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SCIENTIFIC AND TECHNICAL 

CONTRACTION OF THE WELDING ARC CAUSED BY THE 
FLUX IN TUNGSTEN-ELECTRODE ARGON-ARC WELDING 

B.E. PATON 1
, V.N. ZAMKOV 1

, V.P. PRILUTSKY 1 and P.V. PORITSKY2 

1The E.O. Paton Electric Welding Institute, NASU. Kyiv. Ukraine 
2institute for Nuclear Research. NASU, Kyiv, Ukraine 

ABSTRACT 

The theoretical model developed to describe contraction of the arc by flux allows for the processes occurring at the anode. 
variations in thermal conductivity of the arc gas and phenomena taking place on the arc column periphery. and establishes 
their analytical relationship with size of the conductrng arc plasma column and the anode spot. Distribution of current 
densit) in the anode spot determined by anal ytical calculations using the said model is close to that determined by experi­
mental measurements 

Key words: H'eldmg over the flux layer. arc. tungsten electrode. 
anode, plasma. thermal conduclivity, negalive 10ns. current density. 

There are many publications [I - 8] describing investiga­
tions of causes of an increase in the penetrating power of 
the arc in TIG welding over the flux layer*. Analysis of 
the results shows that parameters of the welds and pri­
marily the penetration depth can be affected by varying 
chemical composition of the flux. Thus, other conditions 
being equal, the maximum penetration depth can be in­
creased 3 - 4 times, as compared with welding using no 
flux. At the same time, this causes changes in spatial cha­
racteristics and electrical parameters of the arc. The ob­
jective of this work was to develop a model to describe 
causes of contraction of the argon welding arc by adding 
to the welding zone the appropriate fluxes, limitations on 
size of the weld pool and region of existence of the anode 
spot. 

Melting of metal and formation of the weld pool can 
occur only in the case where the flux is fully removed 
from under the arc column root either by evaporation or 
by forcing out the molten flux to expose the metal , which 
was before covered with the flux, under the effect of the 
gas-dynamic plasma and shielding gas flows. This is 
proved by the fact that at an insufficient welding current 
and at a substantial thickness of the flux layer, where pres­
sure on the anode is too low to force out the flux, the metal 
is not melted. As electrical conductivity of the molten flux 
is lower than that of the metal, the region of existence of 
the anode spot (irrespective of the arc length [9]) is I im ited 
by size of the weld pool. It has been experimentally proved 
that the basic factors determining the surface area from 
which the flux is forced out are as follows: adhesive pro­
perties of the flux with regard to the metal welded and 
ability of the vapours formed during evaporation of the 
flux from the anode surface to cause contraction of the 
arc column. 

The better the flux wets the metal welded, the closer 
the flux melt located on the metal surface to the arc axis 
(under constant welding conditions) and the smaller the 

*rn some publications t he method of TIG \H' ld ing over t he flu x 
layer is call ed A-TIG \\'e ldi ng. 
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area of the weld pool and the region of existence of the 
anode spot. As adhesion of a liquid to the solid substrate 
is in direct dependence upon the Gibbs energy ~::;.co for 
chemical reaction of interaction between them, ~::;.co can 
be used as the criterion for evaluation of the efficiency of 
materials in terms of their use as the fluxes or their com­
ponents [2]. 

Spectroscopic investigations of the arc in TIG weld­
ing over the flux layer showed the presence in the arc gap 
of vapours of the flux and its dissociation products, and 
an increase in the intensity of lines of the base metal va­
pours, as compared with welding using no flux [I 0, I I]. 
In addition, products of chemical reactions between the 
flux and base metal were detected in the arc spectra [I 0]. 
It should be noted that luminescence of molecular lines, 
as well as atomic and ionic lines of the flux and base metal 
vapours is seen only in the peripheral zones of the arc 
discharge, whereas the central part of the discharge is an 
almost pure argon plasma, containing no impurities, like 
in welding using no flux [12, 13]. All these experimental 
data allowed an unambiguous conclusion that changes in 
spatial characteristics and electrical parameters of the arc, 
contraction of the arc column and increase in the current 
density at the anode in particular, caused by the flux pre­
sent in the welding zone, were a result of a set of the 
inter-related and inter-dependent processes occun·ing at 
the anode and in the arc gap. 

It is a known fact that the electric arc discharge occur<> 
in the gas channel (plasma) which is characterized by elec­
trical conductivity. Conductivity of the arc plasma is a 
result of thermal ionization that takes place at relatively 
high temperatures, as compared with the temperature of 
the electrodes. This is accompanied by the establishment 
of balance between the heat released in the plasma be­
cause of a flow of the electric current and the electric 
energy removed as a result of thermal conductivity into 
the electrodes and the surrounding atmosphere. Spatial 
characteristic of the arc and distribution of the current 
density in it depend upon the thermal balance conditions. 
So, relationships between parameters of the discharge for 
different conditions can be found by calculations and by 
analysing a character of distribution of the current density 
across the discharge section. 

Contraction of the discharge takes place if the follo­
wing conditions are met [ 14 - 18]: ( 1) bulk neutralization 

5 
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of the charged particles dominates their diffusion drift to 
walls of the discharge chamber; (2) frequency of forma­
tion of the charged particles dramatically decreases from 
axis to walls of the chamber. In this case the degree of 
contraction of the discharge depends upon non-uniformi­
ty of the temperature across its section. Thermal contrac­
tion is caused in particular by the fact that temperature at 
the periphery of the discharge falls and the gas density 
(under constant pressure) rises. Therefore, electrons at the 
periphery give up a larger amount of the energy to neutral 
particles and their temperature falls, which in turn leads 
to a decrease in the concentration of electrons because of 
intensification of the recombination processes. It should 
be noted that with this welding method there is a proba­
bility that particles with a large effective cross section of 
capture of electrons [2, 6, 19, 20] and long-life negative 
ions may be formed in vapours of the halide fluxes. Their 
presence leads to an increase in contraction of the arc 
column [ 14 - 16] and thermal capacity per unit surface 
area of the anode heating spot. Thus, the problem is re­
duced to establishing an analytical dependence of char­
acteristics of the discharge, size of the weld pool and re­
gion of existence of the anode spot of the arc upon the 
effect of the molten flux at the anode and its vapours in 
the arc gap. 

Processes occurring at the anode surface and in the 
anode region of the arc 

Figure I shows schematic of the arc discharge under con­
sideration. It is assumed that the problem has a cylindrical 
symmetry statement and the processes occurring within 
the welding zone are quasi-stationary. 

At the moment of excitation of the arc discharge the 
flux starts melting under the arc but, as was already noted 
[I , 2], the weld pool can be formed only with the flux 
forced out from under the arc column root and from the 
base metal surface. This takes place as a result of the force 
action of the arc, F arc, which is formed in the anode region 
by a flow of electrons, Fe, and complemented by there­
active force induced by the anode material vapours, Frm· • 

2 

Figure I. Schematic of the arc discharge in welding over the flux layer: 
I - base metal ; 2 - !lux; 3 - electrode. 

•The gas-dvnamic fl ow of a shie lding gas can exert the extra 
action on the anode, depending upon specific we lding conditi ­
ons . 

6 

The action of these forces that press out the flux is ham­
pered by adhesion between the molten flux and the solid 
metal, pressure of the molten flux layer hr thick at the 
weld pool boundary (Archimedean force F Arh) and are­
active force induced by the evaporating flux around the 
weld pool, Frf· Note that hr is normally much in excess of 
thickness of the initially deposited flux layer, ho, because 
of the effect of hydro- and gas-dynamic flows formed 
around the weld pool. 

In a general form, the balance of forces at the weld 
pool boundary can be written as follows: 

I. F1 = t.. a cos e , 
I 

(I) 

where I,. F1"' Fe + Fnn - FArh - Frf"' Fe+ Fnn - prg hr. 
I 

Pf is the density of the molten flux, cr is the surface tension 
of the molten flux, g is the free fall acceleration, ~ = 

= 2 rr RA is the perimeter of the weld pool or region of 
existence of the anode spot (RA- radius of this region) 
and e is the contact angle in wetting the anode surface 
with the molten flux. 

It follows therefrom that 

I. Fl 

R - .,......,;..1-=-..,...,...,... 
A - 2 n a cos e · 

(2) 

Expression (2) establishes dependence of RA upon the 
force factors acting within the welding zone. Analysis of 
this dependence allows a conclusion that, other conditions 
being equal, RA is determined by physical-chemical pro­
perties of the flux and base metal. Radius of the region of 
existence of the anode spot decreases with an increase in 
wetting the base metal with the molten flux and with an 
increase in its surface tension, density and amount (i.e. 
thickness of the deposited layer). 

For quantitative estimation of the effect of fluxes on 
RA, first of all it is necessary to determine the force effect 
of the arc, Fare, and metal vapours, Frnh on the anode, 
which can be calculated from the corresponding pressures 
applied to the anode. For this, we will use an expression 
from [21] for the pressure exerted by the flow of electrons 
on the anode: 

Pe=J(r).Vme (2eUand-3kTand)' (3) 

e2 

where j (r) is the current density near the anode as a 
function of distance r from the discharge axis, Uand is the 
anode voltage drop, Tand is the anode surface temperature, 
me is the electron mass, e is the electron charge and k is 
the Boltzmann's constant. 

The reactive pressure of vapours of the base metal 
acting on the anode can be expressed as follows: 

q>~ . 
Pnn = m M n M J (r ) • 

(4) 

where mM is the mass of a molecule of the material being 
evaporated, nM is its concentration, and the value of <i>M 
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characterizes properties of the base metal and can be cal­
culated from the following formula: 

kevp ( Uand + Uq> , and) lland 

<p M = (Es, and + E, , and - Htq ) (5) 

Here U'4> . and ; £ 5 , and;£, , and and Htq are the electronic 
work function, sublimation energy, ionization potential 
and heat content at a boiling temperature of the anode 
material, respectively, !land is the atomic number of the 
anode material and kevp is the share of the power consumed 
for evaporation. 

Then, assuming the presence of equilibrium at the 
boundary of the weld pool, r = RA, the following equation 
can be derived to detetmine the value of RA: 

h 
2 cr cos e 

Prg t+ r 

2 
=j· (r) ("./ m e (2e Uand - 3 k Tand ) + ~ j (r ) ) . 

fllMnM 
e2 

(6) 

Note that Pe. Prm and, hence, RA are the functions of 
a spatial distribution of the current density,} (r ), across 
the section of the arc discharge near the anode, i.e. they 
depend upon spatial characteristics of the arc. On the other 
hand, the very formation of molecular vapours of the flux 
and products of its interaction with the base metal [3, 4] 
in the arc gap causes changes in distribution of the current 
density and other parameters across the arc discharge sec­
tion . Additions of the molecular gas to the arc gap cause 
changes in a character of the processes that take place 
there. It is a known fact [19, 22, 23] that inelastic proc­
esses, such as transitions between oscillation and rotation 
levels of the molecules, dissociation of molecules and as­
sociation of atoms (molecule formation), as well as 
chemical reactions (in the gas mixture) become essential 
in the molecular gases. The inelastic processes lead to a 
change in the internal energy of the particles and thus 
affect the energy transfer (thermal conductivity). The ex­
cited particles move to the region with a lower tempera­
ture and there transfer their internal energy to the trans­
lational levels of freedom , thus enhancing the energy 
transfer. This leads to an increase in thermal conductivity 
and, hence, intensifies contraction of the discharge. 

The processes of formation of negative ions can also 
play an important role in contraction of the discharge in 
the anode region [ 19, 24, 25]. This is associated with the 
fact that all the currently known fluxes intended for weld­
ing over the flux layer are based on halides, oxides or their 
mixtures, i.e. materials that contain electrically negative 
elements. 

In gases contammg electrically negative elements 
(molecules or radicals) the basic mechanism of neutrali­
zation is associated with electrons sticking to them.ln this 
case, neutralization of the charged particles occurs suc­
cessively in two stages: 
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(8) 

where the process of sticking (7) normally takes place 

with the participation of a third particle (Ng-- electri­
cally negative particle). 

If the discharge takes place in a gas containing the 
electrically negative additions, the resulting negative ions 
recombine with the positive ions A+ of the basic compo­
nent: 

(9) 

where, in a general case, X and Yare the neutral particles: 
atoms, molecules or complexes. 

As in this case the processes described in (7) to (9) 
occur against the background of other processes of re­
combination of the charged particles, the electrically 
negative impurities present in the discharge lead to an 
extra decrease in size of the region occupied by the dis­
charge, as compared with the case where there are no such 
impurities. 

Jt should be noted that of the highest interest in terms 
of formation of negative ions are complex halogen-con­
taining molecules or radicals [ 19]. The general principles 
of formation of the negative ions [24, 25] include increase 
in the effective cross section of adhesion with a decrease 
in the energy of electrons and the life time of a negative 
ion, as the temperature falls and pressure rises. Therefore, 
the formation of the negative ions as a result of capture 
of the conduction electrons will be more probable in the 
cooler peripheral regions of the arc, which also cannot but 
exert a substantial effect on distribution of the current 
density across the section. 

Contraction of the positive arc column 

Consider plasma of the positive column of a cylindrical 
arc discharge, in which a local, including ionization, ther­
modynamic equilibrium is maintained. Assume that elec­
tronic thermal conductivity and inelastic losses of elec­
trons are small, as compared with Joule heating and elastic 
losses of electrons. Ignore the radiant transfer of the en­
ergy, as, according to the data in [21 ], the radiation losses 
in the welding arcs are no more than 5 % of the power. 
At the same time, note that this situation is true for the 
welding arc bum ing with a metal (consumable) electrode, 
where temperature T of the arc discharge is not higher 
than 12,000 K. At the higher temperatures the radiation 
losses wi II increase, and at T - 20,000 K they can amount 
to 30% of the total heat balance [26]. In our case the arc 
temperature is 14,000 - 16,000 K and the radiation losses 
are much lower. Ignore also the Coulomb collisions, as­
suming that ionization of the plasma is low: k T << 
<< e U, , err = Ei , efl; where U, . eff is the effective ioniza­
tion potential of the gas and £, . eff is the corresponding 
ionization energy. Assuming that the intensity of heat re­
lease is proportional to the local current density and the 
electron and gas temperatures are equal to each other, the 

(?) heat transfer equation can be written as follows: 

2000 7 
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. ~.fr~x(T)UJ+q(r)=o. ( 1 0) where Djis the diffusivity of the imp~rity .in .the working 
gas, Pf is the partial pressure of the dtssoctatmg gas (mo-

where r is the distance from the discharge axis, X (T) is 
the coefficient of thermal conductivity, q (r) = j (r) E is 
the power of heat release per unit volume,) (r) = O"e E is 
the electric current density, E is the electric field intensity 
and O"e is the conductivity of the plasma. The following 
boundary conditions are selected: temperature at the dis­
charge axis is T(O) =To and that at infinity is T(oo) = 
= Too*. 

Write down the coefficient of thermal conductivity in 
the following form: 

X = Xetst + Xint , (I I) 

where Xelst related to the energy transfer by the translation 
deoree of freedom is assumed to be equal to the coefficient 

0 . 

of thermal conductivity of argon, Xar (T), obeymg the 
following dependence [7]: 

( TJ.68 
Xar (T) = X• t. 

( 12) 

(X• = 4.2xl o-2 Wl(mxK), T• = I 000 K) and Xint caused 
by the energy transfer at the internal degrees of freedom 
can be written as follows: 

Xmt = Xros + Xb · ( 13) 

Here Xros is associated with processes occurring at the 
rotation and oscillation degrees of freedom and Xb is 
caused by the processes of splitting of the particles. 

Under conditions of the considered arc welding pro­
cess [I - 5] the density of particles of the impurity mo­
lecular gas, nr. in argon is low, as compared with the den­
sity of the working gas, no. Thus, the Xros value cannot be 
neolected, as (Xros I Xclst) - (nr I no). The processes of dis­
so~iation of molecules and subsequent ionization of at­
oms (even at a small concentration of the impurity) can 
cause a fundamental increase in thermal conductivity. 
This is related to the fact that, during splitting, a particle 
transfers the energy which is much in excess of the thermal 
energy of the particles. In tum, the value of Xb can b.e 
written as the sum of the dissociation (index d) and ioni­
zation (index i) contributions: 

Xb = xc~+ x,. ( 14) 

Limit our consideration to a case of relatively low 
temperatures when ED >> k T and E1 >> k T, where ED is 
the energy of dissociation of the molecules and E1 is the 
ionization potential. Then, for the case of dissociation of 
a two-atomic perfect gas, Xdcan be approximately calcu­
lated from the following formula [23]: 

Drp1 ac~(l - a")(EnJ (15) 
Xt~"'~ (2-ac~) IT · 

*T ~ corresponds to the temperature of the discharge chamber 
walls in the experiment (~ 300 K); therctore, allmvtng for a 
significant difference of temperatures at the dtscharge axts 
(15,000- 20,000 K) , T~ can be assumed to be equal to zero 
without any loss of generality. 

8 

lecular impurity) ad= nr, a is the degree of disso-
, nM +nr,a 

ciation, nM is the density of the molecules and nr, a is the 
density of the dissociated atoms. 

The equation of the reaction of an equilibrium disso-

ciation of the impurity gas molecule M ~X+ Ywill have 

the following fonn: 

a~ - . 
~=::..t~(T;M.X, l )= 
l - ad 

Lx Lr [2 1t mx my k T J 2 
k T ( EoJ - -exp IT - ---rr:;: mM h Pf . • 

(16) 

where a 1 = __!'!!!__ is the degree of dissociation of the 
' nM + ny 

impurity gas, n1, L1 and m1 {I= M,X, Y} are the densities, 
statistic weights and masses of the particles, respectively 
and his the Planck's constant. 

Hence, the degree of the equilibrium dissociation is 

( 17) 

Accordingly, the contribution of ionization to thermal 
conductivity can be calculated from the following equa­
tion: 

Damb Pg a, (I -a,) ( £, J ( 18) 
x,"'~ (2-a,) IT · 

where Damb is the coefficient of am bipolar diffusion, Pg 
is the gas pressure and a; is the degree of ionization. 

Under conditions of TIG welding in argon over the 
flux layer, the products of dissociation of the flux vapours 
can be atoms of metals, halogen- or oxygen-containing 
radicals, molecules or atoms of oxygen and halogens. 
Metals have lower ionization potentials. That is why they 
should play the basic role in the ionization processes. Fur­
ther on we will consider the case of the impurity of alkali 
metal halide MeG as the most versatile component of the 
flux, which is dissociated by the following reaction: 
MeG~ Me+ G. As a rule, by the beginningofionization 
the two-atomic gas is almost completely dissociated. 
Therefore, the basic effect on properties of the arc gas can 
be exerted by ionization of atoms of alkali metal that has 
a much lower ionization potential than halogens and ar­
gon. The ionization potential of atoms of halogens (as 
well as oxygen) is close to that of argon. That is why, in 
our case the ionization processes are insignificant. 

Limit our consideration to an assumption that the arc 
plasma has only one type of the singly charged ions, posi­
tive (A+, index p) or negative (Ng- , index n). The density 
of electrons at a given point of the discharge is related to 
the densities of neutrals na"" n0 , positive and negative 
singly charged ions np and n11 (nn:::;; nNx, where nNx is the 
density of the electrically negative particles) by the Sach 
equations: 
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where Lt {I= p , a , Ng, n} are the statistic weights for a 
positive ion, neutral atom, electrically negative particle 
and negative ion, respectively, EA is the energy of affinity 
for electron and ne is the electron density. 

The effective energy of ionization of the arc gas at 
temperature Tis determined as 

E,,e{f= - 2 k Tin ~ (~ J 2 

exp (- -i+} (21) 

where nt and Ei, 1 are the concentration and energy of 
ionization of the gas components. On the other hand, the 
effective temperature of the arc is related to the ionization 
energy (potential) by a certain dependence [21], This 
makes it possible to determine the values of E, . etT and 
Tare for specific conditions of the discharge. 

Proceeding from ( 17) and ( 18) and allowing for the 
condition of constant pressure p = n k T = L, n1 k Tacross 

I 

the section of the arc discharge, as well as the law of con­
servation of the electric charge 

we will obtain: 

ne _ (2 [1 )

1 2 (2 7t meJ 
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Here, function 

(22) 

(23) 
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Introduce now a dimensionless parameter 

[T (0) - T (r )] E, 
E - .::.__:_:_~...-:-.:...:__:_ 

- 2kT 2 (0) 

(25) 

Then, according to formula (23), ne (r) = ne (0) cox 
x (e) exp (-e). Accordingly, the cmTent density and the 
heat release power in equation (I 0) will vary across the 

section in the following manner:) (r) = Jo co (e) exp (- e) 

and q (r) = qo co (e) exp (-e) , where)o = j (0) and qo = 
= q (0). As it can be seen, parameters of the plasma, in­
cluding the density of electrons, vary markedly with a 
small variation in temperature. Therefore, in the region 
of the plasma which determines its electrical conductivity 
and energy balance, the temperature will vary but slightly. 

As in equation (I 0) the strongest dependence upon r 
is of an exponential character, to solve it, we will assume 
all the coefficients of derivatives to be constant and equal 
to those at the discharge axis. 

By introducing the dimensionless variable 

(26) 

where 

2 16 Xo k T6 
r 0 = qo E, . eff • 

(27) 

and allowing for f01mula (23), we reduce the heat balance 
equation (10) to the following form: 

d ( dE) ax xax - exp(- E)=O, (28) 

The equation obtained has the following solution: 

E=21n [I + x]. (29) 

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

ne (r) = ne (0) W (E) exp (- E)= 

= ne (0) w (r )j(r) , 
(30) 

(24) where 

determines a decrease in the amount of electrons in the 
presence of the negative ions (pNg- partial pressure of 
the gas of the electrically negative particles). It follows 
therefrom that under the conditions characteristic of the 
experiments [2, 20], where PNg ::; 0.2 - 1.2 kPa, the effect 
ofthe electrically negative particles on contraction of the 
discharge will show up in the peripheral region, where 
r::;; 4000 K, and can be essential only in the presence of 
particles with the affinity energy of EA > I - 2 eV. Al­
lowing for the character of dissociation of the impurity, 
for the calculations the pressure of the electrically nega­
tive particles can be assumed to be equal to PNg = Pj l 2. 

2000 

f(r) = (I + (rl ro )2 )2 , (31) 

The temperature, current density and energy release 
distributions will be described by the similar depend­
encies. Thus, it holds for the current density 

j (r) = Jo w (E) exp (- E)= Jo w (r )f(r) , (32) 

As q0 is in inverse proportion to r0 , the energy density 
in the plasma will grow as its conductivity region de­
creases. 

Based on the obtained dependencies of the considered 
plasma parameters upon the radius, and allowing for the 
fact that the effect of negative ions shows up mostly at 
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Figure 2. Distribution of the current density,} (r ), in the anode region 
of the positive arc column: 1- calculation; 2- experiment. 

the periphery of the discharge, we will have that the ef­
fective values ofthese parameters of the arc discharge are 
related to the corresponding values at the arc axis by a 
proportionality coefficient of"' 0. 785. 

Estimate the value of the ro parameter, which can be 
interpreted as a characteristic radius of contraction of the 
positive arc column for conditions of welding titanium 
using sodium fluoride (NaF) as the flux. For this case, the 
experimental data on the distribution of the current den­
sity in the anode region of the arc are available [3), This 
makes it possible to compare the calculation results and 
evaluate correctness of our theoretical model describing 
the effect of the flux on the welding arc. As it is shown 
in [ 12, 13), since the vapours formed during welding do 
not enter the arc column, we assume that the effective 
ionization potential in it is equal to the ionization potential 
of argon £,,err"' 15.75 eV, which corresponds to the ef­
fective temperature of the arc Tare"' 12,000 K and tem-

perature at the axis To"' O~SS"' 15,000 K. Then we as­

sume that the partial pressure of the vapours is pr= 
= 1.2 kPa and the ratio of the statistic weights is a2 ~ 4. 
To estimate the total coefficient of thermal conductivity 
of the arc gas, the coefficients of mutual [26] and am bipo­
lar [ 17] diffusion ( cm 2 Is) are calculated from the follow­
ing formulae: 

Dr(T) = 0.17 (~ J'7s2 (33) 

Damb (T) = 3.4 ( ~ J 2 -(n_a_2_10-18-)' (34) 

where the temperature is expressed in Kelvin and n0 in 
cm-3. 

10 

Atq0 "' 2xl0 10 Wlm 3 (which corresponds to a welding 
current of I 00 A) and T0 "' 15,000 K, the estimated value 
of r0 "' 1.3 mm. Figure 2 shows dependencies of distribu­
tion of the current density in the arc column, which were 
calculated for our conditions from formula (32), as well 
as experimental data taken from [3). Here we have a sa­
tisfactory agreement between the calculated and experi­
mental data. The difference we see in course of the curves 
of the current density distribution is likely to be caused 
by the effect of the radiant transfer, which was not taken 
into account in the model of the discharge under conside­
ration. 

Size of the weld pool and region of existence of the 
anode spot 

Given that the current density is determined by depend­
ence (32), equation (6) for determination of the value of 
r = RA can be re-written in the following form: 

2 a cos e _ 
Ptgly+ r =}ow (r)f(r)x 

(35) 

x(.V me(2eUand-3kTandl +~}oW (r)f(r)J. 
? n1Af nM 

e-

The value of <PM (kg I A) can be calculated from the 
following formula (see [20]): 

kevp ( Uand + U<J>. and) ~and (36) 
<PM= 4 7 

(9.4 X 10 h and+ 9.65 X 10 U,, and- Htq) 

where vi, and is the ionization potential of the anode ma­
terial, V; Tk. and is the boiling temperature of the anode 
material, K, and H1q is expressed in J I (kg I mole). 

The anode voltage drop, V, can be approximately de­
termined [20] from the following expression: 

;-rt' Ar3s 12tss11s 
-4 and '-' arc e 

Uand=6.8x10 191) 415 . .\5 310• (37) 
U 1,eff a S g ~and 

Tare+ Tand . 
where Tand = IS the average temperature of 

the anode region, K; Tare is the average temperature of 
the arc, K; b.T = Tare- Tk, and, K; fare is the arc current, 
A; Se and Sg are the sections of collisions of the particles 
(atoms or molecules) of the arc gas with electrons and 
with each other, m2; and if is the ratio of the statistic 
weights. Substituting the values of the parameters chl).r­
acteristic of our conditions: Vi. e~= 15.75 V, if= 4, Se = 
=2.5xlo-20 m2, Sa=6.15xl0- 0 m2, Tarc=l2,000K, 
Tand = 1941 K, Tk :nd = 3553 K, fare= 100 A and !-land= 
= 47.9, yields Van~"' 3.7 V. 

Assuming that Pr= 1.95 glcm3
, cr = 187 MHim, 8 = 

= 1t I 6 (cos e"' 0.86), hr= 0.2 mm, r0 = 1.3 mm, )o = 
= 107 Alm 2

, kevp = 0.3, Vand = 3.7 V, V111 .and = 3.95 V, 
V,. and= 6.82 V, Tand = 1941 K, Tk. and= 3553 K, Hlq = 
= 1.4xl08 JI(kglmole), !-land=47.9, mM=47.9amu= 
= 7.95xl o-26 kg and nM = IX I 022 m-3

, we will have an es-
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timate for the anode spot radius RA"" 1.5 mm, which is 
also in agreement with the experimental results . 

CONCLUSIONS 

Analysis of the results of experimental investigations of 
the arc in TIG welding of titanium in argon over the flux 
layer leads to an unambiguous conclusion that the flux 
effect on the arc consists in contraction of its positive 
column and the anode spot. This phenomenon is caused 
by a number of factors, such as: screening of metal around 
the weld pool by the liquid flux and stabilization of the 
anode spot within the limits of the weld pool, increase in 
thermal conductivity of the arc gas caused by impurities 
of the molecular vapours of the flux appearing in the arc, 
deionization of the peripheral regions of the arc as a result 
of capture of conduction electrons by the electrically 
negative particles of the flux vapours and products of in­
teraction of the flux with the base metal. 

The developed theoretical model of contraction of the 
arc by the flux, which allows for the above processes, makes 
it possible to analytically estimate sizes of the electrically 
conducting region of the arc column and the weld pool, and 
is in good agreement with the experimental results. 
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PRODUCTION AND WELDING OF HIGH-TEMPERATURE 
COMPOSITE MATERIALS (Review) 

V.R. RYABOV 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABSTRACT 

Peculiarities of composite materials (CM) on base of nickel. chromium and cobalt alloys, designed for operation at elevated 
temperatures, are considered. The methods ofCM producing are described and different examples of manufacture ofweldments 
are given. 

Key words: composite material, high-temperature resistance. fi­
bres, nickel, chromium, cobalt, diffusion bonding, spot, arc welding. 

Investigation and application of high-temperature com­
posite materials (CM) have been continuously expanding 
over the last years. One of the promising directions in this 
field is development of high-temperature CM on the base 
of nickel, chromium and cobalt alloys reinforced with re­
fractory metal fibres. For instance, in gas turbine con­
struction the most urgent task is that of increasing the 
temperature of the thermodynamic cycle of the power 
units, as the effectiveness of gas turbine engines (GTE) 
rises with the increase of the working temperature of the 
gas [1]. 

Even a small increase in the temperature of the gas 
going into the turbine, significantly increases the effi­
ciency of the gas turbine engine. The absence, however, 
of high-temperature materials capable of standing the 
temperature of 14 73 to 1573 K for a long time, makes it 
necessary to apply in GTE various methods of cooling 
the structures from the currently used nickel and cobalt 
alloys. In this case, the geometry of the blades and vanes 
becomes more complicated, the dimensions and power of 
the engine compressor become greater. The operation of 
a gas turbine without cooling or, at least, with cooling not 
requiring much more complicated GTE designs, can be 
achieved by using special high-temperature CM. The 
nickel and chromium based CM reinforced with filamen­
tary crystals of Al203 can be used as such materials, as 
well as compositions in which the matrix is made of the 
high-temperature alloys, and the reinforcement is from 
high-temperature refractory fibres. Quite effective for 
high-temperature parts of GTE is the use of nickel- and 
cobalt-base eutectic CM. The following of them have 
been tested with the best results: (Co-Ni- Cr)- TaC; (Ni­
Cr- Al}-Ni3Nb; (Ni- Co-Cr- Al}-TaC [2] . 

Assessment ofCM application in aircraft engineering 
in the case of their use in the design of 11-62 plane shows 
that the weight of this air liner can be reduced by 17 % 
with the same flight characteristics, or the tl ight range can 
be increased by 15% with the same take-off mass [3]. 

Fibrous frames from nickel and cobalt alloys and sta­
inless steels have a higher damping capacity and are used 
as gaskets in mounting turbines and instruments. Such 
frames impregnated by quickly evaporating liquids, are 
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applied in the cooling systems of MHO generators. Let 
us consider the limited available information on the me­
thods of production and welding of fibrous (FCM) and 
dispersion-strengthened (DSCM) composite materials 
with nickel, chromium and cobalt matrices. 

Fibrous CM with nickel matrix 

The following reinforcers are used for reinforcement of 
nickel and its alloys: filamentary crystals (FC), refract01y 
metal wires, ceramic and carbon fibres. 

Nickel-base CM reinforced with tungsten and molyb­
denum fibres, are produced by dynamic hot pressing, dif­
fusion bonding, explosion welding and rolling. These 
compacting methods are the most effective for sandwich 
type blanks consisting of alternating matrix sheets and 
layers of reinforcing fibres. In connection with the fact 
that tungsten and molybdenum intensively oxidise in 
heating, CM are produced under vacuum or in a shielding 
atmosphere in diffusion welding machines, vacuum roll­
ing mills or using vacuumized containers [4]. 

CM with a matrix from high-temperature alloy 
KhN70Yu (El 652) and a number of other alloys rein­
forced with fibres oftungsten and TsM2A molybdenum 
alloy (0.1%Mo; O.l%Ti- Zr) have been studied [5]. The 
materials were produced in the form of rods by the method 
of filling the mould with the reinforcement which was 2 
to 4 mm diameter wire with the matrix melt (Figure I) 
with subsequent deformation of the cast blank. 

Investigation of the mechanical properties of extruded 
rods from CM showed that up to 1073 K, reinforcement 
only slightly affects the yield point of nickel alloys and 
somewhat lowers the ultimate strength, especially, if the 
materials are reinforced with tungsten fibres (Figure 2). 
Above I 073 K reinforcement essentially increases the al­
loys strength, and at 13 73 to 14 73 K the materials with 
about 25 vol. %of fibres, are several times stronger than 
the alloys without reinforcement. The ductility of there­
inforced alloys decreases with the increase of the test tem­
perature and of the volume fraction of fibres, but remains 
on a sufficiently high level (Figure 2). 

Decrease of the low-temperature strength of nickel 
alloys as a result of reinforcement by tungsten fibres, is 
related to tungsten embrittlement when embedded into 
the matrix, which was confirmed by bend tests of fibres 
etched out of the matrix. Figure 3 shows the change of 
the mechanical properties ofKhN70Yu alloy at 1373 K, 
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Figure I. Schematics of production of a cast reinforced billet: /-plug 
for pushing the ingot out; 2- cassette; 3- bundle ofreinforcing fibres ; 
4-mould. 

depending on the volume fraction of tungsten fibres Vr. 
With the increase of Vf, the strength properties ( 0t , 00 2) 
increase by a linear dependence which corresponds to the 
rule of mixtures, and the ductility characteristics (0, \jf) 
and impact toughness KCU (detennined on round sam­
ples of 9 mm diameter with a notch of I mm radius and 
I mm depth) decrease. 

The results of long-term strength tests (Figure 4) 
showed a considerable increase of high-temperature 
strength of nickel alloys when reinforced with tungsten 
fibres . The strength ofKhN70Yu + 20 vol.% W material 
during I 00 h at 1173 - 1473 K is more than I 0 times 
higher than the appropriate values for a non-reinforced 
alloy. Reinforcement of KhN70Yu alloy with the fibres 
of TsM2A molybdenum alloy, increased the long-term 
strength at 1173 K. However, with the increase of the test 
temperature. the relative strengthening as a result of rein­
forcement decreases continuously, so that at 1372 K the 
long-term strength ofKhN70Yu + 19% TsM2A material 
exceeds the strength of the non-reinforced alloy only by 
20to40%,andby IOto 15%at 1473 K. 

Comparison of 0100 values derived at different tem­
peratures with 0t values points to a more intensive sof-
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Figure 3. Variation of mechanical properties of KhN70Yu alloy at 
1373 K, depending on the volume fraction of tungsten fibres. 

tening of the materials reinforced with TsM2A fibres with 
the increase of the temperature and duration of testing. 

In KhN70Yu + TsM2A materials at long-time high­
temperature soaking essential changes in the structure and 
composition of the transition zone on the fibre-matrix in­
terface occur besides the recrystallization of fibres. These 
changes are characterised by the fonnation of a continu­
ous zone of a brittle intermetall ic phase (hardness of about 
H V750) and a noticeable decrease in the fibre cross- sec­
tional area (Figure 5). 

With longer soaking at higher temperatures, chro­
mium concentration in TsM2A fibres essentially in­
creases, while nickel diffusion into the fibres is quite in­
significant. 

In KhN70Yu + W materials, the diffusion interaction 
of the components is much weaker, than in KhN70Yu + 
+ Mo system. No fonnation of the intermetallic phase on 
the interface was found in KhN70Yu + W system. After 
long-time soaking, however, a zone of diffusion porosity 
(Figure 5, b) associated with Kirkendale effect, is found 
around the fibres. The absence of porosity in Kh70Yu + 
+ TsM2A materials is attributable to the presence of se­
cond phase precipitates in the matrix, which are the drains 
for the vacancies forming the pores. 

The given data are indicative of a higher thermal sta­
bility of tungsten fibres in nickel-chromium matrix and 
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Figure 2. Temperature dependenctes of ultimate tensile strength and reduction in area ofKhN70Yu alloy: /-non-reinforced; 2 - wtth addition 
of 1.5% TsM2A: 3 - with 26 % TsM2A ; .f - with 24 %W (by volume). 
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KhN67MVTYu + 19% TsM2A; 6- KhN67MYTYu + 12 % W (by 
volume). 

the need to use barrier coatings for the molybdenum alloy 
fibres. The physico-chemical interaction of the tungsten 
fibres with the matrix can be still further reduced by se­
lection of the optimal composition of the matrix. 

FCM heating in air results in oxidation of tungsten or 
molybdenum fibres located on the surface. If the fibres 
do not come to the surface, FCM high-temperature resis­
tance is determined by the matrix high-temperature resis­
tance. 

In Ni- Al203 system, heating in air leads to formation 
of nickel oxide which interacts with the reinforcement, thus 
resulting in the formation ofNiAI204 spinel on the fibre­
matrix interface. In this case, the bond between the compo­
nents is disturbed. In order to increase the adhesion strength, 
thin coatings of metals (tungsten, nickel, chromium) and 
ceramics (yttrium and thorium oxides) are deposited on the 
reinforcement. Since liquid nickel does not wet AI203, tita­
nium, zirconium and chromium which improve the impreg­
nation conditions, are added to the matrix. 

Room temperature strength of FCM (nickel - fila­
mentary crystals of Al203) produced by electroplating of 
nickel on the fibres, is essentially higher than the matrix 
strength (Table I) . At high temperature, a great scatter of 
the strength properties is found , because of an unsatisfac-

Table I. Mechanical properties of nickel-base FCM reinforced with 
AI20 3 FC 

o1,MI'a cr,·"'· Jg 

1[.% at 1~est, K 

293 1273 293 1273 

16 282 114 

21 495 67 

22 1230 163 

29 759 108 

39 1350 20 

5 1 1050 

14 

Figure 5. Microstructure of reinforced rods after annealing at 1273 K 
for l 000 h: a - (xI 00) ; b- (x300) (reduced by 0.52). 

tory adhesion of the components. The softening factors 
are fragmentation ofthe fibres or coarsening of their struc­
ture, as well as a non-uniform reinforcement of the sam­
ples through their volume, which is due to the difficulty 
of an·anging the fibres . 

Nickel is practically insoluble in carbon. The volume 
fraction of carbon dissolved in molten nickel (T= 
= 1823 K), is equal to 12.5 %, and to 2.8% in solid nickel. 
Moreover, Ni- C system fonns a metastable Ni3C carbide, 
stable at the temperatures above 1673 K and below 723 K. 
Having a high diffusion mobility, carbon saturates the 
nickel matrix in a short time. Therefore, the main soften­
ing factors in Ni-C FCM are dissolution of carbon fibres 
and their recrystallization as a result of nickel penetration 
into the fibre. Addition of carbide-forming elements to 
the nickel matrix, which are the usual components of 
nickel alloys (Cr, AI, Ti, Mo, W, Nb ), enhances the matrix 
interaction with carbon fibres [6]. 

In order to increase the structural stability of Ni- C 
FCM, anti-diffusion barrier coatings from zirconium car­
bide and nitride, titanium carbide (for working tempera­
tures up to 1273 K) are applied onto the carbon fibres . 

The strength of nickel CM with Tomei-50 and Tor­
nel-75 carbon fibres ( Vf = 50%) is equal to 800 and 
830 MPa, and their modulus of elasticity to 240 and 
310 GPa, respectively. 

Powder metallurgy methods are used to produce FCM 
based on NASA type alloys [6]. The tungsten reinforce­
ment is impregnated with slurry from fine powder of the 
matrix . Sintering is performed in hydrogen at I 088 K tem­
perature for I h. 

The final operation is isostatic hot pressing at the tem­
perature of I 088 to 1363 K, pressure of 138 MPa and 
soaking time of I h. 

The strength of nickel-base FCM is much higher than 
the matrix strength. The highest strength is found in FCM 
produced by the methods of plastic working and powder 
metallurgy. 

Under the simultaneous impact of high temperatures 
and stresses, the fibre strength is lowered as a result of 
softening diffusion and recrystallization. Reinforcement 
with molybdenum does not allow development of the ma­
terials and structures stable at high temperatures . The 
highest values of long-term and specific long-term 
strength were derived for FCM with a matrix from NASA-
3 alloy reinforced with wire ofW-Hf-C alloy with 70% 
volume fraction. 
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Figure 6. Longitudinal section of a reinforced shell of the combustion 
chamber flame tube (for designations see the text). 

Let us consider a practical example of application of 
nickel-base FCM. 

Flame tubes of GTE combustion chambers operate 
under the conditions of intensive oxidation by the high­
temperature gas flow and relatively low loads . Therefore, 
they are produced from low- strength KhN78T (El 435), 
VZh 98, VZh I 07 and other alloys highly resistant to scal­
ing. However, the walls of the flame tubes of combustion 
chambers sometimes fail as a resu It of anon-uniform heat­
ing even with the steady-state mode of the engine opera­
tion. Besides variation of the flame temperature in the 
radial direction, the continuous non-uniform heating re­
sults from the presence of holes for supply of secondary 
air. In this case, the shell temperature varies in the axial 
direction of the combustion chamber so that the central 
part the farthest from the holes, is always overheated. 
Such non-uniform heating and local overheating of the 
flame tube shells leads to distortion and local buckling 
which causes burns-through and failure of the material. 
This is especially manifest when the combustion chamber 
walls are exposed to high (1273- 1423 K) temperature 
in service. In this connection, as well as in view of the 
tendency for increasing the GTE working temperatures, 
improvement of the strength properties of the materials 
for the flame tubes, is an urgent task. However, increasing 
the high-temperature strength of alloys highly resistant to 
scaling by the traditional methods, leads to reduction of 
their resistance to scaling. 

Technology [7, 8] of making flame tube shells was 
developed in which production of sheet CM and of the 
shell profile is combined. In this case, only the pa11 of the 
shell exposed to maximal temperature in service, was sub­
jected to reinforcement with VTI 0 tungsten wire of 0.4 
mm diameter. The longitudinal section (sketch) of the 
shell is shown in Figure 6. It consists of zigzag part A with 
holes I, slots 2 and smooth spherical part B which is re­
inforced with tungsten wire 3 wound continuously in one 
layer located within the section of the smooth part of the 
ring with protective layers 4 of an alloy resistant to scaling 
from the surface and end face 5. 

In order to produce this shell, prefabricated spherical 
ring 2 of£1435 alloy was put on the spherical detachable 
wooden mandrel I (Figure 7) and strips 3 and 5 from the 
same alloy were placed on the ring in the areas which 
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3 
6 

Figure 7. Schematics of a pack assembly prior to welding of the rein­
forced shell (for designations see the text). 

were not to be reinforced, and fastened by resistance spot 
welding. Tungsten wire 4 was wound between strips 3 
and 5 with a uniform pitch, which was achieved by prior 
winding of 0.1 mm nichrome wire on the tungsten wire. 
The wound nichrome wire prevented contact of the adja­
cent tungsten wires when they were closely wound and 
provided for their spacing of0.15 mm on average. Wind­
ing of nichrome wire was performed in a lathe using a 
special device. 

During winding on the drum the tungsten wire was 
fastened in some points by capacitor-type spot welding 
to ring 2, which was followed by putting on the outer 
spherical billet of ring 6 from KhN78T alloy, preformed 
by expansion. The thus assembled pack consisting of 
sheets of scale-resistant alloy and tungsten wire, was 
welded by roller-spot welding over the entire contact sur­
face. The welding direction was around the circumference 
of the circular pack. The welds were concentric circles 
with the next weld overlapping the width of the previous 
one by 25 to 30 %. The width of welding rollers was 
12mm. 

Filling of the space between the tungsten wires with 
the matrix metal and melting of nichrome wire, leads to 
considerable thinning of the reinforced sheet (down to 
I mm), compared to the pre-assembled unwelded pack of 
1.4 mm thickness. 

In order to rei ieve welding stresses, the produced shell 
was annealed at the temperature of 1373 K for 2 h, was 
calibrated in the expanding machine in a profiled mandrel, 
the zigzag-shaped part of the ring was rolled out and the 
edges were cut to the required dimensions. Further ma­
chining of the ring and assembly of the component of the 
flame part of the chamber were performed by the regular 
technology. 

The developed technology was used to produce the 
outer and inner shells of flame tubes of circular combus­
tion chambers of engines. 

The high thermal conductivity ofthe reinforced ma­
terial lowers the probability ofhigh local overheating, and 
its low coefficient of linear expansion, reduces the relative 
deformation of the more heated local zone (compared to 
the less heated ones) and thus also the thermal stresses 

Full-scale rig testing of the outer and inner reinforced 
shells of the flame tube of the combustion chamber in 
Al-25 engine, was conducted for 435 h. The modes were 
selected to be equivalent to the life of 1500 h, thus corre­
sponding to 1969 thermal cycles during launches and 
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Figure 8. Schematics of structural changes in interaction of the tungsten 
fibre with nickel (a) and chromium (b) in the following zones: I -
diffusion; 2- nickel-initiated recrystallization; 3- initial wrought 
structure of tungsten wire. 

stops. No inner separation of the fibres from the matrix 
was found as a result of testing. 

Use of such reinforced material allows development 
of combustion chambers with ahigherthermal factor, thus 
permitting their dimensions and, consequently those of 
the entire engine, to be reduced. 

Fibrous CM with a chromium matrix 

When evaluating nickel-base FCM, it should be noted that 
ferro-aluminium high-resistance alloy and nickel-chro­
mium-aluminium alloys with yttrium, reinforced by tung­
sten fibres from an alloy of W-Re- HfC system, whose 
high-temperature strength at 1360 K is three times higher 
than that of nickel superalloys, turned out to be the best 
materials in this group [I]. 

However, CM with an iron-, nickel-, cobalt-base ma­
trix develop high thermal stresses as a result of a signifi­
cant difference in the thermal expansion factors of these 
alloys and the tungsten fibre. 

A different nature of structural changes is found in 
Cr- W system. The absence of intermetallics and a wide 
area of co-existence of the two solid solutions based on 
chromium and tungsten , up to the temperature of 1768 K, 
prevents an active interaction of the fibre and the matrix 
on whose interface a thin, thermally stable intermediate 
layer forms from the two solid solutions which are in equi­
librium, Figure 8. In the initial state after CM fabrication , 
the width of the zone of interaction is 2 to 3 j..lm, and after 
100 h testing at 200 MPa load at the temperature of 1373 
and 1473 Kit increases up to 10 and 20 to 25 j..lm (at 
maximum), respectively, whereas in Ni- W CM after 
heating at 1423 K for 1000 h, the width of the diffusion 
zone is 53 j..lm. Unlike Ni(Fe)--W CM, Cr- W CM has no 
zones of fibre recrystallization induced by the matrix ma­
terial. In the range of 14 73 to 1673 K, the tungsten fibre 
remains unrecrystallized in the chromium matrix . 

The strength properties ofCr- W CM are determined 
by the tungsten fibre properties. Figure 9 gives the de­
pendence of O"t on Larson-Miller parameter P = T (20 + 
+ lg 1) which can be used to calculate the material creep 
time up to its fracture. 

The strongest are the alloys with hafnium carbides or 
nitrides, the alloys with HfC, however, differ by a greater 
stability of the high-temperature properties in contact 
with the chromium matrix, than the alloys with HtN. The 
content of HfC filler is limited both by the alloy adapt­
ability to fabrication , and by the capability of equipment 
used for production of0.3 mm diameter wire. 
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Figure 9. High-temperature strength of reinforcing fibres of tungsten 
alloys: I- W-Hf- N (0.3 mm dia.): 2- VMRG (W-18Mo-27Re­
HfC):3- W- Re-HfC:4- VMRK:5- W-HfC; 6- W- HfC, 1-ltD,: 
7 - VL; VT15 ; VT20; 8- W-2Th02 , VR27; 9- TZm. -

For fabrication ofCM with a chromium matrix, wire 
from vacuum-melted VMRK alloy with the following 
properties was used: 

crl 473 
= 2150 MPa: crl663 

= 750 - 800 MPa. 

The chromium matrix was 0.2 to 0.3 mm thick sheet 
from low-alloyed VKh2U alloy with the following prop­
erties: 

cr~93 = 3 70 - 510 MPa; o293 = 21 - 3 5 %. 

cri 473 
= 35 MPa, 8 1473 ~ 40 %. 

The high ductile properties of the matrix allowed the 
method of diffusion bonding in a vacuum press and in the 
HIP machine at the temperatures of 1273 to 1473 K, to 
be used for production of sheet CM. The sheet blanks 
were assembled from several layers of monostrip with 
tungsten wire fibres fastened to the chromium substrate. 
Such a method allowed sheet blanks to be produced with 
a uniform distribution of the fibres with preservation of 
their integrity.ln Cr- W CM the integrity of the fibres was 
not violated during the items fabrication due to the ade­
quate ductility margin of both the matrix and the fibres. 
Mode is of a GTE vane with bending radius of the leading 
edge equal to 0.8 mm at 46° angle, were made from sheet 
blanks of this CM of 1.2 mm thickness (Figure I 0). 

With the volume fraction of fibres from VMRK alloy 
equal to 30 %, the CM density was approximately 
10 g/cm3, whereas the mechanical properties at the an-
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Figure 10. Model of a GTE blade from chromium- tungsten fibre 
CM. 

ticipated service temperature were up to 0t100 = 80 -
100 MPa at 1573 K. 

Complex-shaped items including doubly curved sur­
faces, cannot be formed from sheet blanks. The model of 
such an item (engine combustion chamber) was made 
from a bimetal wire, namely tungsten fibre of 0.35 mm 
diameter with a chromium coating of0.17 mm thickness 
applied onto it by the method of gas-phase transport re­
actions. The wire was wound tightly (turn to turn) in sev­
eral layers on a steel mandrel which had BKh2U alloy 
condensate deposited on it by ion-plasma method. After 
winding, the outer part of the steel capsule was put on the 
mandrel, the assembly was sealed and welding was per­
formed in the HIP machine at the temperature of 1473 K. 
Figure 11 shows the appearance and microstructure of the 
item after removal of the mandrel. Its length was 80 mm 
with the diameter of 14 mm in the narrow and 40 mm in 
the expanded part, wall thickness being 1.8 mm. The 
flange is made from VKh2U alloy. The volume fraction 
of tungsten was about25 %. The model of the combustion 
chamber was blown-through by a high-enthalpy plasma 
jet of air at the temperature of2000 to 2800 K. The tem­
perature of the chamber outer surface was up to 1900 K. 
The total duration of testing was 2490 s. The inner hotter 
surface did not undergo any visible changes. The tem­
perature level of testing exceeded by almost 300 K the 
regular service temperature of such items from high-tem­
perature nickel superalloys. 

Plasma-arc welding process was used for fabrication 
of cobalt-base CM strengthened with boride particles [9]. 
Powders of molybdenum and MoB were mixed with a 
cobalt alloy (CoCrB-powder) which had 2.36 to 5% B, in 
order to improve the CM wear resistance. Investigations 
were performed on materials which had a cobalt matrix 
(B--Co), banded structure(Cr7C3, Cr23C6) and mostly crys­
tals (CoMoB, CoMo2B2). The volume ofboride fractions 
rose with the increase of boron additives amount. 

Dispersion-strengthened CM 

DSCM combine a matrix of pure metal or alloy and uni­
formly distributed in it with a predetermined spacing, 
finely-dispersed refractory particles of the strengthening 
phase of less than 0.1 IJ.m size, artificially introduced into 
the material in one of the process stages [ 1 0]. The volume 
fraction of disperse inclusions in DSCM, is equal to 0.1 
to 15 %. Disperse inclusions of oxides, carbides, nitrides, 
borides and other refractory compounds, as well as inter-
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Figure II. Model of a combustion chamber from chromium-tungsten 
fibre CM (a) and CM structure (b) . 

metallic compounds are used as the strengthening phase. 
The criterion for selection of the strengthening phases, is 
their thermodynamic stability in relation to the matrix 
metal. 

The process of production of semi-finished products 
ofOSCM includes the following operations: preparation 
of the powder mixture, forming, sintering, plastic working 
and heat-treatment. 

The aim of development of nickel OSCM, was an in­
crease of high-temperature resistance and decrease of 
high-temperature creep of nickel and its alloys . Oxides 
[ 1 1] are used as the strengthening phase in nickel-base 
OSCM, as oxide stability in nickel at high temperatures 
is higher, than that of other refractory compounds. There 
is data on fabrication of OSCM with disperse TiC and 
TaC carbides. 

Thorium oxide is the one the most widely used for 
nickel strengthening. The known YOU- 1, TO-nickel and 
OS-nickel OSCM contain 2 % Th02. In addition to tho­
rium oxide whose disadvantage is a higher toxicity, haf­
nium , yttrium, zirconium, aluminium oxides are also 
used. VOU-2 OSCM has 3 % Hf02 in the nickel matrix. 
A higher strength level is achieved in OSCM on alloyed 
nickel base. Alloying with chromium is the most effec­
tive. VOU-3 (volume fraction ofNi- 76 %, Cr - 20%, 
Hf02 - 4 %), TO-nichrome (87% Ni, 20% Cr, 
2% Th02), DU-nichrome (78.2% Ni, 20% Cr, 
1.8% V203) OSCM have been developed. OSCM al­
loyed with molybdenum have the following composition, 
% : 81 Ni, 25 Mo, 4 Th02. 

DSCM are produced by powder metallurgy methods. 
OSCM based on KhN56VMKYu complex alloy is pro­
duced by addition of strengthening disperse patticles of 
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Table 2. Long-term strength ofVDU-1 and VDU-2 DSCM 

Kind cr 10 • Ml'a cr100 • Ml'a CJ 11w0 .MI'a 
ofsemi- '1: 
.finished K ' 

VDU-1 VDU-2 product VDU-1 VDU-2 VDU-1 J'DU-2 

Sheet 1173 115 95 105 85 

1273 78 95 75 85 65 

1373 78 62 75 55 65 45 

1473 67 42 50 35 40 25 

Rod 1173 !50 105 140 95 

1273 95 125 90 120 80 

1373 108 75 105 70 100 65 

1473 88 60 75 55 65 40 

Zr02 (2% volume fraction) during vacuum-arc remeltina 
with the application of ultrasound. "' 

Semi-finished products from OSCM are supplied in 
the form of rods, pipes, wire, sheets, strips and foil. 

OSCM with an unalloyed matrix have close values of 
yield point and ultimate strength. In the cold-worked con­
dition the room temperature ultimate strength is up to 800 
to 900 MPa, in the asannealed state 450 to 600 MPa. The 
strength decreases monotonically with the increase of 
temperature, and is equal to 100 to 120 MPa at the tem­
perature of 1373 K. The elasticity modulus at room tem­
perature is equal to 145 to 155 GPa, and to 750 to 850 GPa 
at 13 73 K. The impact toughness in the temperature range 
of293 to 14 73 K is preserved at the level of ( 150 to 180) x 
x 104 J/m2. 

OSCM with an unalloyed matrix have a high long­
term strength at the temperatures of 1173 to 1473 K (Tab­
le 2), their strength at the room and moderate tempera­
tures and high-temperature strength being, however, not 
high enough. These properties are essentially improved 
by alloying the nickel matrix with chromium (Table 3). 

In OSCM with a nickel-chromium matrix contain ina 
aluminium and in the case of complex-alloyed matrice~ 
strengthening by disperse particles is combined with 
strengtheniAg by intermetallic phases which precipitate 
from the solid solution in ageing. The level of their me­
chanical properties is very high. 

In high temperature tests under the creep conditions, 
nickel-base OSCM are characterised by a low rate of sof­
tening in time and insignificant increase in softenina in-

. . . b 
tensrty wrth the nse of temperature. Alloys with a nickel-
molybdenum matrix have a high creep resistance. Nickel­
base OSCM are superior to the commercial ageing nickel 
alloys in long-term strength and fatigue properties at the 
temperatures above 1273 K. The fatigue limit of TO­
nickel sheets at 1373 and 1473 K is 80 and 40 MPa re-
spectively. ' 

The physical properties ofOSCM, in view of the small 
content of the strengthening phase and its inertia in rela­
tion to the matrix, are close to the properties of the matrix 
metals and alloys. 

In the temperature range of293 to 1573 K, the specific 
heat of OSCM with an unalloyed matrix is 580 to 
6_50 J_l(kgxK), thetemaera~vre coefficient ofli~earexpan­
~lon IS ( 14- 18) x I 0 , K , the heat conductivity factor 
IS 56 to 77 W/(mxK), the specific electrical resistance be-
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Table 3. Mechanical properties ofVDU-3 (sheets, I mm) 

r K cr,. Ml'a li.% cr 100 , Ml'a 

293 750-850 8.0- 12.0 

873 400-450 5.0-7.0 

1273 130-140 2.0-2.5 50 

1373 90-100 2.0-2.5 35 

1473 75-80 1.5 2.5 20 

ing (8- 63) x I 0-8 Ohmxm. The values of OSCM heat 
conductivity are higher than those of the commercial 
high-temperature nickel-base alloys. 

Nickel-base OSCM have a higher high-temperature 
resistance than the matrix material. Further increase in the 
high-temperature resistance can be achieved by applying 
chromium-aluminium protective coatings. OSCM are not 
prone to intercrystalline corrosion, the oxide film strongly 
adheres to the base metal. The thickness of the layer of 
TO-nichrome sheets affected by oxidation at the tempe­
rature of 1273 K in air, is characterised by the following 
values: 
oxidation duration, h 

thickness of oxidised layer, 
flln 

1000 

2.5 

5000 10000 50000 

20 60 100 

High-temperature resistance is increased with addi­
tion of2 to 5% aluminium to the nichrome matrix. 

OSCM with a pure nickel matrix have high adaptabil­
ity to fabrication and excellent workability. The adapt­
ability to fabrication of TO-nichrome is satisfactory. 
Making OSCM matrix composition more complicated, 
lowers their adaptability to fabrication. 

Nickel-base OSCM are used in fabrication of engine 
parts exposed to the temperatures of up to 1573 K and 
low stresses. Such service conditions are characteristic 
for parts of the nozzle, combustion chambers and after­
burners of aircraft engines. Making flame stabilisers of 
the afterburner from TO-nichrome, solves the problem of 
high-temperature cracking. 

Joining parts from OSCM presents certain difficul­
ties. The point is that in fusion welding, pores develop 
and agglomeration of strengthening particles takes place 
in the met~l melting zone. Increase of the welding speed 
and reduct1on of the amount of metal being melted, allow 
a sound weld to be produced, but redistribution and ag­
glomeration of the strengthening particles cannot be 
avoided completely. This results in the central zone of the 
weld being made up by the matrix metal practically free 
from the strengthening phase, whereas the peripheral zone 
contains a large number of coarser oxide particles and is 
more brittle. 

The consequences of the strengthening particles aa­
glomeration are manifested to a smaller degree in weldi;g 
of materials with a complex-alloyed matrix. By the data 
of authors of Reference [ 11 ], tungsten-electrode arc weld­
ing, flash butt and resistance spot welding of!N-853 alloy, 
provided the joint strength ofupto 90% of the base metal 
strength at 1033 and 1313 K; the long-term strength of 
welded joints at these temperatures was high. The situ­
ation is similar also when filler materials are used in weld­
ing of TO-nickel, namely the high-temperature creep re-
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sistance of the welds is determined by the appropriate 
properties of filler materials. 

Joining ofDSCM sheets is performed by the methods 
of diffusion bonding and brazing. Application of the regu­
lar methods of fusion welding is limited. Electric arc 
welding can be used for DSCM exposed to temperatures 
below 1373 Kin service. 

Solid-phase processes, for instance, diffusion bond­
ing and brazing should be of great interest for joining parts 
from DSCM [12]. 

Moore and Holko [ 13] studied the process of diffusion 
bonding of rods ofTD-nickel with a fine- grained struc­
ture. Butt and overlap joints were made by hot isostatic 
pressing under vacuum with soaking for 2 hat 1363 K 
under the pressure of 140 MPa. Despite such a stringent 
temperature- force mode of bonding, the joint strength at 
1363 K was not higher than halfofthe base metal strength . 
Better results were derived in diffusion bonding under the 
same conditions using backing from various metals and 
alloys. In this case, however, the high-temperature creep 
resistance still remained low. So, use of gaskets ofO. I to 
0.3 mm thickness from cobalt alloy Co + 2.8% Cr + 
+ 25 % W + 0.9% Ti + 0.4% Zr + 2 % Re + 0.15 % C 
provided the strength of butt and overlap joints equal to 
100% and 91 to 97% of the base metal strength, respec­
tively, both at room temperature and at 1363 K. On the 
other hand, the I 00 h ultimate strength at 1363 K was not 
higher than 15 % of the initial values of strength for the 
rods, this being attributable to high-temperature corrosion 
in the welding zone. 

In particular, the complexity of making sound joints 
in diffusion bonding without fillers, is related to lower 
ductility of the dispersion-strengthened materials at high 
temperatures. In order to ensure a better contact of TO­
nichrome alloy samples being welded, it was proposed to 
perform diffusion bonding of the sheets not subjected to 
recrystallization annealing and having an essentially 
higher ductility at 573 K than the recrystallized sheets. 

Shear and creep testing at 1363 K of overlap joints 
produced by the above method, showed them to be 
equivalent to the base metal in strength . 

The process of diffusion bonding of non-recrystal­
lized sheets of TO-nichrome alloy was improved later on 
[14]. It was possible to intensify diffusion bonding by 
replacing the two-step mode by the single-step mode 
which included soaking at 140 MPa pressure for I h at 
1033 K with subsequent annealing for 2 h at 1453 K. A 
similar mode differing only by a higher pressure 
(270 MPa) is recommended for welding recrystallized 
sheets. However, the joints in this case have a somewhat 
lower strength and are not as stable as in welding of non­
recrystallized sheets. It should be noted that annealing 
after welding is an important operation. 
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For non-recrystallized sheets such annealing leads to 
complete disappearance of the joint boundary as a result 
of grain coarsening, and in recrystallized sheets the weld 
strength increases after annealing due to intensive diffu­
sion. 

Use of non-recrystallized material offers certain ad­
vantages also in spot welding [ 15]. On the other hand, 
high strength of the joints is achieved also in the commer­
cial recrystallized material , especially when soft welding 
modes with minimal surface melting are used. For TO­
nichrome sheets, the shear strength of spot welded joints, 
including their long-term strength at 1373 K, is not infe­
rior to the base metal strength. Satisfactory results were 
also derived in fatigue tests at room temperature and 
asymmetrical tension with 0.2 cycle asymmetry factor, 
namely the breaking shear stress with I 06 cycles, was not 
less than 25 MPa. Spot welding of dispersion-strengthe­
ned nickel materials has currently become accepted in 
industry. 
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PREHEATING AND POSTWELD HEATING IN WELDING 
HIGH-STRENGTH ALLOYED STEELS 

L.I. MIKHODUJ and S.B. KASA TKIN 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABSTRACT 

The investigation showed that in welding of microalloyed steels it is necessary to limit the preheating temperature T . ~ 80-
130 oc and, when possible, to decrease the duration ofetTect of this temperature on welded joints. The postweld heati';~g can be 
eliminated from the technological process. 

Key words: high-strength steels, carbonilride strengthening, pre­
heating and postweld heating, ageing, X-ray analysis, delayed frac­
ture. 

The preheating is widely used in domestic and foreign 
practice to increase the resistance of high-strength steel 
welded joints to cold cracking. Depending on the chemi­
cal composition of steels, their thickness, type of welded 
joints and conditions of manufacture of structures the pre­
heating can occur within the wide range of temperatures: 
from 50 up to 250 oc [I ,2]. With decrease in cooling rate 
within the region of temperatures of a martensitic trans­
formation, the preheating Tpr contributes effectively to 
the reduction of diffusive hydrogen content in weld metal 
and heat-affected zone (HAZ). ln welding alloyed steels 
the postweld heating Tpw or «rest» can also be used. The 
latter terminology was suggested in work [3] as applied 
to welding of heat-resistant steels. The recommended 
«rest» temperature is 100- 200 oc and the duration of 
this operation may reach I 0 h. The postweld heating 
within this interval of temperatures is also recommended 
in work [4] for general-purpose high-strength steels. 
Thus, taking into account the total time which is con­
sumed for preheating, welding and postweld heating, the 
welded joints of high-strength steels are subjected to 
200 -250 °C temperature for a long time. This contrib­
utes to ageing of separate structural zones and welded 
joints as a whole. This process is especially active at con­
tent of a dissolved nitrogen above 0.003 % in metal and 
intensive cooling below the temperature Acl· This can be 
associated with a precipitation of tetragonal nitrides of 
iron a -Fe16N2. From the observations of authors [5, 6] 
the ageing of these steels is also possible at a long heating 
at temperature 130- 150 °C. 

It is known that a large group of domestic high­
strength steels with 600- 800 MPa yield strength 
(14KhG2SAFD, 12GN2MFAYu, 14KhGN2MDAFB, 
12GN3MFA YuDR, etc) contains 0.02-0.03% of nitro­
gen, and also a considerable amount of carbide- and ni­
tride-forming elements (aluminium, vanadium, niobium, 
etc.). As a rule, their total content in the mentioned steels 
is L AI, V, Nb = 0.01 -0.04 %. Thus, the process of 
manufacture of welded structures from high-strength 
steels with a carbonitride strengthening contributes to 
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proceeding of processes of HAZ metal ageing and, as a 
consequence, to the reduction not only in impact strength, 
but also in resistance of welded joints to a delayed frac­
ture. 

In this connection, an integrated investigation of ef­
fect of conditions of preheating and postweld heating on 
changing the structure, toughness and resistance to a de­
layed fracture of the mentioned grades of steels with a 
total content of carbide- and nitride-forming elements of 
0.09, 0.18 and 0.27 %, respectively, and Oo.2 = 600-
800 MPa was carried out. Butt joints of these steels with 
X-shaped edge preparation and 12 mm thickness were 
welded with 1.2 mm diameter wire Sv08KhN2GMYu in 
mixture Ar + C02 at Qw = 14 kJ/cm. Depending on test 
conditions the preheating of joints at temperature 20 -
250 oc and also the preheating in combination with a post­
weld heating were made (Table). Selection of tempera­
tures Tpr and Tpw and their duration were specified both 
by known technological recommendations and also by an 
experience of manufacture of welded structures from 
high-strength steels under the shop conditions. 

Sections for metallographic examination, as well as 
the specimens fo r impact tests and also the laboratory 
technological samples (L TS3) of 2x 12x l 00 mm were 
manufactured from welded joints of these steels to evalu­
ate the metal resistance to a delayed fracture [7]. Notches 
in specimens (Figure 1) were made to evaluate the effect 
of different conditions of preheating high-strength al­
loyed steels on the HAZ metal resistance to the action of 
impact loads, and also to the delayed fracture. 

Metallographic examinations showed that HAZ of all 
the specimens is characterized by a dispersed bainitic 
structure (mixture of upper and lower bainite), and also 
acicular martensitic-bainitic structure, which are typical 
of these steels. The comparison of microstructures results 
in definite conclusions that HAZ of specimens in welding 
at fusion temperature (Tpr::; 130 °C) and minimum time 
of staying at this temperature '"C::; 1.5 h (see Table, speci­
mens No.4, 11 and 18) is optimum from the point of view 
of morphology and dispersity. Combination of preheating 
and postweld heating of welded joints of all steels led to 
changing the morphology of the initial martensitic-bain­
itic structure, namely: at fusion temperature (Tr = 130 °C) 
it lost mainly an acicular origin, and increase in Tr up to 
250 °C and time of soaking at this temperature from 2 to 
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Effect of conditions of preheating and postweld heating on impact strength ofHAZ metal of high-strength alloyed steels 

Steel 1: AI -· V, Nb, Ai- Preheating Postweld heating 
KCU +Jo. 

grade % o(.1pecimen 
7~r · oc 

13KhGMRB 0.09 I 20 
2 20 
3 20 
4 130 
5 130 
6 130 
7 250 
8 250 
9 250 

12GN2MFAYu 0.18 10 20 
II 130 
12 130 
13 !30 
!4 250 
!5 250 
16 250 

l4KhGN2MDAFB 0.27 !7 20 
18 80 
19 130 
20 130 
2! 130 
22 250 
23 250 
24 250 

4 h promoted the complete loss of an acicular structure. 
The results obtained can make an assumption about a pre­
cipitation of the second carbonitride phase, i.e. about the 
proceeding of the ageing process. Due to a fine dispersity 
of the phase, as well as fine acicularity of the martensi­
tic-bainitic microstructure of the welded joints the metal­
lographic examinations do not lead to a single result and 
cannot characterize the process. 

k! 'cm2 
r;, h 7~lt'' oc r;, h 

232.0 
130 2.0 230.0 
130 16.0 218.4 

1.5 224.0 
1.5 !30 2.0 218 .0 
1.5 130 4.0 225 .0 
l.O 228.0 
l.O 250 4.0 228.0 
1.0 250 16.0 220.0 

108.4 
1.5 !16.2 
1.5 !30 2.0 118.4 
1.5 130 4.0 113.5 
l.O !12.3 
1.0 250 2.0 !!5.0 
1.0 250 4.0 109.9 

185.0 
1.5 !76.4 
1.5 180.0 
1.5 130 2.0 186.0 
1.5 !30 4.0 186.0 
l.O 197.0 
1.0 250 2.0 209.0 
1.0 250 4.0 202 .0 

To check this assumption the X-ray analysis of sam­
ples from 12GN3MFAYuDR was made in DRON-2.0 
unit at U = 30 kV and I= 20 rnA using a cobalt radiation. 

Starting from specimen No.5 (see Table) a precipita­
tion of the second phase is observed in HAZ of this steel, 
thus proving the presence of peaks in roentgenograms, 
shown in Figure 2 (see arrows). The X-ray analysis has 
established that the fine-dispersed second phase is a mix-
ture of nitrides and carbonitrides of vanadium. Such 

2 changes in structure did not almost influence the tough-7 ness ofHAZ metal in all examined steels. 

~~-~---~~.1 u ~'--------~ 

J 
~~I. ill 

100 

a 

II I§ 
b 

I[ g 
c 

figure 1. Schemes: a- general view of L TS3 specimen; b- cutting 
of specimens for impact strength test; c- cutting of L TS3 specimens 
~7] 
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Figure 2. Roentgenograms ofHAZ of 12GN3MFAYuDR steel joints 
welded with 250 oc preheating (a), and also with combination of pre­
heating and postweld heating at 250 oc for 4 h (b). 

21 



SCIENTIFIC AND TECHNICAL 
at> MPa 

13oor.-~----------------------------------~ 

900 

500 

100~--------------------------------~ 
a 

250.-----------------------------------, 

200 L 0 

150 

100~------~---------L--------~----~ 
0.001 0.01 0.1 ~. h 

b 

Figure 3. Resistance of steels 12GN3MFA YuDR (a) and 
14KhGN2MDAFB (b) to a delayed fracture: 1- without preheating; 
2- rp, = 130 oc; 3- rp, = 250 oc. 

As to the resistance ofHAZ metal to a delayed frac­
ture, then the above-mentioned steels react to the condi­
tions of preheating welded joints differently depending 
on I: AI, V and Nb. During investigations the real speci­
mens of welded joints were hydrogenized electrolytically 
up to 5.0-6.0 mill 00 g content of diffusible hydrogen, 
and then they were tested using a scheme of a three-point 
bend loading [8]. Approximately the same methodologi­
cal approaches were used in works [9, 10] for evaluation 
of a delayed fracture of the welded joints. 

In steels 12GN3MFAYuDR and 12GN2MFAYu 
(I: AI, V, Nb::; 0.15 %) the preheating to 130 oc pro­
moted the increase in crr of specimens LTS3, and, conse­
quently, in the resistance of HAZ metal to the delayed 
fracture (Figure 3, a). The higher temperature of preheat­
ing (Tpr = 250 °C) for these steels is undesirable as it leads 
to a reverse result, i.e. to a decrease in resistance of the 
welded joints to a delayed fracture. 

For steel 14KhGN2MDAFB (I: AI, V, Nb = 0.27 %) 
the preheating at temperature 130 - 250 oc reduces the 
stress crr by more than 20% as compared with welding 
without it (Figure 3, b). As the additional investigations 
for this steel showed the preheating should not exceed 
Tpr "''90- 100 °C. 

The postweld heating of welded joints contributed 
in all cases to the decrease in 0fOfthe specimens L TS3 
(Figure 4). 

The investigations proved the necessity in limiting the 
preheating temperature (Tmax"' 80 - 130 oc) depending 
on the content of carbide- and nitride-forming elements 
in alloyed steels, and, when possible, in reduction oftime 
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Figure 4. Resistance of steel 12GN3MFA YuDR welded joints to a de­
layed fracture: (a) I - T,, = 130 oc without TP"; 2 - T,, = 130 °C, 
7~" =130°C, -c=2h; 3- Tr,=130°C: r,"=130°C: -c=4h; 
14KhGN2MDAFB (b): 1- TP, = 130 oc without r,"; 2-TP, = 250 oc 
without TP": 3- Tp, = 130 °C, ~'" = 130 oc; 1: = 2 h: 4- r,, = 130 °C; 
TP" = 130 °C; 1: = 4 h; 5 - r,, = 250 oc; Tpw = 250 oc; 1: = 2 h; 6-
rp, = 250 °C, rpw = 250 °C, 1: = 4 h 

of staying welded joints at this temperature. As to the 
postweld heating, then it is rational to eliminate such tec­
hnological procedure from the process of manufacture of 
welded structures made from high-strength alloyed steels. 
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ADHESION OF TITANIUM PARTS TO STEEL FIXTURE 
DURING DIFFUSION BONDING 
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ABSTRACT 

The in11uence of temperature and welding time on the strength of adhesion ofsteel20 and 12Khl8N lOT to VT6 titanium alloy 
IS considered. Companson of the results of static rupture tests with the topography of the fracture surface of the adhesion regions 
and their phase composition allows stating that in contact interaction of VT6 alloy with steel 20 the titanium surface is blocked 
by carbide-containing films, which prevents development of the adhesion process. Therefore, in diffusion bonding of titanium 
structures it is recommended that fixture should be made from low-carbon steels. 

Key words: adhesion, steel fixture , thin-walled titanium slruc­
tures, diffusion bonding, mechanical tests,fractography, intermetallic 
phases, carbides. 

Diffusion bonding of titanium involves contact and inter­
action between workpieces being joined and the process 
fixture. At a bonding temperature Tbond "' 0.6 Tmelt this 
interaction can lead to an extremely undesirable phe­
nomenon of adhesion, in which a workpiece sticks to the 
fixture. 

The problem of adhesion is especially pressing in the 
manufacture of large-sized thin-walled honeycomb tita­
nium structures, where the fixture elements are made of 
steel. Steel is the most affordable structural material and 
it meets all requirements (from the standpoint of mechani­
cal properties) imposed on the fixture plates that transfer 
a compressive load to the workpieces joined [1]. For ex­
ample, in bonding panels I 000x500 mm in size, if they 
stick to the technological plates with a strength of about 
1 % of that of the base metal and over the area of 1 % of 
that of a workpiece, a force of 104 N will be required to 
separate the fixture. This can result both in general defor­
mation of the thin-walled structure and in local fractures 
of the load-carrying skin (explosions), leading to a de­
crease in service characteristics of the structure. 

The purpose of the work described was to evaluate 
the effect of a type of steel on the kinetics of its adhesion 
ro titanium under conditions of diffusion bonding. 

Experiments were conducted on samples of titanium 
al loy VT6, which is used for making load-carrying skins 
of the thin-walled structures, as well as steels 20 and 
l2Kh 18NlOT used to make the fixture plates. Develop­
ment of the process of adhesion between titanium and 
steel was estimated from results of mechanical static ten­
sion tests of standard «Gagarin» specimens with a gauge 
ength diameter of 8 mm, as well as from the data of frac­

tography of the fracture surface supplemented by X-ray 
hase analysis. Samples 16 mm in diameter and 30 mm 

nigh were butt joined in vacuum of not less than 1 o-2 Pa 
·vithin a temperature range of 850-975 oc and under a 
:pecific compressive load of 2 MPa, which is a typical 
:oad used for diffusion bonding of thin-walled structures 
~- ]. 
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Results of the mechanical tests indicate that a relative 
adhesion strength calculated from the commonly ac­
cepted expression cr1 =PI F (where Pis the fracture load 
and F is the nominal cross section area of the test speci­
men) for a combination of alloy VT6 and steel 
12Kh18NlOT within the bonding temperature range, al­
though it remains low, exhibits a trend to increase with 
time (Figure 1, a). 

Comparison of the adhesion strength cr1 with the size 
of a formed physical contact Fe suggests that there is no 
proportional dependence between Fe and cr1• Moreover, 
analysis of the effect of the bonding temperature Tbond and 
bonding time "Con the actual adhesion strength calculated 
from the cr1 =PI Fe relationship shows that metal in the 
adhesion regions (Figure 1, b) loses strength with an in­
crease in the temperature and time, i.e. the adhesion 
strength can be different within the same area of the 
formed physical contact. 

The 0'1 = F 1 (t, "C) and O'a = F2 (t, "C) relationships are 
of a bit different character for the case of contact of alloy 
VT6 with steel20 (Figure 2). After bonding at a tempera­
ture of850- 900 °C, the specimens fractured during ma­
chining because of a low strength of the bond. In this case, 
although the mechanical tests did fix the relative adhesion 
strength, cr1, at 950 and 975 oc it remained lower than in 
the case of contact of alloy VT6 with steell2Kh18N 1 OT. 
The actual adhesion strength O'a for bonding temperatures 
of950 and 975 oc showed a trend to growth with an in­
crease in time to more than 60 min. 

Fractography of the mating surfaces of the titanium 
samples after their interaction with the steel samples re­
veals a fundamental effect ofboth type of steel and bond­
ing conditions (t, 1) on the topography of the fracture sur­
face. 

In the case of alloy VT6 in contact with steel 
12Khl8NlOT, fracture ofthe adhesion regions formed at 
a temperature of 850 oc is of a quasi-tough character, 
showing the presence of the fine tear ridges (Figure 3, a, 
b). This character of fracture suggests that interaction of 
the mating surfaces ends with the formation of metallic 
bonds, and metal within the adhesion zone has some 
strength factor for ductility. 
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Figure I. Effect of the bonding time on relative cr, (a) and actual cr, (b) strength of adhesion of alloy VT6 to steel 12Kh l8N I OT at temperatures, 
°C: 1- 850, 2- 900, 3- 950, 4 - 975. 

Results of X-ray phase analysis indicate that there are 
no intermetallic phases in fractures of the adhesion re­
gions, although the diffusion zones are present. This fact 
is proved by an increase of up to 5100 MPa in microhard­
ness of titanium within the contact zone (the base metal 
has hardness of 3900 MPa). 

After bonding at a temperature of900 oc for 90 min, 
fracture of the adhesion regions is similar to that conside­
red above (Figure 4, a): the topography of the fracture 
surface is characterized by the presence of the tear ridges 
formed during the tensile tests. But further increase in the 
bonding time is accompanied by a qualitative change in 
the topography of the fracture surface (Figure 4, b). Indi­
cations of an inter-phase fracture can be seen in the frac­
to grams. It can be assumed that this fracture is a brittle 
cleavage of the interface between the metal base of tita­
nium alloy VT6 and the diffusion layers formed at its 
surface as a result of interaction with steel 12Kh 18N lOT 

crt, cr •. MPa 
,-

150 

100 

50 

0 

0 

3 6 t ·10 '3, s 

Figm·e 2. Effect of the bonding time on relative cr, (/ , 2) and actual cr" 
(3 , 4) strength of adhesion of alloy VT6 to steel20 at temperatures, °C: 
1' 3 - 950. 2, 4- 975. 
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and heterodiffusion of nickel, iron and chromium into ti­
tanium. 

Cleavage of the interface is accompanied by the for­
mation on the fracture surface of regions with a relief of 
the type of small pits. (Figure 4, b). The large number of 
very small pits 0.4- 0.8 !-Lm in size present on the fracture 
surface are indicative of a high rate of nucleation of local 
microfractures, which can be caused by a considerable 

Figure 3. Topography of the fracture surface in regions of adhesion of 
alloy VT6 to steel 12Kh 18N I OT after bonding at 850 oc and at magni­
fications: a- (xl280), b- (x6000) (reduced by 0.67). 
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heterogeneity of material in the adhesion regions, as com­
pared with the base metal. 

The mechanism of fracture and the resulting topogra­
phy of the fracture surface depend upon the energy gen­
erated at the interface, which is the place of occurrence 
of fracture [3]. The amount of this energy in the diffusion 
bonds between dissimilar metals may change consider­
ably as a result of development of two competing ther­
mally activated processes, such as the formation of me­
tallic bonds (leading to a decrease in the interface energy) 
and change in chemical composition at the interface, e.g. 
as a result ofheterodiffuion and segregation of metal im­
purities (leading to an increase in the interface energy). 
Apparently, it is the second process that with an increase 
in the bonding temperature and time determines proper­
ties of the interface, this showing up as the effect ofbond­
ing parameters on the topography of the fracture surface. 

In tensile tests, cracks forming the fracture surface 
propagate within the bonding zone not only in the plane 
of contact between the pieces joined (or in the plane of 
location of the diffusion layers), but also in a direction 
normal to the mating surfaces. The diffusion layers in this 
case fracture by the cleavage mechanism to form «serra­
tions» the thickness of which seems to depend upon the, 
size of the diffusion zone, its phase and chemical compo­
sition (Figure 4, b). 

Increasing the bonding time to 150 min at 900 oc is 
accompanied by further development of the diffusion 
processes within the zone of contact and, therefore, by 
transition from the inter-phase fracture of the adhesion 
-regions to the intra-phase brittle cleavage (Figure 4, c), 
while the fracture plane changes its orientation in transi­
tion from one region of the diffusion zone to the other. 
Th is is associated with a crack branching along different 
planes. 

It is a known fact [3] that one ofthe causes of fracture 
· y the cleavage mechanism is a low ductility of the ma­
:erial tested. Therefore, the character of fracture observed 

our case should be related to embrittlement of the sur­
:ace of titanium alloy as a result of formation ofthe dif­
- sion zones and intermetallic phases. 

Results of X-ray analysis are indicative of the pres­
ence ofintermetallic phases TiFe and TiFe2 in the fracture 
zones of the adhesion regions after bonding at 900 oc for 
~ 50 min. 

Drastic decrease in the actual strength of adhesion of 
ailoy VT6 to steel12Khl8N1 OT under the above bonding 
.:onditions (see Figure 1, b) should be related particularly 
:o the formation ofintermetallic phases and embrittlement 
of metal in the adhesion regions. With an increase in the 
bonding temperature of up to 950- 975 oc the effect of 
the bonding time on the topography of the fracture surface 
has the same trend as at 900 oc. 

Characteristic fractograms of surfaces of alloy VT6 
after its contact with steel20 are shown in Figure 5. After 
bonding at 850 and 900 °C, the mating surfaces show no 
traces of fracture in the adhesion regions (Figure 5, a, b). 
The surfaces are covered with non-metallic films , which 
is proved by the presence on electron fracto grams of the 
potential contrast [ 4] and cracking of the surface during 
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Figure 4. Effect of the bonding time on topography of the fracture sur­
face in regions of adhesion of alloy VT6 to steel 12Kh i8NIOT after 
bonding at 900 oc and time, min: a- 30 (x5500) , b- 90 (x5500), 
c- 150 (xi 0000) (reduced by 0.67). 

its deformation. X-ray phase analysis shows that these 
films contain carbides that are likely to form as a result 
of interaction of titanium with carbon contained in steel. 

Increasing the bonding temperature to 950- 975 oc 
leads to the formation of centres of adhesion between the 
mating surfaces (Figure 5, d), which are characterized by 
a low value of stresses required fortheirfracture (see Figu­
re 2). The observed character of fracture of the adhesion 
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Figure 5. EtTect of the bonding time on topography of the fracture surface in regions of adhesion of alloy VT6 to steel 20 after bonding at 
temperature, °C: a- 850 (xI 0000), b- 900 (xI 0000), c- 950 (x5000), d- 975 (x5000) (reduced by 0.6 7). 

centres suggests that the process of interaction oftitanium 
with steel20 at1::::; 60 min is completed with the formation 
of weak chemical bonds. 

CONCLUSIONS 

I. In contact interaction of alloy VT6 and steel 
12Kh 18N I OT the actual strength of the adhesion regions 
decreases with an increase in the bonding time, which is 
associated with embrittlement of titanium within the con­
tact zone caused by diffusion into titanium of iron and 
alloying elements contained in steel 12Kh18NlOT, as 
well as formation of intermetall ic phases. 

2. There is no adhesion in contact interaction of alloy 
VT6 and steel 20 at a temperature of 950 °C , as the tita­
nium surface is blocked by the carbide-containing films. 
At t:::; 950 oc and 1: > 60 min the actual strength of adhe­
sion tends to increase, which seems to be associated with 

26 

development of mutual diffusion of the materials in con­
tact. 

3. From the standpoint of development ofthe adhesion 
process, it is recommended that the technological fixture 
for diffusion bonding of thin-walled titanium structures 
be made from low-carbon steels. 
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SOLDERS OF THE Sn-Ni-Ge SYSTEM 
FOR VACUUM SOLDERING 

V.F. KHORUNOV, V.I. SHVETS, G.N. GORBAN and L.K. OOROSHENKO 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABSTRACT 

Tin-rich alloys of the Sn-Ni-Ge system used as solders show promise for erection-assembly and repair operations conducted 
in the orbit. Results of investigations into microstructure, phase compos1t10n, meltmg temperature ranges, operatiOnal and 
strength properties of alloys, which served as the basis ~or selection of a range of opt1mal solder compos1t1ons, are presented. 
Examples of practical application of the solders for the fabncat10n of truss structures are g1ven. 

Key words: vacuum soldering, solder, microstructure, phase 
composition, spread, space. 

For long-duration and especially long-distance space 
flights, it is necessary to have on board. a spacecraft a set 
of means and devices intended for repair of the craft cas­
ing, equipment and instruments. The repair oper.ations ~an 
be done on different metallic (based on iron, mckel, tita­
nium, copper, aluminium, etc.) and non-metallic (differ­
ent types of ceramics, carbon materials, intermetallic al-
loys, etc.) materials. . . 

The most rational method for domg these operations 
is soldering. In this process the metal melts with a melting 
point below that of the base metal are used to :epair or 
join pieces. An important advantage of the soldenng proc­
ess is that it is regulated by the surface tension forces that 
retain the molten metal on the mating surfaces and exclude 
the possibility of detachment of metal droplets, which 
may be dangerous for a crew. As far as welding is co.n­
cemed it involves various excitation factors (magnetic, 
electri~), as well as molten metal transfer, which makes 
detachment of droplets not only probable, but also hard­
to-control. 

The process which is best elaborated for e~rt~ co?di­
tions in terms of consumables and technologies IS high­
temperature vacuum brazing, as it provides joints of a 
good quality (strength, corrosion resistance, etc.): Ho~­
ever, this process is and will be hard to perform m o~b1t 
in the near future because of a high power consumptiOn 
and the need to maintain the required thermal conditions 
within a very narrow high-temperature range. 

Low-temperature vacuum soldering has not gained 
wide acceptance under earth conditions. Practical appli­
cation of this process is complicated by the absence of 
thermal activation and by segregation on the surface of 
high-temperature compounds which hamper we~ing [1]. 

So, the challenge was to develop a solder which could 
work under conditions of low-temperature vacuum sol­
dering. The materials to be joined included aluminium 
and aluminium-base composites, as well as iron- and 
nickel-base alloys (e.g. 36NKhTYu alloy) . 

As proved by analysis, alloys with a contact angle of 
the tin type, belonging to the Sn-Ni-Ge system, show 
promise for the use as solders for low-temperature vac­
uum soldering. 
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As compared with other low-melting point metals, tin 
has a low value of vapour pressure (1.33x lo-8 Pa at 
582 oc [2]), it is characterized by ductility, high thermal 
and electrical conductivity and is capable of wetting the 
majority of metals. Gennanium present in tin within a 
certain temperature-concentration range acts as a surface­
active element [3] and is characterized by a high solubility 
in iron and nickel (up to 17 and 12 at.%, respectively), 
which are used as the base of many structural materials . 
It is this fact that is responsible for its active effect on 
structure and spread of alloys, and on interaction of solid 
and liquid phases during soldering. 

According to the binary constitutional diagrams Sn­
Ge and Sn-Ni aermanium and nickel are almost insoluble 

' b . 

in tin. This offers the possibility of an additive hardenmg 
of a solder by precipitation of the redundant phases, i.e. 
germanium and nickel stannides [4]. The consti.tutional 
diagram of the Sn-Ni-Ge system has been studied only 
for the nickel-rich region at a germanium and nickel con­
tent of up to 50 at.% each [5]. 

The objective of the work described in this article was 
to investiaate microstructure, phase composition, melting 
and solidification processes and operational properties of 
alloys of the Sn-Ni-Ge system in the tin-rich region. 

Sections ofthe ternary constitutional diagram at a con­
stant content* of2% Ni and 5% Ge were studied. Alloys 
of group one were investigated within a range of concen­
tration ofGe equal to I - 30% and alloys of group two ­
within a ranae of concentration ofNi equal to 4 - 25 %. 

The allo~s were melted in an induction furnace in t~c 
argon atmosphere. Upon achieving a homoge~eous hq­
uid, the melt was pumped by means of a backmg pump 
into a quartz tube and cooled in water. 

Optical microscopes MlM-8 and «Neofot-2» were 
used for metallography. Microstructure was revealed .as 
early as at the stage of polishing, owing to a substantial 
difference in hardness of the structural components. The 
effect of the cooling rate of the melt on the microstructure 
was determined by comparing the alloys in the as­
quenched condition and after thermal analysis (the coo!­
ina rate was 80 °C/min). Electron probe X-ray analysis 
(EPXA) was done using the «Cameca» MS-4? micro­
scope-microanalyser, differential thermal analysis (DTA) 

*Here and below the contents of clements arc gi ven in wt. %. 
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Figure 1. Microstructure of quenched alloy Sn-2Ni-2Ge (x200) (re­
duced by 0.67). 

was conducted using the VDT A-8M unit and X-ray phase 
analysis- using the DRON-3M diffractometer. Identi­
fication of phases was done by comparing the experimen­
tal values of inter-planar distances with the tabular values 
taken from the ICPDS file. 

Spread of the alloys was determined by measuring the 
trace surface area according to GOST 23904-79 [6]. The 
experiments were conducted in vacuum of I o-2 Pa at a 
temperature of 600 °C. Alloy 36NKhTYu with a nickel 
coating was used as the substrate. The soldered joints were 
tensile tested using the RMU-0.05 testing machine at a 
room temperature and a grip travel speed of 16 mm/min. 

It was established that microstructure of the alloys of 
the Sn-2Ni-l-30Ge system was a solid solution of 
nickel and germanium in tin with the inclusions of the 
Ge- and N iGe-base phases· (Table I). 

In the quenched samples, the inclusions of germanium 
have a shape of equiaxed polyhedrons and those of 
NiGe-offilamentary crystalline grains (Figure I). Vol­
ume fraction of the inclusions increases with an increase 
in the germanium content (Figure 2). Decrease in the cool­
ing rate of the melt during solidification leads to coarsen-

Figure 2. Microstructure of quenched alloy Sn-2Ni-l OGe (x200) (re­
duced by 0.67). 

•No reflections corresponding to the NiGe compound were seen 
in the diffraction patterns, because of its small vo lume fraction 
in the alloy . Identification of the phase was done on the basis 
of the EPXA results. 
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Figure 3. Microstructure of alloy Sn-2Ni-2Ge after thermal analysis 
(x200) (reduced by 0.67). 

ing of the structural components. In this case the germa­
nium crystalline grains take the shape of a geometrical 
cut, while NiGe looks like a series of inclusions of a simi­
lar shape, duplicating in a linear direction (Figure 3). 

Characteristic feature of the microstructure of the 
samples after thermal analysis, which was noted by analy­
sis of the curves of distribution of elements in the alloy 
(Figure 4) was the presence of inclusions consisting of 
alternating Ge and NiGe layers. It is likely that in the 
concentration range of the system under consideration, 
the L H Ge + NiGe eutectic transformation takes place, 
like in the Ni-Ge binary system. 

Melting (solidification) of alloys of the Sn-2Ni-l -
30Ge composition is a multi-stage process, according to 
the DT A results (Table 2, Figure 5). The low-temperature 
peak in the region of the melting point of tin corresponds 
to melting of the alloy matrix. The second peak, according 
to the results of the microstructural investigations, seems 
to be a thermal effect of the eutectic transformation to 
form the NiGe compound. Position of the third peak seen 
at a germanium content of more than 20% depends upon 
theconcentrationofgetmanium in the alloy. As its content 
increases, the peak shifts to a region of higher tempera-

Table I. Results of EPXA and X-ray phase analysis of Sn-2Ni-l -
30Ge alloys 

Structural ( .·o111em qf elemems. wl.% 
Phase component Sn Nt (,e 

Matrix Balance 0.10 -0.12 0. ~0- 0.55 Sn-base solid 
solution 

Inclusions 5- 10 90-95 Ge 

J Q ~2 ~~ 5~ 5~ NiQ~r5,2 % Gel 

Table 2. Results of DT A of Sn-2:\i-5- 30Ge alloys 

Chemical composlfion 
q(alloys•, % 

Ni Ge 

2 5 
2 15 
2 20 

2 25 
2 3 

'sn - balance. 

Temper01ure. =c Melting 
poim. 

Solidus LlqutJu, 
oc 

230 600 370 
230 650 420 
230 650 420 
210 o60 450 
?JO - JQ 530 
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Figure 4. Distribution of elements in a crystalline grain. Alloy Sn-2Ni­
l OGe after thermal analysis. 

tures and seems to characterize solidification of primary 
germanium. 

Microstructure of alloys of the Sn-4- 20Ni-5Ge 
composition, like that of alloys of the Sn-2Ni-I - 30Ge 
composition, is a solid solution of germanium and nickel 
in tin, containing some inclusions. However, the inclu­
sions in this case are formed from phases based on nickel 
stannides, i.e. NiSn and Ni3Sn4 (Table 3). An increase in 
the nickel content of the alloys is accompanied by an in­
crease in the intensity of reflections corresponding to the 
NiSn and Ni3Sn4 compounds in the diffraction patterns, 
i.e. growth of the volume fraction of the inclusions. 

In the microstructure of the quenched samples, the 
NiSn-base phase is seen in the form ofbranched dendrites, 
while the Ni3Sn4-base phase has the form of acicular crys­
talline grains, the volume fraction of the latter being com­
paratively small (Figure 6). 

According to the distribution of elements in the alloy 
(Figure 7), as well as results of chemical analysis of mi­
crovolumes (Table 3), germanium is dissolved in the alloy 
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Figure 5. Thermogram of alloys of the Sn-2Ni-... Ge system with Ge 
content, wt. %:a- 5; b-!5; c-20; d-25; e-30. 

structural components. Germanium is present in the in­
significant amounts in the tin-base solution. In the NiSn­
and Ni3Sn4-base phases its concentration is 8- 9 and 5-
7 %, respectively. 

Microstructure of the alloys after thermal analysis is 
characterized by some essential changes, in addition to 
coarsening of inclusions (Figure 8). The inclusions com­
prise two phases: the NiSn-base phase is present in bulk 
of the NbSn4-base phase. The peritectic reaction of 
NiSn + L H Ni3Sn4 is likely to occur in the concentration 

Table 3. Results of EPXA and X-ray phase analysis of Sn-4-20Ni-
5Ge alloys 

Stmctura/ Content (~{elements·. wt. % 
Phase component Sn Ni Ge 

Matrix Balance 0.10-0.12 0.20-0.55 Sn-base solid 
solution 

Inclusions 43-50 39-41 8-9 NiSn 
(66.91% Sn) 

62-64 28-30 5-7 
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Fig ure 6. Microstructure of quenched alloy Sn-15Ni-5Ge (x200) (re­
duced by 0.67). 

range under consideration. The peritectic transformation 
process occurs either through dissolution of primary crys­
talline grains NiSn and precipitation ofNi3Sn4 from the 
liquid (the quenched samples) or through precipitation of 
Ni3Sn4 at the primary crystalline grains ofNiSn and sub­
sequent growth both towards the liquid phase and towards 
NiSn (the samples after thermal analysis). 

According to the DTA data (Table 4, Figure 9), the 
process of melting (solidification) of alloys of the Sn-4-
-20Ni- 5Ge composition is multi-stage, i.e. three peaks 
are seen in the thermograms. 

Position of a low-temperature peak is identical to that 
seen in the thermograms of alloys of the Sn- 2Ni-l - 30Ge 
composition and corresponds to melting of the matrix. 
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Figure 7. Distribution of elements in quenched alloy Sn-15Ni- 5Ge. 

30 

Figure 8. Microstructure of alloy Sn-15Ni-5Ge after thermal analys is 
(x80) (reduced by 0.67). 

The highest-temperature peak seems to be caused by 
a thermal effect of formation of the primary NiSn phase, 
whereas the second peak is caused by the peritectic trans­
formation leading to the formation of the Ni3Sn4 phase. 
It should be noted that both high-temperature peaks shift 
to a highertemperature range with an increase in the nickel 
content of the alloys. 

Therefore, the Sn-1\i-Ge system alloys with a contact 
angle of the tin type comprise the tin matrix reinforced 
by inclusions of the redundant phases of the binary sys­
tems that limit the given ternary system (Ge, N iGe, NiSn, 
Ni3Sn4). The alloys have a wide melting range. The soli-
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Table 4. Results of DT A ofSn-4- 20Ni-5Ge alloys 

Chemical composition 'temperature, oc Melting 
q(a/loys*,% range, 

Ni Ge Solidus /,iquidus 
oc; 

4 5 230 660 430 

8 5 230 700 470 

10 230 730 500 

15 5 230 920 690 

20 5 230 970 740 

'sn- balance. 

Solder S, mm2 o,MPa 

Sn-0.2Ni-1 .5Ge 116 42 

Sn-0.9Ni-1.9Ge 115 49 

Sn-5.0Ni-2.0Ge 136 55 

Sn-2.5Ni-5.2Ge 137 56 

Sn-3.1Ni-3.0Ge 140 58 

Sn-2.4Ni-12.1 Ge 102 55 

Sn 3.0Ni 12.0Ge 75 32 

dus temperature of all the alloys corresponds to the melt­
ing point of tin, and the liquidus temperature depends 
upon the nickel and germanium contents. 

Spread of the Sn-Ni-Ge system alloys with a contact 
angle of the tin type is characterized by a clearly defined 
dependence upon the composition (Figure 10). Analysis 
of the curves of the concentration dependence shows that 
an improvement in spread ofthe Sn-2Ni alloy is seen in 
adding up to 5.5 % germanium (instead of tin). Furth~r 
increase in the germanium content leads to a decrease m 
spread and at a concentration of 20 % the trace surface 

' 2 
area is about 10 mm . 

Spread of the Sn-5Ge alloy is improved in a similar 
way in adding up to 2.5% nickel (instead oftin). It shou~d 
be noted that deterioration in spread with an increase m 
the nickel content to more than 2.5 %is more pronounced. 

Knowing the metallography and DT A results, it is 
possible to explain the course of the curves of the con­
centration dependence of spread. 

An increase in the content of nickel and germanium 
leads to elevation of the liquidus temperature. When the 
liquidus temperature is higher than the spread temper~­
ture, a droplet spreading is a heterogeneous syst~m. Th1s 
system consists of liquid tin containing germa~mm a_nd 
nickel within their solubility limits and crystallme grams 
of the redundant phases. 

In this case, spread is determined by the liquid phase 
volume which decreases with further increase in the con­
centrati~n of nickel and germanium. In the Sn-... Ni-5Ge 
alloys, tin is part of the composition of the redundant 
phases (nickel stannides). Thus, in this case, spread de­
creases more intensively with an increase in the nickel 
content, as compared with an increase in the germanium 
content of the Sn-2Ni-... Ge alloy. 

For capillary soldering using the Sn-Ni-Ge system sol­
ders it is advisable to apply overheating to a temperature 
abo;e the solidus temperature. For non-capillary soldering, 
a more practicable approach is to use a solder in the heter?­
geneous condition. For this, it is best to apply the solder m 
the form of a foil or a tinning layer. The foil should be made 
from quenched ingots with a refined structure. 
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Figure 10. Spread of alloys of the Sn-Ni-Ge system. 

The experiments with vacuum soldering showed that 
the Sn-Ni-Ge system alloys provided good formation and 
high quality of the soldered joints. Results of tensile t~sts 
of the overlapped nickel joints, produced at a soldermg 
temperature of 600 oc using solders with a satisfactory 
spread are given in Table 5. 

The investigations conducted made it possible to de­
fine the range of the optimal compositions of soldering 
alloys, characterized by a good match of maximum values 
of strength and spread characteristics [7]. 

For erection-assembly operations to be done under 
the EVA conditions, the E.O. Paton Electric Welding In­
stitute developed a technology for electron-beam solder­
ing of connections oftubulartruss structures made of elas­
tic open-section profiles (36NKhTYu alloy ) [8] and a 
technology for electron-beam non-capillary soldering of 
connections of truss structures made of AMg5 alloy [9]. 
These technologies were tested to advantage under labo­
ratory conditions. The Sn-2Ni-4Ge system alloy was em­
ployed as the solder. 

The experiment on soldering connections of the truss 
structure elements in space conducted by cosmonauts 
V.A. Soloviev and A.D. Kizim on board the «Salyut-7» 
space station yielded positive results and confirmed ap­
plicability of the technologies and ~rom ising future of~he 
Sn-Ni-Ge system solders for their use under the h1gh 
vacuum conditions. 
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ABSTRACT 

To increase the service life of expensive space vehicles it is worthy while to pay attention to testing the equipment and technology 
for deposition of coatings under the conditions of the object service. The application of the electron beam technology as most 
feasible under the space conditions is considered. The quality of coatings and methods of technology realization are evaluated. 

Key words: coatings, electron beam technology, degradation, 
near-earth orbit, versatile hardware, coating properties, repair-resto­
ration operations. 

The problem of extending the service life of coatings used 
in the structures of flying vehicles (FV) is still urgent, 
despite the fact that the current ground technologies are 
being continuously improved. The aerospace industry is 
using in its production coatings of the most diverse func­
tional purposes, namely reflective and absorbing tem­
perature control, corrosion-resistant, protective, etc. Also, 
protective coatings which prevent the degradation of the 
FV structural materials under their different operational 
conditions, can be singled out from this list, in particular, 
in the near-earth orbits (NEO) where such factors of out­
side influence as atomic oxygen [1 - 3], micrometeorites 
and dust [4-6), moisture [7] , thermo-chemical and me­
chanical processes occurring on the materials surfaces ac­
quire the decisive role, and lead to their significant oxi­
dation and erosion. The density of atomic oxygen (0) in 
NEO is small (approximately 109 at./cm\ this corre­
sponding to the gas density at the residual pressure of 
1 o-5 Pa. However, the intensity of 0 flows bombarding 
the FV surface, is significant, in view of the high orbital 
speed (~ 8 km/s) and is approximately 106 at./cm2 [8]. 
Under these conditions the impact of the environment on 
the FV surface is comparable with its bombardment with 
high-energy(~ 5 eV) 0 atoms. As a result, metallic ma­
terials are characterised by a pronounced oxidation, and 
the non-metallic ones by erosion and weight loss. Accord­
ing to calculations [ 1 ], the degree of degradation of 
graphito-epoxy composite material for FV with a long 
functioning period, will be about 0.3 mm during the 11 
years cycle of the activity of the sun, and about 0.9 mm 
during 30 years. Considering, that the design thickness of 
structural elements of this material is approximately 1.0 
to 2.0 mm, in three decades it can be reduced by more 
than half, this being inadmissible. 

Numerous life tests of different materials were con­
ducted by Russian and Ukrainian experts both on the 
ground and in the orbital stations «Salyut-6» , «Salyut-7» 
and orbital complex «Mim. 

© B.E. PATO N. E.S. MIKHAILOVSKA Y A. V.F. SHUL YM. A.A . ZAGREBELNII. 
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The objects of flight studies were all kinds of materials 
and coatings, namely temperature control coatings, poly­
mer and structural materials, solar battery (SB) elements, 
optical coatings. Analysis of the change of the tested ma­
terials performance was conducted both directly under the 
flight conditions, and in the ground test laboratories. 
Physical parameters determining the material perform­
ance as a whole, were taken as the criteria of the degree 
of materials degradation in each concrete case. 

For instance, more than 25 types of ceramic and more 
than 20 lacquer-paint temperature control coatings have 
been tested. Exposure to raw space environment was from 
3 months to 3 to 6 years. 

As a rule, during long-term exposure the coatings and 
materials lost their initial characteristics. changed their 
properties, and in some cases a significant degradation of 
the working surfaces was found. 

Analysis of the tested polymer materials (fluoroplas­
tic and polyemide film s) also points to their properties 
degradation during long-term ser>ice in space environ­
ment. 

During the flight period of three orbital stations, more 
than 200 different structural materials were tested. Many 
of them were tested by NDT methods directly under the 
flight conditions. Their performance during a service life 
of up to 10 years was confirmed ~for instance, stability of 
thermal radiation properties of the coatings of radiators 
of temperature control systems was preserved). However, 
deterioration of some properties should also be noted, in 
particular, degradation of the carbon fibre reinforced plas­
tic surface, as well as deteriorarion of some physical prop­
erties of non-metallic structural materials. A graph of the 
change of dielectric properties of model polymer matrices 
based on ED-16 epoxy is gi,en as an example (F igure 1 ). 
As can be seen from the graph. all the samples demon­
strated a smooth lowering of the capacity and conductivity 
during the entire period of exposure (9 years), which is 
indicative of the decrease of their strength properties. 

Since chemical reactions. and nor the mechanical ac­
tion of microparticles pre,·ai l in the mechanism of poly­
mer erosion in NEO [9]. thin protective coatings can be 
applied to prevent destructiYe sur.-ace processes [1 0, 11], 
which, as was mentioned abm e. are rather widely used 
now in practice. For insranc~. r'exible SB substrates and 
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outer temperature control surfaces ofFV from capton are 
protected from erosion by Ah03, Si02 and other coatings 
[12], and coatings of magnesium fluoride, silicon nitride, 
indium oxide alloyed with tin, etc. are applied onto the 
metallic (silver, aluminium) reflective surfaces of mirrors 
of the solar-energy power systems for their protection 
from oxidation [13-15]. Considering that in current FV 
projects the service life should be about 30 years [ 16], 
obvious is the need for periodical restoration of the func­
tional properties of coatings, as well as performance of 
scheduled repair of their structural elements. These op­
erations can be performed on the Earth, taking FV to orbit 
in the modern transportation means. However, in view of 
the high cost of carrier rocket launches, it is more rational 
to perform the restoration and repair work directly under 
the conditions of their service. 

This paper analyses the possibility of using electron 
beam technology of material evaporation for coatings 
deposition in orbit, also with the aim of their protection 
from degradation, as well as performance of repair-resto­
ration work under these conditions. 

Development of electron beam technology of coat­
ings application under microgravity conditions was based 
on the results of numerous ground and flight experiments 
which had been conducted by the staff ofE.O. Paton Elec­
tric Welding Institute and Russian Space Corporation to­
gether with other organisations for many years. During 
these experiments such process tasks as selection of the 
evaporation method, containment of molten material in 
the crucible and others, were solved, and the properties 
of the produced coatings were studied. So, it is shown 
[17] that the speed of production of coatings of pure silver 
(model material) atg = Ix I o-5 go, where go is gravity on 
the Earth surface, and at the pressure of residual atmos­
phere of 10-4- I o-5 Pa, is several times higher than of 
their ground analogs. Stresses of the 1st kind which arise in 
Ag-coatings of3 50 to 500 nm thickness, deposited on a sub­
strate of D 16 alloy on the ground, are -30- +90 MPa; in 
similar coatings of 600 to 800 nm thickness produced in 
NEO, stresses of the 1st kind are practically absent. The 
difference in the level ofmacrostresses of the above coat­
ings is illustrated in Figure 2. It can be seen that the cracks 
initiating from a cut made with a «guillotine» type cutter, 
have the form of cleavage in the coatings produced on the 
Earth (Figure 2, a) and the form of ductile fracture in the 
coatings produced in orbit (Figure 2, b). 

Submicroporosity of Ag-coatings produced undermi­
crogravity conditions is smaller than of their ground ana­
logs [18) . Distribution of submicropores by sizes in the 
samples produced under microgravity, is more uniform 
than in the samples produced on the ground. Similar re­
sults were also derived for Au- and Cu-coatings [19]. 

The influence of microgravity conditions on the 
process of evaporation of binary Ag-Cu alloys [20] is 
manifest in that the mass transfer mechanism in the 
molten material is in this case determined by diffusion, 
and not by convection, as on the Earth. Therefore, pro­
duction of coatings of binary alloys without separation 
of their components, is really possible, as the parame­
ters of the process can be selected so that the evapora-
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Figure l. Dependence of capacitance on time for three types of samples: 
a- sample of PCM with ED-DADFM binder and glass cloth; b­
sample ofED-DADFM; c- sample ofED-GMDA. 

tion rate of the less volatile component of the alloy and 
the rate of its diffusion to theevaporati on surface, become 
equal. Therefore, the coatings produced directly in orbit, 
can have a long service life before loss of their service 
properties, and before the operation for their restoration 
becomes necessary. The process of coating production 
under microgravity conditions will be more effective at 
the expense of lower porosity , and, hence an electrical 
conductivity which ish igher and more uniformly distri b­
uted over the area, total purity and structural perfection, 
and, therefore, betterducti I ity properties and lower inter­
nal stresses. One should also take into account the fact 
thatunderthe NEO conditions, the rate of material evapo­
ration increases by several times, and when the evapora­
tion process proceeds from the molten state, it is possible 
to produce coatings from binary alloys with preservation 
oftheirstoich iometry. 

Analysis of the results of the performed studies con­
finned the effectiveness of using the electron beam tech­
nology of coatings production directly in orbit and al­
lowed development and manufacture on its base, of the 
appropriate equipment which was designed taking into 
account the problems related to work performance in the 
terrestrial orbit, namely containment of molten metal in 
the crucible, energy deficit ( ~ 500 W), absence of addi­
tional cooling, ensuring the operator safety, etc. An opti­
mal combination of all the above factors has been 
achieved in the design whose block-diagram is shown in 
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Figure 2. Nature of cracking in silver coati ngs produced: a- on the Earth; b-in NEO. 

Figure 3. The hardware operation is based on indirect 
heating of the evaporation material by the electron beam. 
Extensive laboratory investigations led to creation of a 
highly effective device which allows heating of the ma­
terials being evaporated up to the temperature of 1500 °C. 
It was used as a basis for design and manufacture of 
stationary units for production of coatings under mi­
crogravity, namely «lsparitel ' »and «lsparitel' -M» [21, 
22] . A modification of one of them is shown in Figure 
4. During 1979 to 1984 the units were tested with suc­
cess in the «Salyut-6» and «Salyut-7» orbital stations . 
Testing of hardware for coating application was carried 
on in 1988 on board the orbital station «Min> in «Yan­
tar'» unit which permitted production of coatings on a 
polymer strip continuously moving with a speed of 20 
to 40 m/h , which naturally, does not exclude the pos­
sibility, in principle, of the evaporation unit proper 
moving at the same speed. Successful flight tests 
showed that such hardware can be used as stationary 
equipment as part of the standard set of FV for peri ­
odical restoration of the service properties of reflective 
and other surfaces. In July 1984 the electron beam hand 
tool («VHT») was tested in raw space. lt was used for 
performance of different process operations [23], in-
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cludingalsocoatingappli cation.Asstatedbycosmonauts 
S.E. Savitskaya and V.A. Dzhanibekov, the tool is ex­
tremely simple and convenient in operation. 

In order to perform the concrete process tasks arising 
during FV service, especially in emergencies or in diffi­
cult-of-access places, PWI developed and manufactured 
the «Universal» hardware based on the electron beam 
hand tool. Two of the four tools which make it up, are 
designed for coating application. One of them is equipped 
with a detachable rotary attachment with four crucibles, 
which allows coatings from different materials to be de­
posited alternatively, or if required the stock of one ma­
terial to be increased, if the surfaces being treated have 
considerable dimensions. The second tool allows evapo­
ration of material fed in the form of wire, into the open 
crucible heated by the electron beam. Operational sche­
matic and appearance of the tool are shown in Figure 5. 
Evaporation material in the form of0 .8 to 1.0 mm diame­
ter wire is fed into the tungsten-cobalt crucible with the 
speed of up to 5 mm/s. Laboratory testing, as well as per­
formance of manual operations by the operator in the 
space simulation test chamber showed that such tools al­
lowed deposition of silver coatings under vacuum. Now, 
for aluminium evaporation, whose vapour pressure is by 
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Figure 4. Stationary units for coating application under microgravity. 

Figure 5. Diagram of the evaporator and appearance of the tool with 
evaporation material feed. 
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Spec!fica/ ion 

Voltage, V 

Maximal current con-
sumed, A 

Accelerating voltage, V 

Maximal electron beam 
current, rnA 

Number ofEB guns for 
evaporation 

Maximal continuous op-
eration time of each 
gun, min 

Evaporation materials 

Kind of substrate 

Number of substrates in 
the set 

Substrate dimensions, 
mm 

Substrates preheating, 
oc 
Control 

Unit module 

Overall dimensions, 
mm 

Weight, kg 

<<lsparilel>> 

23-24 

20 

2 

! 50 

2 

5 

Silver, copper, 
gold, copper-

silver 

Flat 

12 

80x60 

Manual 

Work Contr. 
block panel 

250x 2900x 
250x 350x 
530 400 

13.6 13.4 

11fsparitei-M>> 

23 - 24 

20 

5 

65 

2 

5 

Copper, copper-
silver, antimony-

bismuth 

Flat 

12 

80x60 

!50- 250 

Program. from 
progam. panel 

Work Contr. 
block panel 

2400x 2950x 
260x 355x 
550 405 

14.6 17.4 

an order of magnitude lower than that of silver, it is nec­
essary to significantly lower the wire feed rate or comple­
ment the tool with the device providing its dosed (im­
pulse) feed. In case of aluminium evaporation, also be­
cause of its aggressiveness towards other materials, the 
crucible material much be carefully selected. 

Solving these issues will allow the above tool to be 
used for aluminium coating deposition, this being a very 
urgent but yet unsolved problem in conducting the pack­
age of repair-welding operations. 

Process characteristics of the hardware for coating 
deposition developed and tested in orbit, are given in the 
Table. 

The versatility of the created hardware enables the 
following technologies to be implemented in orbit: 

0 scheduled maintenance to maintain the service 
properties of the reflective and other surfaces ofFV using 
hardware which is part of the standard set ofFV and which 
functions in the automatic mode; 

0 deposition of reflective coatings on large areas of 
solar-energy power systems using manipulators and re­
motely controlled robots; 

0 cleaning of the surface prior to coating deposition, 
not eliminating the possibility of the use [24] of other 
cleaning methods, namely ion-chemical or magnetic­
abrasion; 
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11Yantar '>> 

23-24 

20 

5 

65 

2 

5 

Copper, copper­
silver, copper­

manganese, 
magnesium 

fluoride 

Polymer film 

!Om 

70mm width 

Program. from 
memory device 

Work Contr. 
block panel 

240x 295x 
260x 355x 
530 405 

13 .8 17.8 

VHT 

23-24 

20 

5 

65 

5 

Silver 

Flat 

2 

240xl 70 

Manual 

Tech. Tool 
block 

500x 300x 
140x 450x 
220 300 

22.0 5.0 

«Universal» 

23-24 

50 

8 

Up 120 

lx2 tools 

5 

Silver, gold 

Flat 

Depending 
on modification 

Depending 
on modification 

Manual 

Tech. Tool 
block 

470x 330x 
420x !SOx 
372 300 

37.0 8.0 

0 besides coating application, such processing op­
erations as welding, brazing, cutting, heat- treatment, etc.; 

0 repair-restoration work during the operator' s 
extra-vehicular activity (EVA), especially in difficult-of­
access places. 

CONCLUSIONS 

l. Electron beam technology of materials evaporation 
under microgravity conditions has been developed, based 
on numerous laboratory and flight experiments on study 
of coating properties. 

2. Correctness of the main design decisions in the 
hardware developed on the base of this technology, was 
confirmed by flight tests of the hardware for coating depo­
sition in the «Salyut-6», «Salyut-7» and «Mir>> orbital 
stations. 

3. Results of analysis of coatings produced in fligh t 
experiments give rise to the conclusion that they can 
be applied with a quality not inferior to the ground con­
ditions, during FV service in microgravity environ­
ment. 

4. Prospects were shown for the use of the manufac­
tured versatile equipment as stationary units in the set of 
standard equipment of FV for performance of the opera­
tions of restoration of coatings which had losttheir service 
properties. 
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5. A manual modification device is envisaged in the 
versatile equipment, for performance of repair-restoration 
work in orbit in difficult-of-access places during the op­
erator's EVA. 

6. Different modifications of the developed versatile 
hardware can be used in the future for production of re­
flective surfaces in erection of mirrors of the solar-energy 
power systems and in construction of various settlements 
on the Moon or other planets. 
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IMPROVEMENT OF ARC WELDING USING 

ELECTROMAGNETIC METHODS 

S.V. PUSTOVOIT and G.I. LESKOV 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABSTRACT 

It is established that the electromagnetic force, which acts to the front part of the pool, is sufficient for displacement of pool 
metal to a tail part and greatly influences the penetration depth. 

Key words: arc welding, demagnetization of billets, electromag­
netic control. 

The wide application of arc methods in the manufacture 
of welded structures is a result of many-year investiga­
tions and improvement of all the operations and phenome­
na in this complicated technology [1]. 

The edge preparation, their fixation, arc guidance 
along the butts to be welded, welding conditions, pool 
maintenance in different spatial positions, weld forma­
tion, guarantee of its continuity and strength charac­
teristics, elimination of electrode metal losses, increase 
in process efficiency due to increase in area of butts to be 
welded per unit of time continue to be the objects of in­
vestigations and improvements. 

Forces, acting in the zone of welding under the earth 
conditions and defining many processes of formation of 
welds, as a rule are comparable with forces of an electro­
magnetic origin in high-current welding circuits. There­
fore, a prime attention is paid to their study, control and 
rational use [2]. Demagnetization of edges to induction 
B = (l-4)xl0-3 T[3] isthefirstrequirementfortheelec­
tromagnetic conditions of welding. Methods and equip­
ment have been developed for its realization [4, 5], thus 
allowing the ferromagnetic billets of large sizes to be de­
magnetized for a short time. 

The application of automatic demagnetizing in weld­
ing is challenging. Here, the executive device is located 
at the automatic welding machine nozzle [6]. 

Arc is the most flexible and low-inertia element of the 
welding circuit, therefore, its position even at the demag­
netized edges greatly depends on the action of magnetic 
fields of the welding circuit. With changing the current 
supply with respect to the workpiece being welded [7] the 
arc position can vary both along and across the butt. Trans­
verse arc shiftings which occur at non-symmetric «lat­
eral» current supply are most unfavourable [8]. 

In routine of welding there are no systems of tracking 
of the arc itself and only the tracking of edges of the cur­
rent-supplying nozzle is used. In axisymmetrical electro­
magnetic systems the natural magnetic fields maintain the 
arc column in axis and the used tracking is sufficient to 
perform the process of butt welding. 

As the real electromagnetic systems in welding are 
not axisymmetric the arc deviations from the nozzle axis 
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is inevitable. To eliminate them the transverse magnetic 
fields can be used [9] whose direction and induction de­
pend on the deviation, length and value of the arc current. 
However, till now the systems of the automatic control 
of arc position at the edges welded have not yet been de­
veloped due to the Jack of sensors, in spite of a well-de­
veloped theory and design of an executive element. 

During welding the electromagnetic forces act on the 
easily-deforming liquid and gaseous areas of the circuit 
by changing their geometric shapes and motion in space 
and determine the depth of penetration and, consequently, 
the efficiency of welding and losses (spattering) of metal 
which forms the weld. 

To analyze the ponderomotive forces, generated by 
natural magnetic fields and arc currents, the Figure 1 (tis 
the thickness of liquid metal interlayer) shows the ele­
mentary currents and electromagnetic forces dfi , df2, d/3, 
acting on them. Their direction indicates the existence of 
radial and axial constituents. The integration of equations 
which determine these forces at some simplifying as­
sumptions was carried out by some independent authors 

Figure l. Zone of arc welding and its elements deformed by the mag­
netic field: I- drop of electrode metal; 2 - arc column; 3 -layer of 
liquid metal. 
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[1 0- 13]. Similar results were obtained differing only by 
a negligible difference in numerical coefficients. 

The axial force F10, which detaches drop from the 
electrode, has a form 
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umn base on the pool, to be uniform. Thickness t of a 
molten part of the pool ahead of the arc column will be 
evaluated from coloured photos of the welding zone, 
given in work [14] using a quartz glass. At the rates of 
open-arc welding (vw = 10m/h) in shielded gases 80% 

(1) Ar + 20% CO the thickness tis approx. 6.5 mm, while 
at Vw = 30 m/h it is decreased to 2.5 mm. Force, acting to 
this part of the pool, has a form 

where rc andre are the radii of column, adjacent to drop, 
and electrode; llO is the magnetic constant. 

Force F2o, which generates a gas-dynamic pressure 
against the pool, has a form 

F3o = J.loH It sin (H, I) . 

In the upper pmt of this zone sin (H, l) is close to 1, 
while in the lower part (at 10 mm metal thickness) it can 

(2) be assumed close to 0.7 (Figure 1). From evaluating the 
force acting to the molten part of the pool ahead of the 
arc by an average value sin (H, l) = 0.85 at arc current 
Ia = 300 A, we shall obtain where la and ~ are the arc length and angle at the apex of 

its cone. 
Force F3o, which acts on metal under the arc at axial 

symmetry, has a form 

flo!~ (2.117bwJ 
F3o = """4'1[ In 2 r , 

e 

(3) where r is the distance from the column axis to the middle 
of a liquid layer; H = Ia I 2 1t rand I= 0.71a. 

where bw is the weld width. 
Forces proportional to the square of arc current 

strength act on all three deforming areas, that was proved 
experimentally many times. Thus, in welding with elec­
trode Sv-08A (d = 1.6 mm) the drop from electrode can 
be detached by an electromagnetic force which exceeds 
the force of the surface tension, i.e. at 

Fs = (J 2 1tre:::; F 10, 

where cr is the surface tension of steel. 
rc rc 

At cr = 1.84 N/m and In-= 0.6, where-= 1.4, the 
re re 

current fa= 530 A is required to detach the drop without 
allowance for the gravity force. Therefore, to control the 
drop transfer to the pool, even in an overhead position, a 
pulsed-arc consumable electrode welding, firstly devel­
oped at the Paton Institute in 1963, is used. 

According to formula (2) the force which causes the 
shifting of column plasma to the side of pool and its deep­
ening, is also proportional to the square of current 
strength, however, it greatly depends on the angle ~at the 
apex of a conical column (Figure 1). With decrease in 
electrode diameter the column conicity is increased. 
Therefore, such arcs cause the deeper penetration of work­
pieces to be welded. 

At pulsed currents with frequencies used for control 
of the electrode metal transfer (hundreds of cycles), the 
changes in penetration depth due to a significant heat and 
mechanical inertia of the pool is improbable. 

During welding the electromagnetic processes in a 
head part ofthe pool are most far from the axial symmetry, 
therefore their analysis was made taking into account the 
data about current I distribution in it [8], (Figure I, top 
view) .In this part ofthe pool up to 70% of arc current 
is passing. Let us assume its distribution across the thick­
ness of metal being welded and width, occupied by a col-
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At current 300 A, t = 0.25 and r = 0.4 em we shall ob­
tain F3o = 6.85xl o-3 H, that generates the following pres­
sure to the pool of an areaS= 7.5xlo-6 m2: 

F3o 6.85 x 10-3 "'0.9 x 103 Pa. 
p =-y- 7.5 X 10:::{) 

At density of a liquid steel p = 7.6xl03 kg/m3 the 
pressure in the field of a pool gravity can be equalized by 
its height in a tail .patt, equal to 1.2 em. 

The given estimated calculation shows that the elec­
tromagnetic force acting to the front part of the pool under 
the real conditions of welding, is sufficient for metal dis­
placement to a tail part and it should be regarded as a basic 
force which causes such movement. These calculations 
are correlated with experimental data [15], thus indicating 
the intensive motion of the metal and increase in a pene­
tration depth during welding with a pulsed current of 
0.5 Hz frequency. 

In imposition of external controllable magnetic fields 
on the zone of welding the additional forces are occurred 
in it which influence many processes. The fields, whose 
basic constituent of induction coincides with an arc axis 
(longitudinal magnetic fields - LMFs), have different 
effects on liquid and gaseous parts of the welding circuit. 
When a radial constituent of the current strength is avail­
able in a drop, the electromagnetic forces in it cause its 
rotation around the electrode axis, flattening under the 
action of centrifugal forces, increase in heat flow from a 
column into an electrode and rate of its melting [ 16, 17] 
by 40 %. However, these same forces cause the spattering 
of drops. Therefore, the effect of these forces is rational 
only in submerged arc welding. 

The action ofLMF on the column greatly depends on its 
induction B and arc current value Ia : at B :S: 25x 1 o-3 T and 
current value from I 00 to 300 A the arc column, not almost 
changing its shape, is rotated around the electrode, leaving 
a trace of a deionizing plasma [ 18]; at B?:. 30x I o-3 T the 
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Figure 2. Electrical system for control of overhead welding ( designa­
tions in text) . 

column acquires a symmetric conical shape with an apex 
in a cathode spot [19] . The pressure inside the cone be­
comes lower than the atmospheric pressure [20]. This arc 
feature in LMF is used in welding ofthin workpieces with­
out any backings. 

By decreasing two-polar diffusion of charged parti­
cles of the column to its periphery, the LMFs constrict the 
arc, thus leading to the increase in its penetrability in weld­
ing of non-ferromagnetic materials approx imately by 
2 times [21] . In welding of ferromagnetic materials this 
effect is not observed, as LMFs do not penetrate the arc, 
being shunted outside it with hard particles of these ma­
terials . 

Constant LMF acting on pool with a non-symmetric 
passing of current in it, generates the forces which move 
the liquid metal to one of edges of the workpieces being 
welded and cause an undercut in another edge. Therefore, 
in works for improvement of conditions of pool stirring 
and its solidification without formation of large dendrites 
the alternating LMFs are used [18]. 

The transverse magnetic fields (TMFs) can be used 
not only as executive elements of the butt arc tracking 
systems but also for arc rotation with a preset eccentricity 
around the electrode axis. For this purpose the rotating 
TMFs should be used in systems which are similar to 
asynchronous three-phase electric motors. This a rather 
low-powerful «arc motor» can create the same conditions 
of motion, stirring and solidification of the pool, as in 
rotation of the arc nozzle with an electrode using a special 
mechanical device [22]. 

Combined external magnetic fields in combination 
with welding currents create electromagnetic forces 
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which allow one of the most important problems of the 
technology of welding, i. e. the overhead welding, to be 
solved. 

Sketch of one of the devices to maintain the pool in 
an overhead position and to provide the electrode metal 
drop transfer to it is given in Figure 2 [23]. The magnetic 
field in the zone of welding 3 is generated by windings 8 

and 5 at the middle core of ill-shaped magnetic conduit 
4. It is isolated galvanically from the workpiece to be 
welded with gaskets I. The filler metal enters the edge 
groove during melting of the wire electrode 6. 

Winding 8 is supplied with an alternating current of 
500 Hz frequency, while the winding 5 is supplied with 
a direct current. The favourable conditions of weld for­
mation are provided in creation ofagradientofinductance 
of the alternating magnetic field in the pool zone which 
is attained with the help of a shading coil 2. The constant 
constituent of LMF, which is generated by winding 5, 
rotates the column plasma, thus increasing its kinetic en­
ergy and arc stability in the space. 

The interaction of the column magnetic fi eld with the 
current in the workpiece, the mai n part of which is passing 
ahead of the arc, generates a force directed to its depth. 
In the described device this effect is intensified in the 
whole length of the pool by an action of a transverse con­
stituent of a direct magnetic field B = (30 - 36) x 10-3 T, 
thus keeping it in an overhead pos ition. 

The alternating magnetic fi eld induces currents in the 
pool and drop, which are opposite to the current in win­
ding 8. Therefore, the forces appear between them which 
detach the drop from the electrode and maintain the pool. 
This effect is observed at an amplitude of the magnetic 
induction Bmax = 150 X 1 o-J T. 

CONCLUSIONS 

In the zone of welding with high-current arcs using time­
constant or pulsed conditions the forces are generated un­
der the action of natural or external controllable magnetic 
fields . These forces cause the motion of parts which are 
deformed by them: drop, plasma of column and pool. In 
the majority of cases they are proportional to a square of 
the arc current value. 

Rational formation of these forces and their control 
can decrease to minimum the metal spattering, increase 
the depth of penetration ofworkpieces and, consequently, 
the efficiency of the welding process. perform welding in 
any spatial position, improve the pool stirring, distribu­
tion of alloying elements in it, gas evolution and metal 
solidification. 

Many solutions were tested in experiments and some 
of them were implemented in industry. However, to use 
widely the electromagnetic methods for improving the 
arc welding, it is necessary to study the effect of rotating 
transverse magnetic fields on arc and pool. pulsed action 
of electromagnetic forces on the pool taking into account 
its mass and frequency of free oscillations. to create uni­
fied devices for formation of external magnetic fields, 
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sources for arc supply with pulses oflow-frequency (0.5-
5.0 Hz) current, sensors of pool oscillation and control of 
processes of its solidification, microprocessing systems 
for the welding technology control. 
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OF DOUBEL-SIDED WELDING OF ALUMINIUM ALLOYS 
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ABSTRACT 

Features ofTJG-welding of aluminium alloys by arcs facing each other were studied. Compared to the regular processes which 
envisage weld formation from one side, an essential increase of metal penetration has been achieved with the weld width 
comparable with the base metal thickness and a favourable appearance of the weld from both sides of the joint. 

Key words: arc welding, nonconsumable electrode, aluminium 
alloys, opposite arcs, penetrability. 

Nonconsumable electrode AC argon-arc welding became 
the most widely accepted process in fabrication of metal 
structures from aluminium alloys. This process, providing 
a high quality of welded joints, is characterised by a com­
paratively low penetrability of the arc. Improvement of 
the weld metal quality and deeper penetration can be 
achieved using asymmetrical current with prevalence of 
the straight polarity component [ 1]. An even greater effect 
is achieved in DCSP welding in helium [2]. These proc­
esses allow the penetration depth to be increased by 1.5 
to 2.5 times compared to the regular AC argon-arc weld­
ing [3, 4]. 

Further expansion of the technological capabilities of 
arc welding can be achieved by applying the process sche­
matic which envisages the arcs position opposite each 
other [5]. AC plasma arc was used by the authors of the 
above work as one of the heat sources. Realisation of this 
process involves certain technical and technological dif­
ficulties. 

In order to study the process capability of double­
sided welding, we developed a laboratory facility whose 
schematic is shown in Figure 1. The facility consists of 
mobile table 2 which carries the plate to be welded, drive 
I of table displacement, rotary cantilever 3 with upper 
torch 4. Lower torch 5 is fastened on extendible rod 6 
which is mounted on support 7 mobile in three directions 

3 

Figure 1. Schematic of a set up for double-sided welding (for designa­
tions see the text). 
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normal to each other. Coaxiality of the electrodes and the 
required arc gap are achieved by adjustment of the posi­
tion of support 7. 

Investigations were conducted by connecting the 
torches to different poles of a DC source (Figure 2). In 
this case the welding circuit was opened through a sample 
electrically insulated from the current source. AMg5 alu­
minium-magnesium alloy plates of 10 mm thickness were 
used as the latter. With this connection diagram, one of 
the arcs ran in the straight polarity mode and the other in 
the reverse polarity mode. A 4 mm diameter electrode 
from tungsten of EVI-l grade with yttrium was used in 
the first case (with helium or argon shielding) and in the 
second case 10 mm electrode from tungsten of EVCh 
grade (with argon shielding). The speed of the sample 
displacement was 10m/h. Welding was performed with­
out filler wire. 

In order to study the effect of the appropriate polarity 
on weld formation, the electrodes were connected by dif­
ferent schematics. First welding with the straight polarity 
arc located on top of the sample was tested using helium 
as the shielding gas. The reverse polarity arc was placed 
in the overhead position. Complete penetration of a 
10 mm thick plate was achieved with the welding current 
of 120 A (Figure 3, a). The total arc voltage here was 
equal to 21 to 22 V. It should be noted that the reverse 

Vw 
+---"-----

3 

Figure 2. Schematic of connection of the torches: I , 2 - lower and 
upper electrode, respectively; 3- power source. 
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Figure 3. Transverse macrosections of the weld (x4) (reduced by 0.75): 
a - straight polarity arc located on top, reverse polarity arc located 
below; b - straight polarity arc located below, reverse polarity arc 
located on top. 

polarity arc, compared to the straight polarity arc (at equal 
currents) promotes formation of a much larger volume of 
the molten metal, this in its turn resulting in excessive 
sagging of the weld pool. Nonetheless, in this case, the 
total cross-sectional area of the weld is smaller than in 
welding of metal of the same thickness in one pass at 
alternating or even at straight polarity direct current. 

In order to eliminate excessive sagging of the weld 
metal under the impact of the reverse polarity arc located 
in the overhead position, an experiment with this arc lo­
cation on top of the plate was conducted in the next stage. 
Such an arrangement ofthe arcs provided the optimal ratio 
of heat input by the arcs from both sides of the base metal 
and led to a more favourable weld shape (Figure 3, b). 
Stable penetration of the metal was achieved at the weld­
ing current of 160 A and total arc voltage of23 to 24 V. 

The appearance of the welds in the lower and upper 
part of the joint in welding at both the straight and reverse 
polarity, is characterised by uniform formation and ab-

Figure 4. Weld appearance in overhead welding from the side of the 
straight polarity arc. 
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Figure 5. Transverse macrosection of the weld with straight polarity 
arc located below and reverse polarity arc located on top, shielding gas 
is argon (x4) (reduced by 0.80). 

sence of external defects. An example of the weld appear­
ance from the lower side of the sample is shown in Figu­
re 4. The appearance of the weld from the upper side is 
similar. When complete penetration was achieved, the 
weld width was by 1.5 to 2 times smallerthan the thickness 
of the metal being welded. Cleaning of the surface from 
oxides is ensured from both sides of the joint. In the re­
verse polarity arc surface cleaning is provided by inten­
sive cathode sputtering, and in the straight polarity arc 
due to high-temperature disintegration. 

Welding with argon used for shielding the straight 
and the reverse polarity arcs was tried out. The straight 
polarity arc was located below the sample. This experi­
ment showed that for common pool fmmation and 
achievement of complete penetration, the welding current 
should be set at 140 A. In this case, a favourable shape of 
penetration is found with a small ratio of the weld width 
to the base metal thickness (Figure 5). The weld metal 
does not contain defects of the type of pores or oxide 
inclusions. The main disadvantage of such a process sche­
matic, is poor cleaning of the weld surface from oxides 
from the side of the straight polarity arc. This is related 
to relatively low energy parameters of the arc when argon 
is used as the shielding gas. 

It is of interest to study the separate influence of the 
straight and the reverse polarity arcs on the shape of base 
metal penetration. Forth is purpose plates melting through 
was performed alternatively by straight polarity arc from 
below and by reverse polarity arc from top. Welding was 
conducted at welding current close in value to those used 

Figure 6. Transverse macrosection of weld in welding by independent 
arcs (x4) (reduced by 0.80): top- by reverse polarity current; below­
by straight polarity current; welding current of 180 A. 
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earlier. After making the weld by the reverse polarity up­
per arc, welding was performed by straight polarity arc 
from below. The welding current was equal to 180 A, 
accordingly. The derived results are shown in Figure 6. 
One can see in the macrosection that welding with inde­
pendent arcs cannot provide complete penetration in such 
modes. Note that in single-arc welding of 10 mm thick 
metal at the same speed by alternating current in argon 
the welding current is 415 A, and in straight polarity weld­
ing in helium 325 A. 

Thus, compared to the conventional processes of non­
consumable-electrode arc welding, double- sided wel­
ding allows reduction by 2 to 3 times of the welding cur­
rent required for complete penetration of the base metal. 
In this case, a favourable weld shape is achieved with a 
small ratio of its with to the penetration depth. The wel­
ding heat input is essentially reduced and the heat -affected 
zone becomes smaller, accordingly, and improvement of 
welded joint mechanical properties is also possible. Fur­
ther investigation of the described double-sided welding 
should be conducted towards the use of alternating current 
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for powering the arcs, including asymmetrical current, 
provision of filler wire feed into the melting zone, and 
use of metal electrode in combination with the noncon­
sumable electrode. It is rational to expand the range and 
thicknesses of the metals and alloys being welded, as well 
as study the technological capabilities of this process in 
terms of all-position welding of the joints. 
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ABSTRACT 

Decribed are the basic results of the development made by the State Design Bureau «Yuzhnoye» in collaboration with the 
E.O. Paton Electric Welding Institute and the Institute for Experimental and Chmcal Surgery. The development mcluded the 
plasma surgical system «Piasmamed» intended for surgical operations, such as dtssectton ofbtologtcal ttss ues ( destructton) and 
arrest of bleeding on injured surfaces (coagulatwn). 

Key words: plasma surgery, plasma/ron, hemostasis, destruc­
tion, coagulaton. 

In modern surgery the effect of a high-temperature (ap­
proximately 10000 °C) plasma jet on bio.logical tissues_ is 
used for their dissection, arrest of bleedmg (hemostasis) 
and removal of tumors (neoplasms, abscesses, etc.). 
Fields of application of plasma surgical devices are very 
wide, they include general surgery, gynecology, oncolo­
gy, urology, neurosurgery, orthopedics, traumatology and 
veterinary. . 

The basic positive properties of plasma surgery m­
clude bacterial action, insignificant injury to biological 
tissues and reliable hemostasis, especially in operations 
on parenchymal organs. Depending upon the plasma jet 
parameters, the operations may be done either for dissec­
tion of tissues or for coagulation of the injured surfaces. 

Plasma surgery has been developed and applied for 
about three decades. In the 1960s - early in the 1970s 
the attempts were made in the USA to develop a plasma 
scalpel of the «Mark» type. However, the plasmatron de­
signed for using a mixture of helium and argon for the 
operations turned outto be unreliable. Besides, the plasma 
jet with a thermal power of up to 70 W and temperature 
of about 6700 oc was unstable and of low intensity. 

Several plasma surgical systems were developed and 
found application in practical medicine in the forme~ So­
viet Union. These were the SUPR-M system (helium, 
manufactured by the Smolensk Aircraft Engineering 
Plant) and the «Fakel-01» system (argon, developed by 
the N.E. Bauman Technical University in Moscow and 
manufactured by the Design Bureau «Fake!» in the Ka­
Iiningrad district). In these systems the plasma tempera­
ture amounted to 10000 °C. Then followed the «Fakel-
11» (argon) and «Gemoplaz-VP» (air) systems intended 
for field appl ications. Also known is the UMPR~20 
plasma system developed by the Leningrad Poly~echmcal 
Institute in collaboration with the Military Medical Aca­
demy. The latter is available in limited amounts, as it has 
never been produced commercially. 

As it is said in promotional brochures, the plasma sur­
gical tool «Plasmsurge-1 01 » manuf~ctured by the 
«Nikval International AB» (Sweden) IS currently put 
through tests, showing itself to advantage, in Russia. This 
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tool was developed with participation of specialists from 
the N.E. Bauman Technical University in Moscow. 

Despite the certain success, until now the plasmady­
namic method has not yet found the everyday use in medi­
cal practice, and it is our opinion that this is attributable 
to an insufficient perfection of the existing systems in 
service, their relatively high costs (retail price is$ 25000) 
and the absence of a systematic approach in practical ap-
plication of the plasma method. . 

The State Design Bureau «Yuzhnoye» m collabora­
tion with the E.O. Paton Electric Welding Institute and 
the Institute for Experimental and Clinical Surgery devel­
oped under the conversion project the plasma surgical sys­
tem (PSS) called «Plasmamed», which was approved by 
the Scientific-and-Technical Centre in Ukraine. 

The system (Figure 1) consists of a service unit with 
two manipulators, a power cable and a remote foot pedal. 
The service unit houses a storage and feed system for the 
plasma gas (argon), module for water cooling ofplasma­
trons as well as a transformation and control unit. The 
latte;includes a control and indication block, transforma­
tion and ionition block, control panel and a cable system. 

Argo; can be fed either from two built-in bottles with 
a capacity of 5 I each or from an e:ternal sourc~ . The 
water cooling module is made as a circular loop with _ra­
diators to remove heat and release it into the surroundmg 
atmosphere. Plasmatrons can be turned on from the panel 
or from the remote food pedal. «Plasmamed» is equipped 
with the plasmatron service life register. 

In the case of malfunction, the plasmatron is turned 
off and one of the following messages is delivered to the 
control and indication panel: «No Water» in the destruc­
tion plasmatron, «No Water» in the coagula~ion plasm.a­
tron, «No Gas» , «Short Circuit» in the electnc power cir­
cuit of the plasmatrons or «No Earth» at break in the earth 
wire circuit. 

The characteristic feature of «Plasmamed» is that its 
transformation and control unit can provide operation of 
both three-electrode plasmatron (with an intermediate 
starting electrode) and that made with tw?-electrodes, and 
switching from one mode to the other IS done automat­
ically by connecting this or that type of the plasmat:on. 
Release of the heat removed from the plasmatrons mto 
the atmosphere exclude any limitation on duty cy~le of 
the plasmatrons, which can be caused by overheatmg of 
the cooling liquid. 
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Figure l. Appearance of the PSS «Piasmamed». 

Specifications of the PSS «Piasmamed>> 
Plasma gas ....... .. ........................ ........ ....... argon 
Quantity ofplasmatrons .......... ........ ....... 2 
Thermal power of the plasma jet, W ........... 70 - 350 
Arc discharge current, A ...... ...................... 6- 25 
Arc discharge voltage, V .......... .. ... .......... 25 - 40 
Number of power modes 
of plasmatrons ......... .. .................. .. ..... .. 
Current . 

3 
single-phase 
alternating 

Voltage, V ....... ..... ....... .. ........................ 220±22 
Frequency, Hz .......................... ... .......... 50- 60 
Power consumption, kW ...... .. ......... .. .... . 1.6 
Mass, kg ·.. ............. .... .. ..... . .. .. ...... .. ........ 132 
Dimensions, mm ............. .. ........................ 460x560x21 00 

During the period from September 2 till October 12, 
1999, «Plasmamed» was being subjected to medical-bio­
logical tests at the Department of Experimental Surgery 
of the Institute for Experimental and Clinical Surgery of 
the Medical Academy of Sciences of Ukraine (Figure 2). 
The tests were done on animals (2 white rats, 15 rabbits 
and 2 pigs). The tests included the use of «Plasmamed» 
for such surgical operations as dissection of aponeurosis 
in medium laparotomy (dissection of abdominal wall), 
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Figure 2. Medical-biological tests of the PSS «Piasmamed» at the In­
stitute for Experimental and Clinical Surgery of the Medical Academy 
of Sciences of Ukraine. 

partial resection of spleen with resection of mesentery in 
its upper pole, as well as liver. All the operations were 
done with anesthesia under sterile conditions. Euthanasia 
of the animals was done 3, 7, I 0 and 21 days after the 
operation by overdosing narkotic materials. Preparations 
were described and photographed, samples of the tissues 
were taken to check histology and a video film was made. 

After the operations all the animals easily recovered, 
and no deviations in their behaviour or in general health 
condition were registered. Histology of the tissues taken 
from the zones treated by the plasma jet showed that after 
21 days no coagulation crust was seen and that the ne­
crotized tissues were surrounded by a capsule formed by 
the granular tissues. The low glycogen content of hepa­
tocytes was noted only around the capsule. Parenchyma 
with some indications of slight inflammatory changes 
(moderate lymphocytic infiltration of stroma) was regis­
tered in the other zones. In all the cases no neutrophilic 
infiltration was seen. 

During the tests, «Plasmamed>> caused no problems, 
except for the need to replace a fuse, which was done 
quickly in course of the operation. Comments of the medi­
cal staff as to possible improvements in the system design 
will be taken into account in further upgrading work. 
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ADVANCED MEANS OF TRAPPING AND NEUTRALIZING 
TOXIC GASEOUS SUBSTANCES IN WELDING PRODUCTION 

A.A. ENNAN and T.L. RAKITSKA Y A 
Physicai-Chemicallnstitute for Environment and Human Protection of the Ministry of Education and NASU, Odessa, Ukraine 

ABSTRACT 

The feas ibility of trapping welding aerosol (WA) to prevent the respiratory organs of welders is cons idered conceptually. The 
peculiarities of neutralizing different types of WA are analyzed. The information about the new multi component catalysts for 
neutralizing W A and technology of their production are given. 

Key words: welding, welding aerosols. gas constituent, air puri­
fication, sorbenls, ionites, catalysts, respirators, filter-ventilation 
equipment. 

The interests of the present ecology are spread not only 
to the field of environment protection, but also of the in­
ternal medim:n of human being. In this respect, the weld­
ing production is an object of comprehensive investiga­
tions whose results are valuable in practice if to interrelate 
ecological, sanitary-hygienic, physical-chemical, sani­
tary-technical, ergonomic and economic aspects of the 
problem. 

The main harmful factors of the welding production 
are an emission of a welding aerosol (WA), ultraviolet 
and infrared radiation, arc noise and electromagnetic 
fields. 

In spite of achievements attained during the recent 
years the developments directed to the sanitation of the 
labour conditions of welders are still actual. Among them, 
the creation of effective systems for ventilation of indus­
trial premises, means for individual protection of respira­
tory organs from W A, a main factor of a professional 
disease of welders, is most important [I]. 

The present work is the first attempt of a conceptual 
description of feasibility of physico-chemical support of 
developments which are aimed at the protection of respi­
ratory organs of workers and environment in welding in­
dustry from effect of toxic gaseous compounds, i.e. a gase­
ous constituent ofWA (GCWA). 

Welding processes are, in principle, proceeding in 
open-type reactors, where the effects ofhigh temperatures 
and infrared radiation cause components of coatings, 
fluxes and metals to intensively evaporate. Having been 
oxidized and condensed outside the welding arc, they 
form sub-micron aerodispersed particles, being accom­
panied by thermochemical transformations of fluorides 
and silicon fluorides, reduction of carbon dioxide or in­
complete oxidation of organic binders in coverings and 
plasticizers to form HF, SiF4 and CO. There occurs oxi-

dation of nitrogen ( N2 + 02 + h v ~ 2NO). Air oxygen 

is transformed into ozone (02 + hv ~ o· + o· ; 02 + 

+ o• ~ 03). Operations associated with a use of calcium 

carbide, which as a rule is contaminated with calcium 
phosphide, result in the formation of phosphine (PH3). In 
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the case of welding (cutting) of parts, units, structures, 
materials coated with preservatives, paint or (and) con­
taminations of a technological origin, hydrogen chloride 
(HCl), chlorine (Cb), phosgene (COCb), carbon tetra­
chloride (CCl4), trichloroethylene (CCl2 = CHCl), sul­
phorous and sulphuric anhydrides (S02, S03), hydzogen 
sulphide (H2S), phosphorous (P4), phosphorous pento­
xide (P20s), phosphine (PH3) and other toxic compounds 
can be evolved into a gas phase. 

Morphology, composition of aerodispersed particles 
and gas phase depend on the composition of used welding 
consumables and metal to be welded, type of welding, 
while their number depends on types and conditions of 
welding. 

The processes of heat -mass exchange and formation 
of a flame are intensified by the plasma flows due to ejec­
tion and in flowing air streams. 

As was noted, the welding processes are accompanied 
by evolution of various components of GCW A into the 
gas phase. Nevertheless, in spite of variety and difference 
in physical and chemical processes and, coming from gen­
eral-theoretical conceptions, they can be divided by the 
following main features: 

1) inorganic compounds of an acidic nature (HF, SiF4, 
N02, HCL, Cl2, S02, S03, ... ); 

II) organic compounds (CCl4, CCl2 = CHCl, 
COCl2 ... ); 

lli) inorganic compounds with high oxidation (03) 
and reduction (CO, PH3) properties, and also compounds 
having oxidizing or reducing properties depending on the 
reaction medium conditions (NO, N02, S02). 

It is evident that the suggested classification of 
GCW A is only an instruction for intelligent actions in 
selection of a method of trapping or (and) neutralizing of 
toxic substances, because a final decision is taken with 
allowance made for all above-mentioned requirements. 

According to the definition, compounds I interact 
with water to form acids. Therefore, compounds of a dif­
ferent nature can be used to trap and neutralize them. 

The use of solutions or suspensions of inorganic com­
pounds such as alkalis (NaOH, KOH), carbonates of alkali 
metals (Na2C03), hydroxides of alkali-earth metals 
(Ca (OH)2, Mg (OH)2), results in occurrence of chemical 
reactions of the acid-base and exchange interaction to 
form corresponding salts, water and carbon dioxide. 
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The class of organic compounds is diverse: com­
pounds in the solid and liquid aggregate states, containing 
various ionogen groups (anionites, cationites, ampho­
lytes), can serve as the potential sorbents [2]. According 
to the data in [3], anionites and cationites with Rand R' 
matrices, respectively, can participate in reactions of neu­
tralization, solvation, formation of acid salt compounds, 
splitting of salt compounds of slightly ionized ionites and 
oxidation-reduction: 

prospects for using catalysts in the welding industry de­
pend on the content of noble metals in them, as well as 
on the requirements for reliable and effective operation 
at a temperature of the surrounding medium, atmospheric 
pressure, increased content of water vapours in the air and 
low input concentration of toxic substances (threshold 
limit value is 15 - 30), i.e. economy requirements and 
also service conditions of means of individual protection 
of respiratory organs (M !PRO) and devices for sanitary 

ROH + HF + n H20 --7 RF + (n + I)H20 , 
purification of air. 

(I) Analysis [6, 7] of the known metal, oxide and oxide-

4ROH + 3SiF4 + (n- 2)H20 --7 2RzSiF6 + Si02 · n HzO, (2) metal catalysts of dissociation of ozone and oxidation of 
carbon monoxide and phosphine showed that the majority 

RF + m HF + n H?O --7 RF · mHF + nH?O, 
where m = I - 4, -

of them do not meet the above requirements as they con­
(3) tain noble metals (silver, platinum,palladium) and silver 

oxide (Ag20) added to them in the amount of 1 to 
10 wt.% [9] to increase their activity in the presence of 

R2S04 + S03 + n HzO --7 2RHS04 + (n- I) H20 , (4) 

' ' 
RNa+ S02 + n H20 --7 R H + NaHS03 + (n - I )H20 , 

R'Na + HF + n H20 --7 R,H + NaF + n H20, (6) 

(5) water vapours, as well as chemosorbents introduced to 
absorb contact poisons [ 1 0]. This restricts the possibilities 
ofvaryingtheiractivity and complicates not only the com­
position of a catalyst but also the technology of its manu­
facture . The lack of appropriate techno logies and indus­
trial capacities in Ukraine limits evidently the feasibility 
of using catalysts of an ecological purpose. 

2ROH + 3N02 + n HzO --7 2RN03 +NO+ (n + I)H20. (7) 

It follows from reactions (I) to (7) that water is not 
only an active reagent, but also a reaction medium where 
the mass-exchange and chemosorption processes take 
place. Sorption susceptible to association of HF, due to 
intermolecular H-combining, causes the formation of 
polyhydrotluorides (3) on anionites. This results in an in­
creased (2.5- 3 times) sorption capacity of an anionite 
with regard to HF, as compared with equimolecular ca­
pacity. 

Anionites containing amine groups have found the 
widest practical application in gas purification. Depend­
ing on the basicity (mobility of an undivided electron pair 
near the nitrogen atom) of primary, secondary and tertiary 
function ofthe nitrogen atom ofthe anionite, the acid-base 
interaction reactions occur with a complete or partial tran­
sition of proton. In the latter case, a less strong compound 
is formed and regeneration of the sorbent can occur under 
softer conditions. It should be noted at this point that both 
gel, granular and fibrous ionites are commercially pro­
duced within the required ranges . At the same time ad­
vances in fine purification during recent 10 - 20 years are 
justifiably related to the ion-exchange fibrous materials, 
as they are characterized by a large specific surface (ap­
prox. 30 - 40 m2/g) and sorption capacity (3 -
7 mg eq/g). Aerodynamic resistance of the filter cells 
10 mm thick at an air stream velocity of 10 cm/s does not 
exceed 2 - 3 mm H20 and is by an order of magnitude 
lower than that of the granular filter operating under simi­
lar conditions. 

The problem of trapping the organic compounds II is 
solved relatively simply: at present we can recommend to 
use for these purposes the activated carbon materials in the 
form of granules, woven and non-woven cloth [4, 5]. 

The situation is most difficult with compounds Ill, 
since to transform them into non-toxic or low-toxic com­
pounds it is necessary to use decomposition (03) or oxi­
dation (CO and PH3) catalysts [6- 9]. In our opinion, 
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We have developed efficient metal-complex catalysts 
(MCCs). Theoretical grounding of the possibility of pur­
poseful controlling the activity ofthese catalysts is based 
on the concepts of intraspherical mechanisms of oxida­
tion-reduction reactions that involve metal complexes and 
gaseous molecules of ozone, carbon monoxide and 
phosphine [6] . 

Also, we offered [11 , 12] a relatively simple technol­
ogy for the manufacture of the MCCs based on carriers 
of different origin (oxide, carbon). The technology allows 
the composition of a catalyst and, hence, its activity and 
stability to be varied through varying percentage of the 
components deposited, adding co-catalysts and activa­
tors . The synergic role of a carrier in this case effects not 
only the thermodynamic properties of surface complexes, 
but also the properties of the adsorbed water. The latter 
should be taken into consideration when developing the 
MCCs. If this phenomenon is ignored, instead of expected 
stabilization or increase in the catalyst activity, this may 
result in a negative effect due to poisoning the catalyst 
with the water vapours. A fundamental advantage of the 
MCCs is a small amount of scarce Pd (II) contained in the 
oxidation catalyst CO and its absence in the ozone disso­
ciation catalysts. 

Comparative characteristics of the catalysts of oxida­
tion of carbon monoxide based on palladium chloride is 
given in work [13]. 

Mechanisms of a catalytic action of MCCs in reac­
tions 

2CO + 02 = C02, 

PH3 + 202 = H3P04, 

203 = 302 

(8) 

(9) 

(I 0) 
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are described in detail in [7, 12]. The basic stages of re­
actions (8) to (1 0) are the formation of surface complex, 
intraspherical redox-transformation of toxic molecules 
A= CO, PH3, 0 3 and regeneration of the catalyst. 

Stage of formation of the surface complex 

Depending on properties of a carrier, e.g. oxide, the sur­
face complexes can be formed by the following reactions: 

t EO-MeA) _1 +HX, (11) 

EOH+MeX;~ EOH-MeX1 , (12) 

EOH(H20)Me X;, (13) 

where EOH is the functional group of the oxide carrier 
= Si- OH, =AI- OH, etc.; Me x1 is the metal complex 
and X is the ligand; the charges ofthe complexes are omit­
ted. 

Surface complexes according to reaction (11) are 
formed as a result of ion exchange. The case of a carrier 
with slightly pronounced ion exchange properties is char­
acterized by the formation of complexes of composition 
( 12), which being hydrated as a result of adsorption of the 
water vapours, are transformed into those with structure 
(13). For the latter, the possibility exists in varying the 
composition and regulating the catalytic activity of the 
MCCs within the wide ranges through changing the ther­
modynamic activity ofligands X and adsorbed water ow­
ing to the establishment of equilibrium: 

EOH (H20)xMen+ +)X-;! EOH(H20)x-;MeXf'-i + )H20. 

Stage of intraspherical transformation 

Coordination of molecules A is accompanied by intras­
pherical redox-transformations which occur according to 
the following diagram: 

X X 
I I 

EOH(H20)- Men+- A -7 EOH(H20)Me m+ + B , 

I I 
X X 

where B are the products of single-electron transformati­
on of toxic materials. Depending on the nature of A, the 
central Me atom changes the oxidation degree (for A= 
= CO and PH3 n > m; for 03 n < m ). Ligand X partici­
pates in the transfer of an electron between the central 
atom and the coordinated molecule A. Therefore, by 
changing its nature it is possible to substantially change 
the MCCs activity at a constant Me. 

Stage of regeneration of the catalyst 

Regeneration of a metal complex in reactions (8) and (9) 
is provided by air oxygen, and in the case of reaction 
(1 0) - by intermediate products of decomposition of 

ozone, such as HOi and H202, which are characterized 

by reduction properties and, for the Me n+ I Me m+ pairs, 
by a high redox-potential and water molecules. 
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To achieve a high efficiency and stability of the cata­
lysts in purification of air from CO and PH3, the copper 
co-catalyst (II) is added to their composition along with 
palladium chloride (II). The Cu (II) - Hg (II) catalyst 
can be used in the case of microconcentrations of 
phosphine and the Cu (II) catalyst- in the case of ozone. 

It should be noted at this point that the development 
of ion-exchange fibrous materials and catalysts deposited 
on the fibrous materials simplified much the solution of 
design problems, as it provided a practical possibility for 
developing a large phase contact surface per unit volume 
and combining dust-trapping, gas-absorbing and catalytic 
elements. 

The definite examples of a successful application of 
inorganic compounds as a sorbent of acid gases are mer­
cerized wood (C6H1005)n · 3n NaOH [14, 15] and soda 
deposited on the polymeric fibrous carriers (PFC) [16], 
while in organic bases the urotropine in the form of aque­
ous solutions [ 17] and deposited on the PFC [ 16] , anion­
and cation-exchanging materials [18 -21] are used and 
in catalysts for sanitary purification of air - from CO 
(Pd(II)-Cu (II) - TZK- M) [13] andPH3(Hg (II)­
Cu (II)- TZK-M) [6]. 

At present the theoretical base has been worked out 
for practical realization of deep purification of waste in 
welding industry. At the same time, to solve a specific 
problem it is necessary to take into account not only physi­
cal-chemical properties of compounds formed, but also 
conditions and peculiarities of operation of the MIPRO 
and gas-purification equipment as well as the associated 
technical requirements for physical-chemical and physi­
cal-mechanical characteristics of sorbents and catalysts. 
In practice, one has to do with MIPRO, purification de­
vices and systems in which, in order to prevent screening 
of the phase contact interface of sorbents and catalysts 
and chemical destruction of the latter, a successive trap­
ping of GCWA, acid components of GCWA and only 
then the catalytic additional purification of gases are per­
formed. 

These unique ideas are protected by numerous 
author's certificates of the former USSR and patents. 
Having no opportunity to give a full their list, we, ne­
vertheless, considered it rational to name the most in­
teresting design solutions in which the sorbents and 
catalysts developed by the authors are used. Among 
them, the «Snezhok» type respirators and the integrated 
MIRPO [7, 22- 27], as well as devices for sanitary pu­
rification of air from welding aerosols using electrical 
and gas-dynamic air draught inducers with a capacity 
of 50- 1500 m3/h [26 - 28] . 
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FOAM ALUMINIUM AS A NEW SUPER LIGHT-WEIGHT 

MATERIAL. PROSPECTS FOR ITS USE IN WELDED 
STRUCTURES 

A.A. BONDAREV 1
, N.G. TRETY AK1

, Andr. A. BONDAREV1
, V.P. BUDNIK1 and L.A. ARBUZOVA 2 

1The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 
20AO «VILS», Moscow, Russia 

ABSTRACT 

The properties of a new material, namely foam aluminium are given. The areas of its rational use are determined. Concrete 
examples are cited to show the possibility, in principle, of application of foam aluminium in welded structures, when various 
welding procedures are used. 

Key words: arc welding, electron beam welding, braze-welding, 
foam aluminium, foam materials, sheets, plates, properties of joints, 
sound-proofness, heat stability . 

Inorganic-base foam materials are finding ever wider ap­
plication in various industries. This is primarily attribut­
able to a combination of such unique properties as low 
heat conductivity and sound-proofness, as well as heat 
stabilitj' More over, their density usually is less than 
I g/cm . Metal-base composites, for instance, foam alu­
minium (FA), have a special place. It features high spe­
cific strength, corrosion resistance, stops sound effec­
tively, is a non-combustible, non-polluting material. Its 
application is promising in engine, ship and aircraft con­
struction, as well as in development of high-temperature 
resistant or shock-absorbing devices. 

VILS developed the technology of FA production 
based on powder metallurgy method [I]. Its essence con­
sists in the following. Powders of alloys of Al-Mg, A l-Si, 
AI-Cu systems, having a wide enough solidification 
range, are used as the base. Powders of the so-called poro-

Table l. Properties of foam aluminium and other porous materials 

/)arameter 

Density, p, g/cm3 

Hygroscopicity, wt. % 

Ultimate strength, MPa 

Specific strength, cr,lp, km 

Young' s modulus, MPa 

Heat conductivity, W/(m-K) 

Electrical conductivity, 
MS/m 

Foam aluminium ' 

0.3-2.0 

1-3 

45.0 

5.6 

45000 

4-5, 
poor conductor 

0.2, same 

AD31 aluminium 

2.7 

No data 

250.0 

5.5-9.5 

70000 

140.0 

30.0, 
conductor 

fores, i.e. materials which decompose in heating and 
evolve a large amount of gases, are added to the powders 
of the above alloys. The most accessible porofores are 
chalk and titanium hydride evolving C02 and H2, respec­
tively. The temperature ofporofores decomposition is in 
the range of 600 to 700 °C, i.e. it coincides with the tem­
perature at which the aluminium alloys do not have a 
strength margin and the evolving gases can easily form 
pores in the solid-liquid aluminium alloy, leading to its 
foaming. The dimensions of the thus produced semi­
finished products are 1 000x7000 mm for 4 to 10 mm 
thick sheets, and I 000x2000 mm for 10 to I 00 mm 
plates. 

Foam aluminium is characterized by a unique combi­
nation of such properties which are not found to-day in 
any of the structural materials, namely non-combustibil­
ity, non-toxicity, low sound, heat and electrical conduc­
tivity, low hygroscopicity, low weight, good workability 
and appearance, which is also preserved after painting, 
adhesion bonding or welding. 

Wood chip hoards 

0.25-1.10 

4-6 

0.4-3.5 

1.6 -3.2 

0.4-35.0 

0.046-0.018 

Insulators 

Oak boards 

0.69 

12 

5.0- 123.0 

7.0- 175.0 

107.7 

0.35 (L):: 
0.17 (T) , 

thermal 
insulator 

3xio-6 

Foam concrete hoards 

0.3-1.2 

28-40 

0.8-80.0 

2.7-66.0 

1700-7500 

No data 

)) 

Sound conductivity, dB/em 

Relative elongation, % 

Specific properties 

11.0 

0.3 - l.O 

Non-combustible 
non-polluting, poor 
heat conductor 

50.0 

10.0-15.0 

Good conductor of 
heat and electricity 

No data 

)) 

Difficult 
combustion, evolve 
phenols when 

2.4 

No data 

)) 

)) 

Combusible. evolve Non-combustible 
carbon gas in high hygroscopi-
burning city 

burn in 

'At p = 0.7 - 0.8 g/cm3 

"(L) ~longitudinal texture, (T) ~ transverse texture. 
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Figure 1. Appearance and cross-sectionofblanks frpm foam aluminium 
of different density: a- 0.7 g!cm

3
, b- 0.3 g!cm'. 

The FA physico-mechanical properties, in compari­
son with those of other porous materials, are given in Tab­
le 1. At the density of 0.8 g/cm3 FA heat conductivity 
factor is by 30to 35 times lower than thatofthealuminium 
wrought alloys AD 1, AD31. It should specially noted that 
the sound conductivity coefficient in FA is lower than that 
of wood, by 2 or more times, and is just 1.1 dB/em in 
the frequency range of 1 to 100000 Hz. For AD I and 
AD31 alloys, this value is 52 dB/em, i.e. FA can be 
used in different structures as a sound, electrically and 
thermally insulating material. FA appearance is shown 
in Figure I. 

Table 2. Influence of material density on the structure we ight (with 
the same rigidity) 

Dem-ilp. Shee/ 
Wei'!J''"'i· Material thickness. ;~!.~~ gcnr' mm I m kg 

Steel 7.8 0.8 6.24 6.24 

Titanium 4.5 1.1 4.95 4.95 

Aluminium 2.7 1.2 3.24 3.24 

Magnesium 1.7 1.5 2.55 2.55 

Plastic rein- 1.6- 0.9 1.8 - 1.0 2.88-0.90 2.88-0.90 
forced with 
C-fibres 

Oak 0.7 2.0 1.40 1.40 

PAL-l 0.7 2.0 1.40 1.40 

PAL-2 0.3 5.0 0.15 0.15 

PAL-3 01 10.0 1.00 1.00 

Note: Here m is weight of 1 m of a structure from PAL-3 at a specified 
sheet thickness; m1 is the same for the other materials. 
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Figure 2. Schematics of edge preparation in arc welding (a - c) and 
electron beam welding (d) of foam aluminium to se ries-produced alu­
minium alloys. 

FA looks especially attractive compared to other ma­
terials as to weight at the same rigidity (Table 2). So, a 
structure of a steel sheer of ~.8 mm thickness will be 
6.24 times heavier, than that of PAL 3 foam aluminium 
(p = 0.1 g/cm\ and that of ritanium. aluminium and 
magnesium by 4.95, 3.24. 2.55 ames. respectively. 

FA fabrication has been so far mastered mostly in the 
form of sheets or plates of up ro 10 to 20 mm thickness, 
respectively. After foam ing. their thickness reaches 3 to 
50 and 30 to 100 mm. The density is contro lled by sub­
sequent rolling and can be \\ ithin 0.3 up to 2.0 g/cm3

. 

Investigations using various fusion welding processes 
were conducted with the aim of widening the area ofF A 
application and creation of a broad range of products from 
it. Production of joints of sheers or plates of foam alu­
minium to each other or to monolithic aluminium alloys 
of different alloying systems was of interest. Used as the 
blanks were sheets ofF A of 0.6 to 0. - g cm3 density and 
4 mm thickness produced on 1995 alloy base (Al-Zn-Mg 
alloying system) (Figure 1). Experimental results showed 
that it does not seem possible to join FA blanks to each 
other by fusion welding. Carbon dioxide gas contained in 
the cavities, evolves in welding and does not allow pro­
duction of a common pool of molten metal of the edges, 
or formation of a weld, especially in electron beam weld­
ing in vacuum [2]. 

In this connection FA joining through inserts of se­
ries-produced aluminium alloys seems rational. A similar 
joining schematics can also be used in other welded struc­
tures, where blanks produced by borh rhe traditional tech­
nology and from foam aluminium. are used. 

Figure 2 shows different schematics of edge prepara­
tion forjoining blanks of the same and different thickness. 
A feature ofthe technology of arc welding is conducting 
the process with minimal melting of foam aluminium, 
with the aim of reduction of the degree of weld metal 
porosity. Manual arc weld ing was used for experiment 
performance in the following modes:/\\ = 30 to 50 A; Uw 

=5-6 m/h; argon consumption - 5 to 6 lim in. In the 
case when blanks of the same thickness were joined (Fig­
ure 2, a), the best results were achieved in welding from 
both sides with up to 0.5 mm gap. In welding from one 
side weld porosity markedly increases. 

Joining of blanks of different rh ickness (Figure 2, b) in 
welding from one side is not rational. eirher. as cracks often 
f01m in the zone of transition from FA to rhe weld metal 
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Figure 3. Macrostructure of the joints of foam aluminium with series­
produced aluminium alloys, made by argon-arc (a, b, c, d) and electron 
beam welding (e) (x2). 

(Figure 3, a, b ). More rational is making the joint with root 
welding from the back side (Figure 3, c) or making the weld 
from one side on a backing (Figure 3, d). 

Electron beam welding was performed in U212M unit 
using U-250 power unit in the following mode: Uacc = 
= 30 kV; /111 = 80 rnA; Uw = 60 m/h. The geometry of the 
butt given in Figure 2, d, allows reducing the interaction 
of the electron beam with foam aluminium and making 
the joint of braze-welding type (Figure 3, e). 

During optimization of the technology, laser cutting 
(Figure 4) was used for cutting out blanks of the required 
size from FA. 

The perfonned experiments allowed determination of 
the ability, in principle, of production of sound penn anent 
joints of foam aluminium to each other and to aluminium 
alloys (Figure 5). The joint strength usually is equal to 
0.8 to 1.0 ofF A ultimate strength depending on the weld­
ing conditions and process. 

112000 

Figure 4. Appearance of a cut made in FA (a), and side surface of the 
cut edge (b). 

Figure 5. Welded model sample of a panel from 20 mm FA for thermal 
and sound insulation of engine compartment. 

Thus, it is shown in the paper that FA, as a new ma­
terial, can be used with equal success as other aluminium 
alloys in welded structures for various applications. 

REFERENCES 

l. Arbuzova, L.A., Zenina, M.V. , Shmakov, Yu.V. , Andreev, D.A. 
(1997) Foam aluminium as a new promising material for airc­
raft, cars and ships. Tsvetn. Metalli, 2, 62- 64. 

2. Bondarev, A.A. , Tretyak, N.G., Bondarev, Andr. A., Arbusov, 
L.A. (1998) On the methods of foam aluminium joining. In: 
Welding and allied technologies for the XXI century, 14- 15. 
Kyiv: The E.O. Paton Electric Welding Institute. 

53 



BRIEF INFORMATION -----------------------

PLASMATRONS FOR POWDER SPRAYING OF COATINGS 

V.L. DZYUBA, ODE HALIL ABU DARVISH and S.N. SERGIENKO 
Donbas Mining-Metallurgical Institute, Donetsk, Ukraine 

ABSTRACT 

Peculiarities of design and service characteristics of plasmatrons for powder spraying and dispersion are presented. Basic 
parameters of the plasmatrons are estimated. 

Key words: spraying, dispersion, plasma/ron, shielding gas, 
characteristics. 

The commercially manufactured plasmatrons intended 
for powder spraying and dispersion are characterized by 
a number of drawbacks, such as a small size of the zone 
of interaction with the particles heated, low efficiency and 
productivity in treatment, as well as short service life of 
electrodes. These problems have been partially resolved 
by the Institute of Gas of the National Academy of Sci­
ences of Ukraine through using a gas-air mixture as the 
plasma gas and varying the discharge channel [1]. Plas­
matrons developed by the Institute can operate in sub- or 
supersonic modes using an internal or remote arc. At a 
rated power of 30- 180 kW, the plasmatrons with a ca­
pacity of 40 kW have an efficiency of up to 90%. How­
ever, because of using the methane-air mixture and a short 
life of electrodes, they have a limited application under 
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Figure 1. Schematics of discharge channels of different plasmatrons: 
a - P-9; b-P-10; c - PL-6; d- P-ll,e-PL-8: /-cathode, 2-
lEI; 3- anode; 4- powder feeding unit; 5- thermochemical inserts; 
6 - screw thread. 
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actual production conditions. Allowing for all these draw­
backs, the authors developed plasmatrons for spraying, 
which could operate in air with or without ash ielding gas. 
Schematics of the discharge channels of these plasma­
trons are shown in Figure I. It can be seen that they differ 
in sizes of the discharge channels, configuration, length 
and quantity ofthe inter-electrode inserts (lEI), distribu­
tion of current and gas flow rate along the channel length, 
location and direction of the material treated and design 
of individual units and components. 

Consider the object of our development and investi­
gation by an example of the PL-8 plasmatron (Figure 2). 
This is a one-chamber linearplasmatron with a vottex-gas 
stabilization. It comprises cathode I and anode 2 units 
housed in collector casing 3 made from an insulating ma­
terial. Air-tightness of detachable joints is provided by 
gaskets pressed by means of four screws. The cathode 
unit consists of a cylindrical cathode located in a steel 
cathode holder. This arrangement allows a multiple use 
of the cathode holder and quick replacement of the cath­
ode in case of its failure. The cylindrical channel of the 
cathode has grooves threaded on its surface, which pro­
vide splitting of the arc in its cathodic zone and formation 
of several reference spots, thus leading to an extension of 
its service life. Water cavities of the cathode unit are her­
metically sealed by means of a gland and a seal ring. The 
anode holder in the anode un it cons ists of a metal flange 
and a disk connected to each other with air-tight welds. 
The flange provides removal of heat from the anode. It 
has two diametrically opposing holes for passage of the 
cooling water. The disk also has water channels. The six-

3 

~I 
~~ cff/ 

Figure 2. PL-8 plasmatron (see designations in the text). 
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start square thread is made on the inside cylindrical sur­
face of the flange, on the side of the cathode holder, to 
provide a vortex feed of the working gas into the discharge 
channel of the plasmatron. The outside surface of the an­
ode holder has a hole with a thread to connect the power 
terminal and secure the unit for feeding the spraying ma­
terial. The copper anode is made as a hollow cylinder with 
transverse grooves threaded on its inside surface (similar 
to those threaded on the inside surface of the cathode) to 
split the anode zone of the arc. 

For design of basic parameters of the PL-8 plasma­
tron, the authors used the engineering method described 
in [2], allowing for the data given in [3- 5, etc.]. The 
source data for the design were as follows: plasma gas -
air, initial air temperature - 300 K, final air tempera­
ture- 3000 K, air flow rate- G = 1.5xlo- 3 kg/s, air 
pressure at the plasmatron outlet-p = 105 Pa. 

The relative length of the electrodes is taken as equal 

to l =lId= 10. To eliminate heat choking in the anode 
channel, its inside diameter was selected to be I 0 %larger 
than critical, i.e. 

d = I. I dcr = 2.2 ,j __ G_ , 
n Per Gcr 

where Per is the density of air at the final temperature, 
kg/m3, and acr is the velocity of sound at the final tem­
perature, m/s. 

Based on the above equation, the inside diameter of 
the anode was 5xl o-3 m and the discharge channel length 
was I= 55xlo-3 m. 

Determine now values of power and voltage: 

G(h-ho) 
N= 11 ' 

u = 550 G 044 do 1 l.2s ro.29. 

Assuming that efficiency T] for plasmatrons of the PL-
8 type is equal to 0.7, the arc voltage is U = 120 V and 
arc current is I= 300 A. 

The gas-dynamic and thermal calculations show that 
pressure of the working gas at the plasmatron inlet should 
be Pinp 2 3xl 05 N/m2 and pressure of water at the plas­
matron inlet should be Pinp 2 3xl 05 N/m . The total flow 
rate of the cooling water for the plasmatron should be not 
less than 80 g/s. 

ln calculation of service lives ofthe electrodes in the 
PL-8 plasmatron, the authors took into account not only 
their dependence on the specific erosion, which fo r a cop-
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per tubular electrode is equal to Gsp = 10-9 - 10-10 kg/C, 
but also their design characteristic consisting in the capa­
bil ity of splitting both anode and cathode zones of the arc. 

The volume of the eroded material is: 

Ver = 0.5 n her t..ler (d + 5- her} 

where her is the depth of the eroded zone, m (in our case 
it is equal to the depth of the grooves, i.e. I mm for the 
anode and 1.5 mm for the cathode);~ fer is the length of 
the eroded zone, m (in our case it is the length of the 
threaded grooves, which is 11 mm for the anode and 
25 mm for the cathode). 

The time of continuous operation of the electrodes is 

P Ver 
'!e=~ n, 

Gsp I 

where pis the copper density, kg/m3; n is the number of 
the simultaneous fixations ofthe arc to the electrode (as­
sumed to be equal to 4). 

Allowing for the assumptions made, the time of con­
tinuous operation of the electrodes (anode and cathode) 
is more than 70 h. 

The designed specifications of the PL-8 plasmatron 
are as follows: 

power, kW ........ .... ... ........ 40 
arc current, A .......... ........... . .. ........ ..................... 300 
working gas flow rate, kg/s .... .. l5xl o-3 

efficiency ...... ... .... ..... ...... .. ..... .. .. .......... .. ..... . ...... 0. 7 
service life, h . . ............. .. .. . .... > 70 
expected productivity, kg/h . . ..... .. . up to 2 

Therefore, the plasmatron developed for processing 
of powdered materials can be recommended for commer­
cial application in machines for powder spraying and dis­
persion. 
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