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PREDICTION OF THE KINETICS OF TEMPERATURE FIELDS
AND STRESS-STRAIN STATE OF DISSIMILAR PRODUCTS,
MANUFACTURED BY LAYER-BY-LAYER FORMING

0.V. Makhnenko, O.S. Milenin, O.A. Velykoivanenko,
G.P. Rozynka, S.S. Kozlitina, N.I. Pivtorak and L.I. Dzyubak
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

Layer-by-layer forming of metal structures and elements of various-purpose mechanisms is a promising venue of high
technology advance. Broad possibilities for optimization of technology parameters and accuracy of positioning the
forming layers allow manufacturing thin-wall products of different geometry. Moreover, dissimilar structures can be
produced by changing the filler material. Such a technological process requires thorough optimization of the respective
technology cycle to guarantee the required quality of the dissimilar structure, depending on product shape, materials
and features of a specific technology. This work is a study of the features of the kinetics of temperature field and stress-
strain state of dissimilar structures during multilayer surfacing in the case of T-beam structures, made by xBeam 3D

Metal Printer technology. 12 Ref., 6 Figures.

Keywords: layer-by-layer forming, dissimilar structure, temperature field, stress-strain state, mathematical modeling

One of the venues for application of modern tech-
nologies of layer-by-layer forming is realization of
industrial systems of manufacturing dissimilar struc-
tural elements and parts of mechanisms. This allows
producing complex-shaped structural elements with
minimum metal consumption, compared to classical
approaches of milling or welding, that causes inter-
est in such technologies in aerospace and power sec-
tors, instrument making, medicine, etc. [1-3]. As re-
gards critical structures from light metals and alloys,
for which the key design aspect is minimizing the
weight at preservation of the required service prop-
erties (strength, corrosion resistance, rigidity, etc.), a
rational method is combining different materials by
permanent joining of dissimilar parts. It is known
that producing dissimilar joints by fusion welding is
limited for a large number of metal pairs for the rea-
son of their low mutual solubility and proneness to
formation of intermetallic inclusions and respective
lowering of structure performance [4, 5]. Therefore,
the methods of solid-phase welding, braze-welding,
welding through interlayers, etc. are used for dissim-
ilar material joining. One of the required measures
at implementation of the respective technology is
optimization of technology parameters, in particular
based on the results of mathematical and computer
modeling of physico-mechanical processes that deter-
mine the final product quality.

Manufacturing dissimilar metal structures by
the methods of layer-by-layer forming is associated
with the same basic technology problems, as fusion

welding. However, slight overheating of metal at
surfacing, and possibility of technology parameters
optimization, allow implementation of the techno-
logical schematics of manufacturing sound dissimilar
products. For this purpose, it is necessary to take into
account the features of temperature field kinetics at
layer deposition, as well as the residual stress-strain
state (SSS) of the structure.

The objective of this study is numerical analysis of
the characteristic features of the kinetics of the fields
of temperatures, stresses and strains in dissimilar
structures at their layer-by-layer forming for the case
of a typical beam-shaped structural element.

Typical problems of technology parameters op-
timization at layer-by-layer forming of dissimilar
structural elements. Depending on specific types of
metals, fundamentally different approaches can be
realized in the structural element, as regards achiev-
ing sound fusion of the layers in the area of dissimilar
contact. In the case of continuous mutual solubility
of metals, optimization of heat input parameters at
forming layer deposition is determined by the same
requirements for similar and dissimilar parts of the
structures, namely the need for activation of the sol-
id surface of the previous layer at simultaneous pre-
vention of liquid metal overheating. In the previous
studies, the authors showed that a rational method for
temperature field optimization in such a case is appro-
priate selection of the delay time between deposition
of the forming layers that allows removing excess
heat into the substrate or the environment [6, 7].
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If a metal pair is characterized by limited mutual
solubility, and their melting temperatures differ signifi-
cantly, fusion of the dissimilar layers can be realized by
braze-welding scheme [8]. The essence of this method
consists in that under the impact of the heat source the
metal with a higher melting temperature remains solid,
while the metal with a lower melting temperature stays
in the liquid state for some time, forming braze-welding
contact. It allows lowering the maximum temperatures
of heating of the contact surface of liquid and solid met-
als, thus reducing the risk of formation of intermetallic
inclusions. Formally, the requirements to temperature
field optimization in the dissimilar material contact are
described by temperature-time dependencies of the la-
tent period of intermetallic formation.

It is known that, in the case of a significant differ-
ence of the coefficients of linear thermal expansion,
the residual SSS for dissimilar structures is character-
ized by stress concentration in the area of dissimilar
material contact. Such a feature of the residual state
should be expected for structural elements, manufac-
tured by the methods of layer-by-layer forming. In
view of the fact that higher stresses negatively affect
the performance, the influence of manufacturing tech-
nology factor on residual SSS and methods for possi-
ble lowering of stress concentration in the area of the
dissimilar joint should be determined.

Mathematical model of the kinetics of tempera-
ture field and stress-strain state at layer-by-layer
forming of dissimilar beam structures. The first stage
of investigation of the kinetics of the above-mentioned
product state during layer-by-layer forming is predic-
tion of temperature field development. The temperature
field kinetics is determined by conductive propagation
processes, for which the connection between moment
of time ¢t and temperature field 7= T(x, y, z) is described
by 3D equation of heat conductivity:

oT(x,y,
R

= V[k(x,y,z,T)VT(x,y,Z)J,

where A, cp are the heat conductivity and volume heat
capacity of the structure material in the Cartesian sys-
tem of coordinates (x, y, z), respectively.

Heat source in the considered case is the electron
beam with thermal power ¢, and energy distribution
in the heated spot can be described by a normal law.
Heat sink from the considered structure surface oc-
curs through radiant heat transfer and heat removal
into the technological fixtures. Accordingly, the flow
of radiant energy from item surface ¢, depends on
surface and ambient temperature, as well as reflective
properties of the surface, and it can be quantitatively
described by Stephan—Boltzmann law:

(M
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q, =€0, (T4 —TC“), @)
where ¢ is the degree of blackness of the radiating sur-
face, 6, =5.67-10*J-s'\m2°C*is the Stephan-Boltz-
mann constant

The thermal energy flow into the load-carrying fix-
ture g, is described by the Newton law in the follow-

ing form:
=0 (T - )’

o, 1s the coefficient of surface heat removal.

Proceeding from the conditions of heat balance, the
heat flow to the surface of nonuniformly heated body
due to the processes of conductive heat conductivity, is
equal to heat sink from the surface that allows formulat-
ing the boundary conditions for the problem (1):

qy )

oT
k(T)%+q1+qR+qN=0, )
where n is the normal to the surface of the considered
area of the structure.
Considering (2)—(3), the boundary condition for
equation (1) has the following form:

or

(T )E =-q,+

The process of melting and further solidification
of metal in welding is accompanied by absorption and
evolution of heat of phase transition of the first kind 8y
respectively. This phenomenon occurs in a rather nar-
row range of metal temperatures, namely its solid-lig-
uid state between the temperatures of liquidus 7, and
solidus 7 that complicates mathematical description of
the heat balance. In order to take into account the evo-
lution/absorption of the latent heat of phase transition,
the effective heat capacity of the material in 7, — T,
temperature range was used in the following form:

aT(T—1;)+gc (T4—7g).6)

SB

T <T<T

ep(Ty) +

e(T,)-T

In the liquid metal pool the features of heat trans-
fer are due mainly to the processes of convective stir-
ring, which are determined by hydrodynamics of the
nonuniformly heated melt. In this work intensification
of heat transfer in the liquid metal as a result of con-
vective stirring was taken into account by increasing
the coefficient of heat conductivity:

MT), T, <T<T;

M1, )

_ T
Cp(T) S ©)

|v hﬂ

I

AMT)=
(r) . o
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where n,_ = 3-5 is the coefficient that allows for the
convective heat transfer in the weld pool liquid metal.

Mathematical consideration of the joint problem of
the temperature field kinetics and SSS development is
based on finite-element description, using eight-node
finite elements (FE). Increment of strain tensor was
represented as follows [9]:

daij = daZ, + dsg + Sydgr’ ®)

where ds;, , dsg , 5ij.d8T are the components of tensor

increment due to elastic deformation mechanism, instan-

taneous plasticity deformations, and kinetics of a non-

uniform temperature field, respectively, , j = (x, y, 2).
Tensors of mechanical stresses o, and elastic strains

dsl_’; are interrelated by the generalized Hooke’s law, i.e.
6.—0.0

Y
T +61,]_(KG+(p),

(€]
where o is the mean value of the normal components
of stress tensor O, ie.o=0,/3, K= (1 -2v)/Eis the
bulk modulus.

Increment of instantaneous plasticity deformations

de” from the stressed state in a certain FE can be cal-
culated using linear dependence of scalar function A
and deviator component of the stress tensor as fol-
lows:

P _ _
dsl,j —dA(Gl_j 81_1,0). (10)

The specific value of function A depends on the
stressed state in the considered area of the structure,
as well as on the shape of material yield surface. Pro-
ceeding from the above, the increments of the strain
tensor can be represented in the form of superposition
of the increment of the respective components [10]:

At =‘P(G“ —8A,G)+8A,(KG+A8 )—
ij /| ij T
1)

——(GU—SUG)* (KG) ,

Figure 1. Scheme of layer-by layer forming of a T-beam structure
using xBeam 3D metal printer technology

4

where symbol «*» refers the variable to the previous
tracing step; ¥ is the function of material state that
determines the condition of plastic flow, in keeping
with Mises criterion:

ifo. <o

1
BT

1
‘P>%,ifci:csr, (12)
state o, > o invalid.

Function ¥ is determined by iteration at each step
of numerical tracing within the boundary problem of
nonstationary thermoplasticity that allows solving the
nonlinearity problem in plastic flow of the material.

The proposed approaches were implemented in
software, using highly efficient algorithms for par-
allel solving of the boundary problem of nonstation-
ary thermoplasticity [11]. It allowed conducting the
respective studies of the influence of technology pa-
rameters of layer-by-layer forming on the current and
residual states of various T-beam structures.

Results and their discussion. A complex of stud-
ies in the context of the above problems was conduct-
ed for the case of layer-by-layer forming of T-beam
structure, using xBeam 3D Printer technology (Fig-
ure 1) from the following combinations of alloys:
similar structure from titanium alloy VT6; dissimilar
structure from titanium alloys VT6 and VT1; dissim-
ilar structure from titanium alloy VT6 and commer-
cially pure aluminium. It should be noted that both
the similar structure (VT6), and dissimilar titanium
structure (VT6-VT1) have no features of layer fusion
caused by metallurgical incompatibility so that a com-
mon criterion can be used for temperature field op-
timization. Simultaneous fulfillment of the following
conditions was selected as such a criterion [6]:

e absence of previous bead remelting;

e ensuring inter-bead fusion.

Thus, on the base of numerical study of the tem-
perature field kinetics it is necessary to determine the
optimum time intervals between deposition of dissim-
ilar structure beads dt that allow satisfying the above
conditions and producing sound fusion of the layers,
depending on their ordinal number N.

For a dissimilar titanium-aluminium structure
(VT6-Al), direct application of the above criterion will
not guarantee producing a sound product that is related
to limited solubility of aluminium in titanium. There-
fore, at deposition of an aluminium bead on titanium it
is necessary to prevent mixing of their liquid phases. It
is known, however, that titanium alloy VT6 has a con-
siderably higher melting temperature than aluminium
(1640 °C, compared to 660 °C) that allows application
of braze-welding principle for joining them. As was
noted above, here a short time of contact with liquid al-

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 1, 2021
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T.2e
00k Intermetallics are present
700+
Intermetallics are absent
600 1 1 1 | 1 1
0 50 100 150 200 250 300 +,s

Figure 2. Temperature dependence of the duration of latent pe-
riod of intermetallic formation at surface contact of titanium and
aluminium [12]

uminium should be guaranteed, which depends on con-
tact surface temperature that is related to the presence
of the so-called latent period of intermetallic formation
[12], the temperature dependence of which is given in
Figure 2. Therefore, in addition to the conditions of op-
timization of the temperature field of the similar part of
the structure at contact of dissimilar beads it is neces-
sary to take into account the time of molten aluminium
contact with solid titanium.

As shown by calculation results, at layer-by-layer
forming of dissimilar beam structure from titanium
alloys VT6 and VTI, the relatively small difference
in physical properties of these materials and continu-
ous solubility result in the presence of the dissimilar
transition only slightly influencing the structure state.
So, dependence of optimum time interval of delay be-
tween layer deposition df that ensures sufficient dissi-

dt, s

50
40 -
WAttt e L
i o L I R A

L. 4 7 W0 13 36 1% 22 25 28 31 34 37 N

1.4 7 10 13 16 19 22 25 28 31 34 37 N

Figure 3. Dependence of time intervals between deposition of
dissimilar structure beads dft, that allows obtaining sound fusion
of the layers, from the bead ordinal number N: « — VT6 — VT1;

b—VT6—Al(l—¢q;2—09¢;3—0,8¢q;4—0,7q)
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-150 E B
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a b

Figure 4. Field of residual stresses ¢_ in the cross-sections of a
similar (VT6) (@) and dissimilar structures (VT6-Al) (b)

pation of excess thermal energy in the item, practical-
ly does not change its nature after the 20" bead, when
material change occurs (Figure 3, a)

In the case of a significant difference in physi-
co-mechanical properties of the materials, as is the
case in VT6—Al pair, transition to another material (in
this case, from titanium alloy to aluminium) requires
considerable changes of heat input parameters and
delay interval dt. So, transition from titanium layer
deposition to the aluminium part of the item should be
accompanied by a certain cooling of the titanium part
with the purpose of lowering the surface temperature

¥, mm ¥, mm
O, MPa i 17 Oy, MPa E 17
300 - 16 300 [ 16
250 r 15 250 [ 15
200 - 14 200 r 14
150 F13 150 - 13
100 - 12 100 [ 12
50 - 11 50 [ 11
0 F 10 0 10
50 Lo 50 Lo
100 i 8 -100 A 8
150 [ 4 150 [ 7
-200 L 6 ~200 .2
-250 L 5 -250 [ 5
-300 L4 ~300 [ 4
L 3 3

2 L 2

. 1

xomm 25 20 15 10 5 0

x,mm 25 20 15 10 5 0
a b

Figure 5. Field of residual stresses ¢ in the cross-sections of a
similar (VT6) (@) and dissimilar structures (VT6-Al) (b)
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150 13 150 13
100 12 100 1 12
50 11 50 - 11
0 10 0 10
-50 -50 9
100 100 8
150 150 L9
200 200 &
250 250 5
300 -300 4
3
2

x,mm 2520 1510 5 0 xmm25201510 5 0
a b

Figure 6. Impact of heat input g, on the field of residual longi-
tudinal stresses o_ in the cross-section of a dissimilar (VT6-Al)
structure: a — 5; b — 4 kW

before deposition of a lower melting metal (Figure 3,
b). Further deposition occurs by the modes character-
istic for aluminium structure fabrication.

The difference between mechanical properties of
titanium and aluminium results in formation of local
stress concentrations. As shown by numerical modeling
results, the most marked stress increase in the area of the
dissimilar joint occurs in the longitudinal direction (c_
stresses, Figure 4), as well as in the transverse direction
(o, Figure 5). Moreover, the nonuniformity of cooling
by the surfaced structure height, caused by the need to
stop the process at transition from the titanium to the al-
uminium part, leads to ¢_ increase in the substrate area,
compared to the similar structure. Here, the change of
heat input power only slightly affects the stress raiser in
the dissimilar transition area, but it allows redistributing
the residual stresses to certain extent in the area of tee
flange transition to the web (Figure 6).

Conclusions

1. A package of mathematical models and computer
programs was developed for numerical prediction of
the temperature field kinetics and stress-strain state
of typical structural elements during layer-by-layer
forming by xBeam 3D Printer technology.

2. Criteria of selection of the optimum time between
deposition of the forming beads are proposed. For dis-
similar contact of metals with an essential difference in
the melting temperatures, the temperature mode should
ensure the condition of non-melting of the refractory part
of the structure by braze-welding principle.

3. The features of residual fields of stresses and
strains in the cross-section of a dissimilar structure
(VT6-Al), compared to similar structure (VT6),
were studied in the case of layer-by-layer forming of
T-beam structures by xBeam 3D Printer technology.
It is shown that presence of a dissimilar transition and
the need for a significant cooling of the last titanium
bead before aluminium bead deposition determines
formation of a local stress raiser (of longitudinal
and transverse stresses). Here, the change of the heat
source power has an only slight impact on maximum
stresses in the area of the dissimilar transition, largely
determining the local stress-strain state in the area of
tee flange transition to the web.
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INFLUENCE OF IRREGULAR CYCLIC LOAD
ON FATIGUE RESISTANCE OF THIN-SHEET WELDED JOINTS
OF HEAT-STRENGTHENED ALUMINIUM ALLOYS

V.V. Knysh, I.M. Klochkov, S.I. Motrunich and A.G. Poklyatskyi
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

The influence of irregular narrow band cyclic load on fatigue resistance of welded joints of heat-strengthened alumini-
um alloys with a thickness of 1.8-2.0 mm produced by argon arc welding using nonconsumable electrode (AAWNCE)
and friction stir welding (FSW) was studied. The basic mechanical properties of the produced welded joints of alumin-
ium D16, 1420 and 1460 alloys were determined. The fatigue curves of the investigated welded joints at narrow band
cyclic block-program load with close to normal (Gaussian) and exponential distribution of stress amplitude value were
plotted. It is shown that strength and fatigue resistance of welded joints of the investigated aluminium alloys produced
by FSW exceed the corresponding values for the joints produced by AAWNCE in the whole range of service life of
10°-2-10° cycles of stress variation. 15 Ref., 3 Tables, 8 Figures.

Keywords: aluminium alloys, argon arc welding using nonconsumable electrode, friction stir welding, mechanical

properties, fatigue resistance, irregular cyclic loads

Reducing metal consumption of products with high
service characteristics and life is an important and
challenging direction in development of modern en-
gineering. The solution of this problem is closely
connected with the use of aluminium alloys of dif-
ferent alloying systems [1, 2]. Aluminium alloys are
widely used for manufacture of units of carrier rock-
ets and spacecrafts, launching sites, air and water ves-
sels, land transport, agricultural machinery, chemical
equipment and other welded structures, which are
usually operated in the conditions of variable loads
[3, 4]. Depending on the peculiarities of variable load
of products or structures, aluminium alloys are used,
welded joints of which have the required values of
fatigue resistance. Designing innovative aerospace
products provides mainly for the use of aluminium
alloys with a low specific weight, for example, high-
strength heat-strengthened alloys of Al-Cu-Mg, Al-
Su-Li and Al-Mg—Li systems [4—6]. In most cases,
to produce permanent joints during manufacture of
different structures from aluminium alloys, fusion
welding technologies and also modern welding tech-
nologies with a lower heat input, such as solid-phase
friction stir welding are used [7, 8].

The vast majority of welded metal structures of
long-term use are operated under the action of vari-
able irregular load [9]. Such loads arise, for exam-
ple, during transportation or movement of loads of
different sizes, under the impact of wind and waves,

which are constantly changing by their nature and as
a result of different types of oscillations and vibra-
tions that appear during operation of structures. In
most cases, such a loading process is random and can
be described by a certain law of distribution of the
random stress amplitude value (e.g., normal Gauss-
ian distribution, Rayleigh distribution, exponential or
lognormal distribution) with set parameters of math-
ematical expectation and mean square deviation [10].
At the same time, the modes of random load differ by
a wide variety. For example, in the elements of high-
speed vehicles, light metal structures, antenna-mast
structures, in the structures of marine deep-water sta-
tionary platforms, etc., which can be considered as
weakly damping mechanical systems, the change of
operating stresses represents a narrow band random
process. Therefore, taking into account the features of
variable load in designing and calculation of welded
element of aluminium metal structure or product for
fatigue in the conditions, where they will be operated,
is an urgent and important task to provide their reli-
ability and safe operation [11]. That is why the main
purpose of the work consists in studying the effect
of irregular cyclic load on fatigue resistance of thin-
sheet butt welded joints of heat-strengthened alumin-
ium-lithium 1420T1, 1460T1 and duralumin D16T
alloys, produced applying the technology of argon arc
welding using nonconsumable electrode (AAWNCE)
and friction stir welding (FSW).

V.V. Knysh — https://orcid.org/0000-0003-1289-4462, 1.M. Klochkov — https://orcid.org/0000-0001-6490-8905,
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Table 1. Mechanical properties of studied aluminium alloys

Alloy grade 6, MPa G,, MPa 3, %
1420T1 459 322 1T
1460T1 565 523 9

D16T 484 347 15

48 48
S 50 =
Y r—— ¢
7y
.............................. =1 I

=i

. S ]
200

Figure 1. Appearance and geometric sizes of specimen for fatigue
tests of butt welded joints

To evaluate the tensile strength and study the effect
of irregular cyclic load on fatigue resistance of thin-
sheet butt welded joints of aluminium 1420T1 1460T1
and D16T alloys the sheets with a thickness of 1.8-2.0
mm were used, mechanical properties of which are giv-
en in Table 1. Friction stir welding was carried out in
the laboratory installation designed at the PWI, using a
special tool with a conical tip and a clamp of 12 mm di-
ameter [12], the rotation speed of which was 1420 rpm.
Aluminium alloys with lithium were welded at a speed
of 14 m/h, and D16T alloy at a speed of 10 m/h. For
comparison, the same butt joints were produced by non-
consumable electrode argon arc welding with the use
of MW-450 installation (Fronius, Austria) at a welding
speed of 20 m/h. As the filler material for AAWNCE of
1420T1 and D16T alloys the filler wire SYAMg63 was
used, and to weld 1460T1 alloy, the filler wire Sv1201
of 1.6 mm diameter. The value of welding current for
aluminium alloys with lithium was 145 A, and for D16T
alloy — 160 A. The width of the welds produced by
AAWNCE was at the level of 6.5 mm, and those pro-
duced by friction stir welding was 3.5 mm (at a width of
a zone of thermomechanical influence on the facial side
of the weld was about 12 mm).

From the produced welded plates in accordance
with DSTU ISO 4136, the specimens were made to

determine the tensile strength of joints at a uniaxial
tension. The width of the working part of the speci-
mens was 15 mm. In this case, in the specimens pro-
duced by fusion welding, mechanical cleaning of the
reinforcement of the root part of the weld on the level
of base material was also performed, as it is common
during manufacture of most structures of a critical
purpose. The values of tensile strength of the investi-
gated welded joints produced by AAWNCE and FSW
technologies are given in Table 2.

Fatigue tests of joint specimens were performed in
the universal servo-hydraulic complex MTS 318.25
with a maximum force of 250 kN. The specimens
were tested at an axial sinusoidal load at a constant cy-
cle asymmetry and a loading frequency of 10-15 Hz
until a complete fracture. Fatigue curves were plotted
for a multicycle region of life of 10-2-10° cycles of
stress variation.

Tests under irregular load were performed at a
narrow band load spectrum with the stress amplitude
close to normal (Gaussian) and to exponential distri-
bution of the stress amplitude value (Table 3). The
asymmetry of the stress cycle of the load spectra was
accepted R_= 0.1, as far as this asymmetry is the most
damaging for aircraft and rocket structures.

Specimens for fatigue tests of the base metal and
welded joints (Figure 1) of 1420T1, 1460T1 and
D16T alloys, produced by AAWNCE and FSW, were
manufactured in accordance with acting national and
international standards [13, 14].

Table 2. Tensile strength of welded joints of studied aluminium alloys produced by AAWNCE and FSW

AAWNCE FSW
Alloy grade Specimens with reinforcement Specimens without reinforcement
6, MPa Location of fracture G, MPa Location of fracture 6, MPa Location of fracture
1420T1 373 FZ 320 Weld 342 FZ
1460T1 311 FZ 257 Weld 309 TMAZ
D16T 330 FZ 295 Weld 425 TMAZ

Table 3. Equivalent load blocks for a narrow band random stresses spectrum

Spectrum No.1 (close to the normal Gaussian distribution) Spectrum No.2 (close to the exponential distribution
Block degree number
Number of cycles G,/0, . Number of cycles G,/ e

1 18 13 1

2 170 0.96 78 0.9
3 1250 0.92 403 0.8
4 5750 0.88 2028 0.7
5 17500 0.84 10153 0.6
6 37812 0.80 50778 0.5
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Figure 2. Block No.1 of loading specimens of D16T1 and 1420T1
alloys with the stress amplitude value close to the normal Gauss-
ian distribution
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Figure 3. Block of loading specimens of joints of 1460T1 alloy
with distribution of stress amplitude value close to the exponential
distribution law
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Figure 5. Gassner fatigue curves of base metal and welded joints
of aluminium 1460T1 alloy with a thickness of 2 mm at block-pro-
gram load No.2: / — base metal; 2 — welded joints produced by
FSW; 3 — welded joints produced by AAWNCE

Under the same conditions, a series of 5-8 speci-
mens of the same type was tested. The experimental
data of fatigue tests were processed by the methods of
linear regression analysis, generally accepted for this
type of investigations [15]. According to the results of
fatigue tests for each series of specimens on the basis of
the established values of the limits of fatigue strength
the corresponding fatigue curves — regression lines in
the coordinates lg(2c, ™) were plotted [11].

Specimens of welded joints of 1420T1 and D16T
alloy were tested at a block-program load No.1, typ-
ical for airframe structures. The length of the load
block was 62500 cycles of stress variation (Figure 2).

Specimens of welded joints of 1460T1 alloy were
tested at a block-program load No.2, typical for the
structures operated under the action of inner pressure,
for example, such as cryogenic fuel tanks. Figure 3
presents the block of program load No.2, typical for
pressure vessels, the length of which is 63453 cycles
of stress variation.

Figure 4 shows the Gassner fatigue curves of the
base metal and welded joints of aluminium 1420T1
and D16 alloys welded by AAWNCE and FSW, ob-

20, max. MPa 20, max. MPa
O\Q
O—QagQ0 1 \
200 = n 200 M“‘“*~\<0
O Tal ! | ~
e —— D“'h-._____ | ,
l‘z o 3
g\% A\A \ﬂ\r -----.-.4I
3 I
o~ | - T
\h‘\éﬁ -------.._,______1?l
N = 62500 N = 62500 3
100 100
105 106 N, cycles 103 b 106 N, cycles
o

Figure 4. Gassner fatigue curves of base metal and welded joints of aluminium D16T1 (@) and 1420T1 (b) alloy with a thickness of
1.8 mm at block-program load No.1: / — base metal; 2 — welded joints produced by FSW; 3 — welded joints produced by AAWNCE
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(a, b) and by FSW (¢, d) and fractured after cyclic tests

Figure 7. Appearance of facial (a, ¢) and lower () sides of spec-
imens of butt joints of 1420T1 alloy of 1.8 mm, produced by
AAWNCE (a, b) and by FSW (c¢) and fractured after cyclic tests

tained at a block-program load No.l. The obtained
results show that the fatigue strength based on 10°
cycles of stress variation for the welded joints of
1420T1 and D16T1 alloys, produced by FSW is by 25
and 18 % higher than the corresponding values for the
joints produced by AAWNCE, and by 83 and 79 % of
the corresponding values of the base metal.

Figure 5 shows the Gassner fatigue curves at a
block load No.2 of the welded joints of 1460T1 alloy,
produced by AAWNCE and FSW. It is shown that the
value of fatigue strength based on 10° cycles amounts
to 85 % for the joints produced by FSW, and 63 %
for the joints produced by AAWNCE, relative to the
corresponding value of the base metal.

Initiation and propagation of fatigue crack in the spec-
imens with the weld reinforcement of the welded joints
of aluminium D16T alloy, produced by AAWNCE, oc-
curred in the zone of fusion of the weld with the base
metal (Figure 6). This is explained by a substantial con-
centration of stresses and a significant softening of the
metal in the weld and heat-affected-zone. Fracture of the
specimens produced by FSW occurred at the boundary
of the thermomechanical and heat-affected-zones on the
side of the run-on tool, where a significant softening of
metal is observed and a structural and slight geometric
heterogeneity is formed.

Fracture of the specimens of welded joints of 1420T1
alloy with the reinforcement of the weld, produced by

10

d
Figure 6. Appearance of facial (a, ¢) and lower (b, d) sides of specimens of butt joints of D16T alloy of 1.8 mm, produced by AAWNCE

Figure 8. Appearance of facial side of specimens of butt joints of
1420T1 alloy with a thickness of 2.0 mm, produced by FSW (a)
and by AAWNCE (b)

AAWNCE, also occurred in the area of fusion of the
weld with the base metal, where a significant concentra-
tion of stresses arises during fusion welding (Figure 7).
Fracture of the joints produced by FSW occurred in the
thermomechanical-affected zone.

The welded joints of 1460 alloy produced by FSW
were also fractured at the boundary of thermomechani-
cal and heat-affected zones on the side of the tool, which
is predetermined by softening of the metal alloyed by
lithium located in the weld and in the zone of thermome-
chanical affect and the formation of some geometric het-
erogeneity (Figure 8). The specimens of welded joints
with the weld reinforcement, produced by AAWNCE
were fractured in the area of fusion of the weld with the
base metal, where a significant concentration of stresses
and a significant softening of metal arise.

Conclusions

1. Gassner fatigue curves under irregular load of butt
welded joints of heat-strengthened aluminium 1420T1
and 1460T1 alloys, produced by FSW and AAWNCE
technologies, were experimentally established. It was
shown that the value of fatigue strength of such joints
in the whole range of life 10°-2-10° amounts to 70—
85 % of the corresponding indices of the base metal.
2. Gassner fatigue curves for a narrow band ran-
dom load process with a stress amplitude value close
to the normal Gaussian distribution for the joints
of 1420T1 and DI16T alloy produced by AAWNCE
and FSW were obtained. It was shown that at such
a load the fatigue strength on the basis of 10° cycles
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for the welded joints produced by FSW, exceeds the
corresponding values from the joints produced by
AAWNCE by 18-25 %, and amounts to 79-83 %
from the fatigue strength of the base metal.

3. It was established that for 1460T1 alloy pro-
duced by FSW and AAWNCE, the value of the fatigue
strength based on 10° cycles in narrow band random
loading process with the value of stress amplitude,
approximate to the exponential law of distribution,
amounts to 85 and 63 % of the corresponding value
of the base metal.

4. Initiation and propagation of fatigue crack in the
specimens of welded joints of the investigated alumin-
tum alloys produced by AAWNCE occurred in the area
of fusion of the weld with the base metal, where in the
process of fusion welding a substantial concentration
of stresses and a significant softening of metal arise.
Fracture of the specimens produced by FSW during cy-
clic tests occurred at the boundary of thermomechan-
ical and heat-affected zones on the side of the run-on
tool, which is predetermined by softening of metal and
the formation of structural and slight geometric hetero-
geneity in this area of the welded joint.
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PREDICTION OF RESIDUAL STRESSES AFTER WELDING
OF DUPLEX STEEL TAKING INTO ACCOUNT PHASE
TRANSFORMATIONS
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The presented study involved mathematical modelling of single pass TIG welding of duplex stainless steel S32205.
The temperature fields, the fusion zone and HAZ dimension, the cooling rate fields, residual stresses taking into ac-
count kinetics of dissolution of austenite during heating and kinetics of precipitation of austenite during cooling were
obtained. The comparative analysis of residual stresses with/without phase transformations showed the difference of
residual stresses distribution due to different amounts of austenite and ferrite and due to volumetric changes during

phase transformations. 24 Ref, 1 Table, 9 Figures.

Keywords: duplex stainless steel, TIG welding, phs e transformations, austenite, ferrite, residual stresses

Duplex stainless steels (DSSs) contain approximately
equal amounts of austenite (y) and ferrite (o), which
offer many advantages over other single phased stain-
less steels. DSSs have higher strength than austenit-
ic steels, higher impact value and higher resistance
against hydrogen embrittlement than ferritic steels.
DSSs with optimum volume fractions of ferrite and
austenite also possess a higher resistance against gen-

f i
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Figure 1. Phase diagram of the triple system Fe—Cr—Ni at 70 %

Fe[l,6,7]

eral corrosion, intergranular, pitting, crevice corrosion
and stress-corrosion cracking. The application of DSSs
covers a broad range of industries such as the oil and
gas, petrochemical, chemical industries, energy in-
dustry, marine structures, as well as general structures
such as architecture, building, construction and me-
chanical engineering. For most of these applications,
the combination of strength and corrosion resistance is
a particularly important consideration for the design,
manufacturing and structure maintenance. Many of
these applications involve welding of similar or dis-
similar grades of DSSs with different types of welding
[1-5] including tungsten inert gas (TIG) welding.
When welding duplex steels, a general regi re-
ment during welding of DSSs is limitation of the
welding heat input. The upper temperature limit of
heat input is limited by the formation of intermetal-
lic phases, and the lower — by an acceptable ratio of
austenite and ferrite. It is recommended to adhere to
a heat input of 0.5-2.5 kJ/mm for steels containing
22 % chromium and 0.2—1.5 kJ/mm for super duplex
steels with 25 % chromium [1, 2]. One major focus
for welding process design is to retain the good com-
bination of properties, which is sensitive to the chem-
ical composition and microstructure of the fusion and
heat-affected zones (HAZ). Particular features gov-
erning the structural integrity are the volume fractions
of the ferrite and austenite phases, the phase transfor-
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© O.S. Kostenevych and J. Ren, 2021

12

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 1, 2021



MMITWRP-2020

Chemical composition for 2205 grade stainless steel [4]

Grade C Mn Si Cr

Mo Ni N P S

2205 (S32205) <0.03 <2.0 <1.0 22.0-23.0

3.0-35 4.5-6.5 0.14-0.20 <0.03 <0.02

mation over critical temperature-composition ranges
(Figure 1) and residual stresses.

Many recent work have reported on the phase vol-
umes changes in welding DSSs, but systematic works
on the effect of microstructural phase transformations
on residual stresses are still limited [8—12]. Residual
stresses in welding are an important factor influencing
both the mechanical strength and the corrosion resis-
tance of DSSs, such an issue needs to be addressed
with good accuracy taking into account phase trans-
formations.

This work presents a comparative analysis of the
distribution of residual stresses after welding of DSS
taking into account microstructural transformations.
The main mathematical models, numerical proce-
dures and typical results are introduced. The work is
applied in analyzing TIG welding of standard duplex
steel S32205, the data includes temperature fields,
characteristic cooling rates and microstructure com-
position. The residual stresses distribution with/with-
out phase transformations is presented and discussed.

Modelling approaches of the temperature fields
and phase transformations. In this work, the TIG
welding process of standard duplex stainless steel
S32205 (Table) taking into account microstructural
transformations was simulated and temperature fields,
characteristic cooling rates, microstructure composi-
tion and residual stresses were obtained. The analysis
is focused on single pass TIG welding process with-
out preheating: / = 120 A, U = 10 V, welding speed
1.5 mm/s. The heat input was H = 600 J/mm, which is
in the recommended range of 512 < H < 2520 J/mm
for welding of duplex steels [2].

The chemical composition of standard duplex steel
S32205 is listed in Table. Thermo-physical properties
of base material were adapted from literature data [12,
13]. The latent heat of fusion is 300 J/g.

Simulation has been carried out using finite ele-
ment calculation model (ABAQUS) on a plate of
thickness 3 mm with dimension 100100 mm. As a
heat source model, Goldak’s double ellipsoid heat
source model [14] was used. The heat distribution in
a solid is described by the differential heat ega tion,
which in the general case for the Cartesian coordinate
system (x, y, z) has the form:

or _o(,erY o(,or) o(,ar
— = | A— =] A— |+ =] A— 1
P &(k&j+@(k@)+&(k&)+%()
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where c¢p — volumetric heat capacity of the material;
A — thermal conductivity; ¢ — power distribution of
a volumetric heat source.

Goldak’s heat source model is built from two el-
lipsoids described with ega tions [14] for front part
model ¢ , and rear part of model g :

A abcfn\/; @ » cf2 * @

QN| =

63 10 ; 2 22

q.(x,,2) = abcrn\/E exp + 2 + crz e

The heat input rate Q =¥/ is defined by welding
operational parameters current (/), voltage (V) and
thermal efficiency (1), respectively. The factors jj, and
/, denote the fraction of the heat deposited in the front
and rear ga drant respectively, which must satisfy the
condition ff +/f=2.Thea, b ' b_and c are source con-
stant parameters that define the size and shape of the
ellipses, therefore the heat source distribution.

The cooling boundary conditions between the
plate and surrounding environment by convection are
calculated by the ega tion:

3L -1,

n 0 “)

where 7, (20 °C) is the room temperature and h
(20 W-mK™) is the natural convective heat coeffi-
cient assumed.

Based on the solution of the heat ega tion by the
finite element method, temperature fields of the cal-
culation scheme were obtained. Calculation results of
temperature fields for TIG welding process of DSS
2205 are given in Figures 2 and 3. The width of fu-
sion zone (7 > 1450 °C) is 2.6 mm (at the bottom
of the weld)-4.7 mm (at the top of the weld). Since
the ferritic-austenitic transformation in duplex steels
takes place in the temperature range from 1200 to

Temperature

Fusion zone

Figure 2. Dimension of the fusion zone and HAZ, mm
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Figure 3. Characteristic thermal cycles in weld zone and HAZ

800 °C, the zone with the maximum heating tempera-
ture above 1200 °C was taken as the heat affected
zone (HAZ). It's depth in the base material is up to
1.3-2.15 mm (Figure 2).

An important characteristic during welding du-
plex steels is the cooling rate in the temperature
range 1200-800 °C [15-17]. Since cooling is fast by
the single pass welding, the obtained time Az, .., of
the calculation model is ega 1 10—14s (Figure 3), the
cooling rate w . is from 28 to 40 °C/s. Compari-
son of cooling curve with TTT- and CCT-curve [18]
shows, that due to fast speed cooling after welding
(the cooling speed w400 = 2840 °C/s >>0.23 °C/s)
the o-phase (sigma phase) will not form. Sigma phase
precipitation is possible during aging at high tem-
peratures or in multi-pass welding [19, 20] due to low
cooling rates.

The kinetics of the microstructure phase transfor-
mation during welding the DSS on the basis of liter-
ature data [17, 21] was modelled. Weldments of DSS
with a Creq/N ieq ratio above 1.95 (for steel S32205 Creq/
Nieq= 3.5) can be treated as a single-phase ferrite [22]
when solidifying. The dissolution and precipitation ki-
netics of austenite in duplex stainless steels is followed
by the Austin—Rickett type equation [17, 21]:

1.28 |

0.64 Weld metal

0.32

0.16

0.08

0.04

0.02

1000

1100

0.01
900

1200
Figure 4. The precipitation kinetics constant k(7)) [21]

14

=Gy,

Y )
where y is the fraction transformed, £ is the kinetics
constant, ¢ is the time and # is the time exponent.

The temperature dependency of dissolution rate
k(T) of austenite phase in DSSs is as follows [21]:

e for HAZ of standard DSSs

4.05-10*
k(T)—eXp(—m+25.6J, (6)
o for weld metal of standard DSSs
5.82-10*
k(T)—exp[—m+374] 7

Temperature dependency of egi librium austenite
phase fraction of standard DSS F (D) and precipita-
tion parameters n, k(T) were obtained from work [21]
(Figure 4).

Since heating during the welding thermal cycle oc-
curs without aging and cooling continuously with a
variable cooling rate, the Austin-Rickett ega tion was
accepted as modified equation taking into account the
features of the welding thermal cycle. For this, the
heating and cooling curve was divided into steps and
the fraction of austenite was determined by the ex-
pression below [17]:

y _ n
1 Feq(T)-y [T]
Vi _

et K(T))) AL :[Atik(?})}

‘Temperature

i=1

{Ar”Zk(Ti)"Feq(T,.)} ®)

Time

The results of the microstructure composition and
kinetics of phase transformation in the HAZ and weld
metal shown in Figure 5 were obtained using Aus-
tin-Rickett ega tion (8) and precipitation parameters
k(T), n from work [21].

On the basis of ega tion (8) high content of aus-
tenite in weld metal and low content of austenite in
HAZ was obtained. According to Figure 5 the phase
composition in weld metal are 65 % austenite and
35 % ferrite, in the HAZ are 28 % austenite and 72 %
ferrite. These data of microstructure composition
(Figure 5) were used for the determining of the distri-
bution of residual stresses after welding of DSS 2205.

Modelling of residual stresses, results and analysis
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Figure 5. Kinetics of phase transformation during cooling of welding thermal cycle: a — point in the HAZ; b — point in the weld metal

Longitudinal
stress, MPa

Transverse
stress, MPa

Figure 6. Residual stresses after welding and cooling without taking into account microstructural transformations: a — longitudinal

stresses, MPa; b — transverse stresses, MPa

Phase transformations in steels can occur with
significant volumetric changes, which mainly effects
on the kinetics of the distribution of residual welding
stresses and strains [23, 24].

The temperature and phase volume data present-
ed in the previous section provided a framework to
comparatively study the residual stresses with/with-
out taking into account of the microstructural trans-
formations, typical results are shown in Figures 6, 7.
Figure 6 is a plot of residual stress without taking into
account of the phase changes, while Figure 7 is result
incorporated the microstructural transformations in
the model. A significant difference could be observed

Longitudinal
stress, MPa

in the distribution pattern and magnitudes of the re-
sidual stresses.

Figure 8 compares the profiles of residual stress-
es along cross-section 1 (transversely to the weld) for
model without phase transformations and model tak-
ing into account of phase transformations. It clearly
shows that residual stresses distribution from these
two approaches is different for both the longitudi-
nal and the transverse stresses, with the latter exhibit
more significant differences. With a lower austenite
content/higher ferrite content in the heat affected
zone, a decrease in tensile longitudinal residual stress-
es is observed.

Transverse

stress, MPa
438
270

Figure 7. Residual stresses after welding and cooling taking into account the kinetics of austenitic transformation: « — longitudinal

stresses, MPa; b — transverse stresses, MPa
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Figure 9. Residual stresses distribution through cross-section 2: a

Figure 9 compares the distributions of simulated
residual stresses along cross-section 2 (through thick-
ness of the weld) for model without phase transforma-
tions and model taking into account phase transforma-
tions. The longitudinal stresses from both modelling
approaches show a gradual reducing trend with the
distance (from root to top of the weld) before the dif-
ference becoming less significant. In the transverse
stress data, the trend in the residual stresses is dif-
ferent between these two modelling approaches. The
stresses level gradually decreases from root to top of
the weld for the model without considering the phase
transformation, while the data from the model consid-
ering the phase transformations show an increase in
the stress first followed by a decrease trend at the top
of the weld.

Compared to the results without phase transforma-
tions, the difference in the magnitudes of the residual
stresses is up to 50—100 MPa in cross-section 1 and
up to 90-185 MPa in cross-section 2. In future works,
systematic data with different welding conditions of
samples with different dimensions/constraints will be
further developed, the effect of the residual stress-
es on the strength, toughness and corrosion will be
studied.

16

— longitudinal stresses; b — transverse stresses

Conclusions

1. In the present study TIG single-pass welding pro-
cess of duplex stainless steel S32205 taking into ac-
count of microstructural transformations was simulat-
ed. The obtained cooling rate in the temperature range
1200800 °C (time At )isega 1 10-14s.

. . 1200/800 .

2. Using calculating method on the basis of the
Austin-Rickett ega tion, the predicted data of ob-
tained austenite content 65 % — in the weld and
28 % — in the HAZ.

3. The microstructural transformations showed an
influence on the distribution of residual stresses after
welding of DSS. In comparison with residual stresses
without phase transformations, a higher value of lon-
gitudinal residual stresses was obtained in the weld
with high amount of austenite. In the case of a lower
austenite content (in the HAZ) accounting of phase
transformations leads to a decrease in the tensile lon-
gitudinal residual stresses value and an increase of
transverse tensile residual stresses value.
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COMPARATIVE ANALYSIS OF THE RESULTS
OF COMPUTER SIMULATION OF HEAT TRANSFER
AND HYDRODYNAMIC PROCESSES
IN THE METAL BEING WELDED BY MEANS
OF DIFFERENT SOFTWARE TOOLS

O.P. Semenov', LV. Krivtsun', A.V. Lykhoshva', O.1. Hluchenkyi’and O.I. Bondar>
'E.O. Paton Electric Welding Institute of NAS of Ukraine,
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua
The Institute of Electrodynamics of NAS of Ukraine
56 Peremohy Prosp. 03057, Kyiv, Ukraine

In this work we considered two software tools for the purpose of multiphysics simulation of physical phenomena in
weld pool: COMSOL Multiphysics and in-hose finite element (FE) code implemented in Wolfram Mathematica. For
validation purpose, two test problems dealing with Marangoni induced convection are solved. Good agreement be-
tween benchmark solutions and obtained results is observed. Developed numerical algorithms and computer code can
readily be employed for multiphysics simulation in welding. 14 Ref., 1 Table, 8 Figures.

Keywords: marangoni convection, weld pool shpe , math matical modelling, laser beam welding

Convection is the main mechanism of heat transfer
in the weld pool during fusion welding and it signifi-
cantly influences on final penetration of the weld. The
driving forces for fluid flow in the weld pool include
buoyancy force, electromagnetic force, the shear
stress induced by surface tension gradient (Marangoni
effect) on the free surface and mechanical interaction
with arc plasma [1, 2]. While Lorentz force appears
only in arc welding, Marangoni induced convection
inherent to all types of fusion welding. By means of
methods of physical simulation it was shown that Ma-
rangoni force gives rise to appearance of two counter
rotating cells in meridional section of the weld pool in
the case of spot welding [3]. Simulations performed
in [4] confirm suchlike flow pattern. However, surface
tension is highly effected by presence of surfactants
and non-monotonically depends on temperature [5,
6] that is eventually influences on penetration depth
[7]. That fact significantly complicates experimental
determination of surface tension of ligi d metals in
conditions inherent to fusion welding. Influence of
Lorentz force on convection in TIG welding is de-
termined by welding current and dimension of an-
ode region. The smaller the anode spot the greater
the Lorentz force pushes the ligi d metal downward
[8, 9], and thereby increasing pool depth. Detailed
experimental investigation of each driven force sep-
arately deals with considerable technical difficulties.

1.V. Krivtsun — https://orcid.org/0000-0001-9818-3383

Therefore, methods of Computational Fluid Dynam-
ics (CFD) nowadays remain the most popular tools
for the analysis of the coupled physical processes in
the weld pool. A lot of possibilities exist to simulate
heat transfer, electromagnetic and hydrodynamic pro-
cesses in the weld pool. However, simulation results
obtained by different software tools may differ. Care-
ful verification should proceed the complex multiph-
ysics simulation of the above mentioned phenomena.
In current paper we focus on comparative analysis of
simulation results of heat and mass transfer processes
in weld pool obtained separately by commercial soft-
ware COMSOL Multiphysics and in-hose FE code.
For validation of algorithms and computer codes, we
considered two numerical test cases, which are con-
cerned with thermocapillary flow.

Governing equations. Model of hydrodynamic
processes is based on Navier-Stokes equations for in-
compressible fluid, which in the case of axial symmetry
can be written as follows

(Gu ou Guj 10 0G,.
p| —+u—+v—|=——(ro,, )+ -

o or oz) ror oz
oy C(-f) (1)
r 17 +e,

© O.P. Semenov, L.V. Krivtsun, A.V. Lykhoshva, O.1. Hluchenkyi, O.1. Bondar, 2021

18

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 1, 2021



MMITWRP-2020

ov ov ov 10
p| —+u—+v—|=——(ro,. )+

ot or Oz r or
oo, C(1- fl)2 2)
0z 1 +e,
10 ov
——(ru)+—=0 3
r@r( ) Oz )

Here r, z are the radial and axial coordinates accord-
ingly, u, v, P are the velocity components and pressure
respectively, p denote density of the fluid, s ,6_, 0 _,
O, are the nonzero components of stress tensor. For
Newtonian fluid we have relations

0

v pa—
a ’Grz -

c,, =—P+ ZHa—u, G, =—P+2p—
or 4

ou Ov u
H(@er@r)’Gm + ur

where p is dynamic viscosity. Last two terms in the
right-hand sides of equations (1), (2) describe fluid de-
celeration in the mushy zone [10]. Here f; is a liquid
fraction, C is a constant of mushy region, ¢ is a small
value constant which prevents division by zero. In
solid region these terms totally dominate all the terms
in the momentum equations so that velocity vanishes.
For description of heat transfer processes we employ
energy conservation equation written in enthalpy form

oh Oh Oh
p| —+u—+v— |=
ot or 0z

12(p2T), 2,
or oz\ 0Oz

where A is thermal conductivity, # and T denote spe-
cific enthalpy and temperature, which in turn are re-
lated by

“4)

®)

T
W(1)=[e(T)dT +Lf, (7). ©)

Ty
Variables ¢ and L in (6) denote specific heat and
latent heat of fusion accordingly, 7} is initial tempera-
ture of material. Finally, the ligi d fraction tempera-

ture dependence is chosen by the next way

0, T<T,
H(T)=1T-T)I(T;~T), T, <T<T;, ()
L, T>T,

where T, T, are the solidus and ligi dus temperatures
respectively. Governing ega tions are solved numer-
ically by means of characteristic-based finite element
method [11]. We use ga drilaterals elements along
with linear shape functions for pressure approxima-
tion and ga dratic one for temperature and velocity
fields. All the numerical algorithms were implement-
ed in Wolfram Language.

Test problem 1. Marangoni convection in a
thin liquid layer. The first test problem presented is
a plane Marangoni convection in a thin liquid layer
with infinite length (Figure 1). Phase change effects
are not included in the model. By assumption the sur-
face tension is quadratically dependent on temperature
by 6 = o,+ a(T - T)*2, where o, a are the constant
values and T is a critical temperature at which surface
tension reaches a minimum. Boundary conditions to
the problem considered are the next

y=0,u=v=0,T=T+Ax ®)
vt p 2200l o Ty
oy dT ox oy

where 4 = const, H is a layer thickness. The first con-
dition from (9) reflects the balance of thermocapillary
force and shear stress on the free surface. An analytical
solution of this problem was derived in [12] for small
Marangoni number, defined by Ma = a4*H*p/u*. The
space coordinates, velocities are made dimensionless
by H and uMa/(Hp) respectively. The temperature
is nondimensionalized as (7 — T)/(4H). For the nu-
merical analysis we chose finite computation region
with aspect ratio 1/20. Calculation were carried out by
means of in-hose code. Because of sign change in sur-
face tension temperature gradient y = do/d7 at x = 0,
flow pattern has a symmetrical structure (Figure 1). A
good agreement with benchmark solution is observed
under Ma =1 (Figure 2). In the case of high Ma num-
bers the discrepancy between analytical and numeri-
cal solutions becomes significant.

P! ) { C
- - — /‘ \ o s S . SSELAR
_.—‘-—-—""_'_'H 5 - —— . h*“""—-—-—-_
e > ————— Ty

Figure 1. Thermocapillary convection in a thin ligi d layer
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Figure 2. Velocity distribution along free surface of the lig id layer

Test problem 2. Marangoni induced convection
in weld pool during laser spot welding. The prob-
lem considered in [ 13] dealing with weld pool dynam-
ics in laser spot welding of the Bhl er S705 steel was
selected as a second benchmark problem. In paper
[14] the same problem was considered. Open source
finite volume CFD code OpenFoam was used in work
[13] whereas in-house code Argo DG based on FEM
was utilized in [14] for calculations. All the physical
processes considered are supposed to be axisymmet-
ric. Both thermocapillary and phase change effects are
included in the model. Guided by the papers [13, 7]
the values of liquid thermal conductivity and dynamic
viscosity were increased by a factor of 7. Such an ap-
proach aimed at accounting for the enhanced heat and
mass transfer caused by the development of hydrody-
namic instabilities in the melt. In addition, coefficient

afF ™
\\\ ------- 150 ppm S
“ s
v 2l . — 20ppm S
E
=
"E 0F
=
L2t
4 S~ e
1600 1800 2000 2200 2400 2600 T.K

Figure 3. Surface tension temperature gradient for different sulfur
contents
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4, a

Ly

Symmetry axis

Figure 4. Computational domain
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v is supposed to depend on temperature and sulfur
content in the metal (Figure 3). Theoretical approach
proposed in [5] was used for its description. Boundary
conditions to the problem are the next:

or\ep dT or CD’
v|CD :u|AB :v|AB :u|BC :V|Bc :”|AD =0; (11
n
oT —,r<r,
A ;) “ (12)
Zlep 0,r>rq
or oT oT
— == =—/—1 =0. (13)
Ozl Orlge Orlyp

Here Q, r, are the laser power and beam radius re-
spectively, 1 is the absorptivity coefficient. Computa-
tion region is a cylinder of radius L = 15 mm and of
height L_= 15 mm (Figure 4). Physical properties of
the material and heat source parameters are summa-
rized in Table 1. Constants appeared in momentum
sink terms were chosen as e, = 10~ and C' = 10°. Phase
change was assumed to occur in the temperature inter-
val from 7'=T7 —25K to 7,= T + 25K. It was also
supposed that sulfur concentration in metal is 20 ppm.

Properties of the Bhl er S705 steel and laser beam settings

Density p, kg'm™ 7200
Melting temperature 7, K 1620
Dynamic viscosity p, Pa-s 6-107
Heat capacity of ligi d ¢, J-(kg'K)™ 723.14
Heat capacity of solid ¢, J-(kg K)! 627
Thermal conductivity of solid A, W/mK 229
Thermal conductivity of liquid A, W/mK 22.9
Latent heat of fusion L, J-kg! 2.508:10°
Power of heat source O, kW 5.2
Laser beam radius 7, mm 1.4
Laser absorptivity n 0.13
Enhancement factor f, 7

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 1, 2021
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Adaptive FE mesh with gradually increasing linear el-
ement dimension from 75 um (in weld pool region) to
1.35 mm (on the periphery of computational region)
was employed (Figure 5). We carried out calculations
separately by means of two software tools: commer-
cial software COMSOL Multiphysics and in-hose FE
code. We fulfilled comparative analysis of calculat-
ed results at # = 5 s. Comparisons of the melt front
shapes, velocity and temperature distributions along
line » = 1 mm and on weld pool free surface are pre-
sented on Figure 6-8 respectively. Slight difference
between our results and those obtained in work [13]
for melt front position is observed (Figure 6), where-
as in the melt region all the calculated results agree
well with each other. Flow pattern in the weld pool
consists of clockwise vortex in the meridional plane.
Velocity in the melt achieves maximum value of 0.38
m/s. Increasing of sulfur content in the metal results
in enlargement of the temperature interval where y >0
(Figure 3), which in turn leads to appearance of anti-
clockwise vortex on the weld pool periphery under
the influence of inward shear stress. Such changes in
the flow structure give rise to penetration growth. This
phenomenon is well studied and is widely reported in
literature [6, 7, 1, 13].

Summary

Two test problems dealing with thermocapillary con-
vection were solved separately by means of commer-
cial software COMSOL Multiphysics and in-hose FE
code. Comparison of the calculated results with those
published earlier was carried out. Good agreement
between results obtained with benchmark solutions is
observed. Thus, it can be concluded that FE codes in
use can successfully be applied for numerical analysis
of multiphysics phenomena in the weld pool.
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INFLUENCE OF EXTERNAL ELECTROMAGNETIC FIELD
ON PARAMETERS AND DEFECTS OF CRYSTAL LATTICE
OF METAL OF WELDED JOINTS
DURING UNDERWATER WELDING

S.Yu. Maksymov, O.M. Berdnikova, O.0. Prilipko, T.O. Alekseenko and E.V. Polovetskyi
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

A study of the influence of external electromagnetic field on the parameters and defects of a crystal lattice (disloca-
tion) in the metal of welded joints of low-alloy steel produced under water was carried out. A mathematical model and
software package for calculating density of welding and eddy currents in massive conductors, density of magnetizing
currents on the surface of ferromagnetic bodies were developed, mathematical models were used to analyze distribution
of electrodynamic forces in arc welding and external electromagnetic influence and evaluation of the developed math-
ematical models on adequacy and reliability of the obtained results was performed. It was established that an external
electromagnetic influence improves the quality of the weld metal, which is very important in welding of critical struc-
tures operating in the water environment. It is shown that during underwater welding of joints and applying external
electromagnetic influence in the metal of heat-affected-zone, a finer-grained substructure with a general decrease in
dislocation density and its uniform distribution is formed. The estimates of the level of local inner stresses taking into
account the peculiarities of distribution and dislocation density in structural components show that their maximum level
is formed during welding without external electromagnetic influence along the boundaries of upper bainite laths in the
places of long dislocation clusters — concentrators of local inner stresses. A low level of local inner stresses is observed
in the metal of the welded joints produced on the conditions at application of external electromagnetic influence. This
is facilitated by a general decrease in the dislocation density and their uniform distribution in the structural components
of a lower bainite, which should provide crack resistance of welded joints. 19 Ref., 1 Table, 5 Figures.

Keywords: underwater welding, welded joints, external electromagnetic influence, microstructure, dislocation

density, dislocation hardening, local inner stresses

Currently, underwater electric arc welding is an in-
tegral part of any repair or assembly works of metal
structures in the water environment. As to the level
of mechanical properties, the welds of modern un-
derwater metal structures of critical purpose often
should not be inferior to the welds produced on land.
At the same time, physicochemical and metallurgical
processes during underwater welding proceed in dif-
ficult, extreme conditions, which makes it difficult to
produce high-quality joints.

One of the relevant and promising methods of
improving the quality of welds under water is forced
degassing of liquid metal in welding pool, for which
external electromagnetic influence (EEI) is used. With
the use of EEI the control of movement of liquid met-
al in the welding pool can significantly improve me-
chanical and physicochemical properties of welds, in-
crease their corrosion resistance and reduce the level
of porosity [1]. The analysis of literature data shows
that regardless of the methods and conditions of weld-
ing, a certain range of parameters of electromagnetic

influence on liquid metal exists, at which the maxi-
mum increase in technological and physicochemical
properties of welded joints is achieved. Thus, in this
range the regularities are revealed, that determine the
conditions of EEI optimality.

The need in the technologies of using EEI for
liquid metals and alloys determines the necessity of
appropriate development of calculation methods and
mathematical modeling. Currently, there are differ-
ent approaches and methods of mathematical mod-
eling for calculation of electromagnetic fields: finite
difference method, finite element method, method of
integral equations and other that are effeciently used
applying computer technologies [2-5].

When modeling the processes that proceed during
arc welding using EEI, one of the most important val-
ues is the density of eddy currents in massive bodies.
These currents significantly affect the magnetic field
of the inductor and, as a consequence, distribution of
electrodynamic forces in the flows of the pool melt.
The arc represents a conical shape conductor, in the
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Figure 1. Scheme for calculation (4, — material thickness; , —
arc height; 7, — electrode height; R, — electrode radius; Rp —
pool radius; l]D — pool depth; d, — drop diameter; D, — electrode
diameter; D, — arc diameter; D, — drop diameter; D, — pool
diameter; D, — material diameter; y, — electrical conductivity of
the electrode; y, — electrical conductivity of the arc; y, — elec-
trical conductivity of the drop; y, — electrical conductivity of the
pool; y, — electrical conductivity of the material)

volume of which there are drops of molten electrode
metal. The following parameters are considered to be
set: conductivity and shape of plasma, sizes and num-
ber of drops, conductivity of drop material and dis-
tance between them. The following assumptions were
accepted: drops have a spherical shape and welding
pool has a hemispherical shape [6—10].

The calculation model is presented in Figure 1.

Based on the model, an algorithm for mathemati-
cal modeling of magnetohydrodynamic processes in
a liquid metal pool using EEI was developed, which
simplifies the calculation process to optimize the
technological process.

Moreover, there are several stages of modeling:
it is necessary to develop a mathematical model and
software package for calculating density of welding
and eddy currents in massive conductors, density of
magnetizing currents on the surface of ferromagnetic
bodies, to apply the developed mathematical models
for analyzing distribution of electrodynamic forces
in arc welding at EEI, to carry out estimation of the
developed mathematical models on adequacy and re-
liability of the obtained results.

The sequence of all stages of modeling according
to the developed algorithm is the following:

d, nm

1. We set geometric dimensions and electrophysi-
cal properties of the system.

2. We set welding current and current in the induc-
tor of external magnetic influence.

3. We solve the system of integral equations and
find the distribution of charges.

4. Based on the found we find the components of
the field and density of the welding current.

5. We solve the system of integral equations and
find eddy and magnetizing currents.

6. Based on the found we find the induction of EEL

7. We determine the average density of electrody-
namic forces for the period.

8. We evaluate the speed of the melt movement
and the model correctness.

Based on the proposed algorithm, a special soft-
ware in Delphi 7 language was developed.

Using the proposed model, it is possible to model
different cases of thermophysical parameters of under-
water welding. At the same time there is an opportunity
to model a variety of options without a large number of
options of experimental welding which are rather diffi-
cult to be carried out in laboratory conditions.

By conducting a series of numerical experiments,
an optimized EEI mode was revealed and a series of
experimental welds in real conditions of water en-
vironment were performed. The metal structure of
welded joints with the use of EEI and without its use
was further investigated and X-ray diffraction phase
analysis was performed in DRON-1 diffractometer in
a cobalt radiation. It was shown that during welding
with EEI, in the weld metal and heat-affected-zone
(HAZ) there is a BCC-solid solution of a-Fe.

Figure 2 shows the dependence of the parame-
ters of a crystal lattice of solid solutions, which were
revealed in the studied areas of the metal of welded
joints. The difference between the values of the exper-
imental parameters of a crystal lattice of BCC-solid
solutions of the weld metal (Figure 2, a) and HAZ
(Figure 2, b), produced after underwater welding

da, nim

0.285

0.285
0.280

0.280 0.275

0275 0.270

| 1 | | 1 1 1 1 | 1
0 10 20 30 40 50 0 10 20 30 40 50
a b Depth, m

Figure 2. Change in the parameter of a crystal lattice a of BCC-solid solutions of weld metal (¢) and HAZ (b) depending on the depth
of underwater welding: / — experiment without EEI; 2 — experiment with EEI; 3 — calculation. Dashed line shows the value of a

crystal lattice parameter of the weld metal
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Figure 3. Macrostructure of welded joint (a) and microstructure of metal in the area of fusion line and I area of HAZ (b, x1550)

without and with the use of EEI, confirms its effect on
formation of the structure.

With an increase in welding depth to 50 m, the pa-
rameter of a crystal lattice («) of the weld metal under
the condition of using EEI increases slightly (up to
1 %) as compared to the specimens without the use of
EEI, where the parameter of a crystal lattice changes
more significantly (up to 4 %). In the HAZ (Figure 2,
b) up to a depth of 30 m, the parameter of a crystal
lattice for all cases remains almost the same, but with-
out the use of EEI with an increase in the depth of
welding to 50 m, the parameter o increases.

Thus, EEI, which is used in underwater welding,
helps to homogenize the metal structure of a welded
joint, namely, to reduce the difference as to the param-
eter of a crystal lattice both between the zones of the
welded joint itself as well as between the base mate-
rial and welded joint. This should provide a uniform
level of mechanical properties on the areas of welded
joints and its crack resistance [11-16].

The obtained results indicate that the use of EEI
reduces the degree of degradation of the weld metal
and HAZ structure under the action of water environ-
ment and hydrostatic pressure.

It is known that one of the important imperfec-
tions of a crystal lattice is its defects — dislocations,
around which elastic zones of curvature of a crystal
lattice are formed [11-14]. The distribution of dislo-
cations, their density and nature of dislocation struc-
ture have an impact on mechanical properties of the
metal [5, 12, 17]. When a magnetic field is applied,
the dislocation system becomes unstable, which leads
to a redistribution of crystal lattice defects and can
lead to a mutual annihilation of dislocations and a
decrease in inner stresses. Also, point defects can in-
teract with each other. If the vacancy and interstitial
atom are joined, then both defects are annihilated, and
the atom that was previously interstitial, occupies a
normal position in the lattice [18, 19]. Based on the
abovementioned, the furhter analysis of processes oc-
curring in the specimens at EEI on the level of fine
structure was carried out.

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 1, 2021

Investigations of the dislocation structure were
performed by the methods of transmission electron
microscopy (TEM, JEM-200CX microscope of JEOL
Company, Japan). As a result of the carried out work,
experimental data on the complex of structural pa-
rameters formed in HAZ of welded joints of steel
09G2S in the area of overheating were obtained (Fig-
ure 3, [ area of HAZ). During TEM investigations, the
following structures were studied: lower bainite (B,)),
upper bainite (B ) and their parameters — width of
lath structures and distribution of dislocation density
(p) in the structural components.

Detailed studies of the metal microstructure of
HAZ overheating area of the specimen using TEM
method without the use of EEI showed that the size
(width) of laths of an upper bainite (B ) is 0.2-1.0 um
(Figure 4, a, b). In the inner volumes of the lath struc-
ture of an upper bainite, the distribution of dislocation
density is nonuniform. The dislocation density varies
from p = (2-4)-10"° cm™ to p = (5-6)-10'° cm™ at the
maximum values p = (8-10)-10'° cm2 (Figure 4, b).
Such dislocation clusters-zones of deformation local-
ization with a higher dislocation density are formed
along the coarse-lamellar structures of an upper bain-
ite with a lath size of 0.5-1.0 um, which are formed
in the overheating area at a distance of up to 200 pm
from the fusion line. The width of the localized de-
formation zones is 0.15-0.25 um. The structure of
a lower bainite is more dispersed with a lath size of
0.1-0.4 um (Figure 4, c¢). The distribution of disloca-
tion density in the inner volumes of the lath structure
of B, has a gradient-free nature at p = (1-4)-10" cm™.

The studies of the specimen with the use of EEI
showed that the width of laths of an upper bainite is
mainly 0.4—0.8 um and more dispersed is 0.1-0.3 pym
(Figure 4, d). In the inner volumes of an upper bain-
ite structure, the dislocation density varies from p =
= (1.8-2.8)'10" cm™? to p = 3-10'° em™ (Figure 4,
d). The structure of a lower bainite (as well as in the
specimen without EEI) of more dispersed sizes is
0.1-0.4 pm. The distribution of dislocation density in
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Figure 4. Fine structure of upper (a, x52000; b, x52000; d, x25000; e, x70000) and lower bainite (¢, x52000; £, x70000) in the area of
overheating of HAZ of welded joints during underwater welding: a—c — without the use of EEI; d—f— with the use of EEIL

the inner volumes of B, is uniform and varies from
p=(1-2)10""cm™?to p=3-10"" cm™ (Figure 4, ¢).

Comparing the parameters of the fine structure of
the studied specimens, it was found that in the met-
al without the use of EEI the largest gradients in the
size of lath structures of upper bainite and dislocation
density are observed, which will lead to a nonuniform
level of mechanical properties of the metal, increase
local inner stresses and accordingly, reduce crack re-
sistance. In the metal at application of EEI, refinement
of the structure at the general decrease and uniform
distribution of dislocation density in the volume of
structural components is observed that will provide
strength and crack resistance of metal.

Therefore, in view of the abovementioned, it
appears to be advisable to analyze the dislocation
strengthening (Ac,) predetermined by interdislocation
interaction in the structure of an upper (B ) and low-
er bainite (B)). Quantitative evaluation of dislocation
strengthening, according to the theories of deforma-
tion strengthening [ 12—14], was performed according
to the following dependence: Ao, = aGbp'?, MPa,
[15], where a is the coefficient for steel — 0.5; b is
the Burgers vector for steel — 2.5:107 mm [12].

Analytical estimates of dislocation strengthening
in the structure of B show that in the metal of HAZ
overheating area during underwater welding without
the use of EEI, the following is observed: the largest
gradients in dislocation density in volume and along
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the boundaries of B , which lead to 2-3 times increase
in a local level of dislocation strengthening from
Ac, =101 MPato Ac, =300 MPa (Figure 5, a, Table).

In the metal of the area of HAZ overheating with
the use of EEI a uniform distribution of dislocation
density is observed, gradients on the dislocation den-
sity are absent and, accordingly, the level of disloca-
tion strengthening is uniform (Ac, = 136175 MPa)
(Figure 5, b, Table).

The next step in the study of the influence of struc-
ture on the properties of welded joints metal was to
identify a true real picture of the zones of distribut-
ing local inner stresses (t, ), i.e. stress concentrators,
the values of these characteristics of the metal state,
and the dynamics of their change during underwater
welding and the use of EEI. The set problem is of key
importance, because the processes of delayed frac-
ture, formation of the source of crack initiation and
propagation begin directly from the initiation of inner
stress concentrators [16—19].

As far as the distribution and level of local inner
stresses and strains can be determined only on the ba-
sis of true pictures of the dislocation density distri-
bution, namely this information was provided using
the TEM method. Estimation of the level of local in-
ner stresses depending on structural factors was de-
termined on density and distribution of dislocations
according to the known dependence for T, [19]:
1., = Gbhp/m (1 — v), where G is the shear modulus;

1.
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Figure 5. Fine structure of upper (a, x70000) and lower bainite (b,
location strengthening (Ac,) in inner volumes and in the zones of deformation localization (¢): @ — without the use of EEL; b — with
the use of EEI

Parameters of fine structure of HAZ metal of welded joints

"
e I

A2 (2-3) 100t
_ .,a.-_

x70000) and, accordingly, change in dislocation density (p), dis-

Presence of EEI
Without the use of EEI With the use of EEL
Parameters
Structure
Bl Bu B] Bu
p (min), cm™ (1-2)-10" (2-4)-10"° (1-2)-10"° (1.8-2.4)-10"°
- (4.5-6)"10'"°
2 . 10 . 10 . 10
p (max), cm (34)10 (8-9)10"" 310 3-10
Ac, (min), MPa 101-141 141-200" 101-141 136-155
212-245
Ao, (max), MPa 175-200 282-300° 175 175
“In the areas of deformation localization (&).

b is the Burgers vector; h is the thickness of the foil
(2:1075 c¢cm); v is the Poisson’s ratio; p is the disloca-
tion density.

Analytical estimates of the level of local in-
ner stresses show that the maximum values of 7, =
= 1294-1665 MPa = (0.15-0.2)t, (from the theo-
retical strength) are formed in places of long dislo-
cation clusters — along the boundaries of B during
welding under water without the use of EEI. This can
lead to a decrease in crack resistance and brittle frac-
ture of welded joints throughout the metal of the over-
heating area of HAZ of welded joints.

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 1, 2021

Low values of T, = 185-554 MPa=(0.02-0.07)t,
are typical for welded joints produced under the con-
ditions with the use of EEI This is facilitated by the
reduction in dislocation density with its uniform dis-
tribution, which, accordingly, will provide crack re-
sistance of welded joints.

Conclusions

1. Mathematical model and software package for cal-
culating density of welding and eddy currents in mas-
sive conductors to optimize the conditions of external
electromagnetic influence were developed.
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2. The use of external electromagnetic influence
reduces the degree of degradation of the metal struc-
ture of welded joints under the action of water envi-
ronment and hydrostatic pressure.

3. In underwater welding, external electromag-
netic influence helps to reduce the difference in the
parameter of a crystal lattice (o) of the metal along
the areas of the welded joint and relative to the base
metal.

4. Applying the method of transmission electron
microscopy, the structural-phase changes in the metal
of the HAZ overheating area of low-alloy steel joints
during underwater welding without the use of exter-
nal electromagnetic influence and during its applica-
tion were studied. It was established that the structure
of a lower and upper bainite, formed in the metal of
the HAZ overheating area differs in the parameters of
such structural components as sizes of the lath sub-
structure, distribution and dislocation density.

5. During underwater welding without the use of
external electromagnetic influence, the structure of an
upper bainite has mainly a coarse-lamellar nature at
a general increase in the dislocation density and its
nonuniform distribution both in the volume as well
as along the boundaries of the laths in the zones of
a localized deformation. This leads to an increase
in dislocation strengthening in the local areas of the
structure in the location of long dislocation clusters,
and, accordingly, a nonuniform level of mechanical
properties and the formation of concentrators of local
inner stresses.

6. At external electromagnetic influence in the
metal of a heat-affected-zone, substructure refine-
ment, redistribution of defects of a crystal lattice (dis-
locations) at a general decrease in dislocation density
and its uniform distribution is observed. This contrib-
utes to a uniform level of strengthening, decrease in
the level of local inner stresses in the volume of struc-
tural-phase components of the metal and along their
boundaries and provides crack resistance of welded
joints during underwater welding.
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NUMERICAL ANALYSIS OF THE FEATURES
OF LIMITING STATE OF WELDED PIPELINE ELEMENTS
UNDER ULTRA-LOW-CYCLE LOADING CONDITIONS

0.V. Makhnenko, O.S. Milenin, O.A. Velykoivanenko, G.P. Rozynka and N.I. Pivtorak
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

Expert analysis of the reliability and performance of welded pipelines with detected corrosion-erosion damage under
ultra-low-cycle loading requires taking into account several interrelated physicomechanical phenomena, which deter-
mine the limiting state of a specific structure. For this purpose, integrated numerical procedure was developed in this
study for finite-element assessment of subcritical fracture accumulation and prediction of the limiting state of typical
pipelines with 3D defects of wall thinning. The ductile mechanism of subcritical fracture was considered as the main
one. Moreover, material hardening and softening at plastic deformation (strain hardening, Bauschinger effect) was
taken into account. This integrated approach allowed revealing the main regularities of failure of a typical pipeline

element, depending on external loading. 14 Ref., 7 Figures.

Keywords: welded pipeline, corrosion-erosion defect, ultra-low-cycle loading, Bauschinger effect, ductile fracture,

limiting state

Numerical assessment of residual strength of pipeline
elements (PE) with detected corrosion-erosion losses
of metal is a characteristic problem at expert analysis
of the reliability of various industrial systems. A gen-
erally accepted approach to solution of this problem is
evaluation of the limiting state of a specific structure at
nominal service load. As the majority of pipelines are
welded, the impact of the residual stress-strain state
(SSS) should be taken into account, if metal losses
are in the welding zone. This problem is well studied
for static loading (for instance, by internal pressure)
[1-3], whereas for cyclic force impact the spatial in-
homogeneity and interrelation of physicomechanical
processes, which cause subcritical damage and fail-
ure of material, require a considerable conservatism
of the respective analytical methods. In particular,
ultra-low-cycle fatigue differs by considerable plastic
flow of the material that requires taking into account
its strain hardening, softening by Bauschinger effect
and initiation of ductile fracture pores [4]. Presence of
the welded joint and local geometrical anomalies of
the structure (service defects of corrosion-erosion loss
of metal) determines the features of the stress-strain
state of pipeline elements under the impact of internal
pressure and/or bending moment and influences the
fracture resistance.

In this work the characteristic features of sub-
critical damage accumulation and limiting state of
welded pipelines with corrosion-erosion metal loss at

ultra-low-cycle loading were studied on the base of
finite-element prediction.

Mathematical model of the kinetics of welded
PE state under the impact of static and cyclic load-
ing. Limiting state of corroded (eroded) PE depends
on a range of physicomechanical processes, initiated
by operational and technology impact. In the case of
a significant deformation under cyclic loading (for in-
stance, earthquake, landslide, overload, stability loss,
etc.) the limiting state of the pipeline is determined
by development of plastic strains and respective ac-
cumulation of subcritical damage right up to initiation
of a macrodefect. Local metal losses and respective
mechanical stress raisers lead to a certain lowering of
PE load-carrying capacity under pressure. Their ad-
missibility is determined by the respective standard
norms for design operation conditions. However, ul-
tra-low-cycle loading (number of cycles from 10 to
100) leads to extraordinary modes of pipeline opera-
tion that complicates expert analysis of their compli-
ance with design requirements. The main complex-
ity consists in the nonlinear reaction of the material
to cyclic plastic deformation and development of its
properties. Thus, alongside the characteristic strain
hardening two possible mechanisms of material soft-
ening can be singled out: Bauschinger effect due to
a change in plastic strain direction and accumulation
of ductile fracture porosity with concurrent reduction
of the load-carrying net cross-section of the structure
[5]. Presence of welds causes spatial heterogeneity of
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SSS and complex interaction of operational and resid-
ual stresses. This should be also taken into account,
particularly in the case of close proximity of metal
loss area and weld.

In the absence of sharp-angled geometrical stress
raisers, the prevailing mechanism of violation of ma-
terial integrity is ductile failure, which consists in ini-
tiation of uniformly distributed pores [6]. In order to
predict their initiation at plastic flow of material in
nonisothermal cases, it is proposed to use the defor-
mation criterion, in keeping with which initial poros-
ity with bulk concentration f, appears in a certain vol-
ume of metal at fulfillment of the following condition:

(M

where dsf -2 / 3 /dggdgg is the intensity of plastic

strain increment; € (7) is the critical value of plastic
strains; 7, j = r, P, z are the coordinates in the cylindri-
cal system of coordinates (Figure 1).

Further increase of the concentration of ductile
fracture pores during plastic deformation of metal, in
particular, at static or cyclic loading in service, corre-
sponds to Rice—Tracey law [7]:

30 .. O
1.28 —— |de?,if —>1
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1/4 3 |
c 30 i pipl O
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Mathematical treatment of the joint problem of
temperature field kinetics in welding, SSS develop-
ment and micropore formation is based on finite-el-
ement description using eight-node finite elements
(FE). Increment of strain tensor was presented as a
sum of the respective components [8]:

— e 2
ds, =def +del +3, (dsT +df/3),

©)

Figure 1. Scheme of a section of defective pipeline in the cylin-
drical system of coordinates

30

where dsf_ , dsg , Sydsr , Sij df'/3 are the components
of increment of strain tensor due to elastic deforma-
tion mechanism, deformations of instantaneous plas-
ticity, kinetics of heterogeneous temperature field and
porosity, respectively.

Proceeding from the above-said, the strain tensor
increments can be represented in the form of super-
position of increments of the respective components:

Az, =, —8y6)+8ij (Ko+ae, +47/3)-

1 “)

E(Gﬁ —Sijc) -(Ko),
where «*» symbol refers the respective variable to the
previous tracing step; ¥ is the material state function,
which determines the plastic flow conditions according
to Mises criterion, additionally taking into account the
reduction of the load-carrying net cross-section of the fi-
nite element as a result of discontinuity formation within
Gurson—Tvergaarten—Needleman model [9]:

1 .
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A% ' 3o
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Determination of ¥ function is performed by itera-
tion at each step of numerical tracing (by time or load
increment) within the finite-element solution of the
boundary problem of nonstationary thermoplasticity
that allows solving the nonlinearity problem by the ma-
terial plastic flow, allowing for its subcritical damage
[10]. The main difficulty in modeling the cyclic loading
consists in that small changes in the state of metal in
one loading cycle, namely accumulation and increase of
subcritical damage, cause a change in the yield surface
and a respective change of plastic deformation loop.
However, at each loading step it is necessary to deter-
mine the equilibrium state of damage and the respec-
tive distribution of stresses and strains. For this purpose,
proceeding for the assumption that the stationary state
is characterized by a negligibly small rate of increase of
ductile fracture pore volume, it is proposed to conduct
the following iteration process by ‘¥, function:

F+dF,if fK, exp(Kz GEJ de” =

_ 0105,
=¥, <9 %107, ©

. 0
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where F is the system of external force loads acting
on the structure; dF is the increment of force loads
during numerical tracing; K, K, are the constants.

Strain hardening of the metal affects the shape of
Mises yield surface, which, depending on the intensi-
ty of the accumulated plastic strains, is usually con-
sidered in the following form [11]:

2
P P
G. =0 1+cln(§—]+c {ln(g—]} X
T T 1 I 2 I
0 0
p m
XI:1+(8—]:| s
80

where ¢, =2.149-107; ¢, = 9.112:107; g = 1.540-10°%,
m = 0.14 are the constants; dot above a variable de-
notes time differentiation.

If it is necessary to take into account the change of
plastic deformation direction (for instance, at variable
static loading that causes an alternating cycle of plas-
tic deformation), a model of kinetic strengthening of
the material was used in the following form [12]:

3 v —
3o, -8,0-F)[a, -8,0-7)-
o (/) 1+(e"e, )| <0.
where G'T (f ') is the current true yield strength of the

damaged material in keeping with (9); M, ¢, are the
material constants; X 1is the shear tensor:

0

®)

X= sign(s” )%‘{Xo —sign(sp)%} x
xexp[—sign(sp )(8” -& )]

Proceeding from a specific value of ¥ function, the
strain field at each loading stage is determined from
(5), taking into account o (7, ¢) dependence. The
components of stress tensor satisfy the statics equa-
tion for internal FE and boundary conditions for sur-
face FE. In their turn, the components of AU, = (AU,
AV, AW) vector satisfy the respective conditions on
the boundary. The solved system of equations in vari-
ables of the vector of displacement increments in FE
nodes is determined at each step of tracing and itera-
tions by ¥('¥',) by minimizing the following function-
al [13]:
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Sp
is the operator of the sum of surface FE, on which the

components of force vector F' are assigned.

A criterion for initiation of macrodefectiveness of
PE material, is fulfillment of one of the three fracture
conditions [14]:

where 2. is the operator of the sum of inner FE;
14

1)

where g is the ultimate strain which, in the general
case, depends on the stressed state rigidity; S, is the
microcleavage stress; ¢g,, g, are the constants.

If the above-mentioned process of loss of FE
load-carrying capacity proceeds at this loading stage,
covering an ever greater number of neighbouring FE,
and does not allow moving to the next loading step
then this step determines the boundary loading of
«spontaneous failure».

Results and discussion. As was noted above,
residual SSS in the weld area, kinematic hardening
and ductile fracture affect the limiting state of the
effective PE at ultra-low-cycle loading by internal
pressure and bending moment. One of the main prob-
lems, which were to be solved using the developed
numerical approach, is determination of the influence
of these interrelated phenomena on the load-carrying
capacity of a specific welded structure. Considered
for this purpose, was a characteristic example of PE
of Dxt = 315x10 mm size from stainless steel 316L
(E'=193 GPa, v=10.3, 5, = 170 MPa) with local ero-
sion loss of metal of a semi-elliptical shape on the
pipe inner surface (2sx2uxd = 40x20x5 mm). Exam-
ples of stress distribution over the pipe cross-section
after welding and under the working conditions are
given in Figure 2.

Figure 3, a shows the dependencies of local stress-
es oy, on strain &, near the internal defect of erosion
thinning, taking and not taking into account plas-
tic damage of the material caused by internal pres-
sure P = 10 MPa and bending moment M from —85
to 85 kN (that corresponds to the range of maximum
axial stress range from —120 to 120 MPa). As one can
see, accumulation of ductile fracture porosity at plas-
tic deformation of the steel pipe leads to displacement
of stress hysteresis loops to higher strains through
softening of porous materials and reduction of the
load-carrying structure cross-section.
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Figure 2. Calculated distributions of intensity of stresses o, in the
pipeline (Dxt = 315x10 mm, 316L stainless steel): @ — residual
state in the area of a circumferential site weld; b — with internal
erosion defect (2sx2uxd = 40x20x5 mm) at working pressure P =
= 8.0 MPa

The intensity of plastic damage accumulation at
ultra-low-cycle loading (i.e the rate of increase of po-
rosity volume concentration fper cycle number N) has
three main stages: plastic strain prior to plastic dam-
age initiation; porosity initiation and redistribution
of strain and stress fields; stable increase of plastic
strains and concentration of porosity volume up to the
limiting state. The first two stages correspond to static
loading and proceed in the first cycles, while the third
stage is related to fatigue fracture of plastically de-
formed material. Figure 3, b shows the results of nu-
merical evaluation of plastic damage accumulation for
the considered case of eroded PE at the stable growth
stage. As one can see, porosity concentration f rises
quasilinearly, starting from the second loading cycle
by the bending moment at the same internal pressure
P. It means that increase rate /' depends mainly on the

Gpp. MPa £103 | l
280 |0“'lf1g for / - P=11MPa
270 5
¥ 220 FR
250 ///// |

/ / // 2.15 —=
- 7Y P=3
/ 4 L I
230 / / 2.10
20 Without allowing 2.05
210 for ductile fracture
200 i , 2.00
R e ey B2 %3 R T VA
o

Figure 3. Dependencies of stresses Oy, ON stains €y, Near an internal defect of erosion wall thinning (2sx2uxd = 40x20x5 mm) of pipe-
line element (Dxz = 315%x10 mm, 316L stainless steel), taking and not taking into account the material damage by the ductile mecha-
nism (internal pressure P = 10 MPa and bending moment M =—-85-85 kN-m) (@) and of maximum volume concentration of pores f on
cycle number N (b)
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Figure 4. Impact of alternating internal pressure on the kinetics of stress-strain state of defective welded PE (Dxt = 315x10 mm,
316L stainless steel): (@) — 25x2uxd = 40x20%5 mm, P = -20+20 MPa, M = 0 kN'm (e), P =-30-30 MPa, M =0 kN'-m (A), P =
=—-40-40 MPa, M = 0 kN'm (m); (b) — P =—-40-40 MPa, M = 0 kN-m, 2sx2uxd = 40x20x4 mm (®), 25x2uxd = 40x20%5 mm (m),
25x2uxd = 40%20x6 mm (A)
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Figure 5. Features of the impact of asymmetry of the cycle of PE ((Dx¢=315x10 mm, 316L stainless steel) loading by internal pres-
sure on the kinetics of plastic strain accumulation: ¢« — P =—15-35 MPa, M =0 kN'-m; b — P =-20-40 MPa, M =0 kN'm; c — P =

=-25-45 MPa, M =0 kN'm
applied range of bending loading, and not on the path
of plastic (or general) deformation.

It should be noted that in the case of impact of
solely pressure varying by a symmetrical cycle (for
instance, in the case of underwater pipelines or com-
plex pressure vessels — carrier rocket tanks, exposed
to both internal and external pressure), the dependence
of current stresses on strains in the characteristic area
of stress raiser of PE with wall thinning defect, has
the classical form of a closed hysteresis loop (Fig-
ure 4). The size and shape of the loop in such a case
depend on the range of pressure values, as well as on
the defect size. It means that performance limitation
in such a case is due solely to accumulation of subcrit-
ical damage by the ductile mechanism, which causes
gradual destruction of the material and it reaching the
limiting state. At loading cycle asymmetry, the inten-
sities of the positive and negative plastic strains are
not balanced that causes gradual displacement of the
hysteresis loop along the strain axis (Figure 5). For the

mentioned case it is attributable for greater influence
of strain hardening, compared to Bauschinger effect.

For practically important cases, such an asym-
metry of the cycle is characteristic of pipelines un-
der pressure, which are additionally cyclically loaded
by an alternating bending moment. Here, a constant
component, which is proportional to internal pressure,
is added to bending longitudinal stresses and strains
proper, which typically change by a symmetrical cy-
cle, in keeping with the solution of Lame problem.
Therefore, it is to be expected that at unchanged cycle
of loading by bending moment, increase of internal
pressure will have a significant negative impact on the
load-carrying capacity of a defective pipeline for the
reason of a considerable displacement of the hystere-
sis loop of the stress-strain state. This is confirmed by
calculation results given in Figure 6.

A characteristic feature of the field of bulk concen-
tration of subcritical damage f'in the cross-section of
a defective pipeline, that is under the impact of both

G-, Mlla a-., Mlla
200 200
150 150
100 100
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-100 100 1
-150 -150
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Figure 6. Kinetics of stress-strain state of defective welded PE ((Dx¢ = 31510 mm, 316L stainless steel) under the impact of cyclic

loading by bending moment: « — P =10 MPa, M =—-70-70 kN-m;
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Figure 7. Distribution of plastic strain intensity («) and concen-
tration of ductile fracture pores () in the cross-section of pipeline
element (Dx¢ = 315x10 mm, 316L stainless steel) with internal
wall thinning (2s%2ux3 = 40x20x5 mm) in the limiting state at
internal pressure P = 8 MPa and cyclic bending moment M =
=—-85-85 kN'm)

internal pressure and alternating bending moment, is
a sufficiently narrow area of maximum pore concen-
tration in the current and limiting state of the structure
(Figure 7). This is attributable to the fact that depend-
ing on deformation direction under cyclic loading
conditions, the maximum and minimum stresses form
alternatively on different surfaces of the pipe in the
geometrical stress raiser area.

Conclusions

1. Mathematical models of the stress-strain and dam-
age state of pipeline elements with detected defects
of local wall thinning at ultra-low-cycle loading were
constructed. In order to adequately take into account
the nonlinearity of material properties at cyclic plastic
deformation (Bauschinger effect) and ductile fracture
accumulation, an appropriate description of the sur-
face of plastic flow of the material within the concep-
tual model of elasto-plastic continuum was proposed.

2. A characteristic example of a welded pipeline
element (D*=315x10 mm, 316L stainless steel) with
detected internal defect of erosion thinning of the wall
was used to show the features of stress-strain kinet-
ics under the conditions of loading by cyclic internal
pressure and bending moment. An essential impact
of loading cycle asymmetry on plastic damage accu-
mulation is shown: violation of the balance between
strain hardening and softening by Bauschinger effect
causes a gradual displacement of the stress-strain
state loop.

34

3. It is shown that accumulation of plastic strains
during alternating cyclic loading causes initiation and
growth of ductile fracture pores in the area of a de-
fect of local wall thinning with formation of a rather
narrow area of maximum pore concentration. This is
caused by the fact that under the conditions of cyclic
loading the maximum and minimum stresses form at
different surfaces of the pipe in the area of the geo-
metrical stress raiser (depending on the cycle).
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STUDY OF CHANGE IN SPECIFIC ELECTRICAL
CONDUCTIVITY OF BIOLOGICAL TISSUES AS A RESULT
OF LOCAL COMPRESSION BY ELECTRODES
IN BIPOLAR WELDING

Yu.M. Lankin, V.G. Solovyov and I.Yu. Romanova
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

The paper presents the results of mathematical modeling of anisotropy of specific electrical conductivity (ASEC) of a soft
biological tissue and investigates the difference between the results of the process of welding biological tissues produced
without and taking into account anisotropy of the specific electroconductivity of a biological tissue. The results of cal-
culations of the tissue resistance, current density and impedance dispersion are compared. 14 Ref., 1 Table, 10 Figures.

Keywords: welding of biological tissues, specific electrical conductivity, mathematical modeling, anisotropy of

biological tissues

Soft biological tissues (SBTs) consist of cells, con-
junctive tissue and tissue fluid. The basic structur-
al unit of all living things is cells. They consist of a
membrane inside which a jelly-like cytoplasm with
a large number of organelles is located. The basis of
conjunctive tissue consists of collagen and elastin
fibres. These fibres together with membranes form
a spongy structure of the conjunctive tissue, in the
cells of which tissue fluid is located. Due to such a
structure, SBTs are much more elastic than any metal
and even rubber. During compressing by an electrical
welding tool, they are significantly deformed, which
leads to significant changes in their electrical and
thermophysical properties. Electric welding of SBTs
differs from electrocoagulation by an obligatory ap-
plication of a considerable force of electrodes com-
pression [1, 2]. The electrodes pressure leads to de-
struction of cell membranes (possibly), transfer of an
electroconductive tissue water from the centre of the
electrodes to the periphery in the direction of decreas-
ing pressure, increasing vaporization temperature and
the maximum temperature of the tissue.

Currently, researchers are paying a considerable
attention to improving the quality and reliability of
welded joints of SBTs, expanding the range of types
and thickness of welded tissues by studying the pro-
cess of resistance electric welding of SBTs as an ob-
ject of automatic control. They provide analytical
calculations, computer modeling of welding process,
experimental studies in laboratory installations, pro-
cessing and analysis of the obtained results [3—10].

The publications on mathematical modeling of
thermal processes in SBTs are known (for example,
[11]). But all of them are devoted either to surface
heating applying a focused power source such as a la-
ser beam, or with the help of single-electrode electro-
surgical instruments. In addition, SBTs are considered
in them as solids with constant thermophysical and
electrical characteristics. These assumptions can only
be used as a first approximation for modeling electro-
coagulation, but are not suitable for modeling electric
welding.

Biological tissues are electroconductive due to the
presence of an intracellular and tissue fluid with the
salts dissolved in it. lons are the main current carri-
ers in them. The proteins, of which cell membranes,
organelles, and structural tissues are built, are not
electroconductive. Electroconductive of the tissue
depends on its internal structure and it changes sig-
nificantly in the welding process due to a local com-
pression by the electrodes, phase transformations of
water in the tissue, coagulation of proteins, thermal
effects, etc. Consequently, the specific electroconduc-
tivity in each elementary volume of the tissue has a
significant anisotropy. Joule heat, which is released
in each elementary volume of the tissue during the
flow of current, is proportional to the square of current
and inversely proportional to its electroconductivity.
In this case, in the literature sources the thermal pro-
cesses are mainly described, the results of which were
obtained using the values of the specific conductivity
of an uncompressed tissue [12, 13].
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Figure 1. Laboratory welding unit: / — laser sensor of electrode
movement; 2 — electrodes; 3 — weights; 4 — lever axis

Between the electrode clamps, where the tissue is
compressed the most and has the greatest deforma-
tion, the main processes, characterizing bipolar weld-
ing of SBTs, take place. In this regard, the study of
the anisotropy of the specific conductivity of a com-
pressed SBT is relevant.

The aim of the work is to show the difference be-
tween the values of the parameters of processes of
welding SBTs, obtained without taking and taking
into account ASEC of biological tissues.

Experimental studies. The study of SBTs com-
pression was performed in a laboratory welding unit
(Figure 1). On it, laser sensor is mounted to move the
upper electrode relative to the lower one. The move-
ment of the laser point, which glows on the remote
screen, corresponds to the movement of the upper
electrode with a gain factor of several tens of times.
Expansion of the upper electrode displacement mea-

hy, mm

2 4 6 8 10
H = 2.657exp (—1.358P) + 4.023exp (-0.09473P)
Adjusted R—square: 0.9948

F, kPa

Figure 2. Dependence of thickness of heart muscle between the
electrodes of electric welding unit /_ on electrodes pressure P
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surement system is =15 pum. At such sensitivity, the
accuracy of measuring the thickness of a compressed
tissue is already beginning to be affected by the de-
formation of the entire structure, which leads to some
movement of the lower electrode with an increase in
the load in the form of a weight. To minimize these
errors, the dependence of the movement of the upper
electrode on the value of the applied force without the
tissue between the electrodes was previously deter-
mined. This dependence was used to correct the sen-
sor values while measuring changes in the thickness
of the tissue depending on the compression force.

The range of the set pressure of electrodes P amounts
to 15-1100 kPa. Since the actual pressure on the sur-
face of the electrodes is nonuniformly distributed, in our
case the average value of the pressure P = F/S_is meant,
where F is the force applied to the electrodes; S is the
contact surface area of the electrodes.

The cross-section of the electrodes is 3x10 mm, i.e.
S_ =30 mm’. The long sides of the electrodes, rectangu-
lar in the cross-section, are perpendicular to the longitu-
dinal axis of the lever. This guarantees a uniform pres-
sure distribution along the larger side of the electrode
and a small nonuniformity along the smaller one. In the
experiment the heart muscle of a pig was used, taken no
later than three hours after slaughter. Before the study,
the heart was stored at a temperature of +5 °C.

Figure 2 shows the dependence of the heart mus-
cle thickness i between the electrodes of the electric
welding unit on P. The sizes of the heart muscle frag-
ment are the following: thickness m_= 6.9 mm, width
[, = 35 mm and depth d, = 25 mm. The area of the
heart muscle fragment is S, = 875 mm’.

Simultaneously with the measurement of /= (P),
the electrical resistance of the heart muscle fragment
R (P) was measured at a constant voltage U = 6.9 V
through the resistance R = 1 kOhm. The voltage at
the electrodes U, , was measured. There are many
schemes for measuring the resistance of SBT and a
common problem for them is the inaccuracy of main-
taining the sizes of the specimens. However, in our
case the measurement of the same specimen is carried
out, but at a different local compression of the tissue.
Therefore, under the condition S, >> S , the set initial
inaccuracy of the sizes of the heart muscle fragment
is neglected.

The resistance R, of the heart muscle fragment is
calculated by the formula:

U R
R — 1I1d .
f US —UiIl d
The results of the experiments are shown in Table,

where h1 = hs/ms.
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Figure 3. Geometric model of experiment at different values hS: a— hS: 1.52 mm, h1 =0.2203; b — hS: 3.43 mm, h1 =0.4971; c —

h =637 mm, h = 0.9232

Mathematical modeling. The mathematical
model of the experiment was built using the package
COMSOL multiphysics 5.3a. The model includes the
modules («Physics») «Electric Currents» and «Heat
Transfer in Solids» with the solver «Multiphysics/
Electromagnetic Heating», which allows combining
these different physics for solving problems of the
model. Figure 3 shows a geometric model under dif-
ferent conditions for compression SBT. As materials
used in the model, copper and pig’s heart muscle are
accepted. The main approach to modeling was to pro-
vide the best conformity of a geometric part of the
model to geometric parameters of the physical ex-
periment. It was necessary to use physical properties
of SBT, which correspond to the pig’s heart muscle.
Based on the theory of similarity [14], such approach
will determine the desired values of a specific elec-
trical conductivity of the tissue applying the method
of successive approximations, taking into account the
data in Table and those calculated on the mathemati-
cal model.

In the model for simulating the force of SBT com-
pression, a functional dependence between the compres-
sion force and the distance between the compression
electrodes P(h,) is introduced, the inverse dependence of
that is obtained experimentally (Figure 2).

The calculated component for «electrical conduc-
tivity» o(x) is a graphical interpretation of change in
the specific conductivity ¢ from the coordinate x of
the model and the specific intermediate conductivity

Results of experiments

Number P, kPa h, mm h, rel. un, R(03 kHz),

Ohm
1 0 6.90 0.9999 778
2 16.4 6.37 0.9232 760
3 146.2 4.20 0.6087 635
4 271.2 3.43 0.4971 586
5 422.1 2.86 0.4145 568
6 557.9 2.53 0.3667 551
7 691.0 2.27 0.3290 551
8 825.0 2.06 0.2986 547
9 960.9 1.65 0.2391 546
10 1091.4 1.52 0.2203 542
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G, .» where G, is the value of o(x) at x = 0 (Figure 4,
a). G is called intermediate because its value is be-
tween the desired minimum value G, and the maxi-
mum G __ value of the specific electrical conductivity
of the tissue. Ath G =G ath G =G

In Figure 4, a the values G, G, . and G are taken
arbitrarily for clarity of presentation.

Modeling in COMSOL multiphysics applying
the method of similarity of geometric parameters of
physical and mathematical models allowed deter-
mining ASEC in the zone of a local compression of
SBT (Figure 4, b). As is seen from this diagram, the
specific electroconductivity of the pig’s heart muscle

approximately twice decreases with a decrease in a
G, S/m
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Figure 4. Graphical interpretation of change in specific electrical
conductivity 6(x) at the maximum value %, , intermediate value
h.. _and the minimum value /2, . (a) and ASEC at SBT compres-
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Imin

37




MMITWRP

Time=0s
Slice: Electical conductivity, x content, S/m
mm ) S/m

e 0.13
2 N 0 A

~10

¥ .r\L’.\'
mm 7l

0.13

mm h

Time=0s
Slice: Electical conductivity, x content, S/m

Time=0s
Slice: Electical conductivity, x content, S/m
mm ()

mm 0 S/m

0.13
A
0.12
0.11
0.10
0.09
0.08
0.07

Sf'n_‘l
10 u,‘l:'
0.15
0.14
0.13
0.12 |
0.11

=00

mm

v
0.06

Figure 5. Distribution of specific conductivity in SBT fragment at different values of local compression by electrodes of the pig’s heart

muscle: @ — h, =0.999; b —0.497; c — 0.22

relative compression of SBT. All the published data
on specific resistance are obtained for uncompressed
biological tissues and are not suitable for using in cal-
culations and mathematical modeling of bipolar weld-
ing processes.

Figure 5 shows diagrams of the distribution of
specific conductivity in the SBT fragment at differ-
ent values of local compression. The diagrams show
how specific conductivity decreases during compres-
sion at the place of local compression of SBT by the
electrodes and how it increases at a distance from the
place of a local compression of SBT.

- o
]\cump.r s /0

200 400 600 800

1
1000 P, kPa

Figure 6. Dependence of compression ratio K

_on the pressure
. . comp.r
value during compression P
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Figure 7. Dependence of specific conductivity of the pig’s heart
muscle G, on compression ratio K, for the frequencies of 0.3

inter

(1), 30 (2) and 300 (3) kHz
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N

As aresult of experimental investigations in the labo-
ratory conditions, the dependence of the degree of com-
pression of the biological tissue K on the value of the
load P during compression was obtained (Figure 6). The
compression ratio is calculated by the formula

h
K =(1——Lj400%.
comp.r mh

Figure 7 shows diagrams of dependence of a spe-
cific electroconductivity G, in the zone of a local
compression of SBTs on the compression ratio K
for different frequencies of the applied voltage of 0.3,
30 and 300 kHz. G, _decreases with an increase both
in K oo 35 well as in the frequency of voltage.

Comparison of results. Calculation of complete
resistance. Based on the experimentally measured
resistances of the SBT fragment of the pig’s heart
muscle, on the model the resistances with and with-
out taking into account ASEC for different degrees
of compression ratio at a frequency of 0.3 kHz were
calculated (Figure 8). From this diagram we see that
the measurement data, obtained during the experi-
ment coincide with the results of calculations on the
model obtained taking into account ASEC. The values
of resistances calculated without taking into account
ASEC differ from those obtained experimentally in
the range of 0—50 %.

R, Ohm

-
-
QLT
B-s.nn..ng

L)
o

—- 3

200 +

1 1 1 1 1 1 1 1

10 20 30 40 50 60 70 Keompr %

Figure 8. Results of SBT fragment resistance measurements ob-
tained experimentally and calculated on the model taking and
without taking into account ASEC: I — physical experiment;
2 — model taking into account ASEC; 3 — model without taking
into account ASEC
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Figure 9. Distribution of current density J according to the coor-
dinate x of the model at different K e ata frequency of 0.3 kHz,
calculated taking and without taking into account ASEC: I —
mep.l, =50.3%;2—78%

Calculation of current density. The current den-
sity J along the coordinate x = 0 of the model, which
is calculated without taking into account ASEC at
K s = 18 %, is twice higher than that calculated tak-
ing into account ASEC (Figure 9).

Calculation of impedance dispersion. The re-
sistance of the tissue was determined by the voltme-
ter-ammeter method during passing a low stable cur-
rent of different frequency through the tissue. As is
seen from Figure 10, the resistance of the tissue to
a greater or lesser extent depends on the frequency.
For living tissues, this property, called impedance
dispersion, is well known. As a result of a physical
experiment, the resistance of the simulated fragment
of a pig’s heart muscle was measured at frequencies
0f0.3,1, 3,10, 30, 100 and 300 kHz. The calculations
of R(F) on the model taking and without taking into
account ASEC at the maximum compression of SBTs
being 1100 kPa showed that the results obtained tak-
ing into account ASEC, coincide with those obtained
experimentally. But the results of calculating R(F),
obtained without taking into account ASEC, differ
from the results obtained experimentally, twice.

Conclusions

1. The adequacy of the results of experimental studies
of SBT resistance and the results of calculating SBT
resistance obtained on the mathematical model taking
into account ASEC is shown.

2. Comparison of the results of calculations with-
out and taking into account ASEC showed, that the
relative error of calculations of electrical parameters,
such as the total resistance of SBT, current density
and impedance dispersion can reach 50-100 %.
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SIMULATION OF ELECTROMAGNETIC AND THERMAL FIELDS
IN THE PROCESS OF INDUCTION HEATING
ON SMALL SPECIMENS WITH THE PRESENCE OF WELDED JOINT
OF HIGH-STRENGTH RAILWAY RAILS

R.S. Hubatyuk, S.V. Rymar, O.S. Prokofiev, V.A. Kostin, O.V. Didkovskyi and O.F. Muzhychenko

E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

Selection of heating mode, which provides an optimal combination of technological parameters to obtain the necessary
structural and phase transformations of welded butt of high-strength railway rails, which is subjected to heat treatment,
is a complex process that requires carrying out a large number of experiments with a significant consumption of time,
labor, power and financial resources. To solve this type of problem, it is rational to use methods of mathematical and
physical modeling, which are based on the use of mathematical models, numerical calculation methods and experi-
mental data of physical modeling in determining key parameters of heat treatment process. For this purpose, based
on the theory of similarity, a mathematical model of the process of heat treatment of small specimens was proposed,
taking into account the interrelated properties and physical phenomena with the original study. A simplified model of
the specimen is considered, on which the optimal heating conditions are tested and the properties of the weld metal
subjected to heat treatment are investigated, after which the transition to specifying the conditions of heat treatment of
the real welded butt of high-strength railway rails is carried out. This approach makes it possible to significantly reduce
the resources in determining the optimal conditions of heating products of high-strength carbon steels, including butt
welded joints of railway rails. 13 Ref., 5 Figures.

Keywords: induction heating, heat treatment, weld of railway rails, mathematical modeling, physical modeling,

small specimens

When laying a continuous railway track, high-strength
rails are used made of new generation steels with an
increased carbon content. The base metal and welded
rail joints [1, 2] should provide high mechanical char-
acteristics, which are predetermined by an increased
axial load and speed of the rolling stock.

To remove residual stresses and normalize the metal
of welded joint of rails, heat treatment (HT) is used [3].

One of the most efficient methods of heating during
HT process is the method of induction heating using
a high frequency (HF) current, which has a number of
advantages over other methods. These are contactless
heating, high energy density in a specific area of the
object subjected to heating, achieving high tempera-
tures, ability to control the temperature field of the
object, ability to heat the object in different media,
environmental safety of HT process [4]. In connection
with the abovementioned, the further investigation
and studying the features of phase transformations in
welded rail joints after HT process are important [5,
6]. The process of performing induction HT of bodies
of a complex shape, which include rails of high-car-
bon steel, is characterized by a large number of inter-

dependent parameters. Selection of the heating mode,
which provides the optimal coincidence of techno-
logical parameters to obtain the necessary structural
and phase transformations of welded butt of the rail,
which is subjected to HT, is a complex process that re-
quires a large number of experiments with significant
time, labor, energy and financial resources.

To solve this type of a problem, it is rational to
use methods of mathematical and physical modeling,
based on the use of mathematical models [6, 7], nu-
merical calculation methods and experimental data of
physical modeling in determining key parameters of
HT process. For this purpose, based on the theory of
similarity, a mathematical model of HT process was
proposed, taking into account the interrelated proper-
ties and physical phenomena with the original — the
real object of investigation. Thus, at first, a small and
simplified model of the specimen was considered, on
which the optimal heating conditions were tested and
the properties of the weld metal were investigated,
which was subjected to HT, and then the transition
to specifying the conditions of HT of the real welded
butt of railway rails are specified.
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In this paper, the principles of mathematical mod-
eling of electromagnetic and thermal fields in the pro-
cess of induction heating of small specimens in the
form of solid round rods at the presence of a trans-
verse weld are considered. Methods of mathematical
and subsequent physical modeling should be close-
ly related. The calculated parameters obtained at the
stage of mathematical modeling should be the basis
for physical modeling, where on small specimens
with a weld a real HT process occurs.

After recalculation according to the theory of sim-
ilarity of the optimal parameters obtained at the stage
of physical modeling, a transition to the study of HT
of the weld of the real butt and the selection of its
heating conditions occurs. In this way the search for
optimal conditions of HT of a weld of railway rails is
simplified.

To determine the basic parameters of the physical
model of the «inductor-product» system, the develop-
ment of a mathematical model was performed, which
reflects the process of HF induction heating of a spec-
imen of high-carbon rail steel with simulation of the
welded joint zone. This allows calculating the basic
electrical parameters of the system, as well as obtain-
ing the space-time distribution of the temperature field
during the process of HT performance. To solve this
type of problem, it is possible to use software packag-
es based on the finite element method. The following
main elements of the axisymmetric model (Figure 1)
were determined:

e a solid rod of a cylindrical shape with a diameter
of 8.5 mm and a length of 110.0 mm with the proper-
ties and factors inherent in high-carbon steel and with
the simulation of the welded joint zone in its center;

e three-turn water cooling inductor with a current
0f 200 A and a frequency of 130 kHz;

e airspace, bounded by the inner surface of the
sphere surrounding the studied system.

The induction heating process is described by a
nonlinear interconnected system of Maxwell and Fou-
rier equations, respectively, for the electromagnetic
and thermal fields with the corresponding boundary
conditions [8].

To obtain the solution of the electromagnetic prob-
lem, the system of Maxwell equations is presented in
the following differential form:

rotH = J+6—D; rotE =a—B;
ot ot
divD = p; divB =0,

where H, E are the vectors of magnetic and electric
field strength; D, B are the vectors of electrical and
magnetic induction; J is the conduction current densi-
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Figure 1. Axisymmetric model of induction system

ty vector; J = oF is the conductivity current density;
p is the density of a foreign electric charge; ¢ is the
specific conductivity of the substance.

These equations are supplemented by the equations
of the relationship between magnetic field strength
and magnetic induction, electric displacement and
electric field strength, which characterize the electri-
cal and magnetic properties of the medium:

B=puH; D=¢¢ckE.
where p, p are the absolute and relative magnetic
permeability of the medium; €, ¢ are the absolute and
relative dielectric permeability of the substance.

With respect to the axisymmetric state, the mathe-
matical model is presented in a two-dimensional cy-
lindrical coordinate system 70z.

Since in the axisymmetric model the currents have
a direction normal to the plane of the geometric mod-
el, than the vector magnetic potential 4, has one com-
ponent (0, <@, 0), in contrast to the fields H and B,
which have two components (r, z) in this plane.

The mathematical model of the induction system is
featured by the presence of the dependence of the elec-
trophysical properties of materials on temperature.

To take into account the dependences of such
physical parameters of steel as electrical resistivity
p, (1), heat capacity C, (7) and thermal conductivity
A (T) on the temperature T in the process of heating
the specimen, they were set in the form of approxi-
mation functions based on data regarding high-carbon
steels [9].

The nonlinear dependence of the magnetic perme-
ability of steel on temperature and the loss of mag-
netic properties in the specimen under study when
the temperature of the Curie point is exceeded, which
changes the depth of magnetic field permeability into
the steel, were also taken into account.

When modeling the induction heating process, as
boundary conditions for the electromagnetic part of
the model on the symmetry axis 0z, the absence of the

41



MMITWRP-2020

r,mm r,mm
Wh/m:10 %6 {T:107,°C 16t 1 A/m2-108
10 3
12 F 1.5 12 F
8 8 10 8 =
4+ 4F i
8 5 L 0.5 L
0F 0f
i 0 F 0
4 4 -4 F
i 0.5 i i
-8 F B E
2 [ L
1.0
-12 : 12 | 2
0 L -1.5
-16 _
- 16 3
10 =, mm 10 z, mm 10 z, mm
a b &

Figure 2. Distribution of magnetic potential 4 (a); magnetic induction B (b); current density J (c)

tangential component of the magnetic field intensity
and the presence of magnetic insulation at the bound-
ary of the sphere were assumed (see Figure 1).

The mathematical model of the nonstationary ther-
mal problem in the time domain includes the Fourier
differential equation, which describes the distribution
of the temperature field in the workpiece subjected to
heating, in space and time:

orT
st pst oF VA‘stVT =0,
where Q is the specific power of the heat source.

To take into account heat losses in the mathematical
model, the boundary conditions of the third kind in the
form of heat exchange with the surrounding medium by
convection and radiation from the surface of the speci-
men, which was subjected to heating, were set.

The condition of a constant temperature of 40 °C
in the turns of the inductor in view of its cooling was
accepted. On the axis of symmetry 0z, the Neumann
boundary condition was accepted

T,°C
800 f
700 f !
600 |
500 | 3
400
300
200
100 |

0 50 100 150 tc

Figure 3. Change in temperature over time on the surface of the
specimen along its length during heating: / — specimen center;
2 — 6 mm from the center; 3 — 11 mm from the center
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T,
or

As initial data, the amplitude value of current in
the inductor and its frequency were taken. The calcu-
lation was performed in the following sequence:

electromagnetic — thermal calculation, taking
into account the set density of a computational grid,
properties of materials and boundary conditions.

During modeling the following physical processes
were taken into account:

e current flow in the inductor taking into account
the skin effect, ring effect and effect of proximity with
the specimen;

e passage of the electromagnetic field and induc-
tion of eddy currents in the specimen taking into ac-
count the skin effect and effect of proximity to the
inductor;

e heating of the specimen metal by eddy currents;

e losses of magnetic properties of the specimen
metal after exceeding the temperature of the Curie
point;

e thermal conductivity processes in the volume of
the specimen metal;

e heat losses due to radiation and convective heat
exchange.

In the process of solving the problem, the results
concerning distribution of the magnetic potential 4,
(Figure 2, a), magnetic induction B (Figure 3, b) and
current density J (Figure 3, ¢) were obtained.

According to the results of electromagnetic calcu-
lation, the influence of the skin effect, ring and surface
effects in the inductor conductors is seen. The current
is distributed nonuniformly along the cross-section of
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the conductors and it is concentrated on the surface of
the inductor conductors, which are close to the speci-
men. A similar distribution is observed with the eddy
current passing through the outer surface of the spec-
imen under the inductor — along the perimeter of the
specimen.

The purpose of thermal calculation is to determine
the conditions of heating, providing a uniform distri-
bution of thermal field on the surface of the specimen
over time in the area, simulating the weld, to produce
a homogeneous metal structure in the heating spot. In
this case, the temperature should be higher than the
phase transformation point A ; and be in the range of
750-950 °C. A sufficiently uniform temperature dis-
tribution along the length of the specimen under the
inductor (at a distance of up to 8 mm from the heating
center) in the control points on the surface of the spec-
imen was obtained (Figure 3).

Within 30 s from the start of heating an intensive
growth in the temperature of the specimen occurs.
During this period of time, the specimen has ferro-
magnetic properties, the depth of the skin layer is
small and the density of the induced current in it is
large, which provides a high level of heating power,
which is generated in the specimen. After 30 s at the
same values of current, the heating rate decreases due
to a gradual loss of magnetic properties by the spec-
imen metal and a decrease in the density of the in-
duced current and, respectively, a reduction in thermal
power, released in the specimen metal. As a result, the
heating intensity decreases. After 50 and up to 90 s of
the heating process, a forced temperature holding is
carried out to normalize the metal of the weld and the
near-weld zone (8—10 mm from the weld center) by
regulating current in the inductor and specific power
embedded in the specimen metal. After 90 s, the heat-
ing is stopped and the specimen is cooled naturally.
Mathematical modeling of the induction heating pro-
cess allows calculating and determining the required
conditions of heating depending on configuration and
geometric dimensions of the specimen and inductor at
set thermophysical parameters of the specimen met-
al and energy parameter set to determine distribution
of electromagnetic and thermal fields in the «induc-
tor-product» system. After numerical calculation of
heating conditions, the physical modeling of the pro-
cess of heat treatment of welded joint of a small spec-
imen is carried out in compliance with the conditions
obtained by calculations and with their subsequent
specification. Next, the hardness of the metal is inves-
tigated and the structural transformations formed in
the metal are analyzed. If characteristics of the met-
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Figure 4. Temperature distribution on the surface of the specimen
along its length at the end of heating process

al of the specimen, subjected to heat treatment, meet
the necessary requirements, than having performed
recalculation of the parameters of the heat treatment
process according to the theory of similarity, it is nec-
essary to proceed to studying the process of induction
heating during heat treatment of the metal of the weld
and near-weld zone of railway rails, at the same time
maintaining the heating conditions obtained by the
method of calculations and specifying them, and also
correcting the inductor configuration [10-13].

Figure 4 shows the temperature distribution on the
surface of the specimen along its length at the end of
the heating process (90th second), and Figure 5 shows
the temperature field distribution in the specimen (70
second) of the heating process.

Therefore, small specimens allow determining the
optimal conditions of induction heating, which are
initial when studying and selecting optimal conditions
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Figure 5. Temperature field distribution in the specimen
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of induction heating to perform HT of welded butts of
railway rails of high-strength steels.

Such an approach can significantly reduce the time,
labor, energy and financial resources in determining
the optimal conditions of heating high-strength car-
bon steel products, such as butt welds of railway rails.

Before performing physical heating of the weld of
railway rails according to determined parameters of
the heat treatment process, it is also rational to per-
form mathematical modeling of the process of heat-
ing the weld by the inductor that covers the weld and
has a complex shape close to a complex cross-sec-
tion of the railway rail itself. Performing mathemati-
cal modeling of the «inductor—-measurementy system
is possible in a three-dimensional 3D model using a
computer of the required power, which is necessary
to calculate the energy parameters of the inductor and
its geometric dimensions. Performing mathematical
modeling of the «inductor-measurement» system to
calculate the energy parameters of the inductor and its
geometric dimensions is the last and important stage
of modeling, which is based on a large array of data
and requires additional investigation.

Conclusions

1. The selection of heating conditions, which provides
an optimal combination of technological parameters
of the heat treatment process to obtain the necessary
structural and phase transformations in the butt weld
of high-strength railway rails is a complex process,
that requires carrying out a large number of exper-
iments, significant time, power, labor and financial
costs. To solve this type of problem, it is more ra-
tional to use methods of mathematical and physical
modeling, based on the use of mathematical models,
numerical calculation methods and obtained experi-
mental data of physical modeling in determining key
parameters of the heat treatment process on small
specimens with the subsequent transition according to
the theory of similarity to determination of conditions
of heat treatment of real welded butts of railway rails.

2. The use of small specimens allows selecting and
determining optimal conditions of induction heating,
which are the basis during further investigations and
selection of optimal conditions of induction heating
when performing heat treatment of real welded butts

of railway rails of high-strength steels. Also, the use
of mathematical models, numerical calculation meth-
ods and the obtained experimental data of physical
modeling in determining key parameters of heat treat-
ment process on small specimens allow determining
energy parameters of the inductor and its geometric
dimensions, as well as capacity of the power source
and other induction equipment with a subsequent
transition according to the theory of similarity.
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MATHEMATICAL MODELS OF THE DEPENDENCE
OF MECHANICAL PROPERTIES ON CHEMICAL COMPOSITION
OF STEELS FOR ESW

S.V. Egorova, O.V. Makhnenko, G.Yu. Saprykina and D.P. Syneok
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

The paper deals with the possibility of constructing mathematical models of the dependence of mechanical properties
of silicon-manganese steels designed for ESW, which have high brittle fracture resistance in the HAZ, as well as of the
overheated zone, on chemical composition. Data on mechanical properties of these steels were obtained as a result of
studying the influence of additional alloying (microalloying) of silicon-manganese steel by manganese, chromium, va-
nadium, boron, cerium and zirconium, on overheating resistance at electroslag welding. The method of multiple linear
regression was used for construction of mathematical models. Mathematical models were constructed for the following
set of base metal mechanical properties: impact toughness for temperatures of (+20, —40, —60, —70 °C), yield limit,
ultimate strength, relative elongation and reduction in area. For overheated zone at electroslag welding mathematical
models were constructed for impact toughness (KCU and KCV) for temperatures of +20, —60, —70 °C. Initial validation
of the constructed models was performed. 9 Ref., 12 Tables, 2 Figures.

Keywords: silicon-manganese steels, chemical composition, microalloying, mechanical properties, mathematical

models, electroslag welding

Investigations conducted at PWI of the influence of
chemical composition on the mechanical properties
of silicon-manganese steels produced by the method
of induction remelting and designed for electroslag
welding (ESW), which have a high brittle fracture re-
sistance [1], provided experimental data on the com-
position and mechanical properties of the base mate-
rial (Tables 1, 2) and overheated zone (of the HAZ)
(Table 3) for 55 experimental melts of low-alloy steels.
This information was used to plot the mathematical
models for prediction of the mechanical properties of
base metal and overheated zone metal at ESW, de-
pending on the chemical composition of steels. De-
rived models can find effective use at development
of new silicon-manganese steels for determination of
optimum alloying with the purpose of obtaining the
specified mechanical properties and required level of
brittle fracture resistance in the HAZ of welded joints
produced with ESW application.

General information on construction of regres-
sion models. The mathematical models by the avail-
able experimental data on mechanical properties and
chemical composition of the experimental steels were
constructed with application of the method of multi-
ple linear regression, which is designed for modeling
the dependence between one dependent variable and
several independent variables [2, 3]. Such a relation

can be theoretically described by a linear dependence
of the following form:

Y=bx +bx,+..+bx +u,
where Y is the dependent variable — regressand; U is
the random component of the model; x, are the inde-
pendent variables — regressors.

The coefficients of the model of multiple linear re-
gression are found by the least-squares method.

The least-squares method [4] allows finding
such values of the coefficients, for which the sum of
squares of deviations will be minimal. The following
system of normal equations is solved to determine the
coefficients:

nbo erlZ:x1 + ...prxp = Zy
2 _
bole +b]Z:xl + ... prxlxp —ley
b0 pr + b1 lexp +.. .bp prxp = pry
Solution of the system can be derived, for instance,
by Cramer’s method:

b:A_bO b:A_bl bzﬂ
o A 1 AT AT

System determinant is written as follows:
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Table 1. Chemical composition of experimental steels, wt.%

Experi-
No. Alloying system mnilellt?l C Mn Si S P Cr Ni \Y% Al Ce B Zr
number
1 Mn-Si-Al 20 |0.069|1.5500.530 | 0.031 | 0.012|0.150 | 0.630| — |0.100 0050 — | -
2 Mn-Si-Ce—Al 25 |0.065|1.550 | 0.770 | 0.021 | 0.012| 0200 | 0.100| - |0.130 0033 - | -
3 Mn-Si-Al-B 26 | 0.060| 1.350 | 0.600 | 0.024 | 0.012| 0.160 | 0300 — 10200 — |0.006| -
4 Mn-Si-Al-B 33 |0.091 | 1.580 | 0.650 | 0.021 | 0.013 | 0.170 | 0.140| - 10330, - |0.005| -
5 Mn-Si-Al 37 1003823500320 0.028 | 0.040| — | - | - lo200 - | - | -
6 Mn-Si-Ce-Al 38 | 0.065]2.300|0.190 | 0.018 | 0.012|0.290 | 0200 - |0.067 0075 - | -
7 MiSE AL 8 0120127000500 - | - | - | - | - |0.100 0.065|0.008| -
g | MnSCe-Al= 1 g9 g0s0]0315] — | - |1.000 1.100| — |o010]0200| — | - | -
Cr—Ni
9 | Mn-Si-Al-Ce-B | 100 | 0.062| 1.860| 0.280| 0.021| 0.012| 0.450| 0.350| — | 0.1100.029 | 0.005| -
1o | MmSEARCe T 133 10,0531 2300 0.520 0017 0.009] 0.080 | 0.100| — | 0185 0.024 | 0.004 | 0.017
| MESTCEAT T 152 [0.076] 1260 | 0.038 | 0.068 | 0.009 | 1.450| 0,320 0.035 | 0.070 | 0.069 | 0.003 | 0.015
12| MESEALCe 1 is3 To.082 19500580 0.012] 0.110 | 0.320 | 0.185 | 0275 | 0.160 | 0.140 | 0.022 | 0.200
13| MOSEARCe T ise 0,069 | 2400 0550 | 0.018 | 0.009 | 0.060| 0.180| | 0.240 | 0.093 | 0.003 | 0.040
14| MESTCEAT T 157 [ 0.056] 16001 0400 | 0.002 | 0.009 | 1.400| 0,130 0.032 | 0.100 | 0.064 | 0.004 | 0.035
15 | MrSEALCE T 163 [ 0.072] 15001 0500 0.020 | 0.012 | 0.080 | 0.180 | 0.210 | 0.140 | 0.004 | 0.003 | 0.075
16 | Mn-Si-Al-Ce-Zr| 164 | 0.058|2.400|0.550 | 0.083| 0.015|0.090 | 0.165| — |0.125|0.100] — | 0.086
17| MSEARCET T 165 0,058 2500 | 0.560| 0.020 | 0.013 | 0.095 | 0.110 0.200 | 0.089 | 0.090| 0.005|
ig | MrSEALCE T 167 [ 0.073] 2350 0820 0.019 | 0.018 | 0.083| 0.100 | 0.130 | 0.190 | 0.090 | 0.004 | 0.100
o | M SECEAR T 177 [ 0.068] 2250 0.630| 0.014| 0.011| 2850|0100~ | 0220 0.100 | 0.003 | 0.045
20 M;;_S\‘;_(I:f_él* 203 | 0.051| 1.600| 0.050| 0.018 0.011| 1.500 | 0.100 | 0.022 | 0.110 | 0.066 | 0.004 | 0.020
21 Mo Siee 205 1 0.080| 1.280| 0.690| 0.015 | 0.010| 2.700 | 0.100| — |0.290|0.072| - | -
Mn—Si-Ai
2 I 206 | 0.045 1.280| 0.210| 0.008 | 0.013| 0.500| — | — | 0.0380.040| 0.003| -
23 | MPSEAYC T 207 10052 1600 0,820 0.016] 0.013] 0190~ | 0210| 0,075 0.110| 0.006| -
24 Mn-Si 410 10120 19000380 - | - | — | — | — | — | - - -
25 Mn-Si 411 0430 1180|0040 - | - | — | — | — | — | = | -] -
26 Mn-Si 412 01001400 0430 - | - | - | — | — | -~ -] -] -
27 Mn-Si 413 0120|2600/ 0570 - | - | — | — | — | - | = | =] -
28 M SEAL 432 0.080 1300|0440 — | — | — 0.100|0200|0.100| 0.160| - | -
29 Mn‘i‘r‘_cc‘;‘Al‘ 433 | 0.085 | 1.400 | 0.800 | - — |2200] - — 10.065/0.018| - |0.060
30 M“*S\}:(C:f*AP 434 0.085 1350 0.650| - | - |2.400 0.075|0.051|0.045 0.040 - | -
31| M SECE AT T 435 100801420 0680 — |~ 12350 0080 — | 0.150]0.130 0.004 | 0.023
3p | MSECe-Al 1 436 16080(2.100 0550 — | — | 2600 0.070 | 0.010 0.185 | 0.075| 0.008 | 0.020
Zr—V-P-Cr
33 Mn-Si-Ce-Al= | 435 10083 2,000 0490 | - — 12300 0.070| 0.190 | 0.110 | 0.085 | 0.006 | —
7t-V-B-Cr
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Table 1 (cont.)

34 M“if_l;c_eC*rAI* 438 | 0.115 | 2.500 | 0.670 | - — 12900 | 0.100 | 0.275 | 0.115 | 0.080 | — | 0.040
35 | Mn-Si-Al-Ce-V | 458 |0.080 | 1.100 | 0.220 | - — | 0.450 | 0.085 | 0.010 | 0.160 | 0.035 | — -
36 M“‘SZir‘f{}‘C‘?‘ 459 10.090 | 2.350 [ 0.760 | — — 10.080 | 0.140 | 0.050 | 0.087 | 0.150 | — | 0.017
37 M“Efj;ﬁ‘“&“‘ 460 | 0.070 | 1.700 | 0.600 | — — 12.600 | 0.130 | 0.155 | 0.095 | 0.300 | — | 0.030
38 Mn‘?;%i‘“‘ 505 | 0.075|1.850 | 0.770 | — — 172010170 | - 10130 | 0200 | — | 0.030
39 | MnSiCe-Al= | 556 10,080 | 1.900 | 0.490 | — — 11750 — 0.180|0.080 | 0.110 | — |0.010
Zr—V—-Cr
40 M;f\l/:%“fél’ 507 | 0.100 | 1.850 | 0.680 | — | — |1.400| — |0.032]0.070 0.080 | 0.004 | —
41 Mn*s;(;e*AI* 530 | 0.050 | 1.900 | 0.030 | 0.030 | 0.011 | 0.044 | 0.070 | — | 0.068 | 0.060  — -
42 Mn-Si-Ce-Al | 531 |0.065 | 2.050 | 0.600 | 0.014 | 0.015 | 0.053 | 0.110 | — | 0.063 | 0.085 | — -
43 Mn-Si 597 1 0.200 | 1.100 | 0.240 | — ~ o140 - - - - - -
44 Mn-Si 598 | 0.190 | 1.000 | 0.120 | — ~ 0160 - - - - - -
45 | Mn-Si-Ce-Al-Cr | 718 |0.090 | 2.300 | 0.450 | — ~ 1100 - — 10040 - - -
46 | Mn-Si-Ce-Al-Cr | 727 | 0.080 | 1.200 | 0.500 | - ~ 0650|0120 - 0085 - - -
47 Mn-Si-Ce-B | 728 | 0.080 | 2.050 | 0.600 | — — 10240 0.090| — | 0.0420.009  0.005 -
48 | Mn-Si-Ce-Al-Cr| 881 |0.063 | 1.600 | 0.630 | - — 0440|0190 - 0048 - - -
49 Mn-Si-Ce-B | 882 | 0.080 | 1.750 | 0.640 | — — ]0.160]0.100| — | 0.0330.029 | 0.006 -
50 Mn-Si-Ce-Al | 883 | 0.065| 1.650 | 0.680 | — — 0100|0165 — |0.050 0.085| - -
51 Mn-Si-Ce-B | 894 | 0.075 | 1.600 | 0.650 | — — 0165|0145 — |0.032]0.040 | 0.005| -
52 Mn-Si-Ce-Al | 895 | 0.089 | 2.250 | 0.250 | — — 0080 | - — 0034 - - -
53 Mn-Si-Ce-B | 896 | 0.070 | 1.230 | 0.540 | — — |o0.040| - — 1 0.010|0.046 | 0.003| -
54 Mn-Si-—Ce 127-2 | 0.120 | 2.800 | 0.300 | — - - - - — ] 0060| - -
Table 2. Mechanical properties of experimental steels (base metal)
No. Alloying system Melt c,MPa | 6,MPa | 6,% | & % Impact toughness (KCU), J/em?
number | ‘ +20°C| —40°C | —60°C | —70°C
1 Mn-Si-Al 20 314 444 | 328 | 654 | 1315 | 925 89.0 735
2 Mn-Si-Ce-Al 25 298 434 | 345 | 750 | 350 | 3430 | 298.0 | 2705
3 Mn-Si-Al-B 26 302 447 | 278 | 75.1 - 44.0 31.0 -
4 Mn-Si-Al-B 33 258 404 | 36.6 | 750 | 172.0 | 130.0 1145 | 90.0
5 Mn-Si-Al 37 258 430 | 393 | 609 | 1160 | 37.0 475 535
6 Mn-Si—Ce-Al 38 270 411 | 385 782 | 236.0 | 147.0 159.5 | 140.5
7 Mn-Si-Al-Ce-B 82 441 561 | 273 | 71.6 - 132.5 1250 | 116.0
8 Mn-Si-Ce—Al-Cr-Ni 99 413 523|300 | 71.5 | 2370 | 1475 1215 | 117.0
9 Mn-Si-Al-Ce-B 100 284 410 | 362 | 79.0 | 2255 | 116.0 156.0 | 75.0
10 Mn-Si-Al-Ce-Zr-B 133 378 498 | 31.8 | 782 | 298.0 | 1845 2115 | 2085
11 Mn-Si-Ce-Al-Zr-V-P-Cr 152 488 616 | 242 | 66.0 | 2200 | 192.0 70.0 11.0
12 Mn-Si-Al-Ce-Zr-B-V 153 760 820 | 18.6 | 55.6 - - 55 6.5
13 Mn-Si-Al-Ce-Zr-B 156 417 544 | 313 | 733 | 1500 | 72.0 - 147.0
14 Mn-Si-Ce-Al-Zr-V-P-Cr 157 394 484 | 285 | 66.9 - 196.0 8.0 7.0
15 Mn-Si-Al-Ce-Zr-B-V 163 378 519 269 | 750 | 2020 | 8.0 45 45
16 Mn-Si-Al-Ce—Zr 164 503 592 | 188 | 51.0 | 68.0 9.5 6.0 6.0
17 Mn-Si-Al-Ce-B-V 165 419 535 | 242 | 66.0 | 750 14.5 - 9.0
18 Mn-Si-Al-Ce-Zr-B-V 167 407 566 - - - 16.0 6.0 -
19 Mn-Si-Ce-Al-Zr-B—Cr 177 399 517 | 188 | 66.0 - 6.0 45 -
20 Mn-Si-Ce-Al-Zr-V-P—Cr 203 259 394 - — | 2120 | 1895 167.0 | 43.0
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Table 2 (cont.)

21 Mn-Si—Ce-Al-Cr 205 389 495 272 1 75.0 97.5 29.0 10.5 6.0
22 Mn-Si-Ai-Ce-B 206 268 415 36.5 | 735 | 246.7 97.0 8.0 5.5
23 Mn-Si-Al-Ce-B-V 207 340 478 329 | 75.0 | 2185 112.5 73.5 5.5
24 Mn-Si 410 380 516 32.0 | 70.8 | 350.5 196.5 105.0 -
25 Mn-Si 411 303 460 30.8 | 69.5 197.5 15.0 6.500 -
26 Mn-Si 412 336 432 28.8 | 70.7 | 353.0 - 179.5 10.5
27 Mn-Si 413 403 536 28.5 | 72.1 214.5 - 144.0 162.0
28 Mn-Si-Al-Ce-V 432 293 447 342 | 774 | 325.0 256.0 244.0 252.5
29 Mn-Si—Ce-Al-Zr—Cr 433 376 570 30.0 | 70.2 - 58.5 7.5 -
30 Mn-Si—Ce-Al-V-Cr 434 424 590 28.5 | 70.2 121.0 25.0 - —
31 Mn-Si—-Ce-Al-Zr-B-Cr 435 304 425 24.7 | 449 | 250.0 119.0 2.5 —
32 Mn-Si—Ce-Al-Zr-V-P-Cr 436 633 690 20.0 | 67.5 63.5 7.0 - -
33 Mn-Si-Ce-Al-Zr-V-B-Cr 437 507 625 23.8 | 75.0 5.0 3.5 - -
34 Mn-Si-Ce-Al-Zr-V-Cr 438 607 714 21.1 | 66.0 5.5 4.0 - -
35 Mn-Si-Al-Ce-V 458 602 684 22.8 | 70.7 3.0 3.0 - -
36 Mn-Si-Al-Ce-Zr-V 459 455 572 21.5| 62.7 75.0 32.0 - -
37 Mn-Si-Ce-Al-Zr-V-Cr 460 454 577 272 | 70.5 141.0 15.0 - —
38 Mn-Si—Ce-Al-Zr—Cr 505 752 669 12.8 | 372 58.5 29.5 - -
39 Mn-Si-Ce-Al-Zr-V-Cr 506 735 832 18.5 - 34.0 7.0 - -
40 Mn—-Si—Ce-Al-Zr-V-B-Cr 507 401 575 29.5 | 75.0 75.0 44.5 - -
41 Mn-Si—-Ce-Al-Mo 530 298 443 337 | 77.5 | 350.0 324.0 — 254.0
42 Mn-Si—Ce-Al 531 323 500 349 | 75.0 | 2955 243.0 — 200.0
43 Mn-Si 597 400 487 31.0 | 68.5 136.0 — — -
44 Mn-Si 598 390 492 31.0 | 385 142.5 — — -
45 Mn-Si—Ce-Al-Cr 718 386 561 262 | 733 - 142.5 126.0 108.5
46 Mn-Si—Ce-Al-Cr 727 245 406 392 | 79.8 - 101.5 — 12.9
47 Mn-Si-Ce-B 728 288 431 36.8 | 80.5 - 188.2 183.3 332
48 Mn-Si—Ce-Al-Cr 881 318 469 — — - 274.0 — 224.5
49 Mn-Si-Ce-B 882 385 517 28.7 | 64.9 - 195.0 — 204.0
50 Mn-Si—Ce-Al 883 — - — — - 269.5 133.0 98.0
51 Mn-Si-Ce-B 894 318 493 30.7 | 68.9 - 297.5 — 184.5
52 Mn-Si—Ce-Al 895 319 491 303 | 66.0 - 223.0 — 191.0
53 Mn-Si-Ce-B 896 305 488 269 | 649 - 268.0 — 242.5
54 Mn-Si—Ce 127-2 500 637 25.0 | 69.8 — 131.0 100.0 108.5
53 Mn-Si-Ce-B 896 305 488 269 | 649 0.0 268.0 0.0 242.5
54 Mn-Si—Ce 127-2 500 637 25.0 | 69.8 0.0 131.0 100.0 108.5

Table 3. Mechanical properties of overheated zone

. Melt Impact toughness (KCU), J/cm? Impact toughness (KCV), J/cm?
No. Alloying system number +2op°c g40 c(: ” ~70°C +2o]zc g40 c( 8 70 °C
1 Mn-Si—Al 20 - - 142.0 53.5 11.0 -
2 Mn-Si—Ce-Al 25 165.5 - - 206.0 118.5 41.0
3 Mn-Si—Al-B 26 183.0 - 99.0 - - 90.5
4 Mn-Si—Al-B 33 191.5 - - 111.0 73.5 17.5
5 Mn-Si—Al 37 134.5 - - 81.0 52.5 29.5
6 Mn-Si—Ce-Al 38 187.5 - - 56.5 66.0 22.5
7 Mn-Si—Al-Ce-B 82 - 121.0 - 108.5 108.5 68.5
8 Mn-Si—Ce—-Al-Cr-Ni 99 — — — 128.0 116.5 109.5
9 Mn-Si—Al-Ce-B 100 106.5 - 83.5 62.5 66.0 32.5
10 Mn-Si-Al-Ce-Zr-B 133 - - — 160.5 148.5 6.5
11 Mn-Si—Ce—-Al-Zr—V-P-Cr 152 - 127.5 - 6.0 - 4.0
12 Mn-Si—Al-Ce—Zr-B-V 153 - 8.0 - 405.0 - 4.0
13 Mn-Si—Al-Ce-Zr-B 156 - 167.0 - 5.0 - 5.5
14 Mn-Si—Ce—-Al-Zr—V-P-Cr 157 — 19.5 — 5.0 - 4.0
15 Mn-Si-Al-Ce-Zr-B-V 163 — 6.0 - - - 4.0
16 Mn-Si—Al-Ce—Zr 164 — 5.0 - 4.5 - 4.0
17 Mn-Si—Al-Ce-B-V 165 - 63.5 - - 14.5 -
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Table 3 (cont.)

18 Mn-Si—Al-Ce—Zr—B-V 167 - - - 4.0 - -
19 Mn-Si—Ce-Al-Zr-B-Cr 177 — — — 4.0 — —
20 Mn-Si—Ce-Al-Zr-V-P-Cr 203 — 49.5 — 17.0 — 6.0
21 Mn-Si—Ce-Al-Cr 205 - 9.5 - 7.0 - 6.0
22 Mn-Si—Ai—Ce-B 206 - - - 104.5 7.5 7.0
23 Mn-Si—Al-Ce-B-V 207 - - - 7.5 - 4.0
24 Mn-Si 410 266.0 237.5 133.0 103.0 12.5 -
25 Mn-Si 411 172.5 100.5 72.5 — — —
26 Mn-Si 412 308.0 232.0 - 185.0 10.5 -
27 Mn-Si 413 152.0 66.5 56.0 35.0 - -
28 Mn-Si—Al-Ce-V 432 18.5 35 - 4.5 - -
29 Mn-Si-Ce-Al-Zr—Cr 433 82.0 4.5 — 4.5 - —
30 Mn-Si—Ce-Al-V-Cr 434 28.5 6.0 — 5.0 - -
31 Mn-Si—Ce-Al-Zr-B-Cr 435 36.0 5.5 - 3.5 — —
32 Mn-Si—Ce-Al-Zr—V-P-Cr 436 53.5 13.0 - 15.0 - —
33 Mn-Si—Ce-Al-Zr—-V-B-Cr 437 28.0 5.0 - 5.0 - -
34 Mn-Si—Ce-Al-Zr—V-Cr 438 2.0 3.5 - 3.0 — —
35 Mn-Si—Al-Ce-V 458 5.0 5.0 - 3.0 — -
36 Mn-Si—Al-Ce—Zr-V 459 26.5 4.5 - 7.0 - -
37 Mn-Si—Ce-Al-Zr-V-Cr 460 11.0 3.0 - 4.0 - -
38 Mn-Si—Ce—-Al-Zr—Cr 505 3.0 3.0 — 3.5 — —
39 Mn-Si—Ce-Al-Zr—V-Cr 506 13.0 4.5 - 9.5 - -
40 Mn-Si—Ce-Al-Zr—V-B-Cr 507 - 46.0 - 20.5 - -
41 Mn-Si—Ce—Al-Mo 530 - - - 216.5 171.0 103.5
42 Mn-Si—Ce-Al 531 - - 149.0 170.0 46.0 9.5
43 Mn-Si 597 150.5 106.5 59.5 17.5 — —
44 Mn-Si 598 157.5 72.5 67.0 25.0 - -
45 Mn-Si—Ce-Al-Cr 718 - - — 108.5 73.5 60.0
46 Mn-Si—Ce-Al-Cr 727 - - - - 11.5 16.5
47 Mn-Si—-Ce-B 728 - 203.5 194.0 - - 187.0
48 Mn-Si—Ce-Al-Cr 881 — — — 95.0 207.5 9.5
49 Mn-Si—Ce-B 882 - - - 156.0 - 143.5
50 Mn-Si—Ce-Al 883 — — 201.5 105.0 6.0 —
51 Mn-Si—Ce-B 894 - - - 208.0 22.0 8.5
52 Mn-Si—Ce-Al 895 — - - 108.5 - 165.5
53 Mn-Si—Ce-B 896 — - - 103.5 52.0 76.5
54 Mn-Si—Ce 127-2 - 103.5 - 96.5 74.5 75.0
n Zx] pr b=XX)'X"Y,
Sk T2 Yax where X7 is the matrix which is transposed to matrix
A= r

pr Zx]xp prxp
The data of observations and coefficients of mul-

tiple regression equation can be presented in the form
of the following matrices:

y] 1 )C“ le xlm
1
Y = Vs X = Y T ,
yn xnl n2 xnm
0 E]
b= b , e= %
b e
m n

The formula of the coefficients of multiple linear
regression in the matrix form is as follows:
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X; (X"X)™" is the matrix inverted to matrix X".X.

Solving this equation, we obtain column-matrix b,
the elements of which are exactly the coefficients of
the equation of multiple linear regression.

An important index of the constructed model quali-
ty is the coefficient of determination or approximation
confidence value which determines the level of predic-
tion accuracy. This index is a statistical measure, con-
sistency which allows establishing the extent to which
the regression equation corresponds to the real data.

The coefficient of determination R is the square of
the correlation coefficient (Pearson coefficient) [5, 6]:

_ Z(xi_)_c)(yi_)_’) ,
V(o 2,7

R
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where x, is the value of variable X; y, is the value of
variable Y; X is the arithmetic mean for variable X; ¥
is the arithmetic mean for variable Y.

The coefficient of determination varies in the range
from 0 to 1. If it is equal to zero, it means that the
connection between the regression model variables is
absent, and simple mean value may just as well used
instead of it for evaluation of the initial variable value.
Contrarily, if the coefficient of determination is equal
to 1, it corresponds to an ideal model, when all the
points of observation are located exactly on the re-
gression line, i.e. the sum of squares of their deviation
is equal to 0.

In practice, if the coefficient of determination is
close to a unity, it shows that the model works well
(has a high significance), and if it is close to zero, it
means that the input variable poorly determines the
behaviour of the output variable, i.e., there is no linear
dependence between them. Evidently, such a model
will have a low efficiency.

Depending on the level of the coefficient of de-
termination, the models are usually divided into three
groups:

e at 0.8 < R* < 1 we obtain a model of good quality;

e at 0.5 < R? < 0.8 — the model will be of accept-
able quality;

at 0 > R? < 0.5 — its quality will be poor.

Also at construction of a regression model, it is
possible to assess the influence (contribution) of each
predictor variable on the values of a dependent vari-
able, and in some cases to essentially reduce the num-
ber of independent variables.

An important parameter at testing the statistic hy-
pothesis is p-value [7-9]. The p-value is usually equal
to the probability of a random quantity with this dis-
tribution taking a value, which is not smaller than the
actual value of test statistics, and which is expressed
by a number from 0 to 1. It should be determined
whether the obtained experimental result is random.
A result with p-value equal to the level of significance
or below it, is considered significant. This is usually
denoted as follows: p < 0.05.

In the case of a regression model, such a meth-
od as stepwise regression is quite well-established.

Stepwise regression is a method to construct a model
by adding or removing predictor variables. There are
several approaches to performance of stepwise re-
gression: forward step regression and backward step
regression. At forward step regression the equations
first contain no predictors. Then they are added one
by one. In backward step regression first all the pre-
dictors are included into the regression equation, and
then they are removed from the equation in turn.

Construction of mathematical models «com-
position-properties» for experimental samples
of base material of steels and overheated zone at
ESW. We will show construction of mathematical
models of the dependence of mechanical properties
on the composition of base material of the studied
steels, as well as for the overheated zone at ESW of
the studied steels after high-temperature tempering in
the case of a model of KCU impact toughness at the
temperature of —40 °C.

We will perform the following actions: First, we
remove from experimental data for 55 experimental
melts those, for which KCU , values are absent: 598,
153, 597,412, 413.

When a matrix for 49 experimental steels was used
(Table 4), a regression model of a poor quality was
obtained, as the values of the coefficient of determi-
nation were below 0.5, namely R = 0.44.

Having analyzed the diagram of comparison of
the experimental and predicted data, we remove an-
other 12 melts (Nos 458, 438, 165, 411, 37, 206, 33,
156, 410, 432, 881, 25), as the predicted (calculated)
KCU ,, values for these experimental melts differ
markedly from the general trend. We will obtain a
matrix from 37 variants of steels (Table 5, Figure 1).
And the regression model of a good quality was con-
structed exactly on this matrix (R* = 0.84):

KCU ,, = 556.89 — 2726.72 C + 2788.66 B —
—375.29 Al + 134.424 Ce — 45.61 Cr — 28.27 Mn —
— 219.65 Ni + 4525 P - 1790.66 S — 97.17 Si —
—616.70 V—345.55 Zr.

For a reduced model with a smaller number of
independent variables (chemical elements) we will
remove those elements which do not have any signif-
icant influence on impact toughness value at the tem-

Table 4. Correspondence of experimental melt number to melt number in the matrix
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Melt number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 | 15
Experimental melt number 458 | 437 | 438 | 177 | 436 | 506 | 163 | 164 | 165 | 411 | 460 | 167 | 434 | 205 | 505
Melt number 16 | 17 | 18 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30
Experimental melt number 459 | 37 | 26 | 507 | 433 | 156 | 20 | 206 | 727 | 207 | 100 | 435 | 33 |127-2] 82
Melt number 31 | 32 | 33 | 34 | 35 | 36 | 37 | 38 | 39 | 40 | 41 | 42 | 43 | 44 | 45
Experimental melt number 718 | 38 | 99 | 133 | 728 | 203 | 152 | 882 | 157 | 410 | 895 | 531 | 432 | 896 | 883
Melt number 46 | 47 | 48 | 49
[Experimental melt number 881 | 894 | 530 | 25
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Table 5. Correspondence of experimental melt number to melt number

Melt number 1 2 3 4 5 6 7 8 o [ 10 11 [ 12] 13 14715
Experimental melt number | 437 | 177 | 436 | 506 | 163 | 164 | 460 | 167 | 434 | 205 | 505 | 459 | 26 | 507 | 433
Melt number 16 | 17 18] 1972021 ] 22 23] 2425252728729 7 30
Experimental melt number | 156 | 20 | 727 | 207 | 100 | 435 [ 127-2] 82 | 718 | 38 | 99 | 133 | 728 | 203 | 882
Melt number 31 [ 32133 [ 3435 36 | 37
Experimental melt number | 157 | 895 | 531 | 896 | 883 | 894 | 530
Table 6. Correspondence of experimental melt number to melt number
Melt number 1 2 3 4 5 6 7 8 9 0] 11 ] 121314715
Experimental melt 177 | 436 | 506 | 164 | 460 | 434 | 505 | 459 | 507 | 433 | 156 | 20 | 207 | 100 | 127
number
Melt number 16 | 17 ] 18 19 [ 20 [ 21 | 22 [ 23 [ 24 [ 25 [ 25 | 27 | 28
Experimental melt 82 | 718 | 38 | 99 | 133 | 728 | 203 | 882 | 157 | 895 | 531 | 896 | 530
number

perature of —40 °C. At forward direction of stepwise
regression a good model was obtained (R?> = 0.81):

KCU ,, = 549.75 — 302.65 Al — 3101.87 Cr —
—44.03 Cr — 193.84 Ni — 2639.73 S — 117.84 Si —
—569,92 V.

In this model the following independent variables
are removed: Mn, P, Ce, B, Zr. Figure 1 shows the
results.

Once can see from Figure 1 that some calculated
KCU , values for steels Nos 437, 163, 167, 205, 26,
727, 435, 883, 894 by the constructed model differ
essentially from the specified line, so we remove them
from the matrix of experimental values (correspon-
dence of experimental melts and melt numbers from
Figure 1, are given in Table 6).

We obtain a matrix from 28 observations (experi-
mental steels), and construct a regression model with
coefficient of determination R*> =0.91:

KCU ,, = 568.53 — 2732.83 C — 28.39 Mn —
— 119.04 Si — 1638.39 S + 38.66 P — 47.68 Cr —
—205.94 Ni — 619.31 V — 382.65 Al + 75.81 Ce +
+2442.99 B — 439.62 Zr.

We can also reduce the number of chemical ele-
ments (we remove P, Ce, B, Zr) which are used in the
model, considering that p-value < 0.05 for these ele-
ments. As a result, we obtain the following regression
model:

KCU ,, = 584.09 — 326.71 Al — 2647.62 Cr —
—53.90 Cr — 32.83 Mn — 192.39 Ni — 2099.09 Si —
—132.66 Si — 542.62 V and coefficient of determina-
tion R>=0.91.

Calculation shows that in this case there are sev-
eral KCU , values which differ markedly from the
general line. We remove them: melts Nos 177, 506,
436, 164, 460.

We derive the following model:

KCU ,, = 573.52 — 362.89 Al — 2020.46 Cr —
— 64.01 Cr — 56.39 Mn — 276.03 Ni — 117.59 Si —
108.44 Si—662.79 V.
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The coefficient of determination is R*> = 0.90 that
points to a good quality of the model.

Comparison of experimental and calculated KCU
values is given in Figure 2.

Thus, processing the entire amount of experimen-
tal data for 55 experimental melts of steels designed
for ESW (Table 1) resulted in construction of a mathe-
matical models «Chemical composition — Mechanical
properties» (impact toughness, yield limit, ultimate
strength, relative elongation and reduction in area)
based on application of the method of multiple (mul-
tifactorial) regression.

All the plotted models are characterized by a high
value of the coefficient of determination (R*> > 0.8)
that defines a sufficient level of prediction accuracy.

The method of stepwise regression was used to cre-
ate a reduced mathematical model, and p-value was
applied to reduce the number of independent variables.

In the derived regression models such elements as
Mn, Cr, Zr have the greatest impact on the mechanical
properties of base material (steel), designed for ESW.
Si, P, Al, V, Ce have less influence on the mechanical

KCU, J/em?2

300 +
250
200
150
100 -
50 -

0

50

100

Melt number

Figure 1. Comparison of experimental (¢) and calculated KCU |
values for 37 experimental melts (R* = 0.84), taking into account
all the independent parameters (@) and for a reduced number of
independent parameters (A) (R*=0.81)
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Table 7. Chemical composition of steels for testing

Steel C Mn Si S P Cr Ni \'% Al Ce B Zr Mo Cu
09KhG2SYuCh 0.09 | 2.00 | 0.45 | 0.01 | 0.015 1 0 0 0.05 | 0.004 | 0 0 - -
10Kh2GNM 0.10 | 1.10 | 0.33 | 0.022 | 0.023 | 2.15 | 0.52 0 0.052 0 0 0 - —
10Kh2GNMA-A 0.10 | 0.96 | 0.27 | 0.007 | 0.006 | 2.09 0.2 0 0.005 0 0 0 - -
12KhM 0.12 | 0.55 | 0.30 | 0.018 | 0.016 | 0.5 0.25 0 0.055 0 0 0 0.5 0.2
10KhG2MCh 0.10 | 2.10 | 0.30 | 0.018 | 0.016 | 1.2 0.15 0 0.055 | 0.018 | 0 0 - -
10Kh2GM 0.10 | 093 | 0.30 | 0.018 | 0.016 | 2.3 0.66 0 0.055 0 0 0 - —

properties. Ni, S and B have practically no impact in
the plotted models.

For the overheated zone at ESW, such chemical
elements (by increase of the degree of impact) as P,
C, Mn, S, Cr, Ni, V, B have the greatest influence on
the metal mechanical properties, while the impact of
Si, Ce and Zr elements is small, judging from the re-
gression models.

Testing the constructed mathematical models.
Developed models (regression equations) for deter-
mination of mechanical properties of steels designed
for ESW, were tested on 6 steel grades (Table 7), for
which the respective experimental data are available
[7-9].

For the overheated zone (of the HAZ, after tem-
pering, without normalizing) a comparison was per-
formed with experimental data of the calculation re-
sults by the complete and reduced models for KCV,

20°

KCV,, KCU ,, KCU .
KCU, J/em2
300 -
L d
250 | o
200 * Lot s
150 | i - s *0
100 - .
®s
50 e® o8 o
( TPR 2
0 e o0t 1 1 1 1
° ) 10 15 20 25
-50
a Melt number
300 L] 2
250 | -
@
200
L] 'Y : g0
150 : 2.8 * 0 °
100 P LN
*
S0 R
o
| 1 1 |
0 5 10 15 20 25
b Melt number

Figure 2. Comparison of experimental (¢) and calculated (e)
KCU , values: a — for 28 experimental steels and full number
of independent parameters (R* = 0.91); b — for 23 experimental
steels and reduced number of independent parameters (B> = 0.90)
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The constructed models for prediction of KCV
KCU ,,, KCU , yield quite adequate values, com-
pared to experimental data. The models for KCV_
give considerably underestimated values (Table 8).

For the base metal (after normalizing or harden-
ing and tempering), a comparison of experimental
data and results of calculation by the complete and
reduced models was performed for KCU ,,, KCU ,
yield limit o, ultimate strength o, relative elongation
6 and reduction in area .

The models for prediction of KCU ,; yield ade-
quate values, models for KCU  in some cases give
underestimated, but rather close values, compared to
experimental data (Table 9). The models for yield lim-
it , ultimate strength 6, and reduction in area v yield
adequate values, and models for relative elongation &
give somewhat overestimated values.

In order to improve (increase the accuracy) of
the models, the procedure of construction of the re-
gression models was repeated, based on an expand-
ed scope of experimental data from 55 experimental
melts of low-alloy steels up to 61 steel by compli-
menting the experimental data [7-9]. It allowed to
noticeably improve the calculated and experimen-
tal data (Tables 10-12), for impact toughness KCV
(at =70 °C) in the overheated zone, for impact tough-

Table 8. Overheated zone (HAZ, after tempering, without nor-
malizing)

Steel KCV.,,,, Jem? KCV 2 Jem?
Model Exp. Model Exp.
09KhG2SYuCh 111 — 79 -
10Kh2GNM 61 142161 36 12-21
10Kh2GNMA-A 79 181-209 82 16-102
12KhM 197 — 1 —
10KhG2MCh 73 — 87 102-137
10Kh2GM 54 - 10 44-60
09KhG2SYuCh 95 87-163 20 13-25
10Kh2GNM 141 100-120 106
10Kh2GNMA-A 94 86-90 27 —
12KhM 111 — 171
10KhG2MCh 118 — -53
10Kh2GM 137 — 109 —
Notes. '"Models give underestimated values and require optimiz-
ing. 2Models yield adequate values.
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Table 9. Base metal (after normalizing or hardening and tempering)

Steel KCU ', J/em? KCU 2, J/em?
Model Red. model Exp. Model Red. model Exp.
09KhG2SYuCh 120.31 133.71 — 117.05 115.88 84-188
10Kh2GNM 139.17 124.78 94-192 131.98 87.64 100-107
10Kh2GNMA-A 97.30 155.57 155-163 94.73 89.11 117-142
12KhM 341.69 356.50 — 93.09 128.16 —
10KhG2MCh 104.88 113.12 - 120.27 110.97 -
10Kh2GM 155.01 130.20 — 144.46 83.95 —
6%, MPa c’, MPa

Steel Model Red. model Exp. Model Red. model Exp.
09KhG2SYuCh 341.01 347.55 360-395 490.04 492.99 560-600
10Kh2GNM 469.92 458.26 460-503 585.36 570.97 565-610
10Kh2GNMA-A 433.56 433.90 460-503 576.89 581.01 565-610
12KhM 318.00 323.13 318 491.00 491.00 491
10KhG2MCh 459.32 455.76 467-550 591.47 588.24 662689
10Kh2GM 470.30 448.05 437-487 588.90 569.29 578-604

Steel 6" % Ve %

Model Red. model Exp. Model Red. model Exp.

09KhG2SYuCh 30.13 30.79 22-28 71.255 70.64 49-80
10Kh2GNM 24.46 23.68 15-20 64.080 66.62 55-67
10Kh2GNMA-A 23.60 23.85 15-20 64.494 65.57 55-67
12KhM 23.00 26.73 23 67.599 69.82 —
10KhG2MCh 25.04 26.44 20-26 68.368 68.49 —
10Kh2GM 25.38 23.24 21-26.6 64.067 66.41 —
Note. 'Models give individual underestimated values and require optimizing. 2Models give close values. *Models yield adequate values.
“Models yield close but somewhat overestimated values and require optimizing.

ness KCU (at —40 °C) of the base metal and for rela-
tive elongation 6 (base metal).

Thus, the most rational way to improve the con-
structed models consists in expanding the experimen-
tal data base.

We give the final form of the mathematical mod-
els, taking into account their optimization.

Impact toughness (KCV and KCU) for the over-
heated zone (of the HAZ after tempering without nor-
malizing):

KCV,,,=181.00—819.95C+4.88 Mn +83.96 Si +
+ 17393 P — 60591 S — 20.15 Cr — 199.17 V —
—364.01 Al —520.19 Ce + 3931.41 B — 430.55 Zr +
+248.89 Mo;

KCV =252+ 132.21 C+ 14.62 Mn - 70.94 Si +
+ 95325 S + 81.4186 P + 50.21 Cr — 205.99 Ni —

Table 10. Comparison of model results for KCV | for overheated
zone (HAZ, after tempering, without normalizing)

First variant! Improved variant?
Steel
Model Exp. Model Exp.

09KhG2SYuCh 520 13-25 20 13-25
10Kh2GNM 829 - 106 -
10Kh2GNMA-A 1167 - 27 -
12KhM 350 - 171 -
10KhG2MCh 521 - -53 -
10Kh2GM 802 - 109 -
Notes. 'Models yield underestimated values and require optimizing.
*Models yield adequate values.

—541.64 V + 74.96 Al + 54433 Ce + 113714 B +
+4090.56 Zr;

KCU ,, = 2347 + 364.76 C + 17.48 Mn -
— 11.36 Si + 912.35 S + 1047.04 P — 291 Cr +

Table 11. Comparison of model results for KCU , for base metal (after normalizing or hardening and tempering)

Steel First variant! Improved variant?

Model Red. model Exp. Model Red. Model Exp.
09KhG2SYuCh 130 147 — 120.31 133.71 -
10Kh2GNM 0 -29 94-192 139.17 124.78 94-192
10Kh2GNMA-A 82 96 155-163 97.30 155.57 155-163
12KhM 64 144 — 341.69 356.50 —
10KhG2MCh 63 80 — 104.88 113.12 -
10Kh2GM 0 —65 — 155.01 130.20 —

Notes. '"Models yield underestimated values and require optimizing. 2Models yield adequate values, but require optimizing in some cases.
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Table 12. Comparison of model results for relative elongation 6 for base metal (after normalizing or hardening and tempering)

Steel First variant' Improved variant?
Model Red. model Exp. Model Red. Model Exp.

09KhG2SYuCh 28 33 22-28 30.13 30.79 22-28
10Kh2GNM 28 31 15-20 24.46 23.68 15-20
10Kh2GNMA-A 29 31 15-20 23.60 23.85 15-20
12KhM 34 34 23 23.00 26.73 23
10KhG2MCh 26 33 20-26 25.04 26.44 20-26
10Kh2GM 29 30 21-26.6 25.38 23.24 21-26.6
Notes. "Models yield underestimated values and require optimizing. 2Models yield adequate values.

+ 77.23 Ni — 131.98 V — 24451 Al — 147.71 Ce +
+254.12 B-610.58 Zr;

KCU ,, = 258.07 — 66522 C — 89.57 Mn +
+226.31 Si— 6870.75 S + 8430.52 P —95.4137 Cr +
+319.41 Ni— 1259.5 Al + 18087.1 B.

Base metal after normalizing or hardening and
tempering:

1. Yield limit:

o, 127.77 + 98292 C + 74.1854 Mn -
—50.5011 Si+ 1075.06 S +202.153 P+ 62.2906 Cr +
62.5862 Ni+28.1904 V—304.692 Al + 147.574 Ce +
+8400.33 B +933.64 Zr—76.7431 Mo + 161.927 Cu.

2. Ultimate strength:

o, = 376.487 + 197.733 B36 + 74.597 C36 —
—80.1669 Si—51.6227 S +170.066 P + 58.1997 Cr +
+52.2038 Ni—62.8523 V—-414.44 Al +330.174 Ce +
+5461.85B+991.499 Zr—130.434 Mo + 589.374 Cu.

3. Relative elongation:

o = 38.5232 — 46.8034 B36 —2.12612 C36 —
—0.0489085 Si—75.0961 S—4.93551 P—-4.2477 Cr +
+5.78539Ni+7.0119 V+16.5739 Al +23.3941 Ce —
—278.698 B—64.3938 Zr —26.2339 Mo + 27.954 Cu.

4. Reduction in area:

y = 77.5019 — 87.8572 B36 + 2.24134 C36 —
—7.31298 Si—86.2487 S —11.5188 P—1.78764 Cr —
— 0.778479 Ni + 39.5843 V + 33.1262 Al -
—38.0401 Ce + 110.365 B — 129.132 Zr + 5.208 Mo.

Conclusions

1. Proceeding from earlier results of experimental
studies we constructed mathematical models of the
dependence of mechanical properties of silicon-man-
ganese steels, designed for electroslag welding and
characterized by high brittle fracture resistance in the
HAZ, as well as of the overheated zones, on the chem-
ical composition of these steels.

2. The mathematical models were constructed with
application of the method of multiple linear regres-
sion. Mathematical models were constructed for a set
of mechanical properties of base metal: impact tough-
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ness for temperatures of (+20, —40, —60, —70 °C),
yield limit, ultimate strength, relative elongation and
reduction in area. For the overheated zone at electro-
slag welding mathematical models were constructed
for impact toughness (KCU and KCV) for tempera-
tures of +20, —60, —70 °C.

3. Initial validation of the constructed models
was performed. Its results showed that the construct-
ed models for the overheated zone (of the HAZ, af-
ter tempering, without normalizing) and for the base
metal (after normalizing or hardening and tempering),
mostly give quite adequate values, compared to ex-
perimental data, but, in some cases, they essentially
underestimate or overestimate the mechanical prop-
erty values. It is shown that the most rational way to
improve the constructed models consists in expanding
the experimental data base.
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