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Abstract: This paper proposes a methodology for multi-criteria calibration of a thermo-mechanical model for
numerical simulation of welding in vacuum. A finite element model of a steel plate is created. Experimental
and computational data are obtained. An inverse problem is formulated for the vector identification of five
calibration parameters from the heat flow model. They are evaluated for adequacy with controlled accuracy
according to four criteria. An optimization problem is solved using a two-step interactive procedure. The
parameter space studying method (PSI) has been applied to the study of multidimensional regions by means
of quasi-uniform sounding. A Pareto-optimal set is defined. It is used to determine reduced ranked Pareto
subsets by p-selection. Salukvadze optimum is also determined.

Keywords: welding in vacuum; thermo-mechanical model; multicriteria identification; inverse identification
problem; adequacy criteria; parameter space investigation method; p-selection; Salukvadze optimum

1. Introduction

There are several welding methods applicable in the space vacuum, laser welding [1] and electric
arc welding [2], [3] being the most widely used. An advantage of applying the first method is the
possibility for obtaining welds with a deeper penetration, and the second is suitable when lower
values of welding current and voltage are needed.

Performing vacuum welding experiments can be done using specialized vacuum chambers [4].

Numerical modeling of welding processes allows for the selection of suitable welding
parameters without accomplishing a large number of field experiments. In 1973 Hibbitt presented a
model of a welded structure [5]. The task solution consists of two stages. During the first one, the
problem concerning heat exchange is solved, taking into account the convection according to
Newton’s law, as well as the radiation, according to the Stefan-Boltzmann law. The physical
characteristics are assumed to be linear. As a result of this stage, the temperature distribution in the
body is obtained. In the second stage, the problem of the stress-strain state is solved, and the loading
is the temperature field from the previous stage. The body is freely supported. It assumes that the
material is considered to be perfectly elasto-plastic.

In 1975, Friedman presented a two-dimensional model of a butt weld joint, in which the non-
linear physical and mechanical properties of the material are taken into account [6]. When solving
the heat problem, the heat flow is set as normally distributed function. This issue is studied in more
detail by Goldak [7], who experiments with different heat flux (HF) functions: Gaussian distribution,
spherical, elliptic, and doubly elliptic.

The most used theoretical heat source model in the thermo-mechanical simulation of various arc
welding processes is the model with Gaussian heat intensity distribution and double-ellipsoid shape
[8-14]. For this model and its good number of modifications, a significant difficulty represents the
determination of the initially unknown thermo-mechanical model parameters, which are usually
determined by the so-called “trial and error” method, performing numerical experiments. The aim is
to achieve maximum similarity to the experimentally found data related to the width and depth of
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welding [15]. Methods for calibrating some of these parameters have been proposed as solutions to
single-criteria problems of nonlinear optimization, for example in [15-20].

Hartwig et al. [21] propose a physically motivated heat source model using computational fluid
dynamics. They take the geometry of the melting pool as an input for a finite element model.

In traditional identification problems, which are characterized as “direct”, the experimentally
determined data for the studied object are used to specify the parameters of its mathematical model
[22]. In this case, parametric identification means indirect determination of some parameters of the
steel plate welding process in a vacuum environment by comparing and evaluating the disagreement
between some experimental and model characteristics. The calculated data required for this purpose
are obtained by applying a mathematical model that simulates the main thermo-mechanical
processes of welding of a test sample. This model contains some heat flow parameters, the theoretical
values of which are unavailable for direct measurement when performing a natural experiment. In
order to build an adequate mathematical model, it is necessary to indirectly identify these parameters
based on available experimental data. According to [23], this procedure is known as “calibration” of
the used simulation model applied.

Strychek et al. [24] consider a reverse identification problem for mechanical systems, in which
there is no information about some parameters of the investigated sample that are inaccessible for
assessment. Using a specific example of a mechanical system, these parameters indicate that in order
to increase the model adequacy and the identification effectiveness, it is necessary to use a multi-
criteria approach.

In [25], the adequacy of the mathematical welding model is evaluated by statistical processing
of the differences between the experimental and simulated data for the widths of the seam on both
sides of the plate, as well as the width and height of the “hourglass” neck, using Student’s stochastic
criterion.

Walker et al. [19] reduced the initial two-criteria optimization task to a single-criteria one with
weighting coefficients, which facilitates the automation of the calibration process, but complicates the
optimization task and, in principle, does not solve the problem of compromise uncertainty when
selecting a unique solution.

The research presented in [26] demonstrates that the ratio between the front and rear length of
the double ellipsoid has a significant effect on the weld dimensions, thermal distortion and residual
stresses in the final state of the welded specimen. This ratio is considered a function of the welding
speed and referred to an algebraic polynomial of the third degree with three coefficients subjected to
calibration. A generalized criterion of closeness between simulated and experimental data has been
selected for the differences in width and depth for the weld pool measured at a number of points
along the seam. The resulting optimization problem is solved by establishing a global optimization
procedure based on applying a genetic algorithm.

In [27], one possible approach for calibrating a double-ellipsoidal heat source model used in the
ESI Group’s Sysweld software system is discussed. To compensate for the inevitable limitations of
the mathematical description, the three coefficients in the exponential multipliers of the classical
model given in [7] have been modified so that they are interpreted as being composed of three
constant components determined by measurements of a test specimen, and of three variable
ingredients that allow variation in the intensity of the heat flow and, thus, the shape of the pool of
liquid metal. These variable ingredients are subject to calibration. For a specific example, the author
indicates values of the calibration parameters, which are qualified as optimized, without providing
a description of the optimization task or a procedure for solving it. The criteria applied for
determining the adequacy between the measured and simulated data are not mentioned, either.

The problem of multi-criteria, as opposed to single-criteria, parametric identification of complex
systems is discussed, for example, in [22, 28]. A correct formulation of the multi-criteria parametric
identification task is proposed, in which the permissible set of variable parameters is formed in the
process of solving the task itself, because it is also limited by criterion constraints. For such tasks, the
use of the universal method PSI (Parameter Space Investigation) for studying the space of variable
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parameters with quasi-uniformly distributed Sobol’s points [29] and the software package MOVI for
multicriteria optimization and vector identification [30] is justified.

The numerical simulations required to solve an optimization or inverse identification problem
of welding processes remain complex and time-consuming due to their inherent nonlinear, multi-
physics and multi-parameter aspects. In order to improve the efficiency of reverse welding
identification procedures, a number of publications suggest using a new approach to organize, store
and use the required experimental and simulated data [31]. It is related to the availability of an
informative computer reference “vademecum” or “virtual metamodel” with quantitative data on the
welding properties (residual stresses, deformations, etc.), depending on the input parameters —
geometric and material characteristics, boundary conditions, applied loading, etc. This approach
enables selecting and real-time obtaining of quasi-optimal spatio-temporal parametric solutions with
controlled accuracy of nonlinear thermomechanical problems for a different set of input parameters
[32].

The presented research is focused on the usual problem situation of obtaining preliminary
reliable information for the realization of non-serial welding in the absence of additive material and
convective heat exchange, for which there is insufficient experimental information and modest
computational capabilities for computer simulations. The aim is, under these conditions, to propose
an efficient computational technology for solving an inverse problem for multi-criteria calibration of
a fundamental thermomechanical model of welding of the type proposed in [27], which ensures a
better adequacy of the simulated information obtained. To achieve the aim, a procedure for
calibrating a finite element model based on experimental data was created. The calibration procedure
uses the PSI method combined with a post-optimization analysis by p-selection.

2. Materials and Methods

2.1. Experiments

The experiments are performed using a vacuum installation with an electric arc discharge and a
hollow cathode described in [4]. A diagram of the installation is shown in Figure 1. It consists of a
vacuum chamber, a pump unit, devices for micro-flowing and measuring the amount of a plasma-
forming gas and welding current sources. A welding torch with a multi-stage arc excitation and a
device with progressive movement of the welded part is installed in the chamber. The pump unit
providing the necessary underpressure in the chamber consists of three vacuum pumps: a rotary
pump with an oil seal, a rotary two-rotor pump and a diffusion pump.

The pressure in the chamber is measured by using a magnetic electric discharge vacuum meter
and a resistance vacuum meter. The vacuum depth at which the experiments are conducted is
approximately 3 Pa.

The plasma-forming gas is 99.999% pure argon, and its controlled by using a micro-adjuster, and
the reading of the corresponding amount is realized by a sensor and a digital device.

Welding current sources are direct current with steep external characteristics. The main current
source enables the use of a maximum welding current of up to 300 A.

The hollow cathode is made of tantalum foil. The welding is done without using of filler
material.

The welded plate, in accordance with [33], is made of steel S235]R. The size of the plate is
100x60x9 mm. The welding seams is done in longitudinal direction of the plate and the employed
configuration is 1G.

The determined geometric characteristics of the welded seam are the width and depth of the
weld pool (WP), and the width and depth of the heat affected zone (HAZ). Their determination is
made by micro-grinding of the cross section of the samples — Figure 2. Statistically processed mean
values are given in Table 1.
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Figure 1. Vacuum welding installation: (a) schematic diagram of the laboratory installation: 1 -
vacuum chamber; 2 - torch; 3 - cathode; 4 - welded specimen; 5 - manipulator; 6 - electric motor; 7 -
main current source; 8 - auxiliary current source; 9 - capacitor battery; 10 - micro-flow; 11 - reducer-
valve; 12 - a bottle of plasma-forming gas [4]; (b) position of the test specimen and the welding torch
in the vacuum chamber: 1 — thermocouples (shielded); 2 — cathode; 3 — fastening plate; 4 — welded
specimen [34].

Table 1. Geometry of the experimental specimen.

Dimensions Designation Value, mm
Width of the WP i 4.30
Depth of WP £ 1.65
Width of HAZ £ 8.40
Depth of HAZ fi 2.80

Thickness, m

Figure 2. WP and HAZ.

2.2. Thermo-Mechanical Model

The numerical modeling of the welding process is related to the formation of a weld seam on a
steel plate under vacuum conditions. The physical laws that are related to this process are from the
field of the mechanics of the rigid deformable body, heat exchange, fluid mechanics and
electromagnetism. In the present work, it is assumed that the equations from the mechanics of the
deformable solid body and heat exchange, which are the subject of study in thermo-plasticity, are the
most significant ones that are to be taken into account. This understanding is also into the basis of the
existing relevant standards [23]. The mathematical model of the selected physical description
represents a system of differential equations, including functions of time and spatial coordinates, as
well as of preliminary known initial and boundary conditions.
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The welding process is accompanied by non-stationary heat exchange, which is described by the
condition of temperature equilibrium and Fourier’s law

div(4 - grad(T)) + Q = VpU, 1)

where: 4 is the tensor with the heat-conducting material characteristics, which are a function of the
temperature T; Q is the amount of heat in the considered volume; U is the specific enthalpy.

The considered welding process takes place in a vacuum, where convection is absent. Radiant
heat transfer is described by the Stefan-Boltzmann law [35].

The electric arc is considered as a moving HF

q=q(x1), )

where the vector x determines the location of the center of the HF at time .

The HF from the electric arc is considered as volumetrically distributed by a double ellipsoid, as
proposed by authors in [7] — Figure 3. In a modified form discussed in [27], for the part in front of the
flow center it is modeled by applying the following equation

q(x,y,$) = V370 e—kx?/a? g=ly?[b? o —mz?/cf ©)

abcypm3/?
and for the part after the center the following equation is used

q(x’y’ f) %G—sz/a -ly /bz —mZZ/Cz_ (4)

Here, Q. denotes the effective heat transmitted by the arc; a, b, ¢, and c, are the geometric
parameters of the double ellipsoid; ¢ is the local longitudinal coordinate along the seam direction,
fr and f,. are HF density coefficients, such that f; + f, =2;k, [ and m are calibration parameters.

Figure 3. Heat flow distribution.

The initial body temperature is determined as follows:
T(x,t =0) = 20°C. ©)

The temperature strain is described by the applying the following equation:
T
e = a(T = To)dy, ©

where «a is the coefficient of thermal expansion; T and T, are the current and initial temperatures,
respectively, and &;; is Kronecker’s delta function.
As can be seen, temperature strain is involved in the total strain equation:

£B 1P 1D,

)

Sl']
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where &7 and &€

®)
ij
The relationship between strains and stresses is determined by applying the generalized

Hooke’s law

i(f ) are the derivatives of the elastic and plastic strains.

0;j = Cijki€ij- (8)

2.3. Finite Element Desription

The unsteady heat transfer problem is solved by applying finite element method, using the
matrix equation below:

[C]-{T} + [Kr] - {T} = {F}, ©)

where [C] is the capacitance matrix, [Kr] is the heat transfer matrix, and {F} - the vector describing
HF.
The problem of the stress-strain state is solved by using the following matrix equation:

[Kf] - {U} = (Py} + (P13, (10)

where [Kf] is the stiffness matrix, {U} is the nodal displacement vector, {Py} and {P;} are the
nodal vectors of the mechanical and thermal loads, respectively.
Numerical time integration is accomplished by applying the finite difference method:

{r(t+AD)}-{T(0)}

{T(t+ 20}~ -

(11)
where At is the time step.

2.4. Computer Model

The computer implementation of the welding process model is performed by specialized
software ABAQUS [36]. The geometric model is built according to the shape and dimensions of the
plank (100x60x9 mm), taking into account that the problem is symmetrical. The discretization is
performed by three-dimensional finite elements DC3D20 with one intermediate node and
characteristic size 2.25 mm. The number of the nodes is restricted by the computing capabilities. All
calculations are done at cluster of four computers with Intel Xeon processors.

There are some differences regarding the physical properties of the material, proposed by
different authors in their papers. Table 2 indicates the accepted values for the thermophysical
properties of the material, experimentally determined in [37], after partial linear approximation is
performed.

In the considered temperature interval, the S235]R steel has two phase transformations, which
leads to the achieving of two peaks in the specific heat capacity. There are two possibilities for
describing these jump-like changes. The first one, proposed in [38], is through applying a direct
description of this nonlinearity in the specific heat capacity. This leads to obtaining a highly
physically nonlinear problem and serious difficulties in the implementation of the applied Newton-
Raphson numerical method applied. This difficulty is overcome by exploiting the latent heat due to
phase transitions. It is set twice - when certain temperature values are reached in the heating process
and in the cooling process. This approach is preferred in the present work. Latent heat values and
temperature limits of phase transformations are presented in Table 3.
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Table 2. Physical properties of the material.

Material properties Temperature, °C Value
20 40
Thermal conductivity, W/mK 1300 30
1600 120
s . 20 400
Specific heat capacity, J/kgK 1540 600
. 20 210
Modulus of elasticity, GPa 1500 5
Poisson’s ratio, — 20 ... 1600 0.27
Coeffici . on K- 20 1.25x10-¢
oefficient of temperature expansion, 1500 1.65x10-
20 235
Yield strength, MPa 500 100
1000 50
Table 3. Latent heat.
Phase transformations Latent heat, k] Lower limit, °C Upper limit, °C
(a — ) transition 55 700 800
Solid phase — liquid phase 150 1450 1650

The boundary conditions of the heat problem are the radiation heat exchange and the heat flow
of the electric arc. A constant value of 0.3 is assumed for the emissivity, and the Stefan-Boltzmann
constant is 5.57037x10-8. The power of the electric arc is 18.5 A, and the electric voltage is 120 V. The
welding time 45.5 s is discretized in the numerical model with the number of steps equal to the
number of elements in the longitudinal direction. A subroutine DFLUX built into the ABAQUS [36]
system has been created to determine the volumetric HF. The accepted arc efficiency is 0.46. The
unknown parameters in the heat flow description in equations (3) and (4) are the subject of the
calibration considered in this paper.

The boundary conditions for the mechanical problem are the symmetry and the restriction of
the displacements at three points, so that free deformation of the plate is possible.

The computer model provides numerical results for the temperature field and the displacement
in the transverse direction of the plate. The zones of the WP at a melting temperature of 1593°C and
the HAZ at an assumed structural variation temperature of 723°C are obtained. The results are
presented in Figure 4. The WP is depicted in gray, the colored zone is the HAZ, and the zone with a
temperature below 723°C is dark.

I

(9

(a)

Figure 4. Temperature field: (a) b =4 mm, ¢ =0.8 mm, ff =1.2; (b) b=16 mm, ¢f =0.8 mm,
ff =1.2;(c)b=28 mm, ¢s =0.8 mm, fr=1.2.

2.5. Optimization Model

The optimization model contains the described thermomechanical model, supplemented with
information about the selected variable parameters for model calibration, the intervals of their change
and an evaluation system of criteria for closeness with controlled accuracy between experimental and
simulated data for the welded specimen.
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The optimization model contains five variable parameters united into a vector:
u = [ug, Uy, ..., Us|, (12)
The physical meaning and nominal values u;°,jelj={1,2,...,5} of the variable parameters are
presented in Table 4. Interval limits are indicated and set in it
ucll = {ucE%: u < u <u'}, (13)

where ut and u~ are the limits of variation of the vector u.

Table 4. Variable parameters.

Values
uj Designation - ° .
Uj Uj Uuj
u1  Depth-related calibration parameter — k 3.00 5.00 8.00
u2 Calibration parameter related to the width -/ 1.00 2.00 3.00
us Calibration parameter related to length — m 3.00 5.00 8.00
us  Arc density factor in front of the center of the HF 1.00 1.20 1.60
us Arc efficiency 0.40 0.46 0.52

When accomplishing additional probing in the vicinity of a current variable vector assumed as
a new nominal u° in order to improve it, it is convenient to expand or contract the new
multidimensional parallelepiped area I according to the rule:

u™ =u°(1-n°/200); u* = u°(1 + n°/200); n°e{1, 5, 10, 20}. (14)

The selected basic geometric characteristics f,, ve I ,= {1, 2, ..., 4}, are presented in Table 1. They
are used for establishing a criteria evaluation system for calibrating the mathematical model. The

discrepancy f, (u) between the calculated fvc(u) and the measured f,” data from Table 1 is estimated as
a percentage using the following vector criterion:

f(u) = [ fy(u), f(u), ... . £, (U), ..., 4 (U)], (15)

where:

fou)=1f (u)/f —11100, vel

Y] i)

) = [ f,°W), f,(), ..., £, @), ..., f, ()], (16)

€ € S

AT IR AR S A }

The vector criterion (15) for closeness (adequacy) between the calculated and measured data is
specified in (16) and being presented as the absolute value of the relative discrepancies f, (u), given
in percentage. Since there is no information about the nature and degree of impact of the causal
relationships between the variable parametric vector u and the measured geometric characteristics
fvc, on the studied process, it is assumed that all criteria are of equal value.

Probing the entire parametric domain ITI with Sobol’s trial points of the variable vector u may
leads to producing unacceptable values of the relative misfit f, (u). To control the closeness between
experimental and simulated weld characteristics, it is advisable to introduce a criterion limit on the
maximum mismatch

G(f(u)) <0, (17)

where
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G (f(u)) =max , IV{ f,(u)}—of (18)

and Of *is the maximum allowable relative difference, given in percentage.
The vector identification problem takes the form of a generalized multi-objective optimization
problem [29], as it can be presented as follows:

u* =arg Pmin ,_p f(u), 19)

D ={ueE® G(f(u)) <0, uell},

where: Pmin is the operator for determining approximate global Pareto minimum compromise
values of the vector criterion f; D — the feasible solution set; G (f (u)) — the imposed criterion constraint.
The boundaries of the interval domain IT are determined by numerical experiment so that the Pareto
optimal points U* are internal to this domain.

Solving the extremal problem (19) is based on the principle of consistent optimality of V. Pareto
[39]. According to this principle, an admissible point u*eD is globally Pareto optimal if there exists
no other admissible point ueD for which the condition f, (u) <f, (u*) is fulfilled for everyv el , as at
least for one particular criterion the inequality is strict.

Problem (19) is solved by applying the MATLAB program mviweld, which uses program
modules of the psims program for multicriteria parametric optimization, documented in [40]. The
optimal solutions (u*” €D, f*"= f(u*")) form two discrete Pareto sets D* = {u*’: u*’ =arg Pmin yip f
(u")} and P* = {f*": f*P =f (u*")} with incomparable points u*’eD*c D u f**cP*c F, where: D and F
={f (u"): u‘eD} are respectively the feasible parametric and the attainable criterion sets; i € 1,={1, 2,
..., Ns}; pelp={1,2, ...,Np}, respectively. The selection of a compromise solution (u*eD*, f#=f*(u¥))
can be greatly facilitated if it is made from reasonably reduced subsets of D* and P*.

The optimization is done into two stages. In the first stage, the universal method PSI, used to
study multidimensional areas by their quasi-uniform probing with a set number of Ns allowed by
the imposed restrictions Sobol’s sample points [29, 30], is implemented.

Using the MATLAB and ABAQUS software systems, for each vector u "eD,iel; from the
computer model of the simulated object in the SIMULATOR conditional block, achievable values of
the criteria f(u') e F (Figure 5) are determined. A conceptual idea of the structure of this block is given
in Figure 6. The sets D and F are formed after satisfying the criterion constraint G (f (u")) < 0, which
performs the role of a filter with an adjustable maximum permissible discrepancy &f * between the
simulated f°(u'), and the experimentally determined criterion vector f°. The sample points u;', i € I,
j € lj determined by the PSI procedure for Ns = 2° = 128.

ui
—

PSI f(uh) SIMULATOR
—

Figure 5. Interaction between the PSI procedure and the thermomechanical model simulator.

The first stage ends with the selection of approximately Pareto optimal sets D* and P*. In cases
where any of the sets D or D* turns out to be empty, the “decision maker” (DM) must relax the
criterion constraint (17) to obtain a sufficient number of N solutions (u*®, f (u*P)).

In the second stage, Pareto subsets Dr*c D* and Pr*c P*, ranked by compromise efficiency, are
selected using the minimum values 4 * = min p{,uk "L,pelp, ke lk={1,2,3} of the components of a
vector criterion u =[x, 4, 4,] with a geometric sense from the set M= {u(f*") e E% f**eP*} [41].

The components " of the vector p ” determine the distances between three characteristic points:

the positive utopian point fY; the current compromise point f*” and its projection fUN on the hyperline
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UN with unit vector e = (fN — fV) /[N~ V|| which joins the two utopian points — the positive fY = min
el {f(u')} and the negative fN = max; . |',{f (u")} with components the uncompromising extreme

values of the particular criteria.

The position of a Pareto point f*eP* with respect to the utopian point U and the hyperline UN
is estimated using three vectors: r(f*) = f*—fY; p(f*) = (r-e) e; q(f*) = r—p. Their Euclidean norms
determine the scalar geometric components x, = ||p||, &, = |||, 2 = || r || of the vector p.

SIMULATO |

I
MATHEMATICAL
MODEL |

COMPUTER MODEL 4—;

ABAQUS

PRE-

THERMAL

MECHANICAL

SIMULATED
DATA

Figure 6. Schematic of the SIMULATOR block.

Each p-th Pareto optimal point f**e P*, p € I, of the set P* using the vector u® = [1”, 1", 11,"] is
transformed into a point of the set M={u "€E? p € Ip} of the three- dimensional p-space. In this space,

the Pareto-selection result is easily analyzed visually.
In the set M, all possible combinations of two criteria are examined: {7, 4,7}, t # h, (¢, h) € Itn =

{(1,2), 21), (1,3), 3 1), (2,3), 32}

Subsets of Pareto optimal points are selected for each pair of criteria My ={u’eE3 p*rt <pr<
wrer tzh, (th)eli,pelp}cM, pelpy={6,5, ... ,1}.

The minimizing point g, *" = miny <1, {£,7} of a given criterion g, 7, h € Ir is used as the upper
limit of the filtering interval in the selection by another criterion 4,7, t#h, t € I, and the minimum
point *'=minye1, {1} of the criterion 4,7, as a lower limit. Each point selected in this way pu* = p(f

RYeM,, pelpand its corresponding points £ = f(u®) € Pr* = P*, u®eDr*c D* receive as an
individual evaluation number M,, which determines their trade-off efficiency rank. This number is

equal to the number p of subsets M, in the unified set Mr = {U M,} to which p® belongs. In this

pel,
way, to analyze the reached compromise efficiency and finalize the solution of the multi-criteria
problem, DM has two reduced ranked Pareto subsets Dr* and Px*.

The subset of Pr* with the highest rank Re =6 of compromise efficiency usually contains only
one point f°= f(u%) which corresponds to the Salukvadze optimal solution (u® =arg min,_, u(f(u)), f
S = f(u%)) of problem (19). This solution reveals the potential possibilities of uniformly approaching
the private criteria to their uncompromising optimal values under the assumption that they are
equivalent [42].
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The final compromise solution (u”, f#) is selected by the DM after analysis of the remaining
ranked Pareto subsets in Pr*. If the Salukvadze optimal solution (u* = uS, f#= %) based on the ideal
point concept is evaluated as unacceptable regarding the reached trade-off level by any of the private
criteria, the non-empty subsets of Pr* are successively analyzed with lower rank Re {5, 4, ..., 1} until
a unique selection is made.

2.6. Calculation Procedure

The computer model, simulating the thermomechanical phenomena during welding of the test
specimen, was implemented in interaction with the programming environments of the MATLAB and
ABAQUES systems. A generalized scheme of the used iterative identification procedure is presented
in Figure 7.

VARIABLE PARAMETE SOBOL’S POIN
uell GENERATOR
SIMULATOE

SIMULATED DATA
f°(u)

v EXPERIMENTAL DA
"’ fe

VECTOR CRITERION
fu)=fu-f|

CRITERION CONSTRAI
G(f(u))<o0

SETS
D, F

<D

+

PARETO-SELECTIO
u*eD*, f*eP*

DM <—»  n-SELECTION

Dr* = D*, Pr* c P*
|

u# f#

Figure 7. Summary of the procedure for multi-criteria identification.

It can be executed repeatedly if the DM accepts the determined unique compromise solution (u”,
f#) as a new current nominal (u°, f° =f(u°)) and set a new interval domain Il according to rule (14).
The basis of the DM’s decisions is his expert knowledge of the process, which cannot be initially
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formalized and, for this reason, is not included in the criterion space of the optimization problem.
Resuming the procedure is justified if it leads to a significant improvement of the Salukvadze optimal
solution.

3. Results

In the performed numerical study, the following basic values of the parameters of the
optimization model are selected, when they remain constant within a specific numerical experiment:
u” =[3,1,3,1,0.4], u* = [8,3,8,1.6,0.52], Ns = 2¢ = 128. For this range of the parameters, the difference
between the minimum and maximum values of the results are: 1.92 mm, 0.39 mm 0.94 mm and 0.86
mm. Referred to the experimentally determined data in percentages they are 55%, 76% 89% and 69%.
The three variants used with values of allowable mismatch &f * (given in percentage) are listed in

Table 5.

Table 5. Variants of permissible disagreements.

Variant Sf *, %
V1 20
V2 15
V3 13

The results obtained after performing the multi-criteria optimization for variant V1 with a
maximum permissible discrepancy G =20% are illustrated in Figure 8. It can be clearly seen, that the
point with the highest rank Rx = 6 is marked with the symbol (m), and the points of the non-empty

ranked Pareto subsets of rank 5, 4, ..., 1 —with (e, A, P>, 4, ¢), respectively.

20

o [}
‘ . -
\ » =5 B fo i S S S S S S SS 8
16 \ % 15
14 \ 4 Abddhd
R =
" | i 3 o 10
l ’ o
“
1 e i e &
A __— PR - 2t EE TR
oy \ 5
6.8 A’ r ~ 15
= . /1
0.5 —— 1
0 05 0o 5 10 15 20 25 30 35 0
Iz #q N
2 Rg
%
(a) (b) (c)

Figure 8. Variant V1: (a) Ranked Pareto optimal solutions in p-space; (b) Number of Nr_ of ranked

Pareto optimal solutions with rank R_; (c) Salukvadze optimum f(u®).

Figure 9 represents the results obtained after accomplishing variant V2.

16

1.4 \
75 o Re

1.2 \ 3

(a) (b) (0)
Figure 9. Variant V2: (a) Ranked Pareto optimal solutions in p-space; (b) Number of Nr_ of ranked
Pareto optimal solutions with rank R_; (c) Salukvadze optimum f(u®).

The final decision is set for variant V3. The results are visualized in Figure 10.
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Figure 10. Variant V3: (a) Ranked Pareto optimal solutions in p-space; (b) Number of Nr_ of ranked
Pareto optimal solutions with rank R ; (c) Salukvadze optimum f (u?).

Three ranked Pareto optimal solutions with criteria values presented in Table 6 are highlighted.
Table 7 shows the values of their corresponding ranked Pareto optimal parameters.

Table 6. Ranked Pareto optimal values of the criteria f,*(U"), v e I,

RE j‘l* R fz* R j‘?)* R f4>(‘ R
6 12.471 10.487 4.746 11.017
4 9.738 12.169 5.203 11.827
2 11.601 12.988 4.758 10.537

The maximum disagreement reached for the unique Salukvadze optimal solution found is
12.47%, and the minimum is 4.75%. The results vector for this model is u = [6.59 1.69 6.59 1,02 0,45].

Table 7. Ranked Pareto optimal values of parameters uj*R, je |j .

R, ”1* R ”z* R u; R u: R u; R
6 3.469 1.938 7.219 1.244 0.434
4 5.734 2.531 3.547 1.047 0.424
2 5.383 2.391 7.961 1.098 0.438

4. Discussion

The multi-criteria inverse identification task for calibrating the thermomechanical model is
implemented with the universal PSI method for quasi-uniform probing of the admissible parametric
region with 128 Sobol’s test points.

The second stage is conducted with a three-stage proximity filtering scheme of the simulated
data of the p-selection procedure. Utopian and Nadir points are identified and ranked by trade-off
efficiency Pareto subsets. The selection of a unique solution is reached at a limit of 13% Pareto set
differences. Thus, a solution with rank Re = 6 of compromise efficiency was singled out and
represents Salukvadze optimum. Since it corresponds to the hypothesis of equal- value of the criteria,
the compromise levels reached reveal the degree of their simultaneous and uniform reduction.
Provided that the determined Salukvadze-optimum is an acceptable solution, the DM may choose it
as the final unambiguous solution. It provides equivalence of criteria with a minimum discrepancy
of 475% and a maximum of 12.47% between measured and calculated data. Ideal calibration
parameters would give a maximum discrepancy between the model and the experiments of 0%.

The obtained results demonstrate the good possibility of applying optimization and post-
optimization analysis for calibrating a numerical welding model. Variant 1 (V1) has solutions for the
six orders of efficiency. Variant 2 (V2) lacks a solution for rank 3, and variant 3 (V3) has solutions
only for rank 2, 4 and 6. The third variant gives little opportunity for the DM if replacement of the
solution of rank 6 is necessary.

Residual stresses and strains are an important characteristic of the welded structure. In further
developments, they should participate in the criterion space.
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Improvement of the accuracy of the obtained results can be sought by applying the selective
integration-based adaptive mesh refinement approach described in [43].
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