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Development of complex calculation algorithm based on system approach for numerical prediction of formation and 
growth of non-metallic inclusions in a weld metal is one of the important tasks in present time. One of significant blocks 
of it is a calculation estimation of weld metal chemical composition in arc methods of welding, which is of interest and 
being studied in present work. A procedure was proposed for calculation of content of weld pool melt in arc welding. 
The developed procedure is based on modelling of thermodynamics of interface interaction in metal–slag–gas-vapor 
phase system in a temperature range typical for weld pool existence in arc methods of welding. Predicted content 
of metal melt can be a basis for modelling of content, size, morphology and chemical composition of non-metallic 
inclusions in weld metal. 11 Ref., 3 Tables, 3 Figures.
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Development of high-strength low-alloy steels has 
become an outstanding achievement of ferrous 
metallurgy. Optimum combination of mechanical 
properties and efficiency of such steels production 
promoted their rapid development and wide 
implementation [1, 2]. Application of processes 
of refining and sparse alloying [3], in particular, 
provides for the possibility of achievement of such 
combination.

The main efforts of metallurgists were directed on 
production of metal with more refined grain structure, 
since grain size is one of the most significant factors 
determining service properties of low-alloy steels [4].

The experience of works on investigation of pe-
culiarities of effect of non-metallic inclusions (NMI) 
on conditions of formation of structure of low-alloy 
steels and level of their service properties, which re-
sulted in development of industrial technologies of 
production of current structural steels, indicate the 
relevance of investigation of effect of NMI on struc-
ture and mechanical properties of metal of welds from 
low-alloy steels of increased and high strength [5, 6].

In connection with it development of complex 
calculation algorithm based on system approach for 
numerical prediction of formation and growth of NMI 
in a weld metal is important and interesting problem. 

One of significant blocks of it is a calculation estima-
tion of weld metal chemical composition in arc meth-
ods of welding, representing absolute independent 
interest and being considered in this work.

Submerged arc welding is one of the comprehen-
sive processes for complex description of pattern of 
cause-and-effect relationship in composition–struc-
ture–properties system. All know in present time ag-
gregative states of the material, i.e. solid state, liquid, 
gas phase and plasma, participate in formation of 
weld metal. Metallurgical reactions in these phases 
and at interface take place in the temperature range 
approximately from 1000 to 10,000 K. Duration of 
indicated reactions makes from 10–6 s to several 
seconds. Content of components in separate phases 
can significantly change in process of welding. Pres-
ence of high-gradient temperature and concentration 
field, typical for welding processes, make impact on 
character of interactions. 

Additional difficulties, related with modelling of 
the processes of NMI formation, are induced by the 
fact that the main mass of inclusions is formed in mol-
ten metal of the weld pool [7], while information on 
chemical composition of solidified metal is used for 
calculations of their characteristics. At that, content 
of alloying and impurity elements in steel, appearing 
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as a result of interaction between metallic and slag 
phases in a course of melt existence, are not consid-
ered. It can significantly effect content and chemical 
composition of inclusions [8]. Calculation estimation 
based on data on weld pool, i.e. on content of metal in 
a temperature range above the temperature of start of 
its solidification, is necessary in order to get objective 
information on content, morphology and size of NMI.

Step-by-step method is used to study the metallur-
gical peculiarities of submerged arc welding for the 
purpose of simplification of stated problem. Condition-
al schematic division of weld metal formation process 
on three zones, namely reaction zone at droplet stage 
(from iron boiling temperature 3134 to 10000 K); re-
action zone in area of high temperatures (from 2500 
to 3134 K); and reaction zone in area of low tempera-
tures (from 1800 to 2500 K), is taken for this.

Three main calculation schemes were formed in 
accordance with this division and used for investiga-
tion of metallic, slag and gas phase, respectively.

Today the single generally available method for 
calculation of activities in metallic phase, which is 
provided by numerical values of parameters for the 
most elements applied in metallurgy, is Wagner (de-
composition) method [9], therefore it was taken as 
basic one.

However, Wagner method does not include ther-
modynamic requirements to state equation. At the 
same time, a theory of subregular solutions, repre-
senting sufficiently simple model, satisfying specific 
thermodynamic requirements, and having significant 
advantages in description of multicomponent systems, 
is not provided with parameter numerical values.

Joint application of theory of subregular solutions 
with calculation of coefficients of distribution on pa-
rameters of Wagner interaction in thermodynamic 
model of distribution of elements between metal, slag 
and gaseous phase provides for higher correlation of 
calculation and experimental data in all area of com-
positions.

Model of collective electrons of Ponomarenko 
seems to be the best for calculation of activities in slag 
phase. It considers slags as a solution, components of 
which are the periodic table elements, that allows 
calculating their activities independently. Therefore, 
calculation modelling of metal–slag system uses a 
procedure for evaluation of thermodynamic functions 
of the slag as phase with collective electrons (method 
of collective electrons) [10], provided with all nec-
essary numerical parameters and allowing calculating 
activity of the slag phase components as well as, in 
the most general case, taking into account nonstoichi-
ometry of all phases.

Thermodynamic equilibrium reactor (TER) was 
used for calculation of gaseous phase. It is designed 
for calculation of chemical equilibrium in multi-com-
ponent heterogeneous systems [11]. A basis of algo-
rithm of TER program is a general principle of en-
tropy maximum S for calculation of chemical and 
phase composition and corresponding program works 
in Chemical WorkBench program package (Kinetic 
technologies) Company, Moscow, Russia).

According to indicated principle, an equilibri-
um state is characterized by uniform distribution of 
thermodynamic parameters in studied volume, and 
chemical composition corresponds to maximum of 
possibility of distribution of energy levels for mac-
roparticles:

	
S = Smax at Mj = const; U = const; v = const,	

where Mj is the weight of j-th chemical element; U 
is the function of internal energy; v is the specific 
volume.

Corresponding state equations for calculation pa-
rameters of thermodynamic equilibrium are embed-
ded based on the fact that entropy of multicomponent 
system consists of entropy of different components 
and phases, i.e. components of neutral gas and ions 
type, having ideal gas properties, and components 
which formed pure condensed phases (solid or liquid 
state) and condensed solutions. In particular, entropy 
of gaseous phase is determined on formula

	
0

1
ln ,

g

k

i i i
i

RTS S R M Mv=

 = − 
 

∑ 	

where 0
iS  is the standard absolute entropy; Mi is 

the number of moles of i-th component per 1 kg of 
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where 0
nS  is the entropy of condensed phase on 1 mole 

of a substance; Mn is the number of moles per 1 kg of 
the condensed phase; N is the total number of separate 
condensed phases.

Parameters of equilibrium state are found as val-
ues of all variables of the studied system, including 
number of moles of components, under condition of 
entropy maximum and additional limitations on pa-
rameters imposed by mass conservation law. Proce-
dure for calculation of target parameters is based on  
method of Lagrange using Newton–Raphson method 
for solving a set of non-linear equations [11].
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Developed calculation scheme allows numerical 
evaluation of weight fraction of alloying elements in 
the weld pool and weld metal in submerged arc weld-
ing based on data on chemical composition of flux, 
wire and steel to be welded.

The following values are used as input parameters:
• chemical composition of flux, presented in ox-

ide-slat form, moreover it is supposed that initial 
composition of the slag system matches with flux 
composition and contains all or some of mentioned 
components: SiO2, Al2O3, CaF2, MgO, MnO, TiO2, 
CaO, sum of percent content of which shall equal 
100 %;

• weight fractions (%) of alloying components Si, 
Ti, Mn, Al as well as oxygen in steel and welding wire;

• portion of base metal in weld pool metal;
• temperature characteristics of studied process.
Corresponding output (resultant) variables of cal-

culation are as follows:
• weight fraction of oxygen in weld pool;
• weight fraction of alloying elements Si, Ti, Mn, 

Al in weld pool;

• weight fraction of alloying elements Si, Ti, Mn, 
Al in weld metal.

Thus, the algorithm of calculation evaluation in-
cludes the following steps (Figure 1):

1. determination on calculation TER of oxygen 
content in gaseous phase, which is entered as a result 
of reaction between slag and welding arc. A peculiar-
ity of this stage is the fact that Chemical WorkBench 
program, among formally thermodynamically proba-
ble products of chemical reactions in droplet stage, 
provides for significant number of such, which on 
practice (due to extraordinarily small corresponding 
contents) can be eliminated in further calculations. 
Therefore, received list of reaction products is sub-
jected to revisions and corresponding significant re-
duction;

2. calculation of content of oxygen [O] in the 
weld pool, for which purpose to received in item 1 
value, firstly, it is necessary to add fraction, coming 
from wire (obtained intermediate sum corresponds 
to oxygen content in droplet), and then add to com-
puted value content of oxygen in base metal taking 
into account portion of base metal in weld pool for-
mation. As a rule, resultant [O] value does not exceed 
0.1 wt.% and, therefore, it can be equaled to oxygen 
activity [aO] in the weld pool;

3. calculation of oxygen content in slag, for which 
it is sufficient to calculate oxygen activity (aO) in the 
slag on FEM according to work [10];

4. determination of coefficient of oxygen distribu-
tion LO between slag and weld pool metal by formula 
LO = (aO)/[aO];

5. calculation of activity of alloying elements 
[aMe], passing from slag in weld pool metal by for-
mula [aMe] = (aMe)/LMe, where for simplicity it can be 
taken that coefficients of distribution LMe of alloying 
elements between slag and weld pool approximately 
equals to found in item 4 coefficient LO;

6. calculation of content of each alloying element 
Si, ti, Mn, Al (wt.%) in weld pool and weld as sum of 
its contents in droplet, in base metal (taking into ac-
count its portion) and alloying elements, passing from 
slag phase (see item 5).

Computer realizing of described algorithm was 
carried out in object-oriented media for visual pro-
gramming Delphi 7. Developed computer program 
works under the operating system Windows XP.

After launching the program displays a form (Fi
gure 2) which contains fields and tables for input and 
output of data, provided in algorithm description. The 
program allows carrying out multi-choice calcula-
tions for fixed set of values of input variables, since 
allows performing new calculation without complete 
cleaning of all form, i.e. after change of some (even 

Figure 1. Block-diagram of algorithm of program for calculation of 
chemical composition of weld pool metal in arc methods of welding
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one) of entered values. Check of adequacy of the de-
veloped calculation evaluation was carried out in arc 
welding using agglomerated fluxes, content of which 
was built on MgO–SiO2–Al2O3–CaF2 system. scheme 
of weld formation, used for evaluation of portion of 
base metal in weld pool, is given in Figure 3.

 Oxygen potential of fluxes was changed due to 
change of MgO/SiO2 relationship for investigation of 
possibility of prediction of its effect on conditions of 
NMI formation.

Submerged arc welding was carried out in com-
bination with welding wire Sv-08GA of 4 mm di-
ameter in accordance with the requirements of ISO 
14171:2000. Butt joints from low-alloy steel of 
10KhSND grade of 25 mm thickness with 60° bev-
eling and 20 mm gap in weld root were produced in 
course of experiments. Templates for production of 
mircosections for metallographic investigation were 
cut out from metal of the last layer, which was located 
in the middle of the upper layer.

Metallographic investigations were carried out on 
transverse microsections, cut out from welded joints. 
Quantitative analysis of NMI and determination of 
general contamination of the weld with inclusions 
was performed with the help of optical microscope 
Neophot-30 (Carl Zeiss Jena, Germany), equipped 
with high resolution digital camera. In particular, 
distribution of inclusions on size was determined us-
ing images of 2592×1944 pixels size. Calculation of 
amount of inclusion in each specimen on size group, 
i.e. from minimum to maximum size, was carried out 
on set program. Analysis of NMI chemical composi-
tion were performed on electron microscope JSM-35 
(Japan) with the help of energy dispersion spectrom-
eter INCA-350 (Great Britain) «point by point» with 
the purpose of elimination of background radiation.

Compositions of experimental fluxes (Table 1; in 
general it was 20 variants) were calculated in accor-
dance with optimum mathematical experimental plan. 
Values of their basicity were calculated by formula

	

2

2 2 3

MgO+CaF
.
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Table 2 provides for the results of correlation of 

calculated contents of oxygen and alloying elements 
in the weld metal with data on their determination in 
specimens of deposited metal obtained in welding us-
ing pilot fluxes. Content of these elements is given in 
Table 3.

Observed differences between calculation and ex-
perimental data are caused by processes of formation 
of NMI in wed metal in two-phase zone, located in 
interdendritic volumes at temperatures below equi-
librium solidification temperature. Besides, they one 
more time underline that prediction of content and 
composition of NMI in metal of formed weld can not 

Figure 2. Window of program for numerical modelling of transfer 
of alloying elements in molten pool and weld in submerged arc 
welding

Figure 3. Scheme of weld formation

Table 1. Composition of fluxes used in investigations and their 
basicity, wt.%

Flux 
number MgO Al2O3 SiO2 CaF2 BI

3 40 30 15 15 1.83
9 20 35 20 25 1.20
14 20 40 25 15 0.78
19 35 40 0 25 3
20 35 0 40 25 1.50

Table 2. Calculation (in weld pool) and experimental (in weld metal) content of elements

Flux 
number

Experimental data, wt.% Calculation data, wt.%
O Mn Al Si O Mn Al Si

3 0.035 0.71 0.0108 0.637 0.1426 1.1474 0.2025 0.8445
9 0.029 0.67 0.0128 0.668 0.0548 1.1904 0.3877 0.6750
14 0.046 0.65 0.0154 0.676 0.0618 1.1904 0.4312 0.7145
20 0.028 0.63 0.0080 0.688 0.0581 1.1818 0.4059 0.8680
19 0.024 0.75 0.0182 0.583 0.3370 1.1732 0.0020 0.4831
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be based on data on its chemical composition, being 
final product of all processes and reactions which took 
place. Application of calculation data on composition 
of «virtual» weld pool is more adequate for this pur-
pose.

The similar approaches were performed for other 
alloying elements (Ti, Si, Al). Thus, the calculation 
data on content of alloying elements and oxygen in 
weld metal, obtained with the help of described mod-
el, can serve as initial values for modelling integral 
composition of NMI, such as morphology as well as 
composition of separate phases, forming these inclu-
sions, based on objective information on initial condi-
tions of their formation.

Proposed approach and developed calculation 
scheme can be distributed on other methods of arc 
fusion welding (with coated electrodes, flux-cored 
wire), which includes metallic, vapor-gas and slag 
phases.

Conclusions

The method was proposed for calculation of 
composition of weld pool metal melt. Developed 
procedure is based on modelling of thermodynamics 
of interface interaction in metal–gas–vapour phase 
system in a temperature range typical for existence of 

weld pool in arc methods of welding. The predicted 
composition of metal melt can serve as initial base for 
further modelling of content, size, morphology and 
chemical composition of non-metallic inclusions in 
weld metal.
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Table 3. Content of oxygen and alloying elements in base metal 
and wire

Material
Content, wt.%

O Mn Al Si
Base metal 0.005 0.87 0.002 0.280

Wire 0.016 0.98 0.002 0.065


