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A mathematical model of convective evaporation of metal from the melt surface was proposed for prediction of the 
composition of fumes formed in manual arc welding. Numerical analysis of the characteristics of the flow of multicom-
ponent metal vapour in welding with high-alloyed chromium-nickel electrodes was performed. Rates of evaporation 
of welding fume components at application of electrodes for high-alloyed steel welding were established. Obtained 
mathematical model enables calculation of not only the relative mass fraction of toxic component in the fume, as it was 
possible up to now, but also of convective flows of welding fume components. 12 Ref., 2 Tables, 4 Figures.
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Manual arc welding is characterized by high values of 
temperature in the arc gap. A considerable part of the 
surface of metal of electrode drops and weld pool is in 
the boiling state and evolves a large amount of metal 
vapours into the arc zone, from which fumes harmful 
for the welder’s body form as a result of vapour con-
densation and oxidation in working zone air.

The objective of this work was mathematical sim-
ulation of the composition of welding fumes (WF) 
forming in manual arc welding with high-alloyed 

chromium-nickel electrodes based on physico-chemi-
cal properties of weld pool components.

Vapour pressure of different substances becomes 
higher with temperature rise. After a significant vapour 
pressure equal to atmospheric pressure (101325 Pa) 
has been reached, the substance starts boiling [1]. 
Dependence of saturated vapour pressure pi near the 
molten metal surface on its temperature can be deter-
mined, using Kleiperon–Klausius equation [2]
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where ps is the saturated vapour pressure above the 
metal surface; p0 is the atmospheric pressure, Tb is 
the metal boiling temperature (temperature, at which 
saturated vapour pressure of this metal is equal to at-
mospheric pressure); Ts is the surface temperature, 
λ is the work function of atom in the melt, k is the 
Boltzmann constant. This equation holds, provided 
the vapour follows the ideal gas law, and molar vol-
ume of liquid Vl is much smaller than molar volume 
of vapour Vv.

Plotted graphic dependencies of saturated va-
pour flow of individual toxic elements, included into 
welding electrode composition (chromium, manga-
nese, nickel and iron), on evaporating alloy surface 
temperature, according to equation (1) at Ts = 1500–
3500 K, are given in Figure 1. Analysis of the given 
data shows that during open arc welding process man-
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Figure 1. Dependence of pressure of saturated vapours of chromi-
um, nickel, manganese and iron on temperature
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ganese will be the first to evaporate the most inten-
sively, followed by chromium, iron and nickel.

Calculations were performed using the values of 
atom work function λ and boiling temperature Tb, at 
which pressure of the respective element saturated 
vapour is equal to atmospheric pressure [3, 4] (see 
Table 1).

Let us evaluate the resulting pressure of saturated 
vapours over the surface of an alloy, which is in the 
liquid state [5]. We will regard this alloy as a weak 
solution of chromium, manganese and nickel in iron. 
We will determine resulting pressure pv as a sum of 
saturated vapour pressures above the alloy i-th com-
ponent pis, allowing for activity of the i-th component 
in the solution αi
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Iron activity can be determined, using Raoult law 
[2, 5]
	

,
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where XFe is the molar (atomic) fraction of Fe in the 
respective alloy. Note that Raoult law is applicable 
practically only for weak solutions, in which the satu-
rated vapour behaves as an ideal gas, i.e. it is fulfilled 
the better, the lower the vapour pressure.

We will apply Henry’s law to determine the activ-
ity of the vapour of dissolved substances Cr, Mn, Ni 
[2, 5]. Let us present impurity activities in the follow-
ing form:

	
,
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where γi is the coefficient of activity of the i-th ele-
ment; XCr, Mn, Ni is the molar (atomic) fraction of the 
respective dissolved element, i.e. its concentration in 
the alloy. In view of lack of data, let us assume that all 
the coefficients of activity are equal to a unity.

Thus, considering relationship (3) and assuming 
that αCr, Mn, Ni = XCr, Mn, Ni, formulas (1) and (2) can be 
used to assess the saturated vapour pressure above 
the surface of an alloy, which is in the molten state, 
depending on Ts. Molar fraction of an element in the 
melt is calculated by the following relationship:
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where Mi is the atomic mass; Cim is the mass fraction 
of i-th element in the melt.

Let us study the features of evaporation of a multi-
component alloy in the case of high-alloyed electrodes 
of E-08Kh20N9G2B type (20 % Cr, 2 % Mn, 9 % Ni). 
Pressure of multicomponent saturated vapour over the 
melt for Cr, Mn, Ni and Fe is given in Figure 2.

Let us apply Knight model to determine the quanti-
tative characteristics of the evaporation process (den-
sity, temperature and outflow velocity of the vapour) 

[6]. The model is based on the assumption that the 
vapour flow is one-dimensional and stationary. This 
model is actively applied for performance of numer-
ical analysis of thermal and gas-dynamic character-
istics of the vapor flow in laser welding [6–9]. Infor-
mation about its application for manual arc welding is 
not available.

According to this model, there is a Knudsen layer 
of the thickness of several free path lengths vapour 
particles near the evaporated metal surface, beyond 
which (in the gas-dynamic flow region) a thermody-
namic equilibrium is established. In [6–9] the follow-
ing relationships were proposed, which relate density 
ρv and temperature Tv of vapour on Knudsen layer 
boundary with saturated vapour density ρs.v and evap-
orating surface temperature Ts
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where erfc(m) is the probability integral. Value m is 
calculated by the following formula
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Table 1. Physical properties of molten metal components 

Physical properties
Chemical element

Cr Mn Ni Fе

Atom work function in 
the melt, λ, erg⋅10–12 5.79 3.73 6.31 5.65

Metal boiling 
temperature, Tb, K

2840 2424 3173 3008

Figure 2. Temperature dependence of saturated vapour pressure 
above the surface of metal melt of E-08Kh20N9G2B type elec-
trodes (XCr = 0.213; XMn = 0.02; XNi = 0.085; XFe = 0.683)
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where u is the weight-average velocity of outflow 
from the metal surface.

Weight-average velocity of outflow from the metal 
surface was calculated by the following formula
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where p0 is the atmospheric pressure; γ0 = 1.4 is the 
constant of air adiabatic; s0 = 331.5 m/s is the veloc-
ity of sound in the air; 0

mP  is the vapour pressure on 
Knudsen layer boundary.

Calculation of convective flow of vapour was per-
formed by the following formula:
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where pv is the resultant pressure, calculated by for-
mula (2); pi is the saturated vapour pressure over the 
i-th component from formula (1); αi is the activity of 
the i-th component, calculated by formulas (3, 4); Mv 
is the average mass of an atom of multicomponent va-
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= ∑ , jρ is the full evaporation flow 

jρ = ρνMs ≈ ρνu.

Obtained graphic dependencies of convective 
flows Ji of chromium, manganese, nickel and iron on 
drop surface temperature are given in Figure 3.

As is seen from Figure 3, in the temperature range 
from 2900 to 3400 K, the highest evaporation flow 
is characteristic for chromium and iron. To determine 
the evaporation intensity of these elements, we will 
assume that the drop evaporation area is the same as 
that of a sphere with a diameter equal to electrode 
diameter. Diameter of electrodes, used to perform 
experimental welding, was equal to 4 mm. Then, the 
area of a spherical welding drop was calculated by 
formula Sdrop = πd2 and was equal to 5.0265∙10–5 m2.

We will write the evaporation flow of the i-th ele-
ment in the following form
	 Jі = Vі/Sdrop.	 (11)

Hence, Vi = Ji/Sdrop.
Experimental data [10] of the intensity of for-

mation (precipitation) of chromium, manganese, 
nickel and iron in welding with coated electrodes of 
E-08Kh20N9G2B type, are given in Table 2.

Experimental data were used to plot the diagrams 
of the intensity of WF component formation.

As is seen from the obtained results, the summary 
value of the intensity of chromium compound forma-
tion prevails over the values of other harmful compo-
nents that is confirmed by calculated data of the inten-
sity of chromium evaporation (Figure 4).

Using the proposed mathematical model, it is pos-
sible to predict the intensity of formation of the above 
WF components in welding with high-alloyed chro-
mium-nickel electrodes. Here, it should be taken into 
account that the vapour formed from molten metal 
drop is transferred into the weld pool, where is partial-
ly condenses, and the rest is dissipated beyond the arc, 
forming fumes as a result of vapour condensation in 
air. Thus, the results of experimental determinations 
of the quantity of evolved WF show just that part of 
metal vapour from which the fumes form. Therefore, 
in order to precise the actually predicted value of the 
intensity of WF component evolution, we will use the 
coefficient of Kvi ratio of experimental value of evo-
lution intensity of i-th element Viexp to its calculated 
evaporation intensity Vicalc

	 Kvi = Viexp/ Vicalc.	
Calculated value of evaporation intensity Vicalc was 

used at the temperature of Tv = 3000 K. As experi-

Figure 3. Dependence of convective vapour flows of chromium 
(1), iron (2), manganese (3), and nickel (4) on drop surface tem-
perature

Figure 4. Intensity of formation of WF toxic components in weld-
ing with coated electrodes of E-08Kh20N9G2B type

Table 2. Intensity of WF component formation in welding with 
coated electrodes of E-08Kh20N9G2B type

Electrode type — 
E-08Kh2ON9G2B 
(ANV-65u grade)

Formation intensity, Va∙10–5, kg/s

CrO3 Cr2O3 Mn Ni

0.018337 0.025005 0.020004 0.003334
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mental values of chromium evaporation intensity are 
given for trivalent and hexavalent chromium, we will 
sum them up for their comparison with calculated 
data. Obtained data of the coefficients of evapora-
tion intensity of the i-th element Kvi for chromium, 
manganese and nickel, respectively, in welding with 
electrodes of 08Kh20N9G2B type with basic coating 
with metal deoxidation-alloying through the electrode 
rod are as follows: Kvcr = 6.08∙10–4; KvMn = 9.09∙10–4; 
KvNi = 4.54∙10–4.

Verification of mathematical model accuracy 
showed that relative error of component ratios in 
the compositions of vapour and WF does not exceed 
30 % that is due to the assumptions taken during de-
velopment of this modeling system.

Conclusions

Thus, the proposed mathematical model enables 
calculation of not only the relative mass fraction 
of the toxic component in percent, as it was pos-
sible up to now [11], but also calculation of the 
convective flows of WF components, that allows 
prediction of the main hygienic index of welding 
consumables without experimental studies, name-
ly the intensity of WF component formation [12] 
and determination on its basis of the degree of the 
risk of harmful action of the process of welding by 
these consumables on the welder’s body.
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