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SCIENTIFIC AND TECHNICAL 

EFFECT OF A SHIELDING GAS ON CONTRACTION 
OF THE TUNGSTEN-CATHODE WELDING ARC 

1 
P.V. PORITSKY1

, V.P. PRILUTSKY2 and V.N. ZAMKOV2 

Rese~rch Centre «Institute for Nuclear Research * , NASU , Kiev, Ukraine 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

Considered is the effect of characteristics of a gas atmosphere on the process of contraction of the welding arc in inert 
gases. CalculatiOns have been made, showing that the degree of contraction of the a rc discharge depends upon the 
thermal-phys1cal charactenstlcs of the gas atmosphere and electron-atom collision processes. Impact of the Ramsauer 
effect on the arc d1scharge contraction characteristics has been established. 

Keywords: contraction, inert gas, welding arc, Ramsauer 
effect 

The welding arc is an electric discharge occurring in 
an electrically conductive gas channel (plasma co­
lumn). Conductivity of the arc plasma is a result of 
thermal ionisation of gas at relatively high tempera­
tures, compared with temperature of electrodes. This 
is the case of balance between the heat released in 
the plasma under the effect of the electric current 
flow and heat removed to the electrodes and ambient 
atmosphere. Space characteristics of the positive arc 
column and distribution of the current density in it 
determine parameters needed for realisation of ther­
mal equilibrium. In turn, analysis of distribution of 
the current density in the positive arc column makes 
it possible to establish relationship between the dis­
charge parameters for different welding conditions. 

Increase in the current density (energy concentra­
tion) in the welding arc, other conditions being equal, 
leads to increase in the metal penetration depth during 
welding. This makes study of the mechanism of con­
traction of the welding arc especially topical, which 
is associated with an increased attention of specialists 
to widening of technological capabilities of TIG weld­
ing through changing composition of a shielding gas 
and adding fluxes to the arc zone. 

Contraction of the discharge takes place providing 
that the following conditions are met [ 1-6]: val ume 
neutralisation of the charged particles dominates over 
their diffusion drift to the <<discharge chamber 
walls>> 1, and frequency of formation of the charged 
particles dramatically decreases in a direction from 
the discharge axis to the arc periphery. The degree of 
contraction of the discharge is determined by non­
uniformity of the distribution of temperature across 
its section. Thermal contraction is caused by decrease 
in temperature on the periphery of the discharge and 
increase in the gas density (under a constant pressure). 

1 In the case of a free-burning welding arc, the term <<discharge 
chamber wall•> means a zone on the discharge periphery, where the 
temperature IS close to that of the ambient atmosphere. 

© P.V. PORJTSKY. V.P. PRJ LUTSKY and V.N. ZAMKOV, 2004 

2 

Therefore, electrons on the periphery of the discharge 
give up the major part of their energy to the neutral 
particles. Their temperature falls. In turn, this enhances 
the recombination processes and, hence, decreases the 
concentration of electrons. The energy transferred from 
electrons to heavy particles depends upon their type 
(atoms, ions, molecules, etc.). Therefore, the degree of 
contraction of the arc caused by heat contraction de­
pends upon the type of a shielding gas. 

As a rule, when evaluating parameters of the arc 
discharge plasma, the frequency or section of elec­
tron-atom collisions is assumed to be independent of 
the electron energy. This makes it possible to sub­
stantially simplify the required calculations [3-6]. 
However, this assumption is not always justifiable, 
as the section of electron-atom collisions may have a 
non-monotonous dependence upon the electron en­
ergy. In particular, a deep minimum is seen for some 
inert gases and alkali metals (Ramsauer effect), and 
this has a decisive effect on the discharge plasma pa­
rameters. 

The purpose of this study was to investigate the 
effect of physical characteristics of shielding gases on 
contraction of the positive arc column. For this, a 
detailed analysis of the processes causing heat con­
traction was conducted, subject to a difference be­
tween the electron and gas temperatures in the arc 
column plasma. 

Local thermodynamic and ionisation equilib­
rium. It is conventional to describe the state of the 
normal- or high-pressure arc discharge plasma, which 
is also the case of the welding arc, as a local thermo­
dynamic and ionisation equilibrium [3-7]. Because 
of high concentrations of atoms and electrons, the 
collision processes in this plasma play a much more 
important role than the transfer processes. Therefore, 
the transfer of particles under the effect of space non­
uniformity is insignificant, and the state close to equi­
librium persists at each point of the discharge. This 
state is characterised by certain gas, T, and electron, 
Te, temperatures, while the velocity distributions of 
atoms and electrons correspond here to the Maxwel­
lian function. 

The above temperatures set as a result of an inter­
action of electrons with external fields, collision of 
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electrons and atoms, and transfer of heat across the 
discharge section. At the same time, the relationship 
between T and Te is determined only by the collision 

·· processes and interaction of electrons with the exter-
nal electric field . In the case of DC welding, where 
the gas discharge plasma is in a constant electric field 
with intensity£, the equation describing the T and 
Te relationship has the following form [1, 8]: 

( J
2 2 

_ _ ma eE ( U / Yea ) 
Te T- 3k 2 ' me ( U Yea) 

(1) 

where ma is the mass of an atom; k is the Boltzmann 
constant; e is the charge of an electron; me is the mass 
of an electron ; u is the velocity of an electron; angle 
brackets mean an averaged velocity distribution of 
electrons using the Maxwellian function; and Yea is 
the frequency of electron-atom collisions. 

In particular, if Yea does not depend upon the elec­
tron velocity, formula ( 1) will have the following 
form: 

maw; 
Te - T = :fk• (2) 

where We is the drift velocity of electrons equal to 

eE 2 ) 
W e =- ( U / Yea . 

me 
(3) 

The gas-discharge plasma is in the state of a local 
thermodynamic equilibrium, providing that the char­
acteristic time of energy exchange between electrons 
(due to collisions) is short, compared with the char­
acteristic time of energy exchange in their collisions 
with atoms and characteristic time of energy transfer 
of electrons to other regions of the discharge. 

Consider gas at low ionisation , where 

(4) 

where £ 1 is the effective energy of ionisation of the 
gas atmosphere. 

For the welding arc, where the local thermody­
namic equilibrium, including the ionisation equilib­
rium, persists, the density of electrons, ne, at a given 
point of the discharge is related to the density of 
positive electrons, n;, and neutral atoms, na, by the 
Saha equation [7, 9, 10]: 

neni 2g; [2rcmekTel
31 2 

[ E1 l -=- 2 cxp -, 
na 9a h kTe (5) 

where h is the Planck constant; g; and 9a are the 
statistical weights for the basic states of ion and atom, 
respectively . 

Owing to condition kTe << £1, the density of 
excited atoms is low, compared with that of atoms in 
the basic state. Criterion of the local ionisation equi­
librium has the following form [3, 11 ]: 

(6) 
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where 'tree - (Krecn~)- 1 is the characteristic time of 
recombination of an individual electron; 'td;f = 
= TJ,s/ agDamb is the characteristic time of diffusion 
of the electron from the region occupied by plasma; 
Krcc is the velocity constant of a three-part recombi­
nation of electrons and ions determined by formula 
Krcc = 6.4·10-22 (1000/Te)91 2 cm6 /s [3-5]; rps is the 
radius of the region occupied by plasma; ag is the 
parameter that depends upon the discharge geometry 
(ag = 5.78 for a cylindrical geometry); and Damb is 
the coefficient of ambipolar diffusion expressed in 
terms of the coefficient of diffusion of ions, D;00 : 

(7) 

The coefficient of diffusion of ions is determined 
primarily by the process of resonance re-charging and 
calculated from the following formula [5, 10]: 

D; 011 N = d;o ...JT / T;0 , (8) 

where N is the quantity of heavy particles (atoms and 
ions) in unit volume; and diO and TiD are some con­
stants for a given gas. 

Therefore, the local ionisation equilibrium takes 
place providing that 

(9) 

It should be noted that this criterion is stronger 
than the criterion of the possibility of describing the 
gas-discharge plasma by a two-temperature model, 
having the following form [8, 10]: 

( 1 0) 

where Gee and aea are the characteristic sections of 
electron-electron and electron-atom collisions. 

Criterion ( 10) for the argon plasma has the form 
of ne / na >> 2·10-7 at Te = 103 K and ne / na >> 
>> 5·10-6 [8] at Te = 104 K. 

Contraction of the positive arc column. Consider 
plasma of the positive welding arc column, given that 
it has a cylindrical shape, local thermodynamic and 
ionisation equilibrium, as well as a constant pressure 
across the discharge section. Assuming that the inten­
sity of heat release is proportional to the local current 
density, write down the heat transfer equation (Elen­
baas-Heller equation [3-6]) in the following form: 

~ :r {r [ K(T) ~~ + Ke{T) ~e ]} + q(r) = O, ( 11) 

where r is the distance from the discharge axis; K(T) 
and Ke(Te) are the coefficients of gas and electron 
thermal conductivity; q(r) = j(r)E is the intensity of 
heat release in unit volume; j(r) = aE is the electric 
current density; and cr is the electrical conductivity 
of plasma. 
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Equation ( 11) describes heat transfer across the 
section of the discharge allowing for gas and electron 
thermal conductivity . Solution of this equation also 
determines' the temperature field in the arc plasma. 
Boundary conditions are selected as follows: arc tem­
perature is T(O) = T0, and temperature at the discharge 
chamber wall T R (with no restriction to the consid­
eration generality) is assumed to be constant (e.g. 
300 K). 

Because of the presence of local ionisation equi­
librium in a region of plasma determining its energy 
balance, the electron and gas temperatures change 
but slightly. This allows an approximate analytical 
solution of equation ( 11) to be derived by the method 
described in detail in studies {3- 6]. According to this 
method, dependencies of the current density and en­
ergy release, as well as the related values, upon the 
temperature across the section of the discharge are 
assumed to be assigned. Coefficients are also assumed 
to be constant and equal to their values at the dis­
charge axis. These simplifications make it possible to 
transform equation ( 11) into a conventional differen­
tial equation having an analytical solution. This so­
lution is approximate. At the same time, it allows the 
effect of different physical processes on the distribu­
tion of temperature and other values across the section 
of the discharge to be analysed. 

Adding variable 

[Te(O) - Te(r)]EI 6 = ..::.......::.:......:.___,,....::..:._:_::__:. 
2kT;(O) ' 

(12) 

yields n/r) = ne(O)exp( -8) . Accordingly, the current 
density and energy release density vary across the 
section of the discharge asj(r) = foexp( -8) and q(r) = 

= q0exp(-8), where j 0 = j(O) and qo = q(O), and as 
Ke-ne-exp( -8). 

Adding dimensionless variable 

( 13) 

where R is the radius of the discharge chamber, yields 
the following form of thermal balance equation ( 11): 

:x (x [exp (-6) + ~]~!)-A exp (-6) = 0, (14) 

where ~. A and ~rare the parameters that determine 
the distribution of temperature across the section: 

K(T) q0R
2E 1 dT(r) 

~ = ST Ke(Te)' A = 8kT;Ke(Te)' ST = dTe(r). 

In this approximation, as noted above, all values 
of the coefficients are assigned for the discharge axis, 
and constancy of the intensity of the electric field and 
pressure p across the discharge section is used as an 
additional condition. The augend in equation ( 14) 
describes the removal of heat due to gas and electron 
thermal conductivity, and the addend characterises 
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heat release due to the electric current flowing 
through the plasma. 

Consider in series the modes of the discharge, 
where the removal of heat is determined in one case 
by the gas thermal conductivity, and in the other 
case - by . the electron thermal conductivity. In the 
first extreme case (~ >> 1) the equation has the fol­
lowing solution: 

6 = 2ln[ 1 +(Ax/ 2~)], ( 15) 

which corresponds to the following distribution of 
the density of electrons across the section: 

nc(r) = ne(O) exp (-6) = ne(O)F(r), (16) 

1 16sTkT~K(T) 
where F(r) = 2 2 and r9 = E 

(1 + (rj r9)) qo r 
Distributions of the current density and energy 

release intensity are characterised by similar depend­
encies: 

j(r) = j 0 exp (--e)= joF(r), (17) 

q(r) = q0 exp (--e)= q0F(r). (18) 

Relationship between the power of a unit length 
of the arc discharge, Q (current I) and its temperature 
at the discharge centre can be estimated through in­
tegrating expression (18) across the discharge section 
(all values of the quantities in the right part are taken 
at the discharge centre): 

R 

I 16ni;,TkTrK(T) 
Q=IE= q(r)2nrdr= E . (19) 

0 I 

For the other extreme case (~ < < 1), consider two 
regions 8 (depending upon what term of the equation 
coefficient is ignored). At 8 > In( 1 /~), expression 
( 1 S) is the solution of the said equation. 

In a region of 8 < ln(1 /~), adding new variable 
\jf = exp ( -8) yields the following form of equation 
( 14): 

d ( d\jf) 
dx x dx + A\jf = O. (20) 

In a general case, solution of the equation is ex­
pressed in terms of the Bessel functions. The selected 
boundary conditions have the form of \j/(0) = 1 and 
\jf(x1 ) = 0, where x1 = (r1 I R) 2 and r1 is the plasma 
radius (r1 :::; R). Plasma region 0:::; r:::; r1 makes the 
main contribution to the net current of the discharge. 
Therefore, for region 0:::; r:::; r1 (\jf = 0 at r > rJ), it 
is reasonable to consider only that solution which is 
expressed in terms of the first-kind Bessel function: 

\jf = lo(2fu). (21) 

Accordingly, the following distribution across the 
discharge section holds for the electron density : 
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ne(r) - ne(O) ex p ( -8) - n.(O)J { 2Wl ; J 
0 :0: r :0: r1, lle(r) = 0, r > r1. 

(22) 

The energy release and current densities are de­
scribed by similar dependencies: 

q(r)=qof{2Wl ;J O:O:r:O:r1 , 

j(r) = jof{2K ;J 0::5: r :0: r1 , 

j(r) = 0, r > r1 . 

(23) 

(24) 

The following expression holds for the Q value: 

(25) 

For the radius of plasma, r1 , which corresponds 
to vanishing of the Bessel function, we have that 

2 5.78R2 11.57kT;Ke(T,.) 
ri"'~"' qoEI 

(26) 

Therefrom, power of a unit length of the arc dis­
charge is as follows: 

(27) 

Combining relationships (16) to (18) and (27) 
yields a general expression for the intensity of heat 
release per unit length of the discharge: 

rr.kT2 

Q =IE "'(16srK(T) + 5Ke(Te)) £
1 

e . (28) 

The effective radius of the plasma is determined 
from the following relationship: 

R 

J ne(r)2rr.rdr = 1.36ne(O)ro, 
0 

(29) 

yielding r6 = 2.31~ and r0 = r1 , respectively, for the 
above particular cases. Thus, the general expression 
for the effective radius of the plasma is a combination 
of expressions for radii from ( 16) to ( 18) and (26): 

(30) 

Contraction of the discharge takes place if parame­
ter r0 characterising sizes of the discharge region is 
small compared with the discharge chamber radius R. 
It follows from equation (30) that the region occupied 
by the discharge decreases with increase in the energy 
release. At the same time, characteristic contraction 
radius r0 depends also upon the value of T e. Hence, 
it follows that the range of the plasma increases with 
increase in difference between the electron tempera­
ture and the gas one. As the lower limit for the electron 
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temperature is the gas one, the most intensive con­
traction takes place when these temperatures are equal 
to each other. 

Difference of the electron temperature. To study 
the character of difference of the electron temperature 
in different inert gases, it is convenient to write down 
expression (1) in the following form [8]: 

Te - T = [ ~J g(Te), (31) 

where 

(32) 

Here kea = v I na = ucr;a(u) is the constant of the 
velocity of electron-atom collisions, and cr;a is the 
transport (diffusion) section of the electron-atom col­
lisions. 

Function g(Te) does not depend upon the intensity 
of the electric field, E, and atom density n0 . Therefore, 
it is a universal characteristic of difference between 
the electron temperature and the gas one2

. This dif­
ference between the electron and gas temperatures 
can be expressed in terms of the product of square of 
theE I na ratio (reduced intensity of the electric field) 
by g(Te). 

The form of function g(Te) for different gases is 
shown in Figure 1. Because of the Ramsauer effect, 
g(Te) has a maximum for argon, krypton and xenon. 
As a result, instabilities may take place in plasma at 
low values of El na and gas temperatures. In particu­
lar, for xenon the value of the critical reduced inten­
sity of the electric field, below which the instabilities 
may develop in plasma, is 0.03 Td [5, 6]. As the range 
of the instabilities in plasma corresponds to low elec­
tron temperatures ( < 3500 K), this fact is insignificant 
for actual conditions of the welding arc. Electron 
thermal conductivity in plasma depends upon the tem­
perature of electrons. In an assumption of constancy 
of the diffusion section of scattering of electrons at 
atoms, the electron thermal conductivity coefficient 
can be determined using the following formula [3-6]: 

(33) 

where Teo and keo are the certain constants. 
It might be expected that, as the electron tem­

perature increases (according to formula (30)), size 
of the discharge domain will increase more intensively 
than in the case of a linear dependence upon Te. 

As the characteristic radius of contraction , accord­
ing to formula (30), depends also upon the gas thermal 
conductivity, their relationship should be taken into 
account. 

2The E / n, ratio is usually expressed in townsends (Td). 1 Td = 
= 10-17 Y·cm2 
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Figure 1. Forms of function g(T'") for helium (a) and argon (b) 

Arc discharge model. Factors that cause contrac­
tion of the arc discharge are substantially different 
in an extent of the effect they exert. To compare, 

· consider the welding arcs in different inert gases at 
the same values of current I. Equation (11) can be 
simplified by adding a heat function: 

T, T 

If we assume that K(T) - Ty, and that the values 
of the gas and electron temperatures are equal to their 
values at the discharge axis, providing that condition 
(4) is met, this yields 

K, W / (m·K) 

2 

0 3000 5000 7000 9000 T, K 

Figure 2. Coefficient of gas thermal conductivity of inert gases: 
1 - He; 2 - Ne; J - Ar; 4 - Kr; 5 - Xe 
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Table 1. Parameters of thermal conductivity formula [ 12] for 
inert gases 

Gas "A273·103, W (m·K) y 

He 143.70 0.73 

Ne 46.76 0.71 

Ar 16.45 0.80 

Kr 8.92 0.86 

Xe 5.15 0.93 

2kT; T (35) S = Ke(Te) --y- + K(T) -
1 
-. 

I +y 

At the same time, double integration of equation 
( 11) yields 

S = 0.215q0r6 In (~ J. (36) 

Calculate characteristics of the arc discharge (pro­
viding that E and p = const) using expressions (34) 
to (36) by adding to them the equation of state p = 

= NkT "" nakT, Ohm's law and condition of quasi­
neutrality of plasma. This results in a system of equa­
tions to calculate parameters of the arc discharge: 

Here 

T,- T- (.§_)
2 

g(Te), 
na 

2kT2 

IE= £
1
e[16Ksr+11.57K,.]= 

= q0rr.r~ = 0.431rr.q0r6, 
2 (R) 2K,.kT; TK 

S = 0.215q0r0 In - = -£- + --
1

, 
ro 1 Y + 

2 I = cr£rr.r0 . 

2 kaTe 2 
r0 =-E [37.1Ksr+11.57Ke], q0 =crE, 

qo 1 

(37) 

(38) 

(39) 

(40) 

(41) 

(42) 

dT [ , d In g(Te)l (2Te )-1 

ST = - = 1 - (T - T) - - 1 
dTe " dT, T 

The coefficient of gas thermal conductivity of inert 
gases can be approximately described by the following 
formula [12]: 

'A= 'A27{T j T273J, (43) 

where Tm = 273.16 K, and A.m = A.<Tm). 
Table 1 gives values of parameters A.273 and y for 

different gases. Figure 2 shows values of the coeffi­
cients of thermal conductivity of inert gases in a range 
of 1000-11600 K calculated using formula (43). He­
lium has the maximum thermal conductivity within 
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(38) 
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~2 . ' 
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the said temperature range, and xenon has the mini­
mum thermal conductivity. Thermal conductivity of 

.helium is more than by an order of magnitude higher 

.than that of xenon. Thermal conductivity of neon is 
4-5 times as high as that of xenon, and 2.5'times as 
low as that of helium. Thermal conductivity of argon 
and krypton is higher than that of xenon by a factor 
of 2 and 1.4, respectively. 

Values of electrical conductivity and electron ther­
mal conductivity of plasma were determined from the 
following formulae [9, 13]: 

5 n,k2Te ( u2 
) 

Ke = 2 me ( U2V ea ) . 

(44) 

(45) 

As the diffusion section of electron-atom collisions 
for argon, krypton and xenon has a minimum caused 
by the Ramsauer effect, the transport coefficients of 
these gases in plasma will have a maximum, which 
must affect the contraction characteristics. This fact 
was ignored in studies [3-6], the authors of which 
used dependence (33). The system of equations (37) 
to (45) allows determination of the£, Te, T, ne, na, 
Nand r0 values at the assigned values of arc current 
I and pressure p, and vice versa - determination of 
I and pat the assigned values of E, Te, T, ne, na, N 
and ro. 

As the arc gas ionisation degree a. = ne / N is in­
creased to 10-4_10-3 , collisions of electrons with ions 
and effect of the ionisation-recombination processes 
on heat transfer become more substantial [ 11]. To 
allow for these phenomena, it is necessary to take into 
account the frequency of collisions of electrons with 
all heavy particles, Ve = Yea + Vei• where Yei is the 
frequency of electron-ion collisions. Also, it is neces­
sary to take into account the sum of the thermal con­
ductivity coefficients (ke + kp), where kp is the thermal 
conductivity coefficient depending upon the ionisa­
tion-recombination processes. 

The frequency of electron-ion collisions is ex­
pressed in terms of the diffusion section of Coulomb 
collisions cr;;(u) [ 13]: 

• 1 [ e
2 J Lei Ve;(u) = n;UOc;(u) = -4 n; ~ 3• 

n llle"'U u (46) 

wher Eo is the electric constant; Lei = 

12mokT ro] . d = In e2 e is the Coulomb loganthm; an ro = 

Eo TeT b d' 
2 is the De ye ra ws. 

nee (Te + T) 
The thermal conductivity coefficient caused by the 

ionisation-recombination processes for a case of low 
ionisation has the following form [1 , 7]: 

_ Damhne r~J
2 

Kl'- 2 kT" . (47) 
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0 40 80 120 160 I, A 

Figure 3. Calculated volt-ampere characteristics(£-/) for arc dis­
charges under atmospheric pressure (R = 0. 75 em): 1 - discharge 
in He; 2 - Ne; 3 - Ar; 4 - Kr; 5 - Xe 

It should be taken into account that thermal con­
ductivity caused by the ionisation-recombination 
processes may make a marked contribution to total 
thermal conductivity because of a high value of 
(£1 I kTe) 2

. Values of the sections in calculations were 
taken from the data of [14], and coefficients of dif­
fusion of ions were taken from [ 5, 15]. 

Calculation results and discussion. The above 
system of equations is a model of the arc discharge, 
providing that the heat released in the plasma channel 
is transferred as a result of thermal conductivity to 
the discharge chamber walls, where a certain tem­
perature is maintained. Such conditions directly cor­
respond to the arc stabilised by the walls. At high 
currents, they are characterised by a growing volt­
ampere characteristic, in contrast to the open arcs 
having a drooping volt-ampere characteristic [ 16]. 
Owing to contraction of the discharge, plasma is con­
centrated in a limited region near the arc axis. It 
means that with the wall radius exceeding much the 
plasma radius, the calculated parameters of the dis­
charge will slightly depend upon the further increase 
in size of the discharge chamber. Therefore, the case 
of R >> r0 can be considered corresponding also to 
the open arc. Naturally, the tungsten-cathode welding 
arc has no stabilising wall. The role of the wall is 
played by external factors, such as shielding gas flows 
caused by external blow, convection [6, 11, 17] and 
evaporation of the anode surface [ 11, 18]. Normally, 
it is recommended that the discharge glow radius be 
regarded as the wall radius for the open arc [19]. 

The model considered describes the <<long arc~ , 
where the heat flow is removed to the walls [ 11, 17]. 
ER, V 

12 

0 10 100 1000 I I R, A/ em 

Figure 4. Calculated volt-ampere characteristics (ER -I I R) for 
arc discharges under atmospheric pressure: 1 - discharge in He; 
2 - Ne; 3 - Ar; 4 - Kr; 5 - Xe 
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Figure 5. Relationship between gas and electron temperatures in 
the arc under atmospheric pressure for R = 0.7S em: I - He; 2 -
Ne; 3 - Ar ; 4 - Kr; 5 - Xe (circles - experiments performed 
in argon [19]) 

Its opposite is the <<short arc~ (such arcs are usually 
called also the electrode-stabilised arcs), in which the 
heat flow is removed mostly to the electrodes. In this 
case the near-electrode processes dominate. However, 
according to the data of [20], the welding arc burning . 
at a tungsten cathode in inert gas is impurity-free. 
Hence, the near-electrode processes in it are thought 
to have no direct effect on the positive column. There­
fore, it seems more appropriate to use the model of 
the «long arc~ to describe the tungsten-cathode weld­
ing arc . 

Figure 3 shows calculated volt-ampere charac­
teristics (£-I) of the arc discharge, and Figure 4 
shows calculated volt-ampere characteristics in terms 
of variables ER -I I R (the arc with no radiation is 
described by single curves through variables r I R, 
ER and I I R [16]). FigureS shows calculation of gas 

Table 2. Parameters of arc discharges under atmospheric pressure 

r0 / R 

0.4 

0.2 
4 

0.1 

0 10 100 1000 1/ R, A/em 

Figure 6. Dependence of relative contraction radius r0 / R upon 
I I R for the arc under atmospheric pressure: I - He; 2 - Ne; 
3 - Ar; 4 - Kr; 5 - Xe 

and electron temperature in the arc. For argon, kryp­
ton and xenon, at R = 0.75 em, we have a growing 
E-I characteristic (see Figure 3), whereas for helium 
and neon the volt-ampere characteristic is drooping. 
The calculation results are close to the experimentally 
measured values of the electric field intensity [14] 
and arc temperature [ 19]. Thus, under the discharge 
conditions corresponding to current densities j 0 < 
< 8.5-102 A/ cm2

, the difference in the calculation 
and experimental results [ 18] is not in excess of 30 % 
(see FigureS). The results obtained are in agreement 
also with the data given in [3-6] for the xenon and 
argon arcs. In these studies the calculations were made 
using a more simplified model based on expressions 
(2) and (33). In a number of cases, it was assumed 
in them that the sections of electron-atom collisions 
were independent of the electron energy, which did 
not allow calculations in a range of temperatures cor-

No. Gas I, A R, mm r0, mm E, F /em T, f{ T,, K Q, W 011 q0, W jcm'~ a 

Ar 

2 Same 

3 •> 

4 •> 

S Xe 

6 Same 

7 •> 

8 •> 

so 

200 

400 

600 

so 

200 

i!OO 

600 

Table 2 (cont.) 

No. Gas /,A 

9 He 200 

10 Same 600 

11 Ne 200 

12 Same 600 

13 Kr SO 

14 Same 200 

1S ~ 400 

16 >> 600 

8 

t.S 

7.S 

7.S 

10 

t.S 

7.S 

7.S 

10 

0.69 

3.37 

3.34 

4.i!S 

0.67 

3.39 

3.i!O 

4.SO 

16.90 

3.33 

3.60 

2.76 

16.20 

3.07 

3.34 

2.SS 

Si!OO 

7100 

7700 

81SO 

S310 

6600 

71SO 

7760 

R, mm r0, mm E, F 011 T, K 

7.S 2.S3 10.10 13440 

10 3.78 6.73 1S630 

7.S 3.1S 4.3S 8060 

10 4.28 3.41 10320 

t.S 0.68 1 S.30 4S40 

7.S 3.43 2.47 S380 

7.S 3.38 3.21 S9SO 

10 4.80 2.32 8SOO 

10240 

9880 

10600 

10700 

9130 

8800 

9400 

9460 

8.S·102 

6.7·102 

t.S-10'' 

1.7-103 

8.1·102 

6.1·102 

1.3·10:1 

t.S-10:1 

1.3·105 

tl.3·103 

9.6·103 

6.1·103 

1.3·105 

'3.9·10:J 

8.S·103 

S.6·103 

4.8·10-2 

3.9·10-2 

7.7·10-2 

8.6·10"2 

t.S-1 o- l 

1.2·1 o- l 

2.2·10- 1 

2.4·10-1 

16670 2.0·10:1 2.3·104 S.3·10-2 

17800 4.0·103 2.1·104 1.1·10- 1 

12370 8.7·102 6.S·103 2.1·10-2 

13100 2.0·10:l 8.2·103 4.3·10-2 

9200 7.6·102 1.2·105 4.S·10-2 

8900 S.8·102 3.6·103 3.S·10-2 

9S30 1.3·103 8.3·103 7.2·10-2 

9tl00 4.S·103 

1.S·10-2 

2.9·10-2 

1.4·10-2 

1.3·10-2 

4.1·10-:l 

t.o-1 o-2 

3.1·10_3 . 

3.3·10-3 

0.23 

0.12 

4.2·10-2 

2.S·10-2 

8.0·10-3 

1.4·10-2 

6.8·10-3 

1.1 ·10-2 

4.4·103 

3.8·102 

8.2·104 

1.S·105 

2.9·105 

3.1·106 

S.9·106 

9.S·106 

'1 

99 

3.9·102 

1.4·103 

4.1 ·103 

1.7·104 

2.0·105 

4.2·105 

3.1 ·105 
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·10-2 4.4·103 

to-2 3.8·102 

to-2 8.2·104 

10-2 1.5·1 05 

to-3 2.9·105 
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o-3· 5.9·106 
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responding to the Ramsauer minimum in the sections 
of electron-atom collisions. 

The results of calculation of parameters of the arcs 
at assigned I and p are given in Table 2 and shown 
in Figure 6. These data allow a conclusion that the 
higher contraction of the arc discharge in inert gases 
occurs under conditions where the heat is transferred 
through gas thermal conductivity, which corresponds 
to the discharge conditions with relatively low elec­
tron temperatures and, therefore, low currents. At an 
increasing current and constant wall radius R causing 
increase in electron temperature, the region occupied 
by plasma also increases. With further increase in the 
welding current the discharge region hardly changes 
in size (see Figure 6). If we neglect this slight de­
pendence of the contraction radius upon the reduced 
current I I R, then ro/ R "' canst and ro - R with a 
dominant electron thermal conductivity. According 
to a conclusion of study [21], the linear dependence 
of the contraction radius upon the wall radius is a 
general principle of the thermal contraction. Further 
increase in electron temperature and ionisation degree 
of the arc discharge enhances the effect of collisions 
of electrons with ions, this leading to a slight variation 
in size of the discharge region for the wall-stabilised 
arc. This effect was used to develop high-power arc 
light sources [22]. Note that with a dominant electron 
thermal conductivity the most contracted arc dis­
charge is that in helium, compared with other inert 
gases. Also, it should be emphasised that argon, kryp­
ton and xenon are among the gases with a distinct 
Ramsauer effect, which is of a quantum nature and 
shows up in the presence of a minimum section of 
electron-atom collisions for electrons with an energy 
a bit lower than 1 e V. This phenomenon determines 
<<transparency!> of a low-ionised gas for such electrons 
and causes increase in difference between the electron 
temperature and the gas one, which decreases the arc 
contraction. Characteristic inflection of the Te/T 
curve in Figure 5 corresponds to the region of the 
Ramsauer minimum. 

It should be borne in mind that, because of a dif­
ference in values of the sections of electron-atom col­
lisions, the effect of this phenomenon on contraction 
of the arc discharge in different gases will be greatly 
different. Thus, other conditions being equal and val­
ues of the welding current being low, where the gas 
thermal conductivity is dominant, the arc discharge 
in xenon is more contracted than in argon. However, 
in welding at high currents, where the electron ther­
mal conductivity is dominant, the arc in argon is more 
contracted than in xenon (see Figure 6). Therefore, 
for example, xenon should not be regarded as to be 
an atmosphere in which the arc discharge is always 
more contracted than in argon. 
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CONCLUSIONS 

1. Contraction of the welding arc burning at the tung­
sten cathode in an inert gas is determined by its ther­
mal-physical properties and characteristics of elec­
tron-atom collisions. 

2. Presence of the Ramsauer effect in gas in which 
the arc is burning leads to a substantial decrease in 
contraction of the arc discharge within a correspond­
ing temperature range. 

3. Contraction of the arc discharge in an inert gas 
is the highest when welding is performed at relatively 
low currents with the gas thermal conductivity domi­
nating in the heat removal process. As the current is 
increased, the region occupied by plasma gradually 
grows. 

4. In welding at high currents the most contracted 
arc discharge is that in helium. 

5. In welding at low currents (other conditions 
being equal) the degree of contraction of the arc dis­
charge increases in an order of Ar---7Xe---7Kr. 
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EVALUATION OF ENERGY TRANSFER 
TO ARC DISCHARGE ANODE IN INERT GASES 

A.V. ERSHOV and O.G. BYKOVSKY 
Zaporozhie National Technical University, Zaporozhie, Ukraine 

System of equations and boundary conditions are considered for ca lcul ation of near-anode zone of temperature- and 
ionization-nonequilibrium plasma of inert gases at the absence of molecular impurities. The effect of non-equilibrium 
in argon plasma and distribution of energy fluxes on anode between electrons, atoms and ions is shown. 

Keywords: anode, gradient, diffusion, concentration, ioni­
zation, ionization and thermal non-equilibrium, volume charge, 
voltage drop, Knudsen layer 

Electrical arc discharge in inert gases is used widely 
in welding processes, and also in plasma-arc refining 
of metals. The surface being treated is, as a rule, 
anode. In this connection it is very actual to define 
the structure of energy transfer, consisting in finding 
heat flows transferred by separate particles (atoms, 
electrons and ions). Characteristics of near-anode re­
gion depend greatly on temperature boundary layer . 
Calculations of a channel arc in argon [ 1, 2] revealed 
a significant thermal and ionization non-equilibrium 
in near-wall layers of plasma. Investigations of near­
anode region, accounting for thermal [3], and also 
ionization non-equilibrium [ 4, 5], showed that the 
anode drop is negative and this is correlated with 
results of probe measurements of V.A. Klyarfeld and 
N.A. Neretina [6]. However, the above-mentioned 
works have no information about the heat flow trans­
fer by separate particles. 

The allowance for ionization non-equilibrium gives 
the most complete definition of processes of energy 
transfer. However, this calculation is complicated by 
presetting boundary conditions at external and inter­
nal boundaries of the temperature boundary layer. It 
is possible to solve this problem only by using suc­
cessive approximations as both the thickness of the 
temperature layer and also the plasma temperature at 
its external boundary depend on Joule heat evolution 
and density of discharge current. In work [ 4] the 
difference between the electron and nuclear tempera­
tures at the external boundary of layer occurred to 
be higher than that in a near-wall zone due to the 
non-precise selection of boundary conditions, and this 
is not correct. It should be noted that the approxi­
mation Te = T = const [7], used for calculation of the 
ionization non-equilibrium, is not fulfilled in the near­
anode zone. 

The aim of the present work is to determine the 
energy fluxes which are transferred to the anode by 
electrons, atoms and ions and also to develop a model 
of the near-anode zone with allowance for thermal 
and ionization non-equilibrium of plasma. 

© A.V. ERSHOV and O.G. BYKOVSKY, 2004 
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Analysis of processes in near-anode region prove 
the need in a combined solution of equations of dif­
fusion and heat conductivity of electron and ion com­
ponents of plasma. Equations for current density of 
electrons [ 4, 5] 

and ions 

. dn. dr.p 
Je = -eD. dY +a. dy (1) 

(2) 

take into account the gradient and field diffusion of 
charged particles. Here, e is the electron charge; De. 
Di and cre, cri are the coefficients, respectively, of 
diffusion and electric conductivity of electrons and 
ions; <p is the plasma potential; ne and ni is the con­
centration of electrons and ions, respectively. It is 
possible with a sufficient degree of accuracy to take 
the equality of concentrations ne = ni for the quasi­
neutral plasma. The equation of heat conductivity of 
electrons takes into account the change in enthalpy 
flow of electrons, heat evolution in recombination, 
Joule heating and energy losses in radiation and col­
lision with heavy particles [ 4, 5]: 

_!!_ [-).. dTe - ]. (_1 kTe + U·- tnJ] = -w - U (3) 
dy e dy e 2 e 1 'Y e P' 

where Ae is the heat conductivity; Te is the temperature 
of electrons; ui is the potential of ionization; up is the 
volume radiation of plasma; We is the density of energy 
transferred by heavy particles at elastic collisions: 

(4) 

k is the Boltsmann's constant; me and M is the mass, 
respectively, of electrons and heavy particles (ions 
and atoms); Tis the temperature of atoms; Ve is the 
frequency of collisions of electrons with a heavy com­
ponent of plasma. 

Equation of heat conductivity for atoms and ions 
takes into account the heat inflow at collisions with 
electrons: 
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_!}__ (-t... dTJ = w . dy dy e 
(5) 

Equation of balance of ions flow in ionization and 
recombination of particles [ 4, 5, 7] has a form 

(6) 

where Kj, Kr are the coefficients of ionization and 
recombination, respectively; na is the concentration 
of atoms. In the condition of ionization equilibrium 
when the rate of ionization and recombination are 
equal, there is a relation between the coefficients 

(7) 

where neo and nao are the equilibrium concentrations 
of electrons and atoms, respectively, calculated by 
Saha's formula. To determine the concentrations of 
particles the Dalton's equation for the sum of partial 
pressures is used: 

P = k[(n0 +naT+ neTel· 

To solve the system of equations (1)-(3), (5), 
(6), the definition (7) of boundary conditions is re­
quired. At the external boundary of the diffusion layer 
at y = 8, from which a numerical calculation was 
started, the zero gradient of concentration of elec­
trons , definite difference of concentration of electrons 
from equilibrium value, difference of temperature of 
heavy particles from the temperature of electrons, as 
well as beginning of the potential counting were pre­
set. At the absence of gradients the level of electron 
temperature was found from equations (3) and (4) 
depending on the density of discharge current. At the 
interface of a diffusion layer with the anode surface 
at y = I;, where li = 1 o-7 m is the length of a free path 
of ion [ 4], the gradient of concentration of ions, tem­
perature of heavy particles equal to the temperature 
of electrode surface, and heat flow qe + j.( -<po + 
+ 5kTe/ 2e), rushed away by electrons through a po­
tential barrier <ro in Knudsen layer of thickness equal 
to the length of a free path of ion I;, were preset 
(Figure 1). 

Thus, the properties of boundary conditions can 
be written in the following form: 

at y = 8 

dne 
dy = 0, ne = 0.9ne0• 

T = KthT/Je), (8) 

<p = 0; 

at y =I; 

dni ni 
dy = T;· (9) 

( 1 0) 
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Figure 1. Scheme of boundary conditions for calculation of near­
anode region of discharge 

dTe . 
-t..,e dY = Ji<ro + SkTe/2e). 

Completion of calculation of diffusion layer occurs 
in fulfillment of the boundary condition (9), when 
the gradient of concentration of ions reaches the ratio 
of concentration of ions to the length of a free path. 
Here, the degree of surface ionization of atoms is 
neglected. 

In the boundary condition (8) the difference of 
temperature of heavy particles from the temperature 
of electrons is taken into account using the coefficient 
of a thermal non-uniformity Kth < 1. The value of 
this coefficient was selected in such a way that in 
integration of equation of heat conductivity for heavy 
particles (5) their temperature was reduced to the 
temperature of anode surface preset by the condition 
( 10). It should be noted that with increase in coeffi­
cient Kth the thickness of temperature layer is in­
creased. Electron temperature in the condition (8) 
was determined depending on the preset discharge 
current in accordance with equations (1), (3) and (4) 
at zero gradients of temperature. 

Let us evaluate the validity of above-taken as­
sumption about a low degree of surface ionization 
which corresponds to the boundary condition (9). The 
degree of surface ionization is determined by formula 
of Saha-Langmuir [8]: 

where g;/ 9a is the ratio of statistic weights of ion 
and atom; <1> is the work function of an electron; E; 
is the potential of ionization of atoms. 

Thus, the evaluation of degree of surface ionization 
for argon shows that at electrode temperature T = 

= 3000 K, the work function <1> = 4.5 eV, potential 
of argon ionization Ei = 15.7 eV, we obtain n;/na = 
= 10-18 that allows us to neglect the concentration of 
ions at the metal surface. 

Parameter of the calculation is the discharge cur­
rent density 

11 



SCIENTIFIC AND TECHNICAL 
T, Te·10 -3, K 

12 

8 

4 

1.0 0.5 

Figure 2. Nature of distribution of temperature of atoms T and 
electrons T, of plasma at current density j = 4-10

6 
A/ m

2 

j = j;- j . , 

which presets the level of temperature of plasma elec­
trons . 

Potential drop in Knudsen layer is the following 
[9] : 

kTe J e.ch 
q>0 = - - In I . I . . , 

e } + }; + le 

wherefc.ch = enevel 4 is the chaotic current of electrons 
at the anode; ic is the current of emission of electrons 
from the anode surface . When the chaotic current of 
electrons prevails over the sum of discharge ion and 
emission currents the anode drop becomes negative. 
Role of negative anode drop consists in limitation of 
chaotic current of electrons from plasma to the level 
required for the balance of currents. At insufficient 
chaotic current of electrons the anode drop becomes 
positive. 

Numerical solution of the considered system of 
equations with preset boundary conditions defines the 
structure of heat flow at the anode surface and dis­
tribution of parameters of plasma in the diffusion 
layer. Figure 2 shows the distribution of temperature 
of electrons and atoms at current density j = 

= 4·106 A/ m2 in argon plasma, while Figure 3 shows 
the distribution of concentration of electrons and its 
comparison with equilibrium concentration, defined 
by Saba's formula . As follows from Figure 2, the 
temperature of electrons exceeds significantly the 
temperature of heavy particles in near-wall low-tem­
perature zone where the concentration of electrons is 

---- .... 
1016 ..... ..... .... 

' \ 
1015 

1./\ 
I 
I 

101 4 I 
I 
I 

1013 

1.0 0.5 0 y·103
, m 

Figure 3. Change in equilibrium n,0 (1) and non-equilibrium n, 
(2) concentrations of electrons in near-anode zone at current density 
j = 4-106 A/ m2 

12 

0.5 

-0.5 

-1.0 '-----'------'-----'-----'-----'-' 
1.0 0.5 0 y-103, m 

Figure 4. Change in ion current in equilibrium ( 1) and non-equi­
librium (2) plasma of boundary layer 

higher than the equilibrium value by several orders 
(see Figure 3) . For example, the equilibrium concen­
tration and electric conductivity of electrons in the 
layer of 5·10-5 m thickness is lower than actual values 
by more than two orders. 

Therefore, if not to take into account the non-equi­
librium of plasma, then the ohmic drop of voltage, 
determined by the resistance of plasma in a near-wall 
zone, occurred to be hundred times higher and will 
be hundreds of volts. Concentration of ions depends 
on processes of ionization, occurring in external high­
temperature part of the anode zone, and processes of 
recombination in low-temperature near-wall zone. In 
spite of the fact that sizes of these zones are approxi­
mately similar , the intensity of ionization and increase 
in ion current in the ionization zone is much higher 
than the decrease in ion current in the recombination 
zone (Figure 4). Allowance for distribution of tem­
perature reduces the density of ion current by an order 
as compared with the case Te = const. Distribution 
of potential is determined not only by ohmic resistance 
of plasma, but also by concentration diffusion of elec­
trons. As the flow of diffusion is higher than the 
discharge current, the anode drop is negative both in 
diffusion zone and also in non-collision layer. 

Heat flows transferred by atoms q0 , electrons qe 
and ions qi were determined by the following formu­
lae: 

qa = AW (~~t 
qe =% ~ je(Tew - 293), ( 11) 

q; = };w(U; + Q>o). 

In formula ( 11) the cooling of electron gas to room 
temperature To = 293 K is taken into account. Index 
w denotes near-wall parameters of plasma. The full 
heat flow is determined usually by a volt equivalent 
of heat flow 
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UT = <l> + qa + ~e + q;. 
J 

Results of calculation are given in Table for a steel 
anode with temperature T w = 2800 K and work func­
tion <l> = 4.3 eV. 

Heat transfer of electrons is approximately 2 times 
higher than that of atoms. In spite of a small share 
of energy of ions in a common heat flow, their effect 
on surface refining can occur to be significant. 

Experimental measured value ur is (5.6-6.0) V 
[10, 111 that is correlated satisfactory with a design 
value. 

CONCLUSIONS 

1. Calculations confirmed the presence of a local ther­
modynamic equilibrium of plasma only in a high-tem­
perature zone of a boundary layer, whereas in a near­
wall low-temperature zone the concentration of elec­
trons is occurred to be much higher than the equilib­
rium concentration determined by electron tempera­
ture due to equalizing its level by the diffusion flow. 

2. In near-wall part of the boundary layer the 
existence of a recombination zone was revealed, at 
the interface of which the ion current reaches maxi­
mum, while in the zone itself its negligible reduction 
takes place. 

3. It is shown that the recombination of ions is 
occurred also at the anode surface as the negative 
anode drop of voltage leads to the movement of ions 
to its surface. 
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APPLICATION OF ADAPTIVE ALGORITHM 
FOR WELDING QUALITY MONITORING IN CONTROL 

SYSTEMS OF RESISTANCE SPOT WELDING MACHINES 

N.V. PODOLA, P.M. RUDENKO and V.S. GAVRISH 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

Peculiarities of application of the adaptive algorithm of neuron networks in resistance spot welding control systems 
based on microcontroller are considered. To simplify the required calculations at preset accuracy of control, the neuron 
network with input process parameters in re lative units is suggested. 

Keywords: resistance spot welding, nugget diameter, 
weld spot, microcontroller, neuron network, adaptation, algo­
rithm 

In control systems of resistance spot machines the 
single-crystal eight-digit controllers of MCS51 type, 
providing the sufficient accuracy of the process con­
trol, are usually used. When the neuron networks are 
used in these controllers for welding quality monitor­
ing, the required accuracy of prediction of weld spot 
nugget diameter D nugg can be attained by using an 
adaptive algorithm [1, 2]. In this case the variables, 
expressed in natural units, are supplied to the neuron 
network input. 

Calculation of weight factors and threshold values 
of neuron networks is made in a personal computer 
using floating-point computations. In a single-crystal 
controller the use of this calculation for computation 
of weld spot nugget diameter using the neuron net­
work takes much time and is not correlated with a 
high efficiency of the resistance machines. The aim 
of the work is to evaluate the efficiency of applying 
the adaptive algorithm of mains to decrease the du­
ration of calculation of neuron network without loss 
in accuracy of prediction. 

At one and the same structure of the neuron net­
work the weight factors and its threshold values are 
determined by the parameters of the welding condi­
tions, such as welding current, diameter of test surface 
of the electrodes, voltage at electrodes. To avoid the 
storage of large files of data about the weight factors 
and threshold values in memory, the algorithm of 
their restructuring was suggested [2, 3]: in change of 
conditions the weight factors, threshold values and 
structure of a basic model remain constant, while the 
input variables are recalculated by a linear law in 
such a way that to preserve the previuos region of 
model definition : 

ln=A,I+B,; Un=A2U+B2. (1) 

where In and Un are, respectively, the values of weld­
ing current and voltage between the electrodes, sup­
plied to the input of neuron network; I and U are the 
measured values of the same parameters. 

© N.V. PODOLA, P.~·l. RUDENKO and V.S. GAVRISH, 2004 
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Coefficients and free terms in relationships ( 1) are 
calculated coming from allowable deviations of pa­
rameters of basic and new conditions of welding: 

A, = (/b. max - f b.min) I (/max - /min); 

B, = h.max- AI/ max; 

A2 = (Ub.max- Ub.min) I (Umax- Um;n); (2) 

where Ib.max• Ib.min· ub.max• ub.min are the maximum 
and minimum values of a range of changing welding 
current and voltage between electrodes of the basic 
condition; Imax• I min• Umax• Umin are the same values 
for the new condition. 

In addition, t he similar linear transformation is 
used for an output value, i.e. diameter of t he weld 
spot nugget: 

where Db is the diameter of weld spot nugget at the 
basic condition; 

A3 = (Dmax - Dm;n) I (Db. max - Db. min); 

B3 = Dmax - A3Db.min• (3) 

where Dmin and Dmax are t he measured values of nug­
get diameter, respectively, at Imin• Umin and Imax• 

Umax; Db.min and Db.max are the output minimum and 
maximum values of neuron network at substituting 
of values I min, Umin and I max, U max, recalculated by 
( 1), to its input. 

Application of the above-described algorithm in 
the control system of resistance machine could provide 
the error in prediction of weld spot nugget diameter 
of not more than 10 % in welding low-carbon steel 
with a packet thickness from (0.8 + 0.8) up to (2.0 + 
+ 2.0) mm. Here, the accuracy of recalculated model 
depends on the proper selection of parameters Dmin, 

Dmax. I min• Um;n. I max. Umax in (2) and (3), at which 
the values of weld spot nugget diameter are changed 
from minimum to maximum allowable value in selec­
tion of the new welding conditions. When selecting 
these parameters, it is necessary to take into account 
the error of reproducibi lity of experimental data. It 
is impossible in data accumulation to increase succes-
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sively the accuracy of resetting. In the restructured 
model the data in the centre of the definition region 
are not taken into account, but it is the region where 
there is the highest probability of the process pro­
ceeding. 

It is evident that experiments and computations 
are simplified greatly in case, if the input variables 
of the neuron network are in a single range of values. 
Their representation in relative units is the simplest 
method to reduce input parameters of the spot welding 
process to the close numerical values 

X' = (X - X opt) I X opt> 

where X is the current values, while Xopt are the 
optimum values of parameters. 

It is known that, independently of the thickness 
of parts welded, the relative change in welding con­
dition parameters (current, compression force of elec­
trodes) should not exceed the preset values by ±S % 
in current and by ±1 0% in electrode compression force 
to provide the quality welded joint. In other words, 
when the spot welding process parameters are pre­
sented in relative units, the regions of changing the 
input values are superimposed one on another and 
coincide very often. 

It is known that the normalizing of input data is 
used usually in computation of parameters of the neu­
ron network that is in fact their estimate in relative 
units: 

X" = (X - X a) I Xe.ro 

where Xav = O.S(Xmax + Xmin) is the average value of 
range of changing input data of network variables; 
Xc.r = 0.3(Xmax- X min) is the estimation of this range 
limits. 

Assuming that Xav = Xopt usually, it is possible to 
suppose that 

X" = X' Xort l Xe.ro 

and the normalized value of output is the value of 
weld spot nugget diameter 

D" = Dnuggl ( 1.1Dmax) · 

In calculation of neuron network with input vari­
ables in relative units the need in their normalization 
is avoided that promotes the increase in rate of the 
algorithm convergence [ 4]. At control of the process 
of welding, performed using the new condition, it is 
necessary to select new optimum values of parameters 
of condition Xopt.ncw and weld spot nugget diameter 
Dopt.new· Further, relative values X' should be substi­
tuted to the network and scale factor at the basic 

Thickness of packet, mm 

1.2 + 1.2 (basic network) 

0.8 + 0.8 

2.0 + 2.0 
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Basic 

8.9 

8.2 

12.1 

W elding current, kA 

Minimum 

5.9 

6.5 
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Selection of optimum condition Dopt.new, Xopt.new 

Network resetting: Knew = Kb Dopt.new I Dopt.b. X opt = Xopt.new 

Welding of specimens and checking of error 
in prediction of weld spot nugget diameter 

No 

Correction of weight factors of network 

IJ.w; = U'j + a0X!IJ.Dnugg 

No 

Figure 1. Algorithm of adaptation of neuron network with input 
parameters in relative units (see designations in the text) 

neuron network Kb should be changed proportionally 
to the change of optimum values of nugget diameter 
at basic Dopt.b and new condition Dopt.ncw: 

(4) 

Algorithm of restructuring (Figure 1) of neuron 
networks with input parameters in relative units was 
checked in welding of parts of low-carbon steel with 
a packet thickness (0.8 + 0.8), (1.2 + 1.2) and (2.0 + 
+ 2.0) mm. 

Optimum conditions of welding were selected tak­
ing into account the recommendations of the Interna­
tional Institute of Welding (Table). The scope of 
investigation of the process was from O.SDopt.ncw to 
1.1Dopt.ncw (until appearance of splash). At optimum 
condition the welding current and voltage between 
the electrodes was changed within the -20- +S % 
range, the compression force of electrodes - by 
+SO %, diameter of test surface of electrodes - by 
+SO%. 

The basic neuron network was constructed for 
welding a packet of thickness ( 1.2 + 1.2) mm. Input 
parameters of the neuron network were their relative 
values X'. Then, the coefficient at output of basic 
neuron network Kb for the new network Knew was 
changed by relationship (4) for packets of thickness 
(0.8 + 0.8) and (2.0 + 2.0) mm using optimum pa-

Welding Compression Nugget diameter, 

Maximum 
duration, period force, daN mm 

9.9 10 370 5.4 

9.8 8 320 4.6 

13.2 12 550 6.9 
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Figure 2. Error llDnugg of prediction of diameter of weld spot nugget 
Dnugg in welding parts from low-carbon steel with a different thick­
ness of packet: 1 - ( 1.2 + 1.2) mm - basic condition; 2, 3 -
(0.8 + 0.8) mm; 4, 5 - ( 1.2 + 1.2) mm; solid curves - with 
adaptation; dashed lines - without it 

rameters of basic condition lapt.b. Uapt.b and Dapt.b 

and new optimum condition lapt.ncw. Uapt.ncw and 
Dapt.ncw· 

It is evident that at optimum parameters of weld­
ing condition the error of prediction is determined by 
the error of reproducibility of the experiment: maxi­
mum error should be expected at the periphery of the 
required region of welding process definition. This 
error will be higher at the larger violation of the 
similarity of welding processes at basic and new con­
ditions. 

The increase in error of prediction of the welding 
process in the region of condition parameters at which 
the nugget diameter is larger than Dopt.ncw• is not haz­
ardous, as the rejected joint for the welded joint quality 
monitoring in this region can be evaluated by the ap­
pearance of a splash (if the splashes are not admissible), 
which is determined with a high validity by voltage 
drop between the electrodes. In addition, if to come 
from the condition of selection of optimum condition, 
then this region is so small usually that the appearance 
of a significant error in it is improbable. 

Another situation with an increase in error in the 
region of a minimum allowable nugget diameter Dmin· 

Here, and removal from point Dapt.ncw will be larger 
and the accuracy of prediction should be high for 
distinguishing the non-quality welded joint. To in­
crease the accuracy of welding process definition at 
values of condition parameters at which the nugget 
diameter is approaching Dmin• it is possible to use 
data in this point for resetting the neuron network. 
In experiments this point was obtained at a simulta­
neous decrease in mains voltage by -10- -20 %, in­
crease in compression force of electrodes by +20 -
+50 %, and the diameter of test surface of elec­
trodes - by +50 %. 

16 

Using error of weld spot nugget diameter Wnugg = 
= D 111 -- Dp (where Dm and Dp are the measured and 
predicted values of nugget diameter, respectively), 
the weight factors of mains were corrected: 

(5) 

where a= 0.1 is the coefficient of averaging; ~is the 
coefficient determined by a predicted value of nugget 
diameter from the algorithm of neuron network teach­
ing. In our case algorithm with an error of <<back 
propagation>> type was used for the neuron network 
teaching. 

The described algorithm was checked at different 
conditions of welding parts with an indicated range 
of a packet thickness. Optimum parameters of the 
condition were selected at different time of welding. 
To decrease the errors less than by 10% the correctness 
of weight coefficients of mains by (5) in two cases 
from nine cases was not necessary, in six cases welding 
of one spot was sufficient, and in one case two spots 
were sufficient to clarify the coefficients Wi (Fi­
gure 2). 

The given adaptive algorithm and used structure 
of the neuron network are more convenient for reali­
zation in single-crystal controllers, when the digit 
network is limited by 8 bites as compared with a 
calculation using input parameters in natural units as 
the scaling of input variables is simplified. In calcu­
lations of neuron networks and their checking in per­
sonal computer the computations with a floating point 
are used with almost unlimited accuracy of repre­
sentation of input values of parameters and results of 
intermediate computations for the set problem. 

In a single-crystal controller the application of 
arithmetical operations with a floating point in com­
putations by neuron networks is not rational as a lot 
of time is spent for calculations as a compared with 
a high efficiency of the resistance welding machines. 
It is evident that the calculations in the single-crystal 
computer should be realized in the condition of a fixed 
point. The main length of a word in these computers 
is 8 bits, i.e. initial data, coefficients and results of 
intermediate calculations are within the range of 
-27 - + 127. By complicating the algorithms of cal­
culations it is possible to increase the digit network, 
however, the volume of memory and time of calcu­
lations of program in this case are increased. Mini­
mum volume of memory was selected as a criterion 
of optimality of computational algorithm for its re­
alization at error of computations of not more than 
0.1-0.2 mm as compared with the neuron network, 
constructed without limitations in calculation of 
weight factors and threshold values of the neuron 
network. 

When programming the neuron network, it is nec­
essary to select the capacity of representation of 
weight factors and threshold values, accuracy of rep­
resentation of a sigmoid function and performance of 
intermediate computations, in particular accumula­
tion of a subsigmoid sum. Evaluation of capacity of 
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representation of coefficients and threshold values of 
the network was realized using the calculation of neu­

' ron network using the same experimental data with 
a limitation of digit network from 7 to more bits. 

The network, calculated without limitation of 
variables, was taken as a basic neuron network for 
evaluation of error of the process definition. 

It follows from the calculations made that the 
acceptable accuracy of definition of the process of the 
resistance spot welding using the neuron network of 
the selected structure is attained in limitation of its 
parameters up to ±512. The increase in accuracy of 
representation up to ±1 024 does not almost increase 
the accuracy of calculation of the weld spot nugget 
diameter, and reduction to ±256 decreases the accu­
racy of prediction. Thus, such neuron networks were 
considered later, whose variables were within the 
range of -512- +512 (10 bits). 

It was taken into account in description of a sig­
moid function (Figure 3) that it is symmetrical rela­
tive to point x = 0, y = 1/ 2 and changed at output 
in the 0- 1 range in changing the argument in the 
whole range of values from -=to +oo. Region of de­
scription by argument can be limited coming from the 
nature of function non-linearity. Thus, atx = 3.0 y = 

= 0.952; X = 4.0 y = 0.982; X = 5.0 y = 0.993; X = 
= 6.0 y = 0.997; X= 7.0 y = 0.999; X= 8.0 y = 0.9997. 
In case of limitation of argument up to Xmax = 5.0 the 
error of function description at the boundary of area 
of its determination will not exceed 1 %. Maximum 
error of description of sigmoid function depending on 
a pitch of argument change is in the vicinity of point 
x = 0 and at 1/ 16 pitch it is 0.0156, at 1/ 32 -
0.0078, at 1/ 64 - 0.0039, i.e. pitch 1/ 32 provides 
the description error of not worse than 1 %. To de­
scribe the sigmoid function with an accuracy of not 
worse than 1 % and in the form convenient for reali­
zation in single-crystal controllers, the argument was 
presented in the form of 9-bit number, including one 
sign digit, with 1/ 2 discreteness of argument chang­
ing. The error of approximation here is changed from 
0.0078 (in the centre) to 0.004 (at the ends of defi­
nition area). 

Maximum value of subsigmoid expression depend­
ing on maximum value of input variables (255 or 8 
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Figure 3. Sigmoid function 

bits), maximum values of weight factors and thresh­
old values (±5 12 or 10 bits), and also a number of 
summands in subsigmoid expression (4) is 8 + 10 + 
+ 3 = 21 bits. Thus, the subsigmoid sum should be 
considered as a 3-bit number. 

The described limitations in intermediate calcula­
tions are proved by the resu\ts of experiments on 
welding low-carbon steel, which were compared with 
calculations made in the floating point conditions. 
The error of prediction of nugget diameter here was 
not more than 0.1 mm. 

Thus, the algorithm suggested is very simple for 
use in change of the condition, there is a feasibility 
to accumulate results of experiments and to increase 
the accuracy of setting the neuron network in definite 
points of the preset region of conditions. As a whole, 
the algorithm in relative units allows monitoring of 
the welding quality within a wide range of thickness 
of materials welded without conductance of a large 
number of experiments for the construction of the 
neuron network. 

1. Paton, B.E., Podola, N.Y., Gavrish, Y.S. et al. (1999) 
Automatic evaluation of quality of resistance spot welding 
using the neuron networks. Avtomatich. Svarka, 12, 3-8. 

2. Podola, N.Y., Rudenko, P .M ., Gavrish, Y.S. (2002) Adap­
tive algorithm of quality control of resistance spot welding 
using neural networks. The Paton Vleldmg ]. , 1, ~4-46. 

3. Podola, N.Y., Gavrish, Y.S., Rudenko, P .M. (1999) Adap­
tive system of control of resistance spot welding process of 
low-carbon steel. Avtonwtich. Svarka, 6, 3-5. 

~. Rajbman, N.S., Chadeev! Y.M. (1975) Construction of mod­
els for control of productwn process. Moscow: Encrg1ya. 
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MECHANICAL PROPERTIES 
AND FRACTURE TOUGHNESS OF WELDED JOINTS 

OF A WWER-1000 REACTOR 

A.S. ZUBCHENKO, G.S. VASILCHENKO, E.G. STARCHENKO and S.l. NOSOV 
FGUP ~TsNIITMASh~. Moscow, Russia 

Effect of nickel content in weld metal of steel 15Kh2NMF AA welded joints on their brittle fracture susceptibility has 
been studied, in particular after radiation exposure. It is shown that mechanical properties of weld metal with nickel 
content of not more than 1.3 % are not lower that those given in the specification. It is recommended that the design 
of reactors for brittle fracture resistance should be performed on the basis of fracture toughness of welded joints, using 
a standard curve. 

Keywords: arc welding, low-alloyed steel, reactor body, 
welded joints, mechanical properties, brittleness, fracture 
toughness 

Automatic welding of batch-produced bodies of 
WWER-1000 reactors made of steels of grades 
1 5Kh2NMF A and 1 5Kh2NMF AA was performed us­
ing Sv-12Kh2N2MAA wire in combination with FTs-
16 and FTs-16A flux. In this case, 1.2-1.9 % Ni was 
provided in the weld metal. Studies to assess the in­
fluence of nickel content on weld metal susceptibility 
to brittle fracture, also after irradiation, were con­
ducted to more precisely determine the role of nickel 
in performance of reactor body metal. Investigations 
were performed using commercial batches of welding 
wire Sv-12Kh2N2MAA with 1.25 and 1.6% Ni (melts 
178058 and 179687), and a test batch of wire was 
made with 2.48% Ni (content of other elements being 
on the level of specification requirements for Sv-
12Kh2N2MAA wire). Welded joints 190 mm thick 
were made in keeping with the standard requirements 
for welding and heat treatment of 15Kh2NMF AA 

Table 1. Composition of weld metal 

steel. Composition, impact toughness and critical brit­
tleness temperature of the metal of welded joints are 
given in Tables 1 and 2. 

Radiation resistance of weld metal was studied by 
the procedure of Institute of Nuclear Power Engineer­
ing. Radiation embrittlement of weld metal with dif­
ferent content of nickel was studied by the shift of 
critical brittleness temperature tlT F after irradiation 
with the fluence of (24-260)·1022 N/ m2 at E > 
> 0.5 MeV. Testing results showed that the observed 
correlation between the value of standard fluence and 
shift Teo of weld metal is close to the linear one (Fi­
gure 1) . Data was confirmed, which shows that shift 
tlT F of weld metal with nickel content of more than 
1.3 % (similar to that below 1.3 %) after exposure to 
fluence, corresponding to the design dose over 40 years 
of operation of WWER -1000 reactor (:::; 64·1 022 N 1 m2), 

does not exceed values guaranteed by the certification 
report. Influence of nickel on radiation embrittlement 
becomes stronger at fluence value much greater than 
the design value. A decision was taken to correct the 

No. of wire melt, W eight fraction of elements, % 
flux batch c Si Mn Cr Ni 

178058, 139 0.064 0.25 1.08 1.60 1.28 

179687, 69 0.065 0.32 0.86 1.83 1.60 

Test melt, 139 0.078 0.27 1.10 1.68 2.45 

22554, 235 0.080 0.30 0.75 2.00 1.10 

Table 2. Properties of weld metal after tempering 

No. of wire melt, flux batch Critical brittleness temperature, "C 

178058, 139 

179687, 69 

Test melt, 139 

-30- - 40 

-30--40 

-20--30 
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Figure 1. Radiation embrittlcment of weld metal at different con­
tent of nickel atE> 0.5 MeV: 2.45 (1); 1.60 (2); 1.28 (]) % Ni 

composition of welding wire Sv-12Kh2N2MAA in 
terms of lowering the content of nickel in it to ap­
proximately 1.3 % at a simultaneous tightening of 
requirements to impurity element content 
($; 0.006% P, $; 0.006 % S, $; 0.06 % Cu). 

In order to study the characteristics of brittle frac­
ture resistance of the metal of a weld made with a 
commercial batch of wire Sv-12Kh2N2MAA (22554 
melt) of a corrected composition, Company <<Izhorskie 
zavody>> made welded joints of steel 15Kh2NMF A 
250 mm thick. They were used to prepare specimens 
for testing at the temperature of 20 and 350 'C, speci­
mens with a Charpy notch for impact testing, as well 
as compact CT-1T and CT-4T specimens. 

Welding was followed by heat treatment by a 
standard mode 620 'C (25 h)+ 650 'C (20 h). Blanks 
for making the templates and specimens were cut out 
mechanically, in keeping with the technical require­
ments given in the drawings and process charts for 
cutting out specimens from the reference welded 
joints. Results of specimen testing are given in Ta­
ble 3, from which it is seen that all of them satisfy 
the standard requirements. Deformation curves re­
corded at tensile testing of specimens were used for 
plotting Ramberg-Ostgud curves at the temperature 
of 20 (Figure 2, a) and 350 "C (Figure 2, b). 

Impact testing specimens with a Charpy notch in 
the weld metal were tested in impact testing machine 
PSW-300 in the temperature range from +20 up to 
-40 'C. Figure 3 gives experimental values for all 20 
specimens and temperature dependencies of average 
values of impact toughness and minimum values of 
the percentage of tough component in the fractures. 
Comparison of the plotted curves with the criteria 
values in keeping with the regulations set forth in 
document [ 1], enabled determination of the critical 
brittleness temperature of weld metal Tc = -20 'C, 

Table 3. Mechanical properties of weld metal specimens 
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Figure 2. Diagram of weld metal deformation at 20 (a) and 350 
(b) 'C and its approximation by Ramberg-Ostgud method (curve 
is Ramberg-Ostgud approximation) : a - £ / £0 = G/ Go + 
+ 1.048(G/ G0)

127
, G0 = 470.2 MPa, £0 = 0.22~ %; b - £ / £0 = 

= G/ G0 + 0.891(G/ G0)
13

'
67

, G0 = 406.4 MPa, £0 = 0.214 %; 1-6-
specimen numbers 

which is much lower than the standard requirement 
to the metal of welds of WWER-1000 reactors (Tc = 
= 0 'C). 

Results of impact testing of Charpy specimens fur­
ther allowed evaluation of the temperature for testing 
compact specimens CT-1T [2] (for which the average 
value of fracture toughness K;c = 100 MPa.Ym) 

(1) 

Specimen 
No. 

Test 
temperature, 

"C 
Yield point, MPa Ultimate strengt/1, MPa Elongation, % Reduction in area, % 

1 
2 
3 

4 
5 
6 

20 

350 

484-494 (422) 
3 X 488 

412-450 (392) 
3 X 428 

588-591 (539) 
3 X 589 

22.6-25.0 (15.0) 
3 X 23.5 

73.1-75.0 (55.0) 
3 X 73.7 

491-518 (1190) 
3 X 499 I 

15.8-18.2 (17 .0) 
3 X 17.2 

67.8-69.5 (50.0) 
3 X 68.5 

Notes. 1. The numerator gives the scatter of values, the denominator gives the average. 2. Standard required values are given in brackets. 
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Figure 3. Dependence of average KCV values ( 1) and minimum 
values of fibre percentage (2) on temperature 

where Cis the correction for Charpy specimens equal 
to -18 °C. 

Figure 3 allows evaluation of temperature T2s 1 = 

= -32 oc and, therefore, Ttcst = -50 oc. 
After' inducing cracks, starting from notches in 

keeping with the requirements of [3], testing of the 
first CT -1 T specimens allowed determination of value 
K;c > 140 MPav'm, which led to lowering of testing 
temperature for subsequent CT -1 T specimens to Tc = 

= -70 °C. Testing of eight specimens (all turned out 
to be valid) at T = -70 oc determined the scatter of 
K;c values at the average value of fracture toughness 
of the order of 100 MPav'm, which is necessary for 
construction of a ~master-curve1> [2]. Results of test­
ing all 12 CT-1T specimens are given in Table .4. 

Experimental data obtained on CT -1 T spec1mens 
were processed by formulas given in the design part 
of the document [2]. Calculation results allowed de­
termination of reference temperature To = -60 OC for 
CT-1T specimens of the tested welded joint. The fol­
lowing equation was used for plotting the ~master-
curve1>: 

K1c = 30 + 70 exp [0.019(Ttest - To)] (MPa..Jin} (2) 

Tolerance ranges of 5 and 95 % were calculated 
by the following formula: 

K10 , MPa,lffi 
WO I 

o CT-1T I 

400 

200 

• CT-4T corrected for 25 mm ' 
thickness 

o CT-4T without correction 

OL_ __ ~----~----~--~ 
-150 -100 -50 0 50 T , oc 

Figure 4. <<Master-curve~ (2) for weld metal with 95 (1) and S 
(J) % confidence intervals 

20 The~P.;Jj~Jr~ .... [J· 

Table 4. Results of testing CT-1T specimens 

Test 
Breaking 

Fracture 
Specimen 

temperature, 
Crack size, 

toughness, 
No. mm load, N MPa..fffi oc 

-50 24.15 6870 160.0 

2 -50 24.4 6600 142.3 

3 -so 24.5 6800 170.0 

4 -60 24.7 6400 129.0 

s -70 27.9 6660 121.4 

6 -70 24.7 3470 58.0 

7 -70 24.5 5200 96.1 

8 -70 24.8 5330 104.4 

9 -70 26.1 5000 103.2 

10 -70 24.5 5200 98.0 

11 -70 24.8 4700 83.5 

12 -70 25.0 4200 80.3 

K;c = D 1 + D2 exp [0.019(Ttest- To)], (3) 

where D 1, D 2 are the reference coefficients from [2]. 
~Master-curve1> and tolerance ranges for the stud­

ied weld metal were obtained using the results of 
testing CT -1T specimens (Figure 4). It is s:e~ that 
practically all the experimental points fall w1thm the 
selected tolerance range. Compact CT-4T specimens 
were made of the same welded sample, as CT -1 T speci­
mens. 

Fatigue cracks were induced, using TsDM-200Pu 
testing machine. Initial cyclic loading up to crac~s 
initiation on the side surfaces was conducted at maxi­
mum load Pmax = 450 kN and minimum Pmin = 80 kN 
for approximately 60,000 cycles. The last 5 mm of 
the crack were grown at Pmax = 150 kN and Pmin = 
= 30 kN for 50,000 cycles. After a crack has been 
induced, testing of CT-4T specimens was performed 

K10 , MPa,lffi 

400 

200 

o CT-1T 
¢ CT-4T 

... ... 

<> 

/ 
/ 

,<__ 
/ 2 , 

I 
I 

I 

Reduced temperature T - Tc , °C 

Figure 5. Comparison of the results of fracture toughness testing 
of CT-1T and CT-4T specimens with a standard curve for welded 
joints of WWER-1 000 reactor bodies: 1 - standard curve [ KJ, = 
= 35 +53 cxp [0.0217(T- T)] [1]; 2 - basic K1c curve= 23 + 
+ 48 exp [0.019(T- T)] [4] 
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Fracture 
toughness, 
MPa..Jffi 

0 160.0 

0 142.3 

0 170.0 

0 129.0 

121.4 

58.0 

96.1 

104.4 

103.2 

98.0 

83.5 

80.3 

- T0)], (3) 
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Table 5. Results of testing CT-4T specimens 

Fracture toughness, M Pa..Jffi 
Specimen Test temperature, 

Crack size, mm Breaking load X ro-•, N 
No. "C Recalculated for 25 111111 

Actual 
thickness 

1 20 107.85 72 .2 202.9 276.9 

2 20 104.02 108.0 369.0 512.0 

3 20 103.40 83.0 203.9 279.3 

4 -15 104.40 46.5 103.5 138 .3 

5 -20 103.20 50.0 109.6 146.7 

6 -20 103.90 67.6 149.8 203.1 

7 -55 104.64 38.5 86 .4 113.6 

8 -80 104.40 37.4 80.6 105.4 

9 -80 104.10 31.24 69.5 89.6 

in TsDM-200Pu machine, fitted with force and dis­
placement transducers, system of recording the speci­
men deformation, as well as a cryochamber for cooling 
specimens by liquid nitrogen vapours. Temperature 
of the cooled specimen was controlled continuously, 
using chromel-alumel thermocouples, the heads of 
which were welded in the zone of the end of the 
induced crack . 

K1c value of CT-4T specimens was determined 
allowing for the plastic component of fracture energy 
for only one specimen, tested at +20 oc and having 
by the moment of fracture a static growth of the initial 
fatigue crack of 2.15 mm. The other eight specimens 
failed without any static growth of the crack, which 
allowed determination of value K 1c just by the elastic 
component. 

K1c values obtained for CT-4T specimens were 
also recalculated for the thickness of CT -1 T specimen 
by the following formula: 

Kuc = Kmin + (K4JC- Km;n) (B4/Bt)114, (4) 

where Kmin = 20 MPafiTI; Kuc. K4JC and Bt, B4 is 
the fracture toughness and thickness of CT-1T and 
CT-4T specimens, respectively. 

Results of testing CT-4T specimens are given in 
Table 5. Measured K1c values of CT-4T specimens, 
both the actual ones and those recalculated for the 
thickness of 25 mm, are given in Figure 4. Confidence 
intervals of 5 and 95 % of the ~master-curve>>, ob-

6/2004 

tained from the results of testing CT-1T specimens, 
are confirmed by the results of testing CT-4T speci­
mens 100 mm thick, both for the actual values and 
those recalculated for the thickness of 25 mm (Fi­
gure 5). The Figure gives the results of testing speci­
mens CT-1T and CT-4T, depending on temperature 
equal to the difference of the specimen testing tem­
perature, and critical brittleness temperature of weld 
metal Tc = -20 oc. It is seen that even minimum values 
of fracture toughness of specimens 25 and 1 00 mm 
thick meet the requirements of the standard curve for 
welded joints of casing steels [1]. 

In conclusion it should be noted that the retrofitted 
standard technology, providing welds with a lower 
content of nickel, is recommended for fabrication of 
bodies of WWER-1000 and WWER-1500 reactors, 
and design of these reactors for brittle fracture resis­
tance should be conducted, using the standard curve 
of fracture toughness of welded joints [ 1]. 

1. PNAE G-7-002-86. Codes for strength design of equipment 
and pipelines of nuclear energy plants. Moscow: Energoato­
mizdat. 

2. ASTM E 1921-97. Standard method for determination of 
reference temperature for ferritic steels in transition range . 

3. COST 25.506-85. Methods of mechanical testing of materi­
als. Determination of characteristics of crack resistance 
(fracture toughness) during static loading. Moscow: Gos­
standart SSSR. 

4. Margolin, B.Z., Shvetsova, V.A., Nikolaev, V.A. et al. 
(2001) Procedure for prediction of temperature dependence 
of material fracture toughness in WWER-440 and WWER-
1000 reactor bodies. 
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EFFECT OF ANNEALING TEMPERATURE 
ON MECHANICAL PROPERTIES OF MOLYBDENUM 

ALLOY AND ITS WELDED JOINTS 

B.A. ZADERY, S.S. KOTENKO, A.E. MARINCHENKO, E.P. POLISHCHUK and K.A. YUSHCHENKO 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

Effect of annealing temperature on mechanical properties of base and welded joint metal in molybdenum alloy TsM12 
has been studied . It is shown that the character of variations in the ductility characteristics of the we ld metal with 
increase in the preliminary annealing temperature is in good agreement with the character of variations in ductility of 
the initial material. It has been found that the molybdenum alloy specimens cut at different ang les to the rolling 
direction, as well as specimens made from the weld metal and tested in a temperature range of 20-800 ·c, exhibit a 
three-stage mode of strain hardening. 

Keywords: arc welding, molybdenum alloys, welded 
joints, annealing, cold shortness, strain hardening 

Development of heat-resistant structural materials in­
tended for operation in a temperature range of 1200-
1800 oc is based on using refractory metals with the 
bee lattice. As follows from study [ 1], mechanical 
properties of alloys based on refractory metals, as 
well as their operational properties ( weldability [2-
4], formability [5], etc.), depend to a considerable 
degree upon the structural state of metal resulting 
from the process of thermomechanical treatment. It 
should be noted that relationship between structural 
factors, tough-brittle transition temperature and 
weldability of refractory bee metals and alloys on 
their base play an important role. This relationship 
is especially important for the alloys welded, as metal 
of the weld and near-weld zones as a rule greatly 
differs from the base metal in structural and mechani­
cal characteristics, which leads to decrease in strength 
and low-temperature ductility of the welded joint as 
a whole. 

Investigations were conducted to study the effect 
of the structural state on mechanical properties of 
base metal and metal of welded joints in molybdenum 
alloy TsM12 of the following chemical composition, 
wt.%: Mo - base, Hf - 0.14, Zr - 0.12, B -
0.002, Ni - 0.04, C - 0.005, 02 - 0.001, N2 -
0.0016, H2 - 0.0001. The alloy was studied in a 
deformed condition (as-received) and after annealing 
for 1 hat a temperature of 1100, 1200, 1400, 1600, 
1800 and 2000 °C. 

Specimens for welding were cut so that the lon­
gitudinal axis of a specimen was at an angle of 0, 45 
and 90° to the rolling direction of the initial sheet. 
Tungsten-electrode arc welding was performed in the 
chamber with a controlled atmosphere of inert gas 
under the following conditions: lw = 120 A, Ua = 

= 18 V, Vw = 2.8 mm/s. 
Mechanical tests of specimens of the base and 

welded joint metals were conducted using a four-point 

loading method. The choice of this method was based 
on the fact that, in contrast to three-point bending, 
in the case of the four-point one the conditions formed 
between the load application points, because of a con­
stant bending moment, provide the test results that 
most accurately characterise the material and do not 
depend upon the probable heterogeneities of metal 
(such as structural heterogeneities characteristic of 
welded joints) in a range of the maximal bending 
moment. 

Cold shortness temperature Tc was determined as 
the lowest temperature at which the specimens were 
bent without fracture or cracking. In this case sag f 
was 2 mm, which corresponds to deformation of ex­
ternal fibres of specimens tested to three-point bend­
ing to a bending angle of 90°. 

Changes in the proportionality limit depending 
upon the annealing temperature and test temperature 
are shown in Figure 1. The molybdenum alloy sheets 
in the deformed state (after annealing at 1100 oc to 
relieve treatment stresses) are characterised by a 
clearly defined anisotropy of the proportionality 
limit. At room temperature, the specimens cut in a 
direction coinciding with the rolling direction have a 
minimum value of O'p, while the transverse specimens 
have a maximum value of O'p. Increasing the test tem­
perature to 400 oc leads to decrease of 200 MPa in 
the proportionality limit. The anisotropy of proper­
ties, however, remains in this case at a previous level. 
After recrystallisation annealing at a temperature of 
1500 oc and formation of an equiaxed grain structure 
in a sheet with a mean grain size of 60-80 !J.m, the 
material exhibits almost complete isotropy at all the 
test temperatures. 

Changes in elongation of the alloy specimens de­
pending upon the annealing and test temperatures are 
of a totally different character (Figure 1). The 
uniaxial tension test at room temperature reveals the 
ductility dip after annealing in a temperature range 
of 1200-1400 °C. In this case, independently of the 
orientation of the longitudinal axis of a specimen rela-
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Figure 1. Effect of annealing temperature T, on proportionality limit crr and elongation o of the specimens cut along (0), across <e) 
and at an angle of 45• to the rolling direction (•) at different test temperatures T,e": a - 20; b - 200; c - 400 ·c 

tive to the rolling direction of the initial sheet, the 
values of elongation fall to 0-2.5 %. Increasing the 
annealing temperature to 1600 ·c leads to a dramatic 
increase in ductility, resulting in anisotropy of prop­
erties: elongation of the longitudinal specimens 
amounts to 62 % and that of the transverse speci­
mens - to 46 %. Increasing the test temperature to 
200 and 400 ·c leads to elimination of the ductility 
dip after annealing at temperatures of 1200-1400 ·c. 
Increasing the test temperature is accompanied by 
decrease in anisotropy of elongation. 

Naturally, fusion welding of the molybdenum al­
loy TsM12 sheets inevitably leads to formation of a 
region in the heat-affected zone, the structural state 
of which corresponds to that resulting from annealing 
of the material at 1200-1400 ·c. In this case ductility 
of a welded joint is at a low level. 

Analysis of dependence of variations in structure 
and mechanical properties upon the deformation con­
ditions shows that formation of certain structural 
states both during plastic deformation and during sub­
sequent heat treatment, or under controlled condi­
tions of fusion welding, allows a substantial improve­
ment of a set of mechanical characteristics. Plastic 
deformation of low-alloy molybdenum alloys, ending 
with formation of sub-boundaries of an extended eel-

6/2004 

lular structure, causes a complete dissolution of pre­
cipitates present in the alloy prior to deformation, 
despite the fact that the latter occurs in a temperature 
range of decomposition of the oversaturated solid so­
lution in molybdenum. Therefore, no precipitates of 
the redundant phase, which causes as a rule a sub­
stantial decrease in the level of mechanical properties 
of the alloy, are revealed in structure of the deformed 
base metal (Figure 2). 

Annealing in a temperature range of existence of 
a relatively stable cellular structure leads to partial 
annihilation of dislocations inside the cells and escape 
of the remaining dislocations to the boundaries (Fi­
gure 2, c, d). This is accompanied by a more complete 
segregation of impurities at the cell boundaries and 
decrease in the level of residual stresses. 

Strain hardening of the molybdenum alloy speci­
mens can be described as follows: 

a= CJ5 + C.a, 

where o5 is the yield stress corresponding to a stress 
at the moment of beginning of plastic flow of the 
material. At the first stages of plastic deformation, 
where the dislocation density increases and the level 
of disorientation of the formed sub-boundaries is Q < 
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. ., 
Figure 2. Dislocation structure of molybdenum alloy TsM12 after annealing for 1 hat different temperatures (a - 1100; b - 1200; 
c - 1300; d - 1400 •c) and in testing at 800 ·c 

< Ocro the value of extra hardening L'lcr can be deter­
mined from the following expression: 

tl.cr = NE", 

where E is the true plastic strain equal to ln(1 + £); 
£is the conditional plastic strain M / lo; N is the strain 
hardening coefficient; and n is the strain hardening 
factor. 

Analysis of the results of tests of the TsM12 speci­
mens cut from a sheet at different angles to the rolling 
direction, after annealing in a temperature range of 
1100-2000 oc and tensile test at temperatures of 20-
800 OC, indicates to a multistage character of strain 
hardening (Figure 3). A linear stage of strain hard­
ening is characterised, according to [6, 7], by a con­
centration of the major part of dislocations in flat 
clusters located in one or two slip systems. In defor­
mation within this region, the dislocations persist in 
planes of the active sources, whereas their density 
grows due to involving the new dislocation sources 
and, to a lesser degree, systems. 

As follows from studies [6, 7], because of a large 
number of active slip systems and easy transverse slip, 
this stage of strain hardening in polycrystalline bee 
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Figure 3. lg t.cr against lg E (£ in %) for longitudinal specimens of 
alloy TsM12 after annealing at 1400 ·c and test temperature of 200 ·c 
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metals shows up only in special cases (at low values 
of the stacking fault energy and temperature, large 
grain size, etc.) and is limited to low strains. The 
presence of an extended zone of the I inear stage of 
strain hardening of the weld metal is attributable to 
the fact that, according to [2, 3], columnar crystalline 
grains of the weld metal have approximately identical 
direction of their boundaries and crystallographic ori­
entation. 

Symmetric arrangement of crystalline grains of the 
weld metal relative to its axis, caused by conditions 
of soli-dification of the weld pool from the surface of 
melted grains at the fusion line, is accompanied by 
formation of a certain structural and crystallographic 
texture in the welded joint. 

As the Schmidt factor values in this case are ap­
proximately identical for the majority of crystals of 
the weld metal, it can be assumed that, upon reaching 
the certain level of deformation, the dislocation 
sources in the same slip systems will work when almost 
all the crystals have the identical orientation. There­
fore, all the crystalline grains make a single-valued 
contribution to deformation of a specimen and act, 
thus, as a single whole. This situation is possible, of 
course, only at the stages of plastic deformation with 
a low dislocation density. 

Occurrence of the linear stage of strain hardening 
in the weld metal is favoured to a considerable degree 
by a large size of crystalline grains, ensuring a large 
length of the free path of dislocations in their slip 
planes, and allowing the dislocation source to emit 
more dislocations. The highly developed slip in a lim­
ited number of active systems persists in crystals to 
a certain critical value of deformation. 

Upon exceeding this limit, the active slip systems 
and dislocation sources in them grow in number, and 
the velocity of these dislocations increases. This leads 
to increase in the number of collisions of the disloca­
tions and decrease in a mean length of flat slips. As 
a result, there occurs transition to the next, compara-
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tively uniform distribution of the dislocations, i.e. 
the third stage of strain hardening. At this stage, the 

' strain hardening factor n varies in a non-monotonous 
manner with increase in the test temperature (Fi­
gure 4). 

As shown by the test results, the molybdenum 
alloy considered contained interstitial elements and 
phases. This led to the effect of dynamic strain ageing 
showing up in it. Being situated on the crystalline 
lattice defects, the impurities block the dislocation 
sources, thus increasing their starting stress. During 
the deformation process, the impurities I imit the abil­
ity of the dislocations to move, which leads to rise in 
the effective stress and, what is important, to increase 
in the dislocation density growth rate. These effects 
of the interstitial elements and phases are most pro­
nounced at the initial stages of plastic deformation, 
where all the sources and dislocations are fixed, and 
the effect of the dynamic strain ageing, as well as the 
strain hardening coefficients corresponding to the 
above stages, grow with elevation of temperature due 
to increase in mobility of the impurities. 

Study of the character of fracture of the molyb­
denum alloy specimens at room temperature after an­
nealing at different temperatures shows (Figure 5) a 
mixed inter- and transcrystalline type of fracture at 
increase in the annealing temperature above the re­
crystallisation point. Increase in the annealing tem­
perature to 1800 oc has almost no effect on the char­
acter of fracture. Pre-recrystallisation annealing at 
temperatures of 1100 and 1200 oc does not change 
structure of the initial material, and fracture of the 
specimens in this structural state occurs, like in a 
deformed alloy, along the boundaries of sub-structural 
elements (cells) and is of an exfoliation character. 

Increase in the test temperature is accompanied 
by increase in ductility of the alloy, which correlates 
with formation of fragments of a pitting fracture of 
the specimens. 
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Figure 4. Dependence of strain hardening coefficients N ( 1 - N,; 
4 - N 2; 6 - N 3 ), strain hardening factors n (2 - n1; ] - n2; 

5 - n3 ), proportionality limit cr, (8) and tensile strength cr, (7) 
upon the test temperature of the specimens cut along the rolling 
direction after annealing for 1 h at 1400 'C 

Low-temperature ductility of welded joints in mo­
lybdenum alloys is the main factor that allows prac­
tical application of molybdenum alloy welded struc­
tures [ 8]. Therefore, in evaluation of performance of 
welded structures the main consideration should be 
given to low-temperature ductility and cold shortness 
temperature of welded joints. The level of low-tem­
perature ductility of the weld metal depends to a 
certain degree upon the welding process parameters. 
Its dependence upon the preweld thermomechanical 
and heat treatment parameters, i.e. upon the initial 
structure, sub-structure and crystallographic and 
structural texture, is much stronger [ 4]. With the 
identical technology of welding one and the same 

Figure 5. Fracture surface of the specimens cut at an angle of 45' to the rolling direction after annealing for 1 hat different temperatures: 
a- 1100; b- 1400; c - 1800; d - 2000 'C 
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molybdenum alloy, the resulting welded joints may 
have the angle of bending to fracture ranging from 0 
to 180°, depending upon the structural state of the 
base metal caused by preweld heat treatment. 

Figure 6 shows variations in the cold shortness 
temperature and elongation of the base and weld met­
als depending upon the temperature of annealing of 
the initial molybdenum alloy sheet. As follows from 
the data presented, preliminary annealing of molyb­
denum alloy TsM12 deformed by rolling is accompa­
nied by a non-monotonous variation in ductility of 
both base and weld metal. 

It should be noted that the character of variations 
in the cold shortness temperature and elongation re­
mains unchanged. This is another proof of the earlier 
conclusions [ 4] that the process of welding thin-sheet 
molybdenum alloys results in formation of such a 
structural state of the welded joints which is caused 
primarily by the structural state of the initial material. 
It should be emphasised that the cold shortness tem­
perature of a welded joint, independently of the pre­
weld heat treatment parameters, remains in a range 
of negative temperatures, whereas the cold shortness 
temperature of the base metal after annealing at tem­
peratures above 1800 oc shifts to a range of positive 
temperatures. Most probably, this can be caused by 
a change in the character of fracture. 

Specimens cut from the weld metal fracture by the 
mechanism of transcrystalline cleavage for all parame­
ters of preweld annealing. Specimens of the base metal 
fracture by the mechanism of exfoliation, where the 
annealing temperature does not exceed the recrystalli­
sation temperature (Figure 6, a). After annealing in a 
temperature range of 1400-1600 oc the character of 
fracture is transcrystalline cleavage (Figure 6, b). And, 
finally, after annealing at temperatures above 1800 oc 
a gradual change in the fracture character from tran­
scrystalline to intercrystalline cleavage occurs. 
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CONCLUSIONS 

1. Annealing of the deformed sheets of molybdenum 
alloy TsM12 is accompanied by a monotonous decrease 
in anisotropy of yield stress. After annealing at the 
recrystallisation temperatures the alloy becomes al­
most isotropic. 

2. Elongation after annealing at temperatures of 
1200-1400 oc falls to 0-2.5 %, and then, after an­
nealing at a temperature of 1600 oc, it grows again 
to 45-65 %, depending upon the orientation of the 
longitudinal axis of a specimen relative to the rolling 
direction. 

3. Optimal combination of strength and ductile 
characteristics of a welded joint can be achieved by 
welding the molybdenum alloy annealed at 1500-
1700 °C. In this case, the strain deformation coeffi­
cients are equal for different zones of the welded joint, 
and plastic deformation occurs uniformly and simul­
taneously over the entire welded joint. 
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EFFECT OF POLARISATION OF RADIATION 
ON ABSORPTION OF LASER BEAM 
IN DEEP-PENETRATION WELDING 

I.V. KRIVTSUN and A.N. TALERKO 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

Mathematical model has been developed to calculate the space distribution of power of laser radiation absorbed by the 
surface of a keyhole in deep-penetration laser welding. The model allows for the effect of focusing conditions of the 
initial beam, wavelength and polarisation of laser radiation on its absorption in the keyhole of an arbitrary shape, as 
well as multiple reflections of incident radiation from the keyhole surface . The model has shown that polarisation of 
laser radiation, shape and size of the keyhole have a substantial effect on the distributed and integrated characteristics 
of absorption of the laser beam by metal welded. 

Keywords: laser welding, keyhole, laser beam, radiation 
polarisation, absorption coefficient, metal, surface 

The impact on metals by such a highly concentrated 
heat source as the focused laser beam leads to intensive 
heating, melting and evaporation of metal, causing 
formation of a keyhole in the metal melt [ 1]. The 
coefficient of absorption of electromagnetic waves by 
a flat surface of the metal melt is very low, and, 
according to the data of [2], is 5-40 % in the case of 
a normally falling radiation with a wavelength range 
characteristic of the majority of technological lasers. 
Formation of the keyhole leads to a considerable in­
crease in the efficiency of absorption of laser radiation 
due to its multiple reflections from the keyhole walls. 
As the laser beam is moved with respect to a sample 
(which, for example, is the case of welding), the 
initial beam falls on the front wall of the keyhole at 
a rather high angle of incidence. Therefore, its ab­
sorption may greatly depend upon the direction of a 
vector of polarisation of the incident radiation [3]. 

Different models are available for quantitative de­
scription of peculiarities of propagation and absorp­
tion of laser radiation in the keyhole. However, most 
of them are limited to a consideration of axisymmetric 
keyholes [1, 4]. At the same time, in high-speed laser 
welding, as well as in hybrid laser-arc processes, the 
keyhole may have an extremely asymmetric shape. 

Therefore, this study has been aimed at develop­
ment of a mathematical model to calculate the inte­
grated and distributed characteristics of absorption 
of the laser beam by the surface of a keyhole having 
an arbitrary shape, allowing for multiple reflections 
of the beam from the keyhole walls (absorption of 
laser radiation in a vapour flow filling the keyhole 
being neglected). 

Assume that a keyhole, the shape of a free surface 
of which is set by equation z = z5 (x, y) (Figure 1), 
is formed in a metal sample under the effect of the 
focused laser beam. The coordinate system is selected 
so that axis Oz is directed downward and coincides 
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with the beam axis, while plane z = 0 coincides with 
the upper (flat) surface of the sample. Assume also 
that the initial laser beam has the form of a quasi-plane 
electromagnetic wave propagating in a direction of 
axis Oz, and that it has the Gaussian distribution of 
the radiation intensity, which is assumed to be linearly 
polarised, so that vector of the electric field of the 
incident wave is at angle <p0 (0 :s; <p0 :s; n: /2 ) to the 
positive direction of axis Ox. The space distribution 
of a complex amplitude of the electric field for such 
a beam can be written down as follows [ 5]: 

(1) 

Here 

Figure 1. Schematic of laser beam-keyhole surface interaction in 
laser welding 
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Figure 2. Dependence of the coefficient of absorption of laser 
radiation falling normal to a flat surface of molten aluminium upon 
the temperature of this surface (optical properties of molten alu­
minium were taken from [2]): 1 - diode laser , A.= 0.808~-tm; 2 -
YAG-laser, A.= 1.06~-tm; 3- C02-laser, A.= 10.6~-tm 

[ 2] [ 2 l 2 2 (z- F) Zp 
w,(z) = Wp 1 + 2 ; R,(z) = (z -F) 1 + 2 ; 

zF (z- F) 

(
z - FJ kw~ (2) 

<pz(z) = arctg ---;;- , Zp = -
2
-, 

where WF is the minimal half-width of the laser beam; 
F is the distance from the beam focusing plane to the 
sample surface (see Figure 1); k = 2n/A. is the wave 
vector; and /... is the laser radiation wavelength. 

Distribution of the radiation intensity in the beam 
under consideration can be found using the following 
relationship [3]: 

(3) 

where c is the velocity of light. 
The value of EF from ( 1) is determined using the 

integral expression for a total power of the beam, Qo, 
this yielding 

E~ = 16Q0/(cw~). (4) 

Absorption of laser radiation by metals in a thin 
sub-surface layer depends upon the temperature of 
the metal surface and the radiation wavelength (Fi­
gure 2), and in the case of an inclined incidence it 
depends also upon the radiation polarisation (Fi-

0.8 

0.6 

0.4 

0.2 

0 20 40 60 80 S, deg 

Figure 3. Dependence of the coefficient of absorption of a linearly 
polarised radiation of the co2-laser (A.= 10.6 ~-tm) by the surface 
of molten aluminium at a boiling temperature of aluminium (T = 
= 2720 K) upon the angle of incidence: 1 - p-polarisation; 2 -
s-polarisation 
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gure 3). In a general case, coefficients of absorption 
of electromagnetic waves by an isotropic metal for 
two independent polarisations of an incident wave 
can be determined using the following relationship 
[6]: 

4Re(Z(p. sJ) 
W"· s) =- w 

It - z~· s) 12 . 
(5) 

The space dispersion of dielectric permittivity of 
metal being ignored, the following expressions result 
for the values of Zif:· s) [ 6]: 

<Pl -Jew - sin
2 

-6 (s) cos '6 (6) 
Zw =- ; Zw =- ' 

Ew cos -6 -Je - sin2 -6 
(JJ 

where Ew(T) is the complex dielectric permittivity at 
a laser radiation frequency of w = 2nc/A. for metal at 
temperature T; and i1 is the incidence angle. Index p 
corresponds to a case of incidence of a wave, the vector 
of the electric field of which is parallel to the incidence 
plane (p-polarisation), and s corresponds to a case 
where the vector is normal to the incidence plane 
(s-polarisation). 

Use approximation of the geometrical optics to 
calculate the distributed and integrated charac­
teristics of absorption of the laser beam in a keyhole, 
allowing for multiple reflections of the radiation from 
its walls. Assume that the initial laser beam is a set 
of straight-line rays parallel to axis Oz, each of which 
is characterised by coordinates (x0, y0) of a point of 
the first incidence onto the metal surface, curvature 
of the wave front surface of the incident beam near 
the focusing plane (at I z- F 1

2 « z}) being ignored . 
In this case the course of the reflected rays inside the 
keyhole (see Figure 1) can be determined using the 
following equations: 

X- X, - Y- Ym - Z- z, - 0 1 2 (7) -b- ,1n-,,, ... , 
am+ t m + 1 Cm + t 

where {x 111 (Xo, Yo), ylll(xo, Yo) and zlll(xo, Yo)} are the 
space coordinates of a point of the m + 1 incidence 
of a corresponding ray onto the keyhole surface, 
a111 + 1 (xo, yo), b111 + 1 (xo, yo) and C111 + 1 (xo, yo) are the 
direction cosines of a unit vector (a~, + 1 + b~, + 1 + 
+ c~, + 1 = 1) in a direction of the reflected ray after 
the m + 1 reflection. 

Coordinates of the reflection points are found from 
the conditions of intersection of the reflected rays 
with the keyhole surface (providing that a given ray 
after the preceding reflection does not propagate out­
side the keyhole): 

Xm+l -xm Ym+l- Ym 
a,+ I bm+ I 

Zs(Xm + 1' Ym + t) - Zm 

Cm+ 1 
m = 0, 1, 2, ... 

(8) 
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The direction cosines are determined proceeding 
from the conditions that incidence angle flm(xo, Yo) 
'is equal to the reflection angle, and that the incident 
and reflected rays are in the same plane with the 
vector of normal to surface z = z/x, y) at the point 
of incidence: 

cos t}m = am+ lam + b, + 1~m + Cm + tYm = 

= -(ama.m + bm~m + CmYm); 

a,+ tCbmYm - Cm~m) + b, + l(cma.m - a,y,) + 
(9) 

where a.,(xo, Yo), ~m(xo, Yo) and Ym(Xo, Yo) are the 
direction cosines of a unit vector of the internal normal 
to the keyhole surface at a point of them + 1 incidence 
of a corresponding ray: 

Pm 
am=v 2 2; 

1 + Pm + q, 

Ym = - I/ 2 2 ; 
1 + Pm + qm 

( 1 0) 

azs I 
qm = dy X = X 111 • 

Y = Ym 

Direction cosines for rays of the initial laser beam 
are 

a0 = b0 = 0, c0 = 1. ( 11) 

Equation for the plane of incidence of a ray onto 
the keyhole surface can be written down as follows: 

Amx+Bmy+Cmz+Dm=O, m=0 , 1,2, ... , (12) 

where Am(Xo, Yo), Bm(Xo, Yo) and C,n(Xo, Yo) are the 
direction cosines of a unit vector of normal to a plane 
of the m + 1 incidence of the initial ray with coordi­
nates (xo, yo) . 

The corresponding direction cosines can be deter­
mined from the conditions that this plane passes 
through the point of incidence, and that the incident 
ray and vector of normal to the keyhole surface at 
this point are parallel to the plane of incidence: 

AmXm + BmYm + C111Z111 + D, = 0; 

A111a111 + B 111 b111 + C111C111 = 0; 

Ama.m + Bm~m + CmYm = 0, m = 0, 1, 2, ... , 

( 13) 

as well as from the condition that A~, + B;., + c;,, = 

= 1. For the planes of incidence of the initial laser 
beam rays 

A0 = ~0 
; B0 =- a.o ; C0 = 0. 

~~ + ~~ ~~ + ~6 
( 14) 

At the first incidence of a ray of the initial beam 
onto the keyhole surface at point {xo, Yo, z/xo, Yo)}, 
power of the radiation falling on the elementary region 
of this surface dSo(xo , Yo) = -ds&x· Yl / yo(xo, Yo), has 
the following form: 
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dPo = Io [xo, Yo. z,(x0 , y 0)] dSbx.y>_ (15) 

where ds&x· Yl = dxodYo is the projection of dS0 on 
plane xOy. 

Expressions ( 1) and (3) being taken into account, 
the corresponding portion of this power for each of 
the two independent polarisations of the radiation 
can be found as follows: 

( 16) 

where \jfo(xo, Yo) is the angle between the plane of 
the first incidence of a selected ray and direction of 
the vector of the electric field of the initial laser beam . 

The total radiation power absorbed by region dS0 
can be written down as follows: 

dP0 = dP0(Wi{'l co1 \Jfo + wg> sin2 
\j/0). ( 17) 

The heat flow introduced into metal by the initial 
laser beam at point {xo, yo, z/xo, Yo)} can be calculated 
as follows: 

q0 = dP0(WJ'l cos2 \Jfo + w<g> sin2 \j/0)/(d50), (18) 

where Wlf· s)[flo(xo, Yo), T(xo, Yo)] are the values of 
the absorption coefficients for p- and s-polarisation, 
respectively, at the said point of the surface. 

Power of the radiation falling then on region dS 1, 

reflected from the elementary region dS0, is 

dP 1 = d'P0 = 
( 19) 

= dP0[(1- 1-Vi{'l) coi \Jfo + (1 - w<g>) sin2 \j/0)]. 

By repeating the above considerations for sub­
sequent reflections, we can derive the recurrent for­
mula to find dP m + 1 [xm + 1 (xo, Yo) and Ym + 1 (xo, Yo)]: 

dPm + 1 = dP111 [(1 - W,!;>) cos2 \Jfm + 

+ (1- W,:,l) sin2 \Jfml. m = 0, 1, 2, ... , 
(20) 

where ~· s)[f1111 (Xo, Yo), T(xm, Ym)] and \jfm(Xo, Yo) 
are the values of the absorption coefficients and angle 
between the plane of the m + 1 incidence of a ray 
onto the keyhole surface and direction of the vector 
of the incident radiation electric field. 

The value of dPo(xo, Yo) is found from formula 
( 1 S), and the angle can be calculated from the fol­
lowing relationship: 

. 2 
Sin \Jfm = 

m=O, 1,2, ... , 

where electricfield components E 711 = E~l + E~:,l at the 
m + 1 incidence of a ray onto the keyhole surface are 
determined from the conditions that the vector of 
E~) lies in the plane of incidence and is normal to 

the incident ray, and that E~~) is normal to this plane: 
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(E~!;))xam + (E~))yb111 + (E~;\c111 = 0; 

(E~\A111 + (E~\Bm + (E~>),C111 = 0; 

A·;n Bm Cm 
-(-s)- = -(-s)- = -(s)-, m = 0, 1' 2, .. 0 ' 

(£ 111 )x (£111 )y (£ 111 ), 

(22) 

and from the conditions that relate the electric field 
components for the incident and reflected radiation 
at a corresponding incidence: 

(£~;>+ t)2 = (1 - w,;,>)(£~))2; 

(£~:,\ 1)
2 = (1 - W,:,>)(£~~>) 2 , m = 0, 1, 2, ... 

(23) 

In particular, for the first incidence using ( 1) and 
(2) we find that 

sin2 
\jfo = (A0 cos <p0 + B 0 sin <p0 )

2
. (24) 

By analogy with (18), heat flow q 111 [X 711 (Xo, Yo), 
Ym(Xo, Yo), Zm(Xo, Yo)] introduced into metal at the 
m + 1 incidence of the ray (xo, Yo) of the initial beam 
onto the keyhole surface can be written down as fol­
lows: 

q111 = dP 111(W,;;> cos2 
\j/111 + W,:,> sin2 

\j/ 111)/ (d5 111), 

m = 0, 1, 2, ... (25) 

Here dSm(Xo, Yo) = -dS~~· Yl j y111(Xo, Yo), where 

dS~~· Yl is the surface area of a quadrangle in plane 
xOy, the corners of which are determined by coordi­
nates (x 111 , y 111 ) of the points of intersection of the 
initial beam rays (xo, Yo), (xo + dxo, Yo), (xo, Yo + 
+ dyo) and (xo + dxo, Yo + dyo) with surface z = 
= z/x, y) at the m + 1 reflection. 

The resultant space distribution of the heat flow 
introduced into metal by the laser beam, allowing for 
multiple reflections of radiation from the keyhole 
walls, can be written down in the following form: 

q[x, y, Z5(X, y)] = 

~ (26) 

= 2: j8[x- Xm(Xo, Yo)]o[y- Ym(Xo, Yo)lqmdxodYo· 
111 = 0 

Integration is done over a range of variations in 
the coordinates of the initial laser beam rays falling 
on the keyhole surface. Then, by integrating over the 
entire surface of z = z/x, y) from expression (26), 
we can calculate total power Q absorbed by metal, 
as well as the integral absorption coefficient deter­
mined as 

W= Q/ Qo. (27) 

The algorithm was developed for numerical real­
isation of the suggested model. This algorithm is based 
on the principle of discretisation of the calculation 
domain by plotting a 20 grid in plane xOy and a 
corresponding array containing values of the z-coor­
dinates of the keyhole surface points. The total value 
(for all possible reflections) of the absorbed radiation 
power was determined for each cell of this grid. A 
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limiting condition for the quantity of the reflections 
considered was that allowance for the next reflection 
should not lead to a change of more than 1 % in the 
absorbed power. Then the value of the heat flow cor­
responding to a given cell was calculated. 

The software was developed to enable computer 
modelling of the distributed and integrated charac­
teristics of absorption of the laser beam in deep-pene­
tration welding. The input parameters for the com­
putation software included physical and geometric 
characteristics of the initial laser beam (power, wave­
length and direction of the vector of polarisation of 
the radiation, beam diameter in the focusing plane 
and position of this plane with respect to the sample 
surface), as well as optical properties of metal, shape 
and geometric sizes of the keyhole. 

It should be noted that this software can be utilised 
to compute characteristics of absorption of the laser 
beam with an arbitrary (non-Gaussian) distribution 
of the radiation intensity. The software was used to 
conduct numerical analysis of peculiarities of absorp­
tion of the Gaussian beam of the COrlaser radiation 
(A. = 10.6 J.Lm) in keyholes of different shapes, as 
applied to laser welding of aluminium. Depth H of 
the keyhole was varied from 2 to 10 mm, and tem­
perature of its surface was assumed to be uniform and 
equal to the boiling temperature of aluminium. Pa­
rameters of the initial laser beam were selected as 
follows: power - Qo = 10 kW, sample surface to 
focusing plane distance - F = 5 mm, range of vari­
ation of the beam diameter in this plane, dF, deter­
mined as the diameter of a circle within which 99 % 
of the laser radiation power (2wF = 0.66dp) is con­
centrated - 0.2-0.5 mm, and angle between the ra­
diation polarisation vector and welding direction -
<Po= 0--n/ 2. The used values of the absorption coef­
ficients for p- and s-polarised radiation were selected 
in accordance with the data shown in Figure 3. 

Figures 4-7 show the results of calculation of the 
distributed and integrated characteristics of absorp­
t\o\\ o\ t"e \a'f.R:t ~m. \ii the k.e'S'b..~le. , tb..e. s.~ ~f 
which in the selected coordinate system is set by the 
following equations: 

(x + tu)2 i_ 
+2 + 2' x+l1x>O; 

1 - .!__ = (Rx) Ry (28) 
H (x + tu)2 y2 

~-..,..:.__ +- X+ f1x < 0, 
(R~)2 R~' 

at R; = 0.5 mm, R; = 1.5 mm, Ry = 1.0 mm and~= 
= 0.25 mm. 

The effect of polarisation of laser radiation on the 
space distribution of the heat flow introduced into 
metal through the surface of such a keyhole is illus­
trated in Figures 4 and 5. An intensive absorption of 
the initial laser beam falling on the front wall of the 
keyhole at high values of angle -&o (for an axial beam, 
e.g., -&0 "" 8T) is seen at <Po= 0, whereas the radiation 
polarised so that <Po = n/ 2 is absorbed very insigni­
ficantly at the first incidence onto the keyhole surface 
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Figure 4. Space distribution of the heat flow introduced into metal 
through the keyhole surface (H = 10 mm) by the laser beam with 
dF = 0.4 mm, linear polarisation of the radiation and different 
welding directions: a - <p0 = 0; b - <p0 = n / 2 

(Figure 5). This is associated with a substantial dif­
ference in the absorption coefficients for p- and s-po­
Iarised waves at high values of the angle of incidence 
(see Figure 3). The laser radiation reflected after the 
first incidence onto the metal surface falls on the rear 
wall of the keyhole. In this case several additional 
absorption maxima (solid curve in Figure 5) rapidly 
decreasing in amplitude, which correspond to sub­
sequent reflections and are concentrated near plane 
xOz (see Figure 4, a), are formed at <j)o = 0, whereas 
at <j)o = n / 2 only one additional absorption maximum 
corresponding to the second incidence (dashed curve 
in Figure 5) is formed near the said plane. It should 
be noted that in the last case a considerable portion 
of the absorbed energy (both at the first reflection 
and at the reflections that follow) falls on the side 
walls of the keyhole (see Figure 4, b), where the 
radiation component with a vector of the electric field 
lying in the incidence plane contributes much to the 
total absorption. 

The data shown in Figure 6 are indicative of a 
substantial increase in the radiation power absorbed 

q·10-~ W / cm2 

5 

3 

0 -1.6 -1.2 -0.8 -0.4 0 x, mm 

Figure 5. Distribution of the heat flow in the keyhole symmetry 
plane (y = 0) at <p0 = 0 (solid curve) and <p0 = n/ 2 (dashed curve); 
the rest of the parameters are the same as in Figure 4 
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Figure 6. Dependence of the radiation power absorbed by meta l 
upon the depth of the keyhole for the laser beam with <p0 = 0 (a) 
and <p0 = n/2 (b) at different values of the beam diameter in the 
focusing plane: 1 - dF = 0.2; 2 - dp = 0.3; 3 - dp = 0.5 mm 

by the surface of the keyhole of a shape considered 
with increase in diameter dp of the initial laser beam. 
In addition, a stepwise increase in the radiation power 
absorbed in the keyhole takes place with increase in 
its depth, which can be related to the corresponding 
increase in the quantity of possible reflections of the 
initial beam rays (before they leave the keyhole). This 
effect is especially pronounced in the case of a laser 
radiation polarised normal to the welding direction 
(see Figures 6, b and 7), since, as shown above, the 
radiation beam with <p0 = n/2 is very slightly ab­
sorbed at the first incidence onto the keyhole surface. 
As far as the absolute values of Q are concerned, at 
<j)o = 0 the radiation power absorbed by metal is almost 
twice as high as that observed at <j)o = n /2 (see Fi­
gure 6, a and b), the major change taking place in a 
range of n / 6 ~ <po = n /2 (see Figure 7). 

Q, kW 

5 

3 

4 6 8 H, mm 

Figure 7. Dependence of the absorbed power upon the depth of 
the keyhole at d F = 0.4 mm and different directions of the radiation 
polarisation vector in the initial beam: 1 - <p0 = 0; 2 - <p0 = n/ 6; 
3 - <p0 = n/ 3; 4 - <p0 = n/ 2 
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Figure 8. Space distribution of the heat flow introduced into metal 
by the laser beam with dF = 0.4 mm and linear radiation polarisa­
tion: a, b - same as in Figure 4 

Figures 8 and 9 show the calculation data on dis­
tribution of the heat flow for the case of absorption 
of the laser beam in the keyhole of a different shape: 

1 - .!._ = [(x + tJ.x:)2 + /]2 
H R2 • (29) 

where H = 10 mm, R = 1 mm and ~x = 0.25 mm. 
In this case the initial beam rays also undergo 

multiple reflections in the keyhole. However, unlike 
the earlier considered shape of the keyhole, here the 
reflected rays can contribute much to that portion of 
the radiation power that is absorbed by its front wall 
(compare Figures 5 and 9). The distribution of q[x, 
0, z/x, 0)] in a case of using laser radiation polarised 
in the welding direction is similar to that for the 
radiation polarised in a normal direction, the differ­
ence being that the heat flow and total absorbed power 
are much higher in the first case. 

It can be noted in conclusion that the direction of 
the radiation polarisation vector in the laser beam 
exerts a substantial effect on its absorption by metal 
during deep-penetration laser welding. In particular, 
the laser radiation polarised along the weld is al} 
sorbed almost twice as efficient as that polarised in 
the normal direction. Therefore, to increase the effi-
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0 
-1.2 -0.8 

Figure 9. Distribution of the heat flow in plane y = 0 at cp0 = 0 
(solid curve) and q>0 = n / 2 (dashed curve); d,- = 0.4 mm 

ciency of laser welding, it is expedient to use laser 
beams with a linear polarisation of radiation along 
the welding direction. 

The space distribution of the heat flow introduced 
by the laser beam through the keyhole surface greatly 
depends upon the radiation polarisation, and can be 
substantially different from the distribution of the 
radiation intensity in the initial beam. This should be 
taken into account in analysis of the processes occur­
ring on the surface and in the bulk of the weld pool, 
as well as in calculation of the space-time distributions 
of metal temperature in the HAZ during deep-pene­
tration laser welding. 

As the shape and geometric size of the keyhole 
have a strong effect on the distributed and integrated 
characteristics of absorption of the laser beam, to ade­
quately describe the deep-penetration laser welding 
process it is necessary to develop a mathematical 
model, which would allow the shape and size of the 
keyhole to be determined in a self-consistent way, 
depending upon the welding process parameters, in­
cluding the laser radiation polarisation. 
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DETERMINATION OF DESIGN S-N CURVES 
OF WELDED JOINTS OF METAL STRUCTURES 

CURRENTLY IN SERVICE 

P.P. MIKHEEV, V.V. KNYSH, O.V. VOJTENKO and V.A. BRODOVOJ 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

A procedure was developed of plotting design S-N curves for the main types of welded joints for in-service structures, 
using a specially developed software for PC. Obtained design S-N curves of welded joints were compared with the 
results of fatigue testing of large-scale specimens . 

Keywords: welded joint, bounded fatigue limit, stress 
concentration factor, S-N curve, software, residual life 

In order to determine the residual life of welded struc­
tures, the design life of which is over, it is necessary 
to have the characteristics of fatigue strength of 
welded joints (design S-N curves), corresponding to 
the fatigue strength of the actual (examined) joints 
of structures in operation. Such curves cannot be gen­
erated experimentally, as preparing the respective 
specimens will require violating the integrity of the 
load-carrying elements of the structure. 

It is suggested taking the basic diagrams of limit 
stresses of welded joints in steel of various strength 
grades with low (close to zero) residual stresses as 
the initial data for establishing the design S-N curves 
of welded joints . Basic diagrams of welded joints are 
specified by RD 50-694-90 <*Procedural guidelines. 
Probabilistic method of fatigue analysis of welded 
structures1> [ 1]. As in RD document stress concentra­
tion factors <Xcr are not specified for the established 
groups of welded joints, it is proposed to take their 
average values, earlier determined for the respective 
types of welded joints, as the standard <Xcr values [2, 
3]. Average values of the stress concentration factors 
for element groups 2-7, according to the classification 
in RD 50-694-90, are given below: 

Element group 

Stress concentration 
factor ao 

2 3 4 5 6 7 

1.1 1.3 1.4 1.6 1.7 2.3 

Two values of endurance limit crR (for instance, 
0 

at N = 5·1 04 and N = 2·1 06 cycles) at a specified cycle 
asymmetry R 0 , required for plotting the basic S-N 
curve, can be determined directly from the diagrams 
of limit cycle stresses of the respective groups of 
welded joints in steels of three strength grades. 

For subsequent automation of the procedures of 
plotting the basic S-N curves, it is recommended to 
determine the required values of endurance limit 
crRo from the following relationship: 

(1) 

© P.P. MIKHEEV, V.V. KNYSH , O.V. VOJTENKO and V.A. BRODOVOJ, 2004 
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where D = cro - cr-1 I crm; cr-1 is the endurance limit 
of the joint at a symmetrical loading cycle determined 
from the diagrams of limit cycle stresses for a specified 
number of cycles; crm is the average limit cycle stress 
determined from the diagrams of limit cycle stresses 
for a specified number of cycles at Ra = 0; Ra is the 
coefficient of cycle asymmetry; cro is the endurance 
limit of the joint at zero-to-compression stress cycle 
determined from the diagram of limit cycle stresses 
for a specified cycle number. 

It is proposed to plot the basic S-N curves for this 
group of welded joints in (N-cr) co-ordinate plane 
in the form of a straight line (cr =a lg N + b), passing 

through points with co-ordinates (5·104, cr~ 104 ) and 
0 

6 
(2·106, cr~~o ). In this case the equation of the basic 

S-N curve becomes 

[

d·10

6 l 
cr = 0.62Scrk 10

' ~- 1 lg N + 
0 5·10 

(JRo 

[ 
~to'] (2) 5·10

4 
R, + 3.94CJR 1- 0.75 -, . " crlto 
R" 

For presentation of this procedure the type of 
joints with fillet welds, corresponding to class 4b of 
the code [ 1] (Figure 1) and made of low-carbon steel 
(cry = 240 MPa, crt = 480 MPa), for a symmetrical 
loading cycle (Rcr = -1.0) was selected from seven 
groups of welded joints of metal structures. 

The corresponding basic S-N curve, plotted from 
relatipnship (2), is given in Figure 2. 

Plotting of design S-N curves of welded joints in 
load-carrying elements of metal structures in opera­
tion, required to determine their residual life, is per­
formed on the basis of a procedure developed at PWI. 
This is a procedure of design determination of a 
bounded endurance limit, corresponding to 2·1 06 cy­
cles, allowing for the actual values determined in the 
structure in service for the stress concentration fac­
tors, asymmetry of the loading cycle, steady-state 
level of residual stresses and mechanical properties of 
the metal [3, 4]. 
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Figure 1. Diagrams of limit stresses of the cycle for group 4b 
elements: I - low-car~on ; II- loiv-alloyed; I [I - high-s\fength 
stee~s; I - N = 5·10; 2 - 1-10; 3 - 5-10; 4 - 2·10; 5 -
5·10 ; 6 - N - ~ oo cycles 

A basic S-N curve is selected, which is determined 
by the above method, and which pertains to the type 
of welded joint with a low level of residual welding 
stresses, for which the averaged stress concentration 
factor a 0 is the closest to the experimentally estab­
lished stress concentration factor a~ of a welded joint 
of the metal structure element in service. To provide 
a conservative estimate of the residual life of a welded 
structure, the basic S-N curve should correspond to 
the averaged stress concentration factor a 0 , greater 
than or equal to the experimentally established a~. 
In this case the basic S-N curve is determined for the 
value of the coefficient of asymmetry of an alternating 

cr max MPa . 
\ \ \ \ \ \ 1 .l , 

180 
r-. 

160 

""" !'.... f' 
140 

~ 
120 

""" " 100 

jQS tOG N, cycles 

Figure 2. Basic S-N curve of a welded joint of class 4b on low­
carbon steel; Ra = -1.0 
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Figure 3. Schematic of plotting a design S-N curve of a welded 
joint on an element of a metal structure in service : 1 - basic S-N 
curve (cr,.es = 0); 2 - design curve 

loading cycle , corresponding to its value in service 
for the studied element of a welded structure. The 
established position of the basic S-N curve is used to 
determine the cyclic fatigue life Ny, corresponding to 
the region of cyclic loading, in which in the zones of 
a stress raiser with concentration factor a 0 the stresses 
reach the values of base metal yield point. 

In other words, the known equation of basic S-N 
curve (2) is used to determine the number of cycles 
of stress alternation Ny, corresponding to the value 
of maximum cycle stress crmax• equal to cry/acr value. 
The thus obtained point with co-ordinates (Ny. 
cry I a 0 ) in co-ordinate plane (N - cr) is taken to be 
the upper point of the design S-N curve of welded 
joints in load-carrying elements of metal structures 
in service with their inherent combinations of factors, 
which determine their fatigue resistance (F igure 3). 

Such factors are known to be mechanical properties 
of base metal, stress concentration factor a~, coeffi­
cient of cycle asymmetry R 0 , and maximum stresses 
crmax of the cycle of external alternating loading (jst 
and steady-state level of residual welding stresses 
cr~~s· Influence of all the above factors on fatigue 
strength of welded structures in service, except for 
the residual welding stresses, is expressed by basic 
S-N curves, found from relationship (2). 

In this connection, it is proposed to establish the 
design S-N curve by correction of the appropriate 
basic S-N curve. The above correction consists in low­
ering of the endurance limit, based on 2 min cycles, 
down to a value equal to endurance limitcrR, allowing 
for the influence of a steady-state level of residual 
welding stresses. In this case, the condition is satisfied 
~ tt.~ ~ ~ <ik~'ll ~ ~' - No (lliL\I(t$ at. 
cyclic stresses, corresponding to reaching stress levels 
equal to material yield point in the zones of a con­
centrator with factor a 0 , as in this case the residual 
welding stresses relax completely. Known experimen­
tal studies [ 5] show a coincidence of bounded end ur­
ance limits of welded joints without residual stresses 
and those with residual stresses of different level, if 
a cycle of alternating stresses of the same range with 
maximum stresses equal to material yield point is 
implemented in the stress concentrator zones . 

The value of endurance limit crR is given by the 
0 

following relationships [ 4]: 
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Figure 4. Block-diagram of a program for plotting basic and design S-N curves 

(3) 

O"t ' 
(1 - R~Kcr=t- 1) 

where R~ is the service coefficient of cycle asymmetry; 

cr~~~ are the limit values of residual stresses 
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1 

These relationships allow for the influence of the 
level of steady-state residual welding stresses <fr~s act­
ing in a welded joint of a structural element in op­
eration. 
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_,, Figure 5. Comparison of a design S-N curve with the results of fatigue testing of the respective welded joints: a - element group 4, 
cr,., z 0.6crY; b - element group 3, cr,., z cry; c - element group 3, crrcs z 0.6cry; dark curve is basic S-N curve; light curve is design 
curve; dots are the results of fatigue testing of the corresponding welded joints 

The above correction of the basic S-N curve actu­
ally consists in its rotation around a point with co­
ordinates (Ny, cry / aa) in the co-ordinate plane (N­
cr) so that the corrected S-N curve (which is exact! y 
the design curve), would run through a point with 
co-ordinates (2·106, cr~). Then the design S-N curve 
of the main types of welded joints of load-carrying 
elements in metal structures currently in service with 
certain combinations of factors that determine their 
fatigue strength can be written as 

r O y 
oR- aa 

cr = 6 + lg 2 - lg N y lg N + 

(J 

(6 + lg 2)F - 0~ lg NY 
a 

(4) 

+ 6 + lg 2 - lg Ny 

Software for a personal computer was written for 
automation of the design procedures, when plotting 
the basic and design S-N curves. Program algorithm 
was written in c++ programming language, and is 
supported by Windows NT operating system. Block-
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diagram of the program is given in Figure 4. Data 
required for plotting the basic and design S-N curves 
are stored in Paradox data base. 

When working with the program in the user for­
mat, it is necessary to select the strength grade of the 
steel and introduce cry and crt values corresponding to 
it, the group of element joint, corresponding value of 
the stress concentration factor aa, asymmetry of act­
ing stress cycle Ra, and value of the level of steady­
state residual welding stresses cr~~s- After that the pro­
gram checks the entered data and performs the nec­
essary calculations. Calculation results are presented 
in the graphic form asS-N curves in a semi-logarith­
mic scale (cr- lg N). If required, the program allows 
comparing the design S-N curve with the data ob­
tained at experimental studies of fatigue strength of 
the respective joint. The developed program allows 
exporting the data and calculation results into such 
programs as Microcal Origin, MS Word, MS Exel. 

Figure S gives a comparison of the design S-N 
curve derived by the proposed procedure with the 
experimental data. In the first case (Figure 5, a), 
fatigue testing at a symmetrical loading cycle (can-
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tilever bending) was conducted using large-scale 
specimens of 200 x 30 mm section with transverse stiff­
eners, joined by fillet welds. Specimens were made of 
low-carbon steel M16S (cry= 270 MPa, O't = 440 MPa). 
Residual tensile welding stresses in the specimens 
reached values close to the yield point of steel. 

In the second case (Figure 5, b) fatigue testing 
under the same loading conditions was conducted on 
specimens of 200 x 26 mm cross-section with a butt 
joint (low-alloyed 1 OG2S 1 steel: cry = 373 MPa, O't = 
= 534 MPa). Similar to the first case, residual tensile 
welding stresses in the specimens reach values close 
to the steel yield point. 

In the third case (Figure 5, c) the same loading 
conditions were used to test specimens of 200 x 30 mm 
section with a butt joint crossed by longitudinal de­
posits (low-carbon M16S steel: cry= 268 MPa, O't = 
= 448 MPa). Unlike the previous specimens, in this 
case the residual tensile welding stresses in specimens 
did not exceed "' 150 MPa. A lower level of residual 
stresses in the specimens is due to their relaxation 
under the impact of static overloading, applied before 
fatigue testing of the specimens. 

Data given in Figures 5-7 is indicative of a satis­
factory agreement of the design S-N curves of welded 
joints, obtained by the proposed procedure, and re­
sults of fatigue testing of similar type of joints, both 
with the limit tensile residual stresses, and with much 
lower residual stresses. 

CONCLUSIONS 

1. A procedure has been developed of computerized 
plotting of basic S-N curves for various types of 
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welded joints, according to the classification of RD 
50-694-90, based on the use of the respective diagrams 
of limit stresses, given in RD. 

2. A procedure has been developed for plotting 
the design S-N curves of welded joints of metal struc­
tures in service, based on the change of the position 
of the respective basic S-N curves, depending on the 
experimentally established for a given metal structure 
characteristics of alternating loading cycle, value of 
the joint stress concentration factor, steady-state 
level of residual welding stresses and mechanical prop­
erties of the metal. 

3. PC software has been created, which imple­
ments the proposed sequence of determination of de­
sign S-N curves for welded joints of metal structures 
in service for subsequent design evaluation of their 
residual life. 

4. Performed comparison of design S-N curves of 
welded joints, derived by the suggested procedure, with 
the results of fatigue testing of large-scale specimens of 
low-carbon M16S steel and low-alloyed 10G2S1 steel 
is indicative of their satisfactory agreement. 
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RESTORATION OF A CRUSHER MOVABLE JAW 

V.D. POZNYAKOV, V.M. KIRIAKOV, Yu.V. DEMCHENKO and A.V. KLAPATYUK 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

The main approaches are considered which were implemented during restoration of intricate cast metal structures of 
35L type steel, in which macro- and microdamages were developed during long-term service. Description of the sequence 
of process operations during repair of a movable jaw is given. 

Keywords: repair welding, medium-carbon steel, solidifi­
cation cracks, cold cracks, residual welding stresses, welding 
heat input, weld metal, chemical inhomogeneity 

At Shargorodsk crushed rock factory for the prima7 
crushing of marble of density exceeding 3000 kg / m , 
a jaw crusher with a simple swinging of a movable 
jaw is used since 1991. It was manufactured in Bul­
garia in 1990 and is a unique metal structure designed 
for a primary crushing of sand rock of density up to 
2400 kg / m3

. It consists of the following elements: a 
framework, movable and stationary jaws, connecting 
rod, distance plate with closing springs, positive stop 
and others (Figure 1). In accordance with technical 
characteristics the crusher is designed for 20 years of 
a failure-free operation. In a manufacturing cycle of 
crushed rock it is the most important element and its 
failure leads inevitably to the factory stoppage. 

In 2003 (after 12 years of the operation commence­
ment), one of distance plates and a crusher movable 

If 

jaw failed. The earlier period of exhaustion of the 
crusher service life than that envisaged by the stand­
ardized documentation was, probably, caused by the 
specifics of its service. As the density of the marble 
is higher greatly than the density of materials, for 
which this crushing equipment is designed, then the 
loads were increased on its main load-carrying ele­
ments (distance plate and movable jaw). 

A distance plate is a changeable plate of a rectan­
gular section. Its replacement does not encounter any 
difficulties. A movable jaw is a cast honey-comb in­
tricate structure of more than 7 t mass. The manufac­
ture of the new jaw requires significant expenses and 
stoppage of manufacturing for indefinite time. 

In this connection, the need was arisen in the de­
velopment of alternative methods for recovery of the 
crusher working capacity, being inexpensive and low­
time consuming. It was decided to restore by welding 
the integrity of the movable jaw at the site of the 

/0 9 8 7 

Figure 1. Scheme of crusher jaw: I - framework; 2 - armored plate on stationary jaw; 3 - axle; 4 - flywheel; 5 - eccentric 
shaft; 6 - connecting rod; 7 - spring; 8 - thrust; 9 - adjusting device; 10 - distance plates; 11 - insert; 12 - armored plates; 
13 - movable jaw 

© V.D. POZNYAKOV, V.M. KIRIAKOV, Yu .V. DEMCHENKO and A.V. KLAPATYUK, 2004 
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structure operation in a short time and at a relatively 
small material expenses. 
' To develop the operating technology of repair, the 

specialists of the STC <<The E.O. Paton Electric Weld­
ing Institute~ inspected the fractured elements of the 
movable jaw, determined the chemical composition and 
made the metallographic examination of the cast metal. 

The visual inspection of the movable jaw showed 
that the fracture occurred at the area, adjacent to the 
distance protective plate (Figure 2). Firstly, a fatigue 
crack was formed in the upper girth of jaw of SO mm 
thickness under the action of impact loads. Later on, 
it was increased and damaged the upper girth over 
the entire its length. Then, the fatigue fracture initi­
ated also a brittle avalanche fracture of vertical stiff­
eners of the jaw lower girth (Figure 3). 

The condition of cast metal after long-time service 
was evaluated from the results of investigation of 
metal samples which were taken from damaged areas 
of the movable jaw. One part of samples was used 
for determination of chemical composition, and an­
other part was used for preparation of sections and 
metallographic examinations. 

Chemical composition of metal was determined in 
unit <<Spectrovac-1000>>. It was found that metal, 
from which a crusher movable jaw was manufactured, 
corresponds to the domestic steel 3SL and contains 
0.36-0.41 % C; 0.36-0.40 % Si; O.SO-O.S8 % Mn; 
0.024% S; 0.034 % P. 

Structure and non-metallic inclusions were exam­
ined in microscope <iNeophot-32~, and microhardness 
of metal was determined in hardness tester of LECO 
company at SO g load. Interface was examined in 
scanning microscope JSM-840, furnished with a mi­
croanalyzer <~Link>>. 

Analysis of polished sections revealed the non-me­
tallic inclusions of manganese sulphides, double iron­
manganese sulphides, sulphoglasses of complex com­
position, silicon dioxides and iron oxides. Contami­
nation of metal with sulphides is estimated by 2-4 
numbers, while that with oxides is estimated by 3-4 
numbers by GOST 1778. Defects in the form of nu­
merous voids in the region of location of fine-dispersed 
sulphides and oxides were also revealed in the metal. 

The further examination of microstructure of cast 
metal was made after chemical etching of microsec­
tions in 4 % alcohol solution of nitric acid. The in­
vestigations showed that microstructure of metal is 
not homogeneous and consists of ferrite and pearlite 
of microhardness HBo.os 110S-1320 and 1810-
1980 MPa, respectively. Size of grains corresponds to 
1-2 numbers by GOST S639. 

Analysis of metal surface confirmed that fracture 
was occurred by two mechanisms. Firstly, a fatigue 
crack was initiated and propagated in the movable 
crack, that is proved by the presence of a clearly 
expressed stream pattern in this region. Then, the 
crack began to propagate by a mechanism of a brittle 
fracture with its typical direct fracture (normal to 
surface) at a relatively low level of plastic deforma­
tion and low absorbing energy. In this case the crack 
is propagated, as a rule, at a high rate. 
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Figure 2. General view of damaged component of crusher jaw 

Thus, the investigations revealed a number of the 
following peculiar features which can be taken into 
account when developing the technological processes 
of repair welding of the crusher movable jaw: 

• increased carbon content in metal; 
• chemical and structural inhomogeneity of cast 

metal; 
• presence of regions with defects of casting; 
• presence of areas with micro- and microcracks 

in site of stiffeners adjacent to upper and lower girths; 
• difficult access to inner stiffeners of the jaw. 
The increased carbon content in steel predeter­

mines already itself the difficulties in welding, such 
as low resistance of weld metal against crystalline 
cracking, feasibility of formation of quenched struc­
tures in HAZ metal and, as a consequence, the cold 
cracking. In this case the welding of medium-carbon 
steels should be performed with preheating up to 200-
3SO ·c [ 1]. However, due to large thickness of metal 
and total mass of structures, and also conditions of 
fulfillment of works at the factory, it was impossible 
to realize this. 

Investigations showed that it is also possible to 
prevent the formation of crystalline and cold cracks 
in repaired welded joints at the lower temperatures 
of preheating. For this, the carbon content in weld 

Figure 3. Appearance of interface (fracture) of crusher movable 
jaw: 1 - area with a fatigue fracture; 2 - area with a brittle 
fracture 
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metal should be limited and the level of residual ten­
sile stresses in welded joints should be reduced. 

By analyzing the possible ways of saturation of 
weld metal with carbon, it was decided to use the 
specialized electrodes for cutting to prevent cracks 
and edge preparation, and to use electrodes, as weld­
ing consumables, which will provide the deposited 
metal with ductility 85 ~ 30 % and carbon content of 
not more than 0.07 %. In addition, the welding con­
ditions should provide the minimum penetration of 
the parent metal and maximum value of the weld 
shape factor. 

As the analysis of domestic and foreign publica­
tions, devoted to the problems of repair-restoration 
of different-purpose metal structures, shows [2-S], 
the high level of residual stresses in welded joints is 
one of main causes of their premature fracture which 
can occur both at the stage of repair works and also 
at the process of their subsequent service. To remove 
the welding stresses, the high-temperature tempering 
of products is, as a rule, used. However, taking into 
account the specifics of the product being repaired 
and technical capabilities of the enterprise, at which 
the repair works were made, it was necessary to find 
the way of reducing residual stresses, alternative to 
heat treatment. This required special investigations 
based on modeling the processes of repair welding of 
thick-plate structures. 

The typical feature of the repair welds is their 
high rigidity. Therefore, the proceeding of thermode­
formational processes in restrained joints depending 
on welding conditions was investigated and the effect 
of different kinds of postweld treatment on the fea­
sibility of control of stressed state in welded joints 
was studied. This made it possible to establish the 
following. 

In traditional welding with a rigid fixture of 
joints, the longitudinal and transverse stresses are 
formed whose level reaches (0.8-0.9)cry of the parent 
metal. It is possible to reduce stresses by 30-40 % 
using weld metal peening with a specialized tool. 

The control of welding stresses by the selection of 
definite sequence of layout of welds in groove filling, 
that also contributes to the reduction of stressed state 
of the joint, occurred to be rather effective. Combination 
of these two approaches gives an opportunity to reduce 
the residual tensile stresses in elements being restored 
to the level which does not exceed (0.3-0.4)cry. 

Restoration of integrity of internal technological 
stiffeners in hard-to-reach places required special 
technical solutions. In this case the welding was per­
formed by specialized high-efficient electrodes with 
highly-basic coating which provide good values of 
welding-technological characteristics and a necessary 
complex of properties of the deposited metal. 

Welding was performed using a bath method. 
Weld of a required configuration was formed by using 
a special jig, developed for the bath welding and also 
electrodes providing high slag fluidity. 

40 

From the results of investigations the general tech­
nical solutions for the restoration of a crusher jaw 
and also general approaches to the technology of re­
pair welding were worked out. Here, a complex nature 
of fracture, increased content of carbon in metal 
welded, and also the chemical and structural inhomo­
geneity of casting, the presence of areas with micro­
and macrocracks, forming unfavorable fields of 
stresses caused by welding and the conditions of load­
ing of the element were taken into account. 

Technological process of repair included the fol­
lowing operations: 

• determination of length of cracks by the NOT 
methods in sites of vertical stiffeners mating with 
lower and upper girths of a movable jaw; 

• removal of cracks formed in sites of vertical 
stiffeners mating with lower and upper girths of mov­
able jaw, edge preparation and filling the formed 
groove; 

• edge preparation at abutted parts of the movable 
jaw; 

• assembly of damaged elements of a movable jaw; 
• welding in accordance with recommendations, 

developed at the E.O. Paton Electric Welding Insti­
tute, where 230 kg of electrodes were used; 

• works on reduction of level of residual stresses 
in welded joints; 

• removal of weld reinforcement flush with the 
parent metal; 

• NOT of welded joint; 
• restoration by surfacing of rests for armored plate 

and surface of movable jaw mating with an armored 
plate; 

• cleaning of deposited surface of movable jaw to 
provide a sound contact between the movable jaw 
and armored plate. 

Restoration works carried out in April, 2003 at 
Shargorodsk crushed rock factory took six days at 
three-shift work. Highly-skilled welders were in­
volved in this work. 

The restored movable jaw is operating at present 
under the condition of loads which exceed the design 
loads. 

The experience gained in repair of the crusher mov­
able jaw showed that the integrated approach to the 
solution of technical problem including the evaluation 
of condition of metal structure, modeling of techno­
logical processes, author's supervision of works, the 
inviting of specialized organizations for the accom­
plishment of these works makes it possible to provide 
the restoration and extension of service life of unique 
structures in a short time and at a high quality. 

1. (1975) Handbook of welder. Ed. by V.V. Stepanov. Mos­
cow: Mashinostroenie. 

2. Irving, R.R. (1980) Can industry afford the high cost of 
weld repair. Iron Age, 3, 49-55. 

3. Larionov, V.P. (1986) Electric arc welding of structures in 
northern realisation. Novosibirsk: Nauka. 

4 . Dixter, R.J., Kelly, B.A. (1997) Research on repair and im­
j)rovement methods. In: Proc. of JJW 50th Ammal Assembly 
Con( on Performance of Dynamical/IJ Loaded Weldea 
Structures, San Francisco, July 14-15, f997. 

5. Dokunin, A.V., Semcncha, P.V., Goldbukhl, E.E. cl a l. 
( 1982) Improvement of strength and life of mining ma­
chines. Moscow: Mashinostrocnie. 
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HYDRATION OF FLUXES WITH A LOCALLY-CHANGED 
CHEMICAL COMPOSITION OF GRAINS 

V.G. KUZMENK0 1 and V.I. GUZEi 
1 E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

2Kiev City Administration, Ukraine 

Investigation results on peculiarities of hydration of some grades of welding fluxes, e.g. fused ones and those subjected 
to preliminary thermal fluorination treatment in a gaseous environment containing HF, are presented. Formation of a 
low-hydrated layer on the surface of flux grains leads to a dramatic decrease in their susceptibility to moisture absorption . 
This treatment is especially efficient for fluxes of the basic type and those that have a pumiceous grain structure. 

Keywords: electric arc welding, fluxes, hydration, fluori­
nation treatment 

The presence of excessive moisture in fluxes in weld­
ing promotes the saturation of weld pool and weld 
metal with hydrogen, that leads to the porosity and 
significant reduction in the level of its mechanical 
properties. Therefore, the limitation in susceptibil­
ity to hydration is one of main problems which 
should be solved in the development and use of 
welding fluxes [ 1]. 

There are several ways for the solution of this 
problem. The first way consists in adding of low-hy­
drated components into the composition of fluxes. 
Their list includes oxides of silicon, aluminium, tita­
nium, zirconium, and fluorides used widely in making 
the composition of fluxes. They are little prone to 
hydration. However, some components intensify the 
moisture absorption by fluxes, for example, oxides of 
alkali and alkali-earth metals, and, calcium oxide in 
particular, existing most often in fused fluxes. The 
way, in which the degree of hydration of fluxes owing 
to the selection of appropriate components, is suffi­
ciently effective and used widely in the development 
of fluxes of acid and neutral types. However, diffi­
culties are encountered often in the development of 
highly-operational welding fluxes of basic type, where 
the presence of acid oxides is limited, but the oxides 
of basic type are rather completely presented. 

The second way is the deposition of a layer of 
elements, possessing sealing and hydrophobizing 
properties, on the surface of flux grains [ 2]. This 
treatment decreases also significantly the moisture 
absorption. For this purpose, the conductance of a 
special additional treatment of flux is required, but, 
here, such undesirable impurities can be introduced 
into it as nitrogen, carbon and others. In addition, 
these coatings are not heat-resistant sufficiently, that 
limits the heat treatment of fluxes. 

One more way for the solution of this problem is 
possible. It envisages the redistribution of components 
within the volume of flux grain, as a result of which 
the components, less susceptible to hydration, are ar­
ranged at the surface of grains. In this case a barrier 

© V.G. KUZMENKO and V.I. GUZEJ, 2004 
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layer is formed protecting the inner volume of flux 
grains from the interaction with air. Probably, it is 
impossible to provide such redistribution of compo­
nents in the volume of grain of fluxes in use of the 
existing technology. Therefore, we have studied the 
feasibility of realization of this aim by using a special 
treatment providing the replacement of oxygen in sur­
face layer of flux grains by fluorine. 

It is known that fluorine and hydrogen fluoride 
(HF) are interacted intensively with oxides, forming 
appropriate fluorides [3]. Reaction of the hydrogen 
fluoride with oxides can be presented in the form 

In making compositions of fluxes it is preferable 
to use such oxides as SiOz, MnO, CaO, Alz03, MgO, 
Ti02, Zr02, FeO, KzO, NazO. The following fluorides 
correspond to them: SiF4 , MnFz, MnF3, CaFz, AlF, 
AIF3, MgFz, TiFz, TiF3, ZrF, ZrFz, ZrF3, FeF2 [3]. 
Almost all the mentioned fluorides are in a solid state 
at sufficiently high temperature, except silicon 
tetrafluoride SiF4, which forms gas at room tempera­
ture [ 3, 4]. Nevertheless, the silicon tetrafluoride can 
also form a sufficiently stable compound of MeSiF6 

type [3]. All the above-mentioned fluorides are formed 
in a surface layer of flux grains, and their solid state 
predetermines the sufficiently high degree of heat re­
sistance and strength of bond with a material of the 
flux grain. This flux can be produced both as a result 
of interaction with water F-containing solutions and 
also in treatment with appropriate gaseous reagents. 
Probably, the latter variant is more preferable owing 
to the more effective contact of gas with a surface 
treated, reduction in level of diffusion limitations of 
chemical reaction and feasibility of combination of 
flux treatment by F-containing gases with its calci­
nation. In this case the saturation of fluxes with fluo­
rine will be determined by the diffusion of F -contain­
ing gas into the flux grain and will depend on the 
rate of its chemical reaction with oxides. Distribution 
of fluorine content in flux grain can be presented by 
the expression [ 5] 
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CF = cF, exp [-'-'K!Dx], 

where CF, is the fluorine concentration at the surface 

of flux grain; K is the constant of rate of chemical 
reaction of a gaseous reagent with a flux material; D 
is the coefficient of gas diffusion into the volume of 
flux grain; x is the distance from grain surface to the 
point considered. 

In accordance with the above-given formula a 
formation of layer as a result of fluorination treat­
ment of flux can be expected, in which the fluorine 
content will be maximum at the surface and de­
creasing monotonically with the movement inside 
the grain [5]. Here, the effect of fluorination treat­
ment is intensified in basic fluxes, especially in 
those having the developed surface (pumiceous 
structure of grains) . 

Gaseous fluorine and hydrogen fluoride are used 
as fluorination reagents in chemical industry. How­
ever, to use them for treatment of fluxes is rather 
difficult and requires keeping definite safety meas­
ures. Probably, the solid salts at room temperature 
and easily-decomposing salts in heating of hydroflu­
oric acids such as KHF2, NaHF2, NH3nHF, 
(NH3)2SiF6, MgSiF6 are more preferable for these 
purposes: 

m, % 

0.40lr---~--:------,l 

0.24 

0.16 
4 

2 

0.08 

0 

0.24 
13 

0.16 

0.08 

0 
t, days 

Figure 1. Kinetics of hydration of standard fluxes of different 
grades: AN-205 ( 1), AN-348-A (2), AN-18 (3), AN-20P (4), AN-60 
(5), AN-26P (6), 48-0F-10 (7), AN-22 (8), AN-47 (9), AN-265 
(10), 05Ts-45 (11), AN-65 (12), AN-15 (13); m - increase in 
flux mass; t - time of holding 
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KHF2 = KF + HFi; 

NaHF2 = NaF + HFi; 

NH3nHF = NH3i + nHFi; 

(NH3) 2SiF6 = 2NH3i + 2HFi + SiF4i; 

MgSiF6 = MgF2 + SiF4i. 

Ammonium salts are most suitable as a source of 
F -contai.ning gases as they have a low (somewhat 
higher than 100 oc) temperature of decomposition 
and form here only the gaseous products [3]. 

We have conducted investigations on susceptibil­
ity of standard fluxes of 13 grades to hydration (AN-
348-A, AN-20S, AN-18, AN-20P, AN-60, AN-26P, 48-
0F-10, AN-22, AN-47, AN-26S, OSTs-45M, AN-65, 
AN-1 5) in initial state and some of them after the 
fluorination treatment. 

Initial fluxes were calcinated at temperature 
500 oc, and then placed into an exsiccator filled with 
water, where the humidity close to 100 % and tem­
perature approximately 20 oc were provided. The du­
ration of fluxes holding in the exsiccator was 9 days. 
Each day the sam~les were weighed at the same time 
(at accuracy 1·10- g), whose results are presented in 
Figure 1. 

The fluxes of AN-20P, AN-348-A, AN-60, 48-0F-
10, AN-26P, AN-22, AN-65 and AN-15 were hold si­
multaneously in the same exsiccator and were sub­
jected to a periodic control of change in mass. All 
they were subjected preliminary to the fluorination 
treatment, which consisted in calcination of flux mix­
ture of each separate grade with 5 % N~F in a closed 
container at 500 oc temperature for 1 h. 

Kinetics of change in mass of samples of fluori­
nated fluxes in the process of moistening is presented 
in Figure 1, curves 8-13. As the relatively low incre­
ment in mass of fluxes was observed during 10 days, 
the holding of fluorinated fluxes in exsiccator was 
increased up to 18 days. As is seen in Figure 1, the 
process of moisture absorbing of standard fluxes was 
proceeding in two stages. Maximum increment in mass 
of fluxes was observed in the first days. Here, the 
highest susceptibility to hydration was displayed by 
basic-type fluxes (AN-15), in particular with a 
pumecious structure of the grain (48-0F-10). The 
very factor of presence of this structure of grains is 
determinant for intensification of moisture absorbing 
even in clearly expressed acid fluxes (AN-60). The 
further holding of standard fluxes in the exsiccator 
shows the negligible their increase in moisture ab­
sorbing, has a monotonous mode and, here, the ten­
dency to their saturation with moisture is manifested. 

The mode of change in moisture absorbing of fluxes 
subjected to fluorination treatment is differed radi­
cally from that in standard fluxes (Figure 2). In the 
latter the level of saturation with moisture in the first 
days of holding is 4-10 times lower than that influxes 
of basic type (AN-15), and also in basic (48-0F-10) 
and acid fluxes (AN-60) with a pumecious structure 
of grains. For fluxes of acid and neutral types with 
a glassy structure of grains this characteristic is in-
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creased (3-4 times). Nature of behaviour of fl uori­
nated fluxes at a further holding has also great dif­
ferences. On the 8-1 Oth days some increase in mass 

··of samples is observed. This is, probably, associated 
with a partial penetration of humid air through a 
protective barrier formed by highly-fluoride layer at 

·the surface of flux grains. Then, the rate of moistening 
of samples is somewhat increased. Nevertheless, even 
after holding during 18 days the increment in moisture 
in samples of fluorinated fluxes is 1.5-2 times lower 
than that in untreated fluxes after holding during 
8 days. 

By generalizing the obtained results of compara­
tive investigations of mode of hydration of some stand­
ard welding fluxes and those subjected to fluorination 
treatment it can be concluded that this treatment is 
an effective means for limitation of their saturation 
with moisture. Fluxes, subjected to treatment, can 
be used without calcination at least during two-three 
weeks from the moment of their manufacture. 

CONCLUSIONS 

1. Fluorination heat treatment of a number of standard 
welding fluxes in the medium, containing gaseous 
hydrogen fluorides (HF), leads to the formation of 
grains with a locally-changed chemical composition 
that occurs due to replacement of oxygen by fluorine 
in their surface layer. 

2. Due to the formation of a low-hydrating pro­
tective layer from fluorides at the surface of fluxes 
grains, their susceptibility to hydration during hold­
ing in humid atmosphere is 2-4 times reduced. 

3. The fluorination treatment is especially effec­
tive as regards to fluxes of basic type, also to fluxes 
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0.20 .-----------------, 

0.16 

0.08 

Figure 2. Kinetics of hydration of standard fluxes of different 
grades passed fluorination treatment at 500 ·c temperature in mix­
ture with 5 % NH4F (see designations in Figure 1) 

having a pumiceous structure of grains for which the 
problem of hydration is especially actual. 
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OPTICAL GENERATORS OF LIGHT PLANE 
FOR TECHNICAL VISION DEVICES OF SYSTEMS 

OF ARC WELDING AUTOMATION 

F.N. KISILEVSKY and E.V. SHAPOVALOV 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

Possible methods of designing light plane optical generators, which may be used in triangulation systems of technical 
vision of arc welding automation systems are considered, and some comparative characteristics of different kinds of 
optical generators of the light plane and recommendations on their application with different types of the groove are 
given. 

Keywords: arc welding, process automation, technical vi­
sion system, light plane, gap measurement, joint line, grooved 
butt 

Various sensors are used as feedback elements in sys­
tems of automation of arc welding processes. By the 
principle of their operation they are divided into arc, 
eddy current, tactile, optical, etc. The main advan­
tages of optical sensors include contactlessness, infor­
mation content, and accuracy. These features make 
optical sensors indispensable when solving diverse 
problems of automation of welding production, non­
destructive testing, assembly production, etc. 

Over the last years intensive development of com­
puting systems and electronics enabled application of 
optical sensors to control the arc welding process in 
ship-building, pipe manufacturing, aircraft and aero­
space industry, etc. 

The majority of optical sensors are based on the 
method of triangulation (Figure 1). The principle of 
operation of such sensors is described in greater detail 
in [ 1-5]. One of the main elements of an optical sensor 
based on the triangulation method is light plane op­
tical generator (LPOG). Light band 4 forms, when 
light plane 6 crosses surfaces being welded 5. 

The purpose of this study is consideration of the 
possible methods of LPOG construction, as well as 
comparison of some technical characteristics of vari­
ous LPOGs. 

Figure 1. Schematics of a sensor operating by the light section 
method: 1 - videocamera; 2 - interference filter; 3 - LPOG; 
4 - light band; 5 - surfaces being welded; 6 - light plane 

© F.N. KISILEVSKY and E.V. SHAPOVALOV, 2004 
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Known are several methods of LPOG construc­
tion, namely: 

• mechanical scanning of the laser beam; 
• multiple refraction of the laser beam in a prism 

system; 
• use of taper-prismatic concentrator; 
• use of a specialized line generator lens (LGL); 
• use of cylindrical optics. 
When building LPOG with a mechanical scanning 

of the beam, the laser diode (laser module) is usually 
rigidly fastened, and the mirror makes reciprocal mo­
tion. 

LPOGs with mechanical scanning have several se­
rious drawbacks, which limits their application: 

• presence of mobile parts and additional electronic 
block, controlling the scanning of the laser beam; 

• non-uniform brightness of the light band, caused 
by that the velocity of the light beam is different at 
the edges and in the center of the band; 

• large overall dimensions and considerable 
weight. 

Mirror vibration frequency should be higher than 
the vertical sweep frequency of the videocamera, and 
it is usually equal to 300-400 Hz. LPOGs with me­
chanical scanning have a low reliability, and they are 
practically not used because of their drawbacks. 

A rather interesting method to obtain the light 
plane is multiple refraction of the laser beam in a 
system of prisms (Figure 2). The figure shows the 
beam path in the optical system, consisting of ten 
prisms (material is fused quartz) . 

To reduce the losses, the beam is applied to the 
prism at Brewster angle: 

where 8Br is the Brewster angle; n2 and n 1 are the 
refraction indices. 

Lower losses are due to that for a wave, the electric 
vector of which is in the incidence plane, the reflected 
wave at angle of incidence 8Br is completely absent. 
An advantage of such LPOG is the fact that the out­
going beams are \)arallel to each other . Thei.r totali.t~ 
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Figure 2. Beam path in the prism system 

forms a light plane, where all the beams have the 
same intensity. 

The disadvantages include the following: 
• large overall dimensions of the illuminator. At 

incoming beam diameter of 1.S mm and width of out­
going beam of 60 mm, the minimum overall dimen­
sions of the illuminator are 100 x 70 x 20 mm; 

• considerable losses of laser radiation power, 
when going through a system of prisms, which may 
be up to 3S-40 % of power. These may be reduced, 
using antireflective prisms. 

There also exist sources of rather powerful radia­
tion, namely superluminescent light-emitting diodes 
(LED), which are an alternative to semi-conductor 
lasers. A matrix providing a light flow of a quite high 
power can be formed from individual LED. Its has 
the disadvantage of the radiation of a LED group 
being insufficiently monochromatic. The width of ra­
diation line on the level of O.S of maximum intensity 
is 2S-30 nm, which is by an order of magnitude wider 
than in semi-conductor lasers. 

The E.O. Paton Electric Welding Institute devel­
oped a radiation module [ 1], based on LED-matrix 
(Figure 3). A matrix of SO mm diameter included 
37 LED of HLMP-ED16TWOOO type of Hewlett­
Packard company. The estimated total radiating 
power of such a matrix was 100-1 SO m W (A.o == 620-
640 nm). 

A glass taper-prismatic concentrator with an en­
trance aperture of 42 mm diameter and exit aperture 
in the form of a 1S x 0.4 mm rectangle (38: 1 side 
ratio) was selected and implemented as an optkal­
physical and design solution for an optimal optic ele­
ment, providing higher uniformity of radiation across 
the section of the light flow of the primary radiator 
(LED-matrix) and conversion of the light flow into 

I~ 
• . !liN'IN•~N, .. ·•• 1.: wa/•·Jr..-ts ·.;~;.:.. · 

Figure 3. Radiation block based on LED-matrix 
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Figure 4. Beam path in a specialized lens 

a plane. The disadvantages of this LPOG are large 
dimensions and considerable weight. 

PWI tried out LPOG based on a specialized LGL 
(Figure 4) [S]. A laser diode of about 30 mW power, 
A.0 == 670 nm is used as the radiation source. The semi­
conductor laser crystal generates a beam with the 
divergence of 30-3So in one plane and 9-10° in another 
plane. The section of this beam is an ellipse with 
Gaussian distribution of intensive radiation. To gen­
erate a uniform light flow of 1.0-1.S mm diameter 
LPOG uses a collimator, consisting of three mi­
cro lenses. 

Collimated laser radiation is evolved into a line 
using a specialized lens. This device evolves the ra­
diation into a line by one co-ordinate, angle of diver­
gence of the light beam being SOO at a focal distance 
of approximately 7 mm. Figure 4 shows the beam 
path of such a lens. 

One of the most recent developments of PWI in 
the field of small-sized light plane generators is LPOG 
based on a cylindrical microlens (FigureS). A laser 
module was selected as the radiation source. The de­
vice uses a cylindrical microlens with a short focal 
distance. LPOG optical circuit is shown in Figure 6. 
The main advantages of LPOG, based on a cylindrical 
microlens, are minimum overall dimensions and 
weight. The length of the entire LPOG is 36 mm, its 
diameter is 1S mm, and weight is 30 g. 

For the conditions of arc welding the most accept­
able LPOGs, taking into account their characteristics 
(overall dimensions, weight, cost, optical circuit ef­
ficiency) are those based on a cylindrical optics and 
a specialized LGL. The above characteristics have the 
same parameters for LPOGs of both types. The dif­
ference consists in that LPOG based on cylindrical 
optics has a normal distribution of radiation intensity. 
As dispersion is reduced with increase of the angles 

Figure 5. LPOG based on a cylindrical microlens 
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3 

Figure 6. Schematic of LPOG based on a cylindrical microlens: 
1 - laser module; 2 - cylindrical lens; 3 - light plane 

of incidence of the light beams, in order to provide a 
uniform brightness distribution along the light band, 
it is rational to apply LPOG based on a cylindrical 
lens when welding surfaces with a deep groove. 

Narrow-band interference light filters with the 
pass band .Ao.s = S-7 nm are used to protect the video­
camera from intensive radiation of the welding arc. 
Transmission factor of the interference light filter de­
creases with greater angle of incidence (application) 
of the beams on this light filter. Therefore, it is ra­
tional to apply the LPOG using a specialized LGL, 
when a light plane with a large aperture angle is 
required. This is related to the fact that the light line 
formed by the light section has greater intensity on 
the edges, and not in the center, as in LPOG based 
on cylindrical optics. In an image obtained with a 

videocamera, such a light band will have a practically 
uniform brightness along the entire length. 

LPOGs based on a taper-prismatic concentrator 
and mechanical scanning of the laser beam, are rarely 
used, because of the above drawbacks. 

LPOGs based on cylindrical optics or specialized 
LGL, have a drawback, affecting the measurement 
accuracy because of non-parallelism of the light 
beams. If high requirements are made of the technical 
vision means in terms of the accuracy of measurement 
of the butt gap, in our opinion use of LPOG based 
on prisms is the most rational. 
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PROCEDURE OF SELECTION OF PARAMETERS 
FOR PULSED FEED OF ELECTRODE WIRE 

V.A. LEBEDEV 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

Some known methods for selection of the main parameters of the mechanism for pulsed feed of electrode wire are 
analyzed. Procedure for calculation of parameters of pulsed control of electrode metal transfer, based on energy char­
acteristics of mechanized arc and electrode wire feed processes, is considered. It is proved that at selection of the 
parameters of pulsed motion of electrode wire it is necessary to take into account the limitations determining the stability 
of the arc process with a pulsed feed. 

Keywords: arc welding, consumable electrode, mechanized 
equipment, electrode metal transfer, control, spatter, losses, 
feed mechanism, optimization, pulses 

Scientific results have been accumulated 11] and new 
design developments have been made [21 recently to 
':im-p, -emeni: 'On-e '01 'fu-e ,-,mm~ ~~ ~ ~ 
electrode metal transfer in mechanized processes of 
arc welding with a pulsed electrode feed. The most 
recent engineering solutions in this field allow imple­
menting a reliable pulsed feed of electrode wires of 
all the known types, namely solid, flux-cored (for the 
first time), steel and aluminium alloy wires. Designs 
of the modern mechanism of pulsed feed are such that 
they enable regulation of practically all the parame-

© V.A . LEBEDEV , 2004 
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ters of the generated pulses, namely frequency, pitch 
and shape. Proceeding from the above it can be stated 
that the pulsed method of electrode wire feed to con­
trol the electrode metal transfer is at such an engi­
neering level, which can be considered as ready for 
~tiQtiQ.Q. iAm.e.chauized arc. we.Ld.i.n.g,eq.uipment Ul. 

The purpose of this work is evaluation of the 
known procedures to select the main parameters of 
pulsed feed of electrode wire, as well as development 
of new procedures, allowing for the features of weld­
ing with the above-mentioned motion of electrode 
wire . 

It is known [3] that forced transfer of liquid metal 
drops formed at the electrode wire tip at its pulsed 
feeding proceeds due to inertia forces acting on this 
drop. In this case the inertial force Fc1 required for 
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the drop detachment is given by the following rela­
tionship: 

(1) 

where Fs is the surface tension force; Fr is the force 
of reactive pressure of liquid metal vapours; Fe is the 
electromagnetic force; Fm is the force determined by 
the drop mass. 

After the start of electrode wire melting, a drop 
forms at its tip, and magnitudes of forces F 5 , Fr, Fe 
and F m change as the drop grows. Each of these values 
depends both on the time of the drop existence and 
on a number of other physical and thermophysical 
parameters, i.e. for each of them the following rela­
tionship is valid in some form: 

where cr = f(t0
, y) is the surface tension factor of the 

drop; t0 is the current temperature; y is the specific 
weight of electrode metal; r is the electrode wire ra­
dius; R is the radius of the drop surface curvature; 
mcv is the mass of metal evaporating from the surface 
per a unit of time; v is the initial velocity of the 
vapour jet; A is the proportionality factor; I is the 
arc process current; md.d is the mass of the drops 
detached in the arc process without pulsed feed (tra­
ditional process of gas-shielded consumable electrode 
arc welding); g is the acceleration in the terrestrial 
gravity field. 

In addition, some force characteristics, determin­
ing the behaviour of the electrode metal drop, are 
strongly affected by the composition of the shielding 
medium and welding mode, and the magnitude of Fm 
further depends on the welding position. 

In the mechanized arc welding process with a con­
trolled electrode metal transfer the goal is to provide 
a forced transfer of the drop into the metal pool. It 
is obvious that to obtain weld metal of a certain qual­
ity, as well as lower electrode metal spatter, its drops 
should have a certain size. This size is assigned or 
selected proceeding from the conditions of the possible 
minimum soaking of the molten metal in the arcing 
zone (to avoid burning-out of the alloying elements), 
and minimum inertia impact of the energy, also de­
termined by the drop weight. The latter limitation 
arises from that the existing designs of feed mecha­
nisms have limited capabilities of the required accel­
eration of the pulsed motion of electrode wire. 

Determination of force characteristics, included 
into ( 1), is a complex problem, as the conditions of 
(2) must be taken into account. 

There exist several procedures for selection of the 
parameters of mechanical pulses required to provide 
a forced detachment of the drop from the metal wire 
tip. 

The procedure, proposed in [ 4], is based on that 
the following relationship can be the condition of the 
drop detachment in welding with a pulsed feed of 
electrode wire: 
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where md.sp is the mass of the drops specified for 
detachment in an arc welding process with pulsed 
feed of electrode wire; g' is the drop acceleration at 
the moment of its detachment with pulsed wire feed. 

The above procedure does not envisage calculation 
of the values of characteristics included into ( 1), 
which significantly simplifies the procedure of finding 
the required acceleration of the wire at its pulsed feed 
as one of the main values that determine the require­
ments to the mechanisms of pulsed feed. The disad­
vantage of this procedure is that it requires having 
the data on time td d of detachment of electrode metal 
drop with the traditional arc welding process. In con­
nection with the fact that td d also depends on a large 
number of parameters and conditions (current, volt­
age, composition of electrode wire and shielding gas, 
wire extension and diameter, etc.), it is proposed to 
determine these values experimentally. In view of a 
considerable scope of the required experimental stud­
ies of different arc welding processes and application 
of different materials, the above procedure becomes 
labour-consuming and is rarely used in practical work 
for selection of the pulsed feed parameters or devel­
opment of mechanized arc welding equipment. 

A procedure suggested in [5] is more advanced. It 
enables analytical study of the condition of forced 
detachment of an electrode metal drop. This procedure 
is used to determine the condition of equilibrium of 
an electrode metal drop, allowing for practically all 
the known forces acting on it. The condition of equi­
librium of forces acting on the elementary area of the 
drop at pulsed motion of electrode wire was used to 
derive a certain generalized criterion n, which is the 
ratio of Laplace pressure in a drop to the total force, 
also including the inertial force: 

where cr, is the surface tension force of liquid metal 
of the drop; Ro is the curvature radius in the frontal 
point of the drop; hax is the axial size of the drop , 
which determines the volume of molten metal, to 
which the inertial force is applied at pulsed feed of 
electrode wire; PI is the density of liquid metal of the 
drop. 

It is established that at n < 8 a guaranteed forced 
detachment of electrode metal is provided with each 
feed pulse. In our opinion, such an approach can pro­
vide a more accurate result, but requires conducting 
a large scope of calculations, and it further requires 
the data on variation of a number of physical charac­
teristics of the metal at different temperatures and 
specific processes occurring in the arc. With a large 
number of them, when knowledge of the pulsed feed 
parameters is required, such a procedure is highly 
labour-consuming, and, as shown by experience, it is 
not used in practice. 

When studying the process of electrode metal 
transfer by forced techniques, it should be taken into 

47 



, INDUSTRIAL 

account that it has the following forms: forced transfer 
with short-circuiting of the arc gap or without short­
circuiting, similar to the long-arc process. 

In the first variant the process of forced transfer 
is much simplified due to the presence of the surface 
tension forces, which at the final stage of the drop 
transfer promote its transition into the weld pool. It 
is obvious that in this case no significant acceleration 
of the pulsed motion of electrode wire is required for 
the action of inertial forces, which are sufficient for 
the drop detachment . lt is only necessary to provide 
a shorter time of the drop existence at the electrode 
tip. In the case of forced transfer of electrode metal 
without short-circuiting of the arc gap, the action of 
inertial forces in the electrode wire-drop system 
should exceed the total action of those forces, which 
retain the above system in an undetached condition 
up to a certain time. 

Earlier considered methods to determine the iner­
tial forces as a result of action of a pulsed feed of 
electrode wire belong to the last case to a greater 
extent. It is obvious that such an approach to deter­
mination of mechanical control action should be re­
garded as correct. However, the complexity of using 
the proposed design procedures and the need to take 
into account the difficult-to-determine parameters 
make it necessary to look for a simpler method to 
evaluate the pulsed feed parameters, which could be 
readily used in practical design and in determination 
of the technological conditions of the welding process 
with a mechanical impact. 

We propose a somewhat different new approach 
to solving the above problem. 

This approach is based on comparison of the energy 
consumption required for detachment of an electrode 
metal drop at a stationary feed of electrode wire and 
forced detachment and transfer of the drop under the 
impact of mechanical pulses . To simplify determina­
tion of forces, acting on the electrode metal drop at 
the moment of its formation at stationary feed of 
electrode wire, let us represent the forces trying to 
separate the electrode metal drop and those retaining 
it, as a resulting value Frcs• and let us designate as 
Fe the forces counteracting the drop motion into the 
metal pool. Proceeding from electrodynamic nature 
of detachment and transfer of the drops from the elec­
trode wire tip [6], it can be noted that the forces of 
detachment of the above drop are ponderomotive 
forces (pinch-effect) and forces of gas-dynamic head. 
The force, retaining the drop at the electrode wire 
tip, is that of surface tension, and the force, prevent­
ing the drop motion into the metal pool, is the force 
of resistance to the medium, which in the arc gap is 
the plasma flow, having a certain viscosity and den­
sity . It is obvious that a combined action of the above 
forces at a certain stage of the drop growth ensures 
its detachment and transportation into the metal pool 
in the plasma flow. The resulting action imparts to 
the electrode metal drop kinetic energy W e, which 
can be defined as 

48 

(3) 

where mct.c is the mass of electrode metal drop under 
natural conditions of its detachment and transfer; 
ua.e is the velocity of electrode metal drop motion in 
a plasma flow under the natural conditions of its de­
tachment and transfer. 

It should be noted that the mass and velocity of 
motion of an electrode metal drop in a traditional arc 
welding process depend on a number of e\ectrode ma­
terial characteristics, shielding medium (shielding 
gas), as well as arc welding process parameters. Stud­
ies [7, 8] give analytical expressions for establishing 
the velocities of electrode drop motion after the drop 
detachment from the wire tip. In our study we will 
use a quite simple method of Vct. c determination, sug­
gested in [9]: 

1 ka 
Vctc =r , 

· d.e 1 + -/cdd.ea 
(4) 

where dct.c is the diameter of electrode metal drop, 
transferred naturally at a steady motion of the elec­
trode; k, a, c are the coefficients, calculated by pro­
cedures taken from [ 9, 10]. 

In order to determine the mass of electrode metal, 
transferred naturally , it is possible to use the data 
from a number of studies devoted to problems of gas­
shielded welding. In our investigations we used the 
data of [ 10, 11] etc . , which are given in the form of 
tables or graphically and which determine the sought 
mass of the drop by one or several parameters: 

md e =(/ (de, I., Ua, le, el ectrode wire material, 

shielding gas type), 

where de and lc are the electrode wire diameter and 
extension, respectively; I a and Ua are the current and 
voltage of the arc process. 

To simplify subsequent conclusions, let us make 
assumptions, which are required, when studying the 
processes of electrode metal transfer in welding, and 
part of which is given in [5, 10], namely: 

• an electrode metal drop, which is transferred 
naturally or at control of mechanical pulses, has a 
constant shape, close to that of a sphere; 

• electrode material, gas medium, plasma flow are 
the parameters unchanged in a transfer cycle and re­
peated for a number of cycles; 

• metal drop density is the same at natural or 
forced transfer. 

At mechanical control of the transfer, the magni­
tude of kinetic energy imparted to the drop, should 
be at least not less than that which provides a natural 
transfer of this drop . Proceeding from this considera­
tion and allowing for (3), we can write the following 
relationship: 

(5) 
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where md.con is the mass of electrode metal drop at a 
controlled transfer; vd.con is the velocity of electrode 
wire tip, at which a forced detachment of the drop 
'proceeds at controlled transfer . 

Study [ 12] gives the characteristics of controlled 
transfer of electrode metal, providing its low losses 
and acceptable shapes of the welded joint, where the 
criterion of the amount of the drop metal was taken 
to be drop diameter dd.con• at which it is correlated 
with electrode diameter de: 

(6) 

where£ is the optimum number. 
Let us express the drop diameter as its mass and 

substitute it into expression (5), which we will solve 
for sought value vd.con· Allowing for (4), we have 

-1 ad.c ka 
v d.con > T . 

d.con 1 + ..Jcdd_ea 
(7) 

Allowing for expression (6), inequality (7) can 
be written as 

-1 ad.e ka 
vd .con > - 3- . 

Edd .con 1 + ..Jcdd _ea 
(8) 

It should be noted that (7) and (8) make sense 
only at dd.con > dd.e· Otherwise the ability to control 
the transfer is lost. 

When studying the pulsed feed of electrode wire, 
electrode wire acceleration required for a controlled 
transfer, providing vd .con for three types of welding 
processes, was calculated, namely: 

1. Welding with aluminium electrode wire of Sv­
AMg type in argon; 

2. Welding with steel electrode wire of Sv-08G2S 
type also in argon; 

3. Welding with steel electrode wire of Sv-08G2S 
type in C02. 

Here the following condition was made: £ = 1.0-
1.2. Calculations were conducted for the most char­
acteristic welding modes, using the above wires of 
1.2 and 1.6 mm diameters. 

Calculations showed that for case 1 the motion 
acceleration should be equal to 25-35; for 2 - 40-60 , 
and for 3 - 80 m/ s2 and more. These data do not 
contradict the conclusions of [5], and it is confirmed 
by the results of our experimental studies [ 1], which 
is indicative of the possibility of using the proposed 
procedure of selection of the parameters of pulsed 
electrode motion to implement a controlled transfer 
of electrode metal . 

The above calculations have been verified during 
performance of welding on a vertical surface (vertical 
and horizontal welds) . In all these cases a positive 
result was obtained at controlled transfer of electrode 
metal drops . This is, obviously, attributable to the 
fact that in the case of a pulsed electrode feed in 
positions other than the downhand position , an effect 
is achieved, which is found in downhand welding with 
a stationary feed of electrode wire. Pulsed feed of 
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electrode wire provides a level of energy of detach­
ment and motion of the drop, which is sufficient for 
overcoming the last force of gravity. 

To achieve a controlled transfer of electrode metal 
with forced short-circuits, it is enough to accelerate 
the motion of a drop of electrode metal before it con­
tacts the pool, and to ensure its transition into this 
pool due to surface tension and impact of increased 
electrodynamic forces. By our estimates based on ex­
perimental investigations, the acceleration imparted 
to the drop in this case can be 1.5 to 2 times smaller 
than in the absence of the short-circuits. 

We have performed calculations of the required 
acceleration of flux-cored electrode wire tip to provide 
drop transfer controlled by mechanical pulses. 

In view of the fact that the publications devoted 
to investigation of mechanized processes of arc weld­
ing and surfacing do not have a sufficient scope of 
information on its direct application, the proposed 
calculation procedure uses some indirect data [ 13], 
and also makes several assumptions, in particular, on 
the volumes of the melting electrode metal (given 
volumes of flux-cored wire sheath and volumes of 
solid wires were compared). 

Results of these calculations made, for instance , 
for surfacing flux-cored wire of type PP-Np-
80Kh20R3T (GSP-AN170) of 3.2 mm diameter , 
showed that the amplitude of acceleration of its pulsed 
feed should be not less than 35-45 m/ s2. However, 
experimental work conducted with application of 
pulsed feed of the above wire indicates that the ac­
celeration providing a forced detachment and transfer 
of electrode metal drops into the pool is practically 
2 times less than the calculated value . In our opinion, 
such a discrepancy between the calculated and ex­
perimental values is related to an inaccuracy of the 
data used in calculations, as well as to the fact that 
the possible change of the nature of electrode metal 
transfer in flux-cored wire arc welding was not taken 
into account. 

Such a change in the nature of electrode metal 
transfer, in particular, formation and fragmentation 
of the drop, is indicated by the data given in [ 14], as 
well as data on components of the plasma flow, formed 
under the conditions of melting of a charge of a special 
composition. It is quite obvious that further research 
of the nature of melting and transfer of electrode 
metal in the welding and surfacing flux-cored wires 
is required. However, despite the significant discrep­
ancies in the design and experimental results, the data 
obtained by the suggested procedure, can be used for 
defining the initial conditions of selection of the 
mechanism of pulsed feed of flux-cored electrode wire. 

We earlier suggested a method to determine the 
rate and pitch of pulsed feed of electrode wire to 
achieve a stable arc welding process [ 15] . This pro­
cedure is based on determination of feed rate Vst in 
the above process, when the arc current does not go 
through zero value (which is a feature of welding 
process stability): 
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Vst = 

[(
[ I -t! Tcir Uo.-c - Uc-a -kala 
max- 1)e - k _ 1/ k ](kd,-1/kr.s) (9) 

d.r f.s 

ka(f- ksh)la(1 -cos wt)(1 - Tci~1 - e-t;Tc;~] 

where ka is the gradient of potential in the arc column; 
la is the length of the arc gap; kf.s is the coefficient 
of feed system that is determined by the slope of the 
external volt-ampere characteristic; kd.r is the coeffi­
cient of dynamic resistance of the arc; Uo.-c is the 
open-circuit voltage; Uc-a is the voltage drop in the 
cathode-anode region; Tcir is the equivalent time con­
stant of welding circuit; Imax is the maximum value 
of current; /1 is the initial value of current; ksh is the 
coefficient of the drop shape; w is the frequency of 
displacement of electrode wire tip with a harmonic 
nature of motion. 

Expression (9) leads to the conclusion that at t = 

= tcyclc (tcycle is cycle time) rate Vst takes such a value, 
at which the arc current does not go through zero 
value, i.e. condition of a stable occurrence of the 
process is satisfied. 

Such a technique, taking into account the equality 
of the cycles of forced transfer of electrode metal in 
welding with a pulsed feed of electrode wire, allows 
ignoring the drop shape and its dimensions. 

Proceeding from the above, when substituting 
value t < tcycle into (9) we may obtain Vst = Vst.cn 

where Vst.cr is the critical rate of pulsed feed of the 
wire, and when it is exceeded the process looses its 
stability. The critical pitch of the electrode wire feed 
pulse, admissible proceeding from the condition of 
process stability, has the following form: 

( 1 0) 

where {p is the frequency of the pulses of electrode 
wire feed; kcr is the coefficient of interrelation of the 
critical pitch of electrode wire feed and diameter. 

Finally, allowing for (8) and (9) the complete 
condition of selection of the electrode wire feed rate 
Vd.con becomes 

( 11) 

Inequality ( 11) is the basic one for selection of 
the main parameters of pulsed feed of the wire. Elec­
trode wire feed pitch is calculated by it, using ( 10). 
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CONCLUSIONS 

1. Mechanical method to control the transfer of elec­
trode metal in consumable electrode arc welding in 
connection with introduction of new developments of 
pulsed feed mechanisms, requires simple and practi­
cable procedures, which may be used to select the 
parameters of pulsed motion of electrode metal. 

2. The proposed and verified by practice procedure 
of determination of the main parameters of pulsed 
motion of the electrode, which is based on energy 
relationships, can be used to obtain the initial evalu­
ations of the rate and acceleration of pulsed feed that 
are effective in solving the problems of a controllable 
transfer of electrode metal. 

3. When selecting the pulsed feed characteristics, 
it is necessary to introduce limitations, determining 
the stability of arc processes with a controlled transfer 
of electrode metal. 
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BRIEF INFORMATION 

EVALUATION OF STEEPNESS 
OF THE ARC STATIC CHARACTERISTIC 

BY THE RESULTS OF INDIRECT MEASUREMENTS 

G.A. TSYBULKIN 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

A method is suggested for assessment of steepness of the static characteristic of an electric arc in consumable electrode 
welding, which is based on using the results of indirect measurements of some parameters in the welding circuit . 

Keywords: arc welding, consumable electrode, static cha­
racteristic of the arc, stability 

It is known that in gas-shielded consumable-electrode 
robotic arc welding it is desirable to use the welding 
current sources with more flat external charac­
teristics, compared to the manual welding sources. 
However, this raises some concerns, related to the 
possible deterioration of the stability of the welding 
process proper, as the condition of stability 

Sa-Ss> -R (1) 

can be violated at certain values of Ss [ 1]. 
In inequality ( 1) Sa is the steepness of the static 

characteristic of the arc; Ss is the steepness of the 
external characteristic of the current source; R is the 
impedance of the welding circuit, including the resis­
tance of the current-carrying wires, sliding contact in 
the torch nozzle and electrode extension. 

The arisen concerns could be alleviated by check­
ing by formula ( 1), if we knew the values of steepness 
Sa for the used welding modes. Unfortunately, Sa 
values are usually not known, and their measurement 
involves great difficulties, as it requires maintaining 
a constant arc length, which is practically impossible 
to implement with the consumable electrode. We can 
try to obtain Sa estimate indirectly. With this purpose 
let us consider the relationship for time constant Ts 
of the welding process [2]: 

R. 
Ts= EM' (2) 

where E is the electric intensity in the arc column; 
M is the steepness of the electrode melting charac­
teristic; R· is a generalized resistance calculated from 
the following formula: 

R. = R + Sa - Ss. (3) 

Proceeding from (2) and (3) we can \Vrite 

Sa = TsEM + Ss- R. (4) 

From expression (4) it can be seen that, if we were 
able to determine by some means the numeric values 
of parameters T5 , E, M and R at a specified S 5 , then 
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the sought value of Sa could be calculated from (4). 
Let us consider such a possibility. 

Time constant Ts can be rather accurately deter­
mined by an experimental method, suggested by 
Prof. B. Paton in [3], the essence of which is as fol­
lows. Electrode wire feed rate Ve is varied relative to 
its specified value Veo by a harmonic law Ve = Veo + 
+ t.ve sin M2t (here tis the current time) with a small 
amplitude t.ve and frequency Q. Measured parameters 
are voltage u or current i of arc welding, which vary 
by the same law, but with a phase shift <p. In particu­
lar, according to [4], i = i0 sin (Qt- <p), where t.i 
and io are the oscillation amplitude and constant com­
ponent of the welding current, respectively; <p = 
= arctg QT5 . Hence, 

1 
T, =IT tg <p. 

Value of parameter M with a sufficient accuracy 
is found from the following formula: 

t.ve 
M=-· t.i , 

resistance R can be measured directly, and value of 
electric intensity E for each specific condition of con­
ducting the measurements can be taken from a Table 
given, for instance, in [5]. 

Thus, we have determined that the numerical val­
ues of all the parameters included into (4) can be 
obtained in a rather simple manner, which means that 
there exists a fundamental possibility of indirect 
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evaluation of the steepness of welding arc static char­
acteristic Sa. 

Having thus obtained an evaluation of Sa, we can 
use the condition of stability ( 1) and select the ad­
missible si"ope of the external characteristic of welding 
current source for robotic arc welding from the fol­
lowing formula: 

Ss <Sa+ R. 

It should be noted that all the measurements for 
Sa determination from (4) should be taken at the same 
parameters of the welding mode. If it is necessary to 
get an idea about the actual shape of the static char­
acteristic of the arc in the narrow ranges of the used 
arc welding modes, several such measurement should 
be taken and an appropriate curve should be plotted. 
The curve is plotted as follows. 

In each fixed point (ik, uk), where k = 1, ... , n, 
and n is the number of points (Figure), a short seg-
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ment is drawn at angle a = arctg Sa(k) to axis i (as 
in the known isocline method [ 6]), and then the seg­
ments are joined by a smooth line. This line will 
exactly be almost equidistant from the actual static 
characteristic of the arc in a measured range of welding 
currents. 
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EFFECT OF DETONATION COATINGS 
ON MECHANICAL PROPERTIES OF PRODUCTS 

E.A. ASTAKHOV 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

Effect of coating from VK 15 and Al 20 3 on fatigue and short-time strength, ductility, impact strength of steel 45, stainless 
steel 10Kh18N10T and titanium alloy 3V and 3M was established . 

K e y w or d s: carbon steel, stainless steel, titanium alloys, 
detonation coating, adhesion strength, mechanical properties 

The feasibility of application of detonation coating 
in ship-building depends on antifriction properties 
[ 1], high characteristics of adhesion strength of coat­
ings with a base, low level of porosity [2], presence 
of industrial automated detonation complexes 
<<Prometej>>, «Perun-s~ and others [3, 4]. 

Nevertheless, the application of any types of coat­
ings in ship-building, including detonation coatings, 
is impossible without study of their effect on design 
strength of the parent metal. 

For this purpose, the investigation of effect of 
coatings from VK15 and Ab03 on short-term 
strength, ductility, impact strength and fatigue 

strength of steel45, stainless steel and titanium alloys 
3V and 3M was carried out. Thickness of coating was 
0.2-0.3 mm. Specimens for mechanical tests and de­
termination of impact strength were not subjected to 
polishing due to the absence of a special shaped dia­
mond tooL A special disc of a shape of a fillet on the 
specimen was manufactured to polish the specimens 
for determination of the fatigue strength. 

Mechanical properties of parent metal were deter­
mined on specimens H0-8 with 15 mm diameter test 
part, manufactured from all the tested materials; the 
effect of a scale factor was evaluated on specimens 
H0-13 with 5 mm diameter test part, manufactured 
only from alloy 3M. 10 specimens of each type were 
tested. Test data are given in Table 1. 

Table 1. Results of short-time testing of specimens with and without coating 

Specimen tested O'v MPa cr0.2, MPa 0,% \jl,% a,, ro-3, 1 / m2 

Alloy 3M 664-700 607-635 13.3-15.7 35.6-37.7 10 .9-11.4 --- ---
679 626 14 .7 38 .9 11.1 

Alloy 3M+ coating Al 20 3 656-679 612-636 13.3-16.5 38.1-41.1 10.1-10.7 --- ---
671 624 14.7 39.0 10.5 

Alloy 3V 753-762 649-747 19.2-21.6 48.9-64.7 11.7-18.1 --- ---
757 701 20.5 51.7 12.2 

Alloy 3V +coating VK15 540-695 --- 497-681 12.8-14.8 54.7-64.1 11.7-14.0 
618 594 14.0 58.2 12.9 

Steel 10Kh18N10T 628-718 300-552 34.5-51.5 65.4-70.7 19.0-21.22 --- ---
669 420 44 .0 68.8 20.0 

Steel 10Kh18N10T +coating Al 20 3 624-666 581-613 35.9-49.9 65.9-69.7 20.3-21.9 --- ---
642 595 45 .8 67.3 21.2 

Steel 10Kh18N10T +coating VK15 484-627 276-344 40.0-68.4 70.9-76.3 N/ D --- ---
567 300 55.1 73.5 

Steel 45 650-670 361-372 21.2-22.7 42.3-44.7 2.5-3.5 --- - - -
664 368 22.1 43.9 3.0 

Steel 45 + coating Al 20 3 647-670 362-390 18.8-21.6 43.7-45.2 2. 7-3.4 --- ---
657 369 20.9 44.5 3.1 

Alloy 3M (H0-13) 681-701 641-670 17.2-19.6 36.8-46.2 N/ D 
--- ---

690 648 18.6 41.0 

Alloy 3M (H0-13) +coating Al 20 3 624-666 --- 581-613 N/ D 
642 595 

Note. Numerator gives the range of values, while denominator gives the mean value. 
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Table 2. Fatigue strength of a base with detonation coating 

Material of' cr,, 
Medium 

specimen base MPa 
Condition of 

Fatigue 
limit, 

specimen 
MPa 

Alloy 3V 757 Air Initial 325 

Coating VK15 205 

Sea water Initial 325 

Coating VK15 205 

Alloy 3M 679 Air Initial 361 

Coating Alp3 230 

10Kh18N10T 669 Same Initial 300 

Coating VK15 185 

Coating Alp, 160 

Steel 45 664 Initial 170 

Coating Al 20 3 160 

As is seen from data obtained, the reduction in 
the level of strength characteristics and elongation in 
specimens from alloy 3V and stainless steel with coat­
ing from VK15, and also negligible increase in impact 
strength of alloy 3V were revealed. 

On steel 45 the coating from Ah03 did not almost 
influence the strength and ductile properties of the 
parent metal. Negligible increase in ultimate and yield 
strengths was noted on specimens from steel 
10Kh18N10T. The specific ductility of steel 45, alloy 
3M and stainless steel 1 OKh 18N1 OT under the effect 
of coating Ah03 is changed very little (less than by 
7 %) . 

Under the service conditions many components of 
ship structures are subjected to alternating loads, 
therefore, the stress concentration may lead to the 
fatigue fracture [ 5]. The change in fatigue strength 
of the base material was investigated after deposition 
of the detonation coating on it (Table 2). The fatigue 
strength was determined on smooth specimens with 
6 mm diameter test part under the conditions of a 
console bending at the rotation rate of 3000 rpm. The 
test base was 1·1 07 cycles, thickness of coating layer 
after polishing was 0.15-0.20 mm. 

The results obtained prove that the decrease in 
fatigue strength of titanium alloys is 36-37 % and 
does not depend on the coating material, unlike steel 
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10Kh18N10T. Thus, when the coating from VK15 is 
deposited it is decreased by 38% and by 47% at Ah03 
coating. 

The effect of sea water on the fatigue strength of 
alloy 3V with detonation coating from VK15 was not 
observed. The deterioration of fatigue strength has 
the same nature as that after oxidizing used at present. 

Coating from Ah03 does not show any significant 
effect on the strength of steel 45 in air. 

CONCLUSIONS 

1. It was established that the detonation coating from 
Al203 does not almost change the short-time strength, 
ductility and impact strength of alloy 3M, steel 45 
and stainless steel 10Kh18N10T, while the coating 
from VK15 reduces these characteristics for alloy 3V 
and stainless steel by 1 5-20 % on average. Exception 
is the impact strength of alloy 3V, as it is constant. 

2. It was found that the fatigue strength of steel 
45 in air is not changed under the influence of the 
deposited coating from Ah03, while for alloy 3M and 
stainless steel 10Kh18N10T it is decreased, respec­
tively, by 36 and 47% in deposition of coating from 
Al 20 3 and by 37-38 % in deposition of coating from 
VK15. 

3. The results obtained can be used in detonation 
coating of friction surfaces of main shafts to avoid 
the bronze lining. 

Author expresses the acknowledgement to 
Dr. V.N. Goldfajn, staff scientist ofTsNII «Prome­
tej» (Russia), for assistance in organizing the present 
work fulfillment. 
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