrBa
Figure 2. Microhardness of coatings with an amorphised struc-
ture produced by the method of HVOF-spraying
fine-grained structure, homogeneous over the whole
structure area, which is formed from partially de-
formed spherical particles (Figure 1). Porosity of the
coatings does not exceed 3 vol.%; the coatings Fe-
MoNiCrB—(Ti, Cr)C and FeMoNiCrB-ZrB, tightly
adhere to the nichrome sublayer and the coating
FeMoNiCrB — to the steel base.

Measurement of microhardness of HVOF coatings
(Figure 2) showed that the use of reinforcing additives
(Ti, Cr)C and ZrB, leads to an increase in microhard-
ness of composite coatings by 1120 and 1490 MPa
as compared to the coating of the initial FeMoNiCrB
powder.

X-ray diffraction analysis revealed (Figure 3) that
in the investigated HVOF-coatings, the amorphous
phase (APh) is present.

Data from XRD indicate that as a result of
HVOF-spraying of powders based on FeMoNiCrB
alloy, multiphase coatings were produced, having an
amorphous crystalline structure. All the coatings have
additional crystalline peaks against the background of
halo from the amorphous phase. On X-ray patterns,
the maximum peak on the amplitude from the crystal-
line phase against the background of the amorphous
halo corresponds to the phases of Fe,B and FeCr in
the coating FeMoNiCrB; TiC N, In the coating
FeMoNiCrB—(Ti, Cr)C and the phase ZrB,, in the
coating FeMoNiCrB-ZrB,. In all the coatings, the
intermetallide phase Cr Niwas recorded, having a
tetragonal crystalline structure. Iron, as the main ele-

10 % 20 30 40 50 60 70 80 90 20

I ¢ Fesli
250 t Phases in small quantitiesj. ‘ (.:Nli‘
NiC: MoC; FeMoOy; |1 o 'I'i(l‘.. "_]‘qm
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* ® NisFe
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Figure 3. X-ray patterns of HVOF-coatings: a — FeMoNiCrB;
b — FeMoNiCrB—(Ti, Cr)C; ¢ — FeMoNiCrB-ZrB,
ment of the initial alloy, is presented in the coatings in
the form of oxides (Fe,O,, FeO, FeMoO,,Ni, Fe, .O,),
borides (Mo,FeB,, Fe,B), intermetallides (FeCr, Fe,Ti,
Ni,Fe), carbides (Felsllc, FeC,) and (Fe, Ni)-solid
solution. In the coating FeMoNiCrB-ZrB, iron in a
pure form was also revealed.

The obtained results of the study of HVOF-coat-
ings based on the FeMoNiCrB alloy are shown in

Table 2.
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CONCLUSIONS

Applying the method of high-velocity oxy-fuel spray-
ing using composite powders produced by mechani-
cal alloying based on Fe-alloy that is amorphised, the
coatings FeMoNiCrB—(Ti, Cr)C and FeMoNiCrB—
ZrB, with an amorphous crystalline structure were
produced.

The produced coatings are characterized by a uni-
form distribution of structural components, have a struc-
ture, that is homogeneous over the entire area, which is
formed from partially deformed spherical particles. The
porosity of coatings does not exceed 3 %.

It was revealed that the presence of reinforcing
components (Ti, Cr)C, ZrB, leads to an increase in
microhardness of coatings as compared to the coat-
ing of the initial FeMoNiCrB powder by 1120 and
1490 MPa, respectively.
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ABSTRACT

The design features of mobile rail welding machines for flash butt welding produced by the companies, operating at the modern
world market were studied. The studies provide an opportunity of highlighting the trends of further improvement of equipment

with the growth of technological innovations.

KEY WORDS: seamless track, flash butt welding of rails, rail welding machine, upsetting, upsetting force, clamping, clamp-
ing force, continuous flashing, pulsating flashing, flash remover, current supply

INTRODUCTION

Seamless track is the most advanced and reliable de-
sign of a track for modern operating conditions. Rails,
being a part of such a track, have no butt joints and
this allows increasing the admissible speeds of trains
to 160200 km/h and more. At laying of seamless
tracks and also during their repair, rails are welded in
lengthy strings. Standard documents allow using only
flash butt welding for joining rails in the main line,
which provides an equal strength of welded joints
with the base metal, including as well the values of
fatigue strength [1]. Strings are welded either by sta-
tionary machines at rail welding plants and then de-
livered to the site of assembly, or on the track — by
mobile rail welding complexes.

The global market of flash butt welding machines
amounts to thousands of units of equipment and the
profit market is millions of US dollars.

In 2020, the consulting Company QY Research pub-
lished the report “Global rail welding machines market
insights and forecast to 2027 [2]. According to the re-
port, during the forecast period, the revenue of the mo-
bile sector of rail welding machines will be about 70 %
of the market share, and of a stationary is only 30 %.
The use of stationary rail welding machines is constant-
ly decreasing. Therefore, by 2027 the global market of
mobile rail welding machines will reach 82 min USD as
compared to 54 min USD in 2020 at an average annual
growth rate of 2.9 % during 2021-2027.

From the point of view of the market, seamless
railway tracks should be safe, and the costs of their
laying and maintenance should be minimized. This
issue sets increased requirements to the reliability of
the equipment design, so it is relevant to carry out the
analysis of the technical capabilities of mobile rail
welding machines. The authors propose to analyze the
design differences of mobile rail welding machines of
different manufacturers.

Copyright © The Author(s)

QY Research focuses on the activities of the fol-
lowing companies that are represented at the market
of mobile rail welding equipment: Chengdu Aigre
Technology (China), Holland LP, Schlatter Group
(Switzerland), Goldschmidt (Germany), Mirage Ltd
(England), PJSC KZESO (Kakhovka Plant of Elec-
tric Welding Equipment) (Ukraine), Progress Rail
(Caterpillar) (USA), Geismar (France), Gantrex (Bel-
gium), BAIDIN GmbH (Germany), Vossloh (Germa-
ny), Plasser@Theurer (Austria), “Pskovelektrosvar”
Company (Russia), Contrail Machinery (Romania),
VAIA CAR SPA (Italy).

According to the design, mobile rail welding ma-
chines consist of fixed and movable clamps which fix
rails with the help of clamping cylinders. The mov-
able clamp can be moved relative to the fixed clamp
by means of upsetting cylinders. Welding current from
power sources, mounted on the machine, heats rails until
a ductile state. Due to the rapid movement of clamped
and heated rails, their joining — welding occurs. In this
case, a part of the molten metal (flash) remains along the
contour of welded rails. Standard documents [3], which
determine the requirements for the method of flash butt
welding in mobile rail welding machines, do not allow
the presence of flash after welding, so in each machine, a
device for its removal is provided.

We will not consider the products of Goldschmidt
Company, as far as it is specialized on termite and
arc welding, as well as Vossloh Company, because the
welding head is very similar to the machine of Schlat-
ter Group production.

The PJSC KZESO (Kakhovka Plant of Electric
Welding Equipment) produces a wide assortment of
mobile rail welding machines, designed at the PWI
[1] for construction and repair of seamless high-
speed main railways, tram and subway lines in field
conditions [4]. The enterprise supplies to the market
both welding machines K900 with a lever clamping
scheme (Figure 1) as well as machines K920 (Fig-
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Figure 1. Mobile rail welding head K900

ure 2), K922-1, K945 and K950 with a horizontal
arrangement of clamping cylinders to generate a con-
stant force, that does not depend on wear of tongs.
According to the standard documents [5], welding
of rails can be carried out in two ways: with a ten-
sion of rail string and with a preliminary bending. In
welding rails with a preliminary bending, a part of a
string is loosen, raised and bent in a horizontal plane
until alignment of the ends. In the process of welding,
the bend of a string is straightened under the action
of longitudinal force, created by a welding machine.
Machines K922 (Figure 3), K945, K950 generate an
upsetting force of 1200 kN. This makes it possible to
eliminate the bend by performing welding of rails into
a track with the tension of a string and minimizing
the length of a rail, which is removed from sleepers.
This simplifies the process of welding, as well as en-
ables the operation of “last welding”, that is, welding
and equalization of stresses in rails per one operation.
Machines [6] consist of two tong clamping devices,
manufactured in the form of two double levers, which
are mounted on a common central axis and isolated
from each other. Two tong clamping devices are made
with the possibility of moving along the axis relative
to each other using two hydraulic upsetting cylinders,
the rods of which bind them. As a source of heating
rails, two AC transformers are used, which are built
into the machine. An original design of the welding
circuit, where as a conductive elements, the power
units of the machine are used, which allows reduc-
ing the power consumed during welding. Clamping is

Figure 2. Rail welding head K920-1
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Figure 3. Welding machine K922-1

carried out behind the web of rails. If in the machine
K900 a flash is removed by travel of the moving col-
umn (a throw-on flash remover is used), then in the
machines K922, K945 (Figure 4) and K950, in ad-
dition to the throw-on, a flash remover with a drive
from built-in autonomous hydraulic cylinders is pro-
vided. This allows removing flash in a clamped state
and maintaining the butt during the period required
for cooling. The designing feature of these machines
is the presence of clamping multipliers built into the
cylinders that increase the pressure, and, accordingly,
the clamping force by 2 and more times (the maxi-
mum clamping force at the highest working pressure
is 2900 kN) to avoid slipping of columns during up-
setting. Machines K945 and K950 have an increased
travel of upsetting cylinders being 400 and 250 mm,
respectively, which eliminates the possibility of a tear
in a heated butt during unclamping [7]. All the ma-
chines are designed and manufactured, taking into
account the features of a pulsed flashing technology,
developed at the PWI. The weight of the welding head
does not exceed 3500 kg.

Machines are included in a mobile rail welding com-
plex in the form of a 20-foot container, designed for
mounting on a base of a cargo car and a railway platform.

It should be noted that the key players at the mar-
ket of mobile rail welding machines, such as Chengdu
Aigre Technology (China), Holland LP, Progress Rail
(Caterpillar), Geismar, Gantrex, Contrail Machinery,

Figure 4. Welding machine K945
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Figure 5. Container system Multiflex for welding rails with weld-
ing head AMS60

VAIA CAR SPA, as a welding head in their machines
use the equipment that was in different years designed
at the PWI and manufactured at the PJISC KZESO.

Schlatter Company offers mobile rail welding
machines AMS60, AMS100 and AMS200 in differ-
ent configurations, that differ with each other by a rail
alignment (centering) system and operating range [8].

The AMS60 and AMS200 machines contain a
body and a slider that have the ability of linear move-
ment. Clamping systems are mounted in the body and
the slider. The eccentric clamping system, activated
by clamping cylinders has an ability of self-slipping,
which allows increasing the clamping force while
adding upsetting force. Clamping is carried out be-
hind the web of rails. By means of the double lever,
the upsetting cylinder, located over the axis of rail
clamping, can move the slider. Before clamping, an
integrated lifting hydraulic device clamps both ends
of rails until the rests to carry out vertical alignment
(centering) of rails along the rolling surface.

During designing of the AMS60 machine (Fig-
ure 5), the main attention was paid to centering — an
accurate combination of ends of the rails on the side
edge (it is possible to choose from left or right) and
the rolling surface. Therefore, this machine is the best
used in the situations, where accurate alignment is re-
quired, for example for high-speed railways (for rails
of up to 68 kg/m). AMS60 has an upsetting force of
6000 kN. The weight of AMS60 is about 6200 kg.

The AMS100 machine (Figure 6) is designed for
welding rails of a large cross-section. AMS100 has an
upsetting force of 1000 kN and can weld heavy and
even tram groove rails. It is often used for welding
track of cargo transportation with an axle load of up to
75 kg/m. However, AMS100 was also used for weld-
ing high-speed railways. As to kinematic scheme, the
welding head AMS100 is identical to K920 machine
(design of the PWI).

AMS200 (Figure 7) [9] is a mobile rail welding
machine of a new generation that allows performing
welding and tension without an additional stretching

Figure 6. Welding head AMS100

device, as well as the operation “last welding”. The
tension and upsetting forces are 1400 kN. The machine
has a necessary force to pull up rails to the required
calculation length. A full travel of clamping cylinders
is 300 mm. If necessary, checking and adjustment of
accurate side alignment of rails is carried out using an
electronic measurement system. The current supply
is completely independent of clamping and is carried
out on the outer side of the head of rails and their foot.
The mass and dimensions of the AMS200 machine
does not exceed the mass of AMS60 machine.

The presented machines are available in two variants:

e Supra Road flex is a self-travelling system based
on a cargo car, which is designed for fully autono-
mous operation with the possibility of moving from
one site to another by the track or outside it;

e Supra Multiflex allows all equipment to be
placed in a container and mounted on the railway plat-
form. For standard complete set, a compact 30-foot
container is used.

As an alternative, a system consisting of two 20-
foot containers is also available.

Mobile rail-welding machines of the Austrian Plass-
er@Theurer Company of APT500 series are based on
the welding head of the PWI design. The new develop-
ment of the company is a fully automated robot APT
1500R [10]. This means that a welding robot needs only
to be lowered to the welding zone, and then the process

Figure 7. Mobile machine AMS200
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runs automatically. The design of APT 1500R provides a
separate application of welding current and clamping of
rails. Rails are lifted from sleepers with the help of lift-
ing devices, centered as to their height and aligned rel-
ative to the working edge, and the special measurement
system is constantly monitoring this process. Upsetting
cylinders clamp the web of a rail until the rests with the
force of 3500 kN. Clamping cylinders, upsetting cylin-
ders are located in a one plane passing through a neutral
axis of arail [11]. Such a design solution protects the ma-
chine from undesirable loads. The design of the machine
allows tension and upsetting of rails — the tension force
is 1500 kN. The travel of upsetting cylinder is 200 mm.
The feature of the welding robot is the fact, that it
uses an AC source with a frequency of 1000 Hz. The
power source consists of AC transformers, whose
voltage is rectified by diodes, and then a direct volt-
age is transformed by inverters back to the alternating
but with a frequency of 1000 Hz. This allows using
compact transformers, and on the other hand, such a
welding voltage has a low residual pulsation, which
positively affects the quality of welding [10]. Current
conductors are clamped to rails with the use of separate
hydraulic cylinders. Current supply is carried out on
the bottom part of the head and the top side of the foot
of arail. In the design of the robot, a flash remover with
hydraulic cylinders is built-in. Cylinders load a welded
butt joint in the direction of compression of a butt (ac-
cording to the requirements of the standard EN14587-2

Figure 9. Machine B120AC
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[3]) and do not need unclamping. A continuous con-
tactless measurement of temperature of rails provides
a precise cooling of a rail in accordance with a set tem-
perature characteristic using pulses of repeated heating.
The weight of the welding head is 5500 kg.

The welding robot welds rails laid in a string, and
can produce closing and final welded butt joints.

There are three modifications of a welding robot:

e Machine for flash butt welding APT 1500 RA.
This four-axle machine is built into a railway rolling
stock of a standard design;

e ARTI1500RC is a container-type welding ma-
chine (Figure 8);

e ART 1500RL is a welding robot on the automo-
bile platform. Moreover, the limit mass of the struc-
ture does not exceed 32 t for transportation on the
roads of Europe.

The German Company BAIDIN GmbH produc-
es rail welding machines for flash butt welding of rails
[12]. The main products of this company is a container
complex on the base of welding heads K355AM, which
as to the kinematic scheme is identical to the machine
K900A and B120AC (Figure 9), which as to its design
is the same as K920. All these machines are based on
the developments of PWI. For power supply of welding
transformers, in this case power inverter transformers
are used, which transform a three-phase voltage of a die-
sel generator into a single-phase sinusoidal voltage with
a frequency of 50 Hz. According to the manufacturer,
this solution provides a uniform load (without voltage
unbalance) on a diesel generator plant and stabilizes the
voltage of welding transformers. The upsetting force is
1200 kN, and the maximum clamping force is 2800 kN.
The weight of the welding head is 3800 kg.

As to its design, the universal head A150DC for
welding rails resembles a welding head ART1500R
of the Plasser@Theurer Company and differs by the
fact that it has eight clamping cylinders, which are
arranged opposite one another relative to the longi-
tudinal axis. Such a layout allows performing an ac-
curate centering of rails during clamping, because the
piston cavities of the counter cylinders are joined in
pairs. Flashing of rails in it is carried out by a direct
current using two rectified units. The travel of clamp-
ing cylinders is 250 mm, which allows performing the
operation of “last welding”. The maximum clamping
force is 4000 kN, the upsetting force is 1500 kN. The
weight of welding head is 4200 kg.

In 2019, at the exhibition RailLive 2019, an induc-
tion welding machine of Mirage Rail Company was
demonstrated, which was designed for Nerwork Rail,
Great Britain [13]. Unlike flash butt welding, in in-
duction welding, the ends of rails are not heated until a
molten metal and maintained in a solid state. Heating
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Figure 10. Induction welding robot of Mirage Rail Company

of rails is carried out throughout the whole perimeter
by the currents of magnetic induction with the help of
inductors. The power consumption is 150 kVA.

The device consists of a support [14], where two
modules are built-in: movable and fixed. Each module
includes three separate clamping heads and two heads of
vertical lifting. Clamping and lifting heads are of a lever
type with double levers. When designing the device, the
attention was paid to the accurate alignment of rails in
three projections. This is necessary to reduce the stress
in welded rails during the process. After welding, flash
remover built into the device is moved using two auton-
omous hydraulic cylinders and removes a flash.

The device is designed for welding rails CEN 56
and 60. The time of welding is 6 min, the mass of the
device is 2200 kg (Figure 10).

Russian Company “Pskovelektrosvar” [15] is
represented at the market by two mobile machines:
MSR-80.01 (Figure 11) and MSR-12001A (Fig-
ure 12), designed for continuous or pulsating flash
butt welding of rails R50 and R65.

Machine MRS-80.01 [16] consists of fixed and mov-
able bodies. Each body contains power and electrode
levers with different leverage systems. Power levers per-

Figure 11. Mobile machine MSR-80.01

Figure 12. Mobile machine MSR-12001.01

form clamping of rails. The clamping force is 2100 kN.
Electrode levers perform centering of rail ends and sup-
ply current to the web of a rail. The upsetting force is
800 kN. The weight of the machine is 3800 kg.

Unlike MRS-80.01, in MRS 12001A [17] between
the power and electrode levers, the combination mech-
anism is located, the levers of which are joined to the
power levers, and the electrodes have the ability to ro-
tate in two projections with self-positioning over the
web of a rail and provide a reliable electrical contact.
The mechanism of combination is designed to in-
crease the accuracy of rail centering. Machine MSR-
12001A can perform welding of rails with a tension
with the flash removal directly after welding. The rated
clamping force is 2800 kN, and the upsetting force is
1200 kN. The weight of the welding head is 3750 kg.

These machines are designed for operation in the
composition of complexes of type PRSM.

The authors would like to draw the attention of
readers to the new development of the PWI (Fig-
ure 13) [18]. The design feature of this machine is the
fact that a number of axes joining clamping tong-type
devices between each other was reduced from three
to one. This allowed reducing a number of upsetting
cylinders to one. The upsetting force of the machine
is 65 kN. The machine is positioned as a machine for
welding rails in hard-to-reach places, as well as for
welding rails in the string in field conditions and on
mobile rail welding plants. This machine requires

VATl e T T2

Figure 13. Universal rail welding machine
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only a 215 mm gap to the nearest rail, which allows
using it even for welding of switching transfers.

All mobile machines independently of the manufac-
turer have control systems that are manufactured based
on an industrial computer and provide tasks and control
of welding process parameters, providing the operator
with up-to-date information on the technological process
of welding with a subsequent issuing passport for each
welded butt joint. Simultaneously in the built-in PC, the
results of welding works are archived.

Therefore, modern technical products acquire the
features of the investment project and a designer has a
task not only to create the new equipment, but also to op-
timize expenses for all stages of manufacturing products,
such as designing, development and manufacturing. The
analysis of the gained experience of design and opera-
tion of welding machines allows outlining the further
ways of improving and developing equipment designs,
taking into account also economic components.

CONCLUSIONS

1. The trend of the development of the world market
of rail welding machines is featured by an increase
in the share of mobile equipment for using in field
conditions during construction and repair of railways.

2. Mobile machines for welding rails vary by a
kinematic scheme, according to which clamping and
upsetting by centering and heating method of rails are
performed. Each technical solution has its advantages
and disadvantages.

3. Basic designing solutions of mobile rail welding
machines, presented at the market, are developed at
the PWI and used by domestic and foreign manufac-
turers of this industry, each of which improves indi-
vidual assemblies and mechanisms in order to expand
the technological characteristics.

4. The latest development of the PWI in the field of
mobile rail welding machines is positioned as a ma-
chine for welding rails in hard-to-reach places, as well
as for welding rails in the string in field conditions and
at mobile rail welding plants.
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ABSTRACT

Structure, corrosion resistance, and mechanical properties of Cu—W composite materials used for various-purpose electric
contacts were studied. Shown is the influence of tungsten concentration in Cu—W composite material on these properties. Grav-
imetric dependencies of Cu—W composite materials with different tungsten content are given and composition of the corrosive
environment before and after corrosion testing is determined.
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INTRODUCTION

In economic terms, the main materials for electric con-
tacts of various purposes are available, for example,
those used in construction machines and devices (ele-
vators, building cranes, lifting machines, cutoff switch-
es, etc.). They are based on copper and alloys and have
high strength characteristics. Such contacts are made
either of cast as well as of rolling materials (plates,
sheets, rods, wires), or from materials produced by
the methods of powder metallurgy. Cast alloys have a
number of significant drawbacks, such as low strength
characteristics, stability to bridging, arc-extinguish-
ing properties, etc. Contacts made by the methods of
powder metallurgy, are characterized by high strength
characteristics and higher electric contact properties,
but their significant disadvantage is the complexity of
their manufacturing technology, which includes sever-
al operations: producing powders of the required com-
position; compacting these powders; sintering or their
gas-static pressing at high temperatures in a controlled
environment; formation of required sizes, etc. [1].

In producing condensed composite materials for
electric contacts, it is economically substantiated to
use the method of a high-rate electron beam evapo-
ration and condensation of metals and nonmetals in
vacuum [2—7]. The technological advantages of this
method consist in the fact that by evaporation of si-
multaneously several substances, by mixing of their
steam flows and condensation on the substrate, such
ratios of components can be obtained and such struc-
tures can be created that are very difficult or almost
impossible to be produced by traditional ways.

Copyright © The Author(s)

A great importance in the development of means
of switching high-power currents, especially in
high-voltage switches belongs to composite materi-
als based on copper and refractory metals — tungsten
or molybdenum. For copper-tungsten contacts, such
properties are typical as refractoriness, hardness, arc
resistance, resistance against welding-on, mechani-
cal strength at room and elevated temperatures, good
heat removal and electric conductivity [8]. Today, the
information about the structure and mechanical prop-
erties of contacts from composite materials based on
copper and tungsten is available [9-11]. However, the
information about the corrosive stability of composite
Cu—W materials (CM) and its relation with the struc-
ture is not available at all.

Proceeding from the abovementioned, the aim
of this work is to study the structure, physico-me-
chanical properties and corrosion resistance of cop-
per-tungsten composite materials for electric contacts
of various purposes, produced by the method of elec-
tron beam evaporation-condensation in vacuum.

PROCEDURE OF INVESTIGATIONS

Composite Cu—W  materials were produced
on a stationary substrate manufactured of St3,
250%220%10 mm in size at 900 + 30 °C (temperature
remained unchanged for all experiments) by electron
beam evaporation and subsequent condensation in
vacuum [2-5].

Corrosion resistance of condensates was investi-
gated by gravimetric method [12]. After preliminary
treatment, the specimens with an area of 100 mm?
were immersed in a corrosive environment (water)
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Table 1. Chemical composition of CM copper-tungsten, used for
investigations, wt.%

Specimen w Cu

1 0.64
3.57
8.27
15.23
20.39
32.98

Rest

ool lwN

per 100 h. The control of the change in the mass of
the specimens was carried out every 20 h. The inves-
tigations were carried out in a static mode. To study
the structure of the produced condensates, macro- and
microstructural analyses by optical and electronic
scanning microscopy were used [13].

The corrosion resistance and structure of cop-
per-tungsten condensates were studied for six com-
positions of specimens with a tungsten content from
0.64 to 32.98 wt.% (Table 1).

RESULTS OF INVESTIGATIONS

The carried out investigations of microstructure of Cu—W
condensates showed that the structure of the latter varies
from homogeneous at a concentration of tungsten to 1 %
to laminated with an increase in tungsten concentration
in composite materials to 32.98 wt.%.

It should be noted that the higher the concentration
of tungsten in the specimens, the lamination appears
to be more expressive. For example, let us consider
a structure of CM at a concentration of tungsten in it
being 20.39 wt.% (Figure 1).

With the increase of tungsten content in the conden-
sate, its distribution in layers is nonuniform (Figure 2).

For composite Cu—W materials, the predominant
morphological type of layer structure is polygonal (equi-
axial grains). For layers enriched with copper, near the
substrate a column structure is characteristic (Figure 3).

Such a nonuniform nature is manifested in the
form of concentration clusters, which, as can be as-
sumed, are nuclei for the formation of a new column
structure. In the composites with tungsten content of
up to 20.39 wt.%, these columns have a conical shape
and spheroidal apexes. With an increase in tungsten
content, in the condensate with the mass of up to
32.98 wt.%, they become continuous, their share in
the section of the specimens grows, and the height is
comparable with the thickness of macrolayers.

According to the experimental data [14], electric
conductivity of the specimens with an increase in
tungsten content in them naturally falls, for example,
with a tungsten content of about 10 wt.%, it amounts
to 80 % of the electric conductivity of a pure copper.

Mechanical properties during tests of the conden-
sate on tension are also changing. The yield and ten-
sile strength are growing, the characteristics of duc-
tility decrease with an increase in tungsten content in
composite materials (Figure 4).

As is seen from Figure 4, the dependence between
the tensile (c,) and yield strength (o, ,), as well as rela-
tive elongation (8) from the concentration of tungsten,
have a monotonous nature. An increase in the values
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Figure 1. Microstructure of composite Cu—W materials at a concentration of W, wt.%: a — 0.64; b — 20.39
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Figure 2. Distribution of copper (a) and tungsten (b) components in CM Cu — 20.39 % W
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of local enrichment (8.27); ¢ — cone-shaped (15.23); d — column (32.98)

of 6, and o, with an increase in the content of W and
a reduction in 6 from 30.2 to 2.2 % at a concentration
of the latter being 32.98 wt.% is observed. Reducing
the ductility, which is observed for the specimens with
a significant tungsten content, is predetermined by the
influence of defects of “rods” type, which penetrate
the entire thickness of the condensate, as was shown
in preliminary studies [14].

The fall in ductility with an increase in tungsten con-
tent (above 20.39 %) correlates with the peculiarities of
the structure of condensates. A macrolayer enriched in
copper, formed on the substrate, on which vapours of
metals are condensed, is subjected to viscous fracture.
The change in properties affects also by weakened impu-
rities of the boundary interface of macrolayers and rods,
that serve either as origins of fracture, or determine the
direction of a fracture movement [14].

Since the fracture of contacts occurs not only during
operation in switching on/off mode, but also in the
non-working condition at the action of the environment,
gravimetric corrosive studies of composite materials
copper-tungsten in water, simulating 100 % moisture in
accordance with GOST 25927-81 were carried out.

X-ray analysis showed that for the process of corro-
sion of Cu—W composites in the atmospheric conditions,
on the surface copper and tungsten oxides are formed.

According to the results of previous studies it is
known that in case of using the contacts of the Cu—W
system, the oxidation products are most often WO,
and Cu,O oxides. The study of the surface before and
after corrosion tests showed the presence of oxygen
content from 10 to 31 % on the surface of condensates

after corrosion tests. At the same time, the presence of
oxygen on the surface of the specimens before corro-
sion tests was not recorded.

The mechanism of electrochemical corrosion
consists in arising of short-circuited microgalvanic
elements with different micro-EMF (electromotive
force) values on the surface of metals, which arises
as a result of the difference in electrode potentials of
copper and tungsten. The areas of surfaces of metals
are characterized by different potentials not only in
the presence of different electrode potentials of met-
als, but also as a result of various concentrations of
structural defects, various treatments (roughness) of
the surface, concentrations of impurities, thickness of
adsorbed moisture films, dissolved oxygen concentra-
tions in moisture films, etc. Therefore, for composite
materials copper-tungsten, the presence of microgal-
vanic couples between copper and tungsten in areas

3, "é) o, MPa
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Figure 4. Dependence of tensile strength (c,), yield strength (o, ,)
and relative elongation (8) of Cu—W composites from tungsten
content (after vacuum annealing 1173 K, 1 h) at a temperature
of 293 K
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m-10-5, g/mm*

Figure 5. Gravimetric dependencies of Cu—W composites with
a different content of tungsten, wt.%: 1 — 0.64; 2 — 8.27; 3 —
15.23; 4 — 20.39; 5 — 32.98

enriched with tungsten is possible. In this case, an
anode ionization of more active metal — tungsten oc-
curs. On the rest of the surface areas, formation of gal-
vanic couples between copper with copper ionization
and the transition of its ions into a solution is possible.
This is evidenced by the analysis of the environment
carried out before and after corrosion tests (Table 2).

As is seen from the given data, in the corrosive
environment, ions of copper and tungsten are present.

With an increase in the content, in the Cu—W com-
posites of tungsten, the concentration of tungsten ions
in the environment increases and that of copper ions re-
mains approximately the same. As it should be expect-
ed, the highest concentration of copper is present in the
solution at a lower content of tungsten in the specimens.

Gravimetric studies showed that in the initial mo-
ment of corrosion tests, a slight decrease in the mass
of the specimens occurs regardless of their composi-
tion, which is predetermined by ionization and transi-
tion to the solution of copper and tungsten ions. After
20 h of tests, an increase in the mass of the specimens
begins. With an increase in the concentration of tung-
sten in the Cu—W composites, the process becomes
more intense (Figure 5).

This is connected with the impossibility of the
unlimited increase in the concentration of metal ions
in the solution in connection with the formation of
soluble compounds — copper and tungsten oxides.

al o ¥ .

Table 2. Composition of corrosion environment before and after
the corrosion tests

Composition Content of components in water
of composites, wt.% after corrosion investigations, mg/I
W Cu Cu \\%
0.64 1.299 0.003
3.57 0.924 0.006
8.27 Rest 0.788 0.014
15.23 0.687 0.016
20.39 0.704 0.018
32.98 0.750 0.209
Initial water — 0.014 0

In addition, with an increase in the concentration
of tungsten in the composites, also the formation of
low-soluble salts of copper tungstates is possible.

Thus, the growth of the film formed from low-solu-
ble compounds becomes more intense with an increase
in the concentration of tungsten in the composites and
the weight of the specimens respectively becomes
higher. The formed film shields the metal surface, dif-
fusion limitations of anode reaction in this case are
deepened and the rate of corrosion is reduced. During
the fracture of metals in natural atmospheric condi-
tions, an oxygen depolarization reaction proceeds on
the cathode. Taking into account a small solubility of
oxygen in water (approximately 0.008 g/l), diffusion
limitations occur during this reaction. Therefore, the
rate of corrosion with oxygen depolarization is lim-
ited by the rate of supply of oxygen molecules to the
surface of the corroded metal. This is also one of the
reasons for inhibiting the corrosion process.

Reduction in the rate of running corrosion process-
es is indicated by studying the structure of the speci-
mens with different tungsten content before and after
corrosion tests (Figure 6).

The nature of fracture of the composites with mo-
lybdenum content of up to 3.57 wt.% is the same for
all the specimens. The corrosion processes are ob-
served mainly in those regions where structural de-
fects are present. At the concentrations of tungsten
being 15.23-32.98 wt.%, corrosion was not recorded
(Figure 6, b).
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Figure 6. Destruction of composites with different content of tungsten, wt.%: a — 3.57; b — 15.23
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CONCLUSIONS

1. The study of chemical composition, structure and
properties of composite materials copper-tungsten,
produced by the method of electron beam evapora-
tion-condensation in vacuum, was carried out.

2. It was shown that copper-tungsten condensate
is a laminated gradient material, the morphological
features of which vary with an increase in tungsten
content in it (from 0.63 to 32.98 wt.% in it).

3. Characteristics of the condensate strength
during the test on tension are increased, and ductility
decreases from 30.2 to 2.2 % with an increase of tung-
sten content from 0.63 to 32.98 wt.% in it.

4. Gravimetric analysis and microscopic examina-
tions revealed that corrosion resistance of composite
materials based on copper and tungsten is increased
with an increase in tungsten concentration in the spec-
imens from 0.63 to 32.98 wt.%.
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IN KY1V BY NONDESTRUCTIVE TESTING RESULTS
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ABSTRACT

The paper deals with of the features of the design and loading parameters of the main longitudinal beams of the E.O. Paton
Bridge across the Dnipro. It is shown that by the results of examinations, the welded joints are in a satisfactory condition, no
inadmissible defects or fatigue cracks were detected in them, but rather considerable local corrosion damage appeared as a
result of water flowing through the beam structures. The constructed finite element model of the main span beam was used to
perform a calculated estimation of its loading and of the change of load-carrying capacity in the presence of local corrosion
defects in the zone of the web and lower flange joint. Results of numerical modeling showed that the presence of these defects
does not cause any significant increase of stresses in the span beam. Analysis of load-carrying capacity revealed that although
the welded structure of the main span beams of the bridge has a rather high static strength margin under the action of normative
distributed loading, presence of local corrosion defects of material discontinuity of rather large size considerably lowers the
fatigue resistance of welded joints with detected defects that is dangerous in terms of span structure reliability and, therefore,
requires immediate performance of repair operations.

KEY WORDS: bridge welded structure, main span beam, load-carrying capacity, corrosion defect, normative load, stressed

state, numerical methods

INTRODUCTION

The Kyiv city E.O.Paton Bridge across the Dnipro,
built and commissioned in 1953, is a unique engi-
neering structure [1]. During its construction, the
then advanced welding technologies were used, in
particular those of mechanized submerged-arc weld-
ing. The bridge consists of 24 span structures of 58 m
length in the non-navigable portion and 87 m length
in the navigable portion, its total length is 1543 m.
In the cross-section each of the bridge structures has
four main longitudinal I1-beams. The beam consists of
a vertical web 3600 mm high and 14 mm thick and
girths of different thickness from 30 to 80 mm at up to
1000 mm width (Figure 1, a). The beam web strength
is additionally ensured by longitudinal and verti-
cal stiffeners. In the 6-span structures in the bridge
navigable part the height of the web above the inter-
mediate supports was increased up to 6200 mm, due
to adding the haunches (Figure 1, b). The beams are
made from M16S carbon steel, which corresponds to
VSt3sp (killed) steel by its characteristics.

During inspection of the main longitudinal beams
of the bridge in 2020, it was determined [2] that the
welded joints of the main beams are in a satisfactory
condition, no inadmissible defects or fatigue cracks
formed in them during long-term service. However,
rather significant corrosion damage developed in the

Copyright © The Author(s)

beam structure as a result of seepage of water from
rain and thawing snow, particularly in the lower
girths, lower horizontal ribs and in the lower parts of
the webs, which is also due to accumulation of debris
in these areas, which retains moisture. Through-thick-
ness corrosion damage was detected in some trusses
of the main beams (Figure 2).

In order to perform the calculated estimation of the
load level, as well as of the change of the load-carry-
ing capacity of the beam span structure in the presence
of local corrosion defects, a geometrical and finite
element model of the main 6-span beam was con-
structed, in keeping with the design documentation.
The model 43.5 m long consists of one span, from the
haunch middle to the middle of the span structure, un-
der the condition of symmetry at both ends (Figure 3).
Boundary conditions for displacement are assigned on
the haunch reference plane, the vertical component of
which is equal to zero that corresponds to the condi-
tions of the span beam resting on the bridge supports.

The bridge load-carrying structures are designed
for the action of continuous loading and unfavourable
combinations of temporary loading, specified in Sec-
tion 2 of SBN V.1.2-15.1.2 norms [3]. Calculations
are made by the limit states in compliance with the re-
quirements of 4.3 DNB V. 2.3-22:2009 [4]. In keeping
with item 8.3.1 [4], the load from motor vehicles for
each lane is assumed in the form of uniformly distrib-
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Figure 2. Ulcerative corrosion of the lower flange and the web in the span structure

uted load of intensity v = 0.98.K kN/m (0.1-K T/m),
where K is the load class specified in keeping with
8.3.2 [3]. In the highways of categories I, II, III, in
the main streets of general city significance, as well
as in more than 200 m long bridges and roads of cat-
egories IV and V, K= 15. The E.O. Paton bridge has 6
lanes for passage of motor vehicles, so that the inten-
sity of uniformly distributed load on the bridge is v =
=0.98-15-6 = 88.2 kN/m. Considering the presence of
four main longitudinal beams in the bridge cross-sec-
tion, in the developed model of 6-span beam a dis-
tributed load of magnitude P = 88.2 kN/m/(4-1 m) =
= 22.05 kN/m? = 0.022 MPa is applied to the upper
flange of 1 m width. The model also takes into ac-
count the force of the weight of the span beam struc-
ture as a constant load.

To determine the influence of typical corrosion
damage of the beam in the zone of welded joint of the

lower girth and the web, through-thickness disconti-
nuities of metal 500 mm long were introduced into
the finite-element model in different points along the
lower girth (Figure 4) and the web (Figure 5).
Results of numerical determination of SSS in the
6-span beam showed that the longitudinal stress com-
ponent prevails as a result of the action of a distribut-
ed force (0.22 MPa), applied to the upper flange. The
maximum of longitudinal stresses, located in the up-

Figure 3. 3D model of the main 6-span beam
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Figure 4. Discontinuity defects in the flange (local corrosion defect 500 mm long and 40 mm deep) in the zone of the joint of the web
with the lower flange of the main 6-span beam: in the span central part (a); in the point of transition of the constant height beam into the
haunch (through the thickness) (b); in the inclined part of the haunch (through the thickness) (C); in the central part of the haunch (d)

per girth above the haunch, does not exceed 65 MPa,
and in the zone of the lower flange in the span central
part it reaches 47 MPa (Figure 6). Presence of a local
corrosion defect in this zone does not cause any sig-
nificant increase of longitudinal stresses (maximum
up to 50 MPa) (Figure 7).

Similar results of the influence of corrosion de-
fects are presented also for other characteristic zones
along the length of the 6-span beam, namely in the
point of the haunch location and beam support, where
the longitudinal tensile stresses change to compres-
sive stresses in the lower girth zone (Figures 8-10).

b
‘ Discontinuity defect

¢

In the zone of transition of the constant height beam
into the haunch (Figure 8), the level of maximum lon-
gitudinal stresses in the defectfree beam in the lower
girth zone does not exceed 50 MPa, presence of the
considered discontinuity defects causes an increase
of the compressive stresses in the web up to 65 MPa
(Figure 8, a), and in the flange in the zone of transition
of constant height beam into the haunch the longitudi-
nal compressive stresses decrease and become tensile
stresses on the level of 20-37 MPa (Figure 8, b).
Vertical component of stresses is on a much lower
level than the longitudinal component, and does not

d

Figure 5. Through-thickness discontinuity defects in the web (local corrosion defect 500 mm long and 14 mm deep) in the zone of the
joint of the web with the lower flange of the main 6-span beam: in the span central part (a); in the point of transition of the constant
height beam into the haunch (b); in the inclined part of the haunch (C); in the central part of the haunch (d)
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Figure 6. Distribution of longitudinal stresses over the span from distributed force (P = 0.022 MPa), applied to the upper flange: over
the entire beam (@); in the central part without a defect (up to 34 MPa) (b); with a defect in the flange (up to 37 MPa) (¢); with a defect

in the web (up to 35 MPa) (d)

exceed 5 MPa in its greater part, and locally in the
zone of transition into the haunch and in the support
zone the vertical compressive stresses reach 20 MPa.

In the haunch inclined part (Figure 9) and in its
central part (Figure 10) in the defectfree beam in the
lower girth zone the longitudinal compressive stress-

es do not exceed 50 MPa. Presence of the considered
discontinuity defects may lead to a slight increase of
stresses in the web and the flange up to 55 MPa.
Thus, the welded structure of the main span beams
of the E.O. Paton Bridge has a rather significant
strength margin (not lower than 3) in the case of ac-
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Figure 7. Distribution of longitudinal stresses in the central part of the span from distributed force (P = 0.022 MPa), applied to the
upper flange, in a defectfree beam and beam with a local through thickness defect 500 mm long in the lower flange and the web: by the

beam web height (a); by the lower flange width (b)
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Figure 8. Distribution of longitudinal stresses in the zone of transition of constant height beam into the haunch from distributed force
(P =0.022 MPa), applied to upper flange, in a defectfree beam and beam with a local through-thickness corrosion defect 500 mm long
in the lower flange and the web: by the beam web height (a); by the lower flange width (b)
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Figure 9. Distribution of longitudinal stresses in the haunch inclined part from distributed force (P = 0.022 MPa), applied to upper
flange, in a defectfree beam and beam with a local through-thickness corrosion defect 500 mm long in the lower flange and the web: by

the beam web height (a); by the lower flange width (b)
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Figure 10. Distributions of longitudinal stresses in the haunch central part from distributed force (P = 0.022 MPa), applied to upper
flange, in a defectfree beam and beam with a local through-thickness corrosion defect 500 mm long in the lower flange and the web: by

the beam web height (a); by the lower flange width (b)

tion of the normative distributed load, applied to the
upper flange of the I-beam. Presence of local corro-
sion defects of material discontinuity of a rather large
size in the zone of the joint of the web and the lower
flange (500 mm long and through-thickness) causes a
slight change of the stressed state.

Strength of bridge structures should be consid-
ered under the impact of cyclic loads during long-
term service. In keeping with 1IW recommendations
on assessment of welded structure fatigue resistance
[5], the longitudinal continuous welded joint of the
beam lower girth with the web with K-shaped groove
produced by continuous automatic welding with NDT
performance, can be assigned to class FAT = 125 MPa
(No.312 in the Table 1), where FAT is the minimum
range of nominal stresses. Thus, to ensure fatigue re-
sistance to macrocrack formation after 2-10° cycles,
the maximum admissible range of longitudinal stress-
es in the flange should not exceed 125 MPa. In the
case of formation of through-thickness corrosion de-
fects in the welded joint of the flange and the web,
such a welded joint can be regarded as intermittent
(No.324 in the Figure 11), for which the admissible
range of longitudinal stresses decreases to 80 MPa
and lower, in the presence of shear stresses.
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Table 1. Classification of typical; elements of welded joints based
on limiting range of normal stresses [5]

FAT, MPa
No. Part sketch Description Alumin-
Steel | .
ium
321 Longitudinal
continuous welds
with K-shaped
relnforgement, 125 50
automatic weld-
ing. No stops,
NDT (stresses in
the flange)
324 Longitudinal
intermittent filler
welds (normal
stresses in the
flange and shear
stresses in the
weld at the joint
ends)
/=0 80 32
0-0.2 71 28
9.2-0.3 63 25
0.3-0.4 56 22
0.4-0.5 50 20
0.5-0.6 45 18
0.6-0.7 40 16
>0.7 36 14
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Figure 11. 6N curves of fatigue resistance for different classes of
welded joints (steel) for normal stresses [5]

Considering the rather long service life of bridge
structures, it is rational to ensure such conditions that
the effective stress ranges in the welded joints were
below the endurance limit o , then the structure
can be in service for an unlimited period of time. In
keeping with 6—N curves (Figure 11) of fatigue resis-
tance for different classes of welded joints for normal
stresses [5], the endurance limit ¢ | for the considered
welded joints is equal to:

e without defects (No.321, FAT = 125 MPa) ¢ | =
=92 MPa;

e in the presence of defects (No0.324, FAT <
<80 MPa) ¢, <57 MPa.

Thus, in the defect free beam the maximum ranges
of effective longitudinal stresses (up to 50-65 MPa)
are much lower than the endurance limits of the weld-
ed joint of the flange and the web. Such a level of
longitudinal stresses corresponds to the modern con-
cepts of ensuring a sufficient fatigue resistance of de-
fect free elements and components of welded bridge
structures [6, 7]. In the presence of corrosion defects,
the endurance limit of the welded joint of the flange
and the web of the span beam is on the level or even
below the effective ranges of longitudinal stresses
from normative load.

CONCLUSIONS

Even though the welded structure of the main span
beams of the E.O. Paton bridge has a rather significant
static strength margin from the impact of normative
distributed loading, applied to the upper flange of the

I-beam, the presence of local corrosion defects of ma-
terial discontinuity of a rather large size in the zone of
the joint of the web and the lower flange essentially
lowers the fatigue resistance of welded joints with de-
tected defects that is dangerous in terms of reliability
of the span structure and thus requires immediate per-
formance of repair operations.
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The original version of this article, unfortunately, contained an mistakes. Figures 5, 6, 7 were missing.
The Figuress should look like the one below.

BAM 100 um
137 J/em?2

Figure 5. EBSD-analysis of weld seam with argon as root shield-
ing gas (blue (light): austenite, red (dark): ferrite)

Figure 6. Broken impact testing specimen; with coated edges (a),
without coating (b)

Figure 7. Corrosion specimens; without coated edges (a) and (b), with coating (c) and (d)

54





