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SCIENTIFIC AND TECHNICAL 

EFFECT OF FLUXES ON TEMPERATURE 
AND CURRENT DENSITY IN THE ARC COLUMN 

IN TIG WELDING OF TITANIUM 

L.E. EROSHENKO, V.P. PRILUTSKY, V.Yu. BELOUS and V.N. ZAMKOV 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABSTRACT 

The effect of barium, calcium, magnesium, sodium and aluminium fluorides, which are the main components of welding 
fluxes used for TIG welding of titanium, on temperature of the arc column and its distribution in the anode region has 
been studied. It has been found that in TIG welding over the flux layer (TIG-F) the temperature and electrical 
conductivity of the arc column plasma increase and shape of the temperature field in the anode region of the arc is close 
to the cylindrical one. Deep penetration characteristic of this ,,·elding method is caused by higher temperature and 
current density in the arc near the anode. 

Key words: argon-arc welding, titanium, flux, spectral 
line, arc column temperature, electrical conductivity 

The main distinctive feature of tungsten-electrode ar­
gon-arc welding over the flux layer (TIG-F) is a high 
current density in the anode spot 11 - 3]. It is this 
fact that determines technological benefits of this 
welding method, such as deep penetration, narrow 
welds and relatively low heat input [4 - 61. Physi­
cal-chemical processes occurring in the arc zone, 
which cause contraction of the arc and, hence, an 
increase in the current density at the anode arc con­
sidered in detail in 17, 81. It was cstabl ishcd that the 
degree of arc contraction and the growth of the current 
density in the anode spot depend upon the chemical 
composition of a flux and activity of its interaction 
with metal welded 17, 91. However, no experimental 
data arc available in the literature on the effect of 
fluxes on temperature parameters of the arc column. 
The only exception is reference 110 I, where it is sug­
gested, on the basis of the derived relationship be­
tween the degree of blackening of spectral lines of 
vapours of the base metal, its penetration depth and 
composition of a flux , that fluxes do have an effect 
on temperature of the arc ncar the anode. At the same 
time, it is the temperature and current density in the 

anode region that arc those basic parameters which 
arc responsible for the character and mechanism of 
metal penetration. 

This study gives results of investigation into the 
effect of barium , calcium, magnesium, sodium and 
aluminium fluorides, which arc the main components 
of welding fluxes for titanium, on the temperature of 
the arc column and its distribution in the anode region. 
4 mm thick plates of commercial titanium of the VT1-0 
grade were used as the anode. Welding of samples 
was performed using tungsten electrode of the SVI-1 
grade with a diameter of 3 mm and a pointing angle 
of 300. The welding current in this case was 100 A, 
the welding speed was 8 m/ h and the set arc length 
was 5 mm. The method used for determination of the 
arc temperature and schematic of the experimental 
setup arc described in 111 1. Photography of transverse 
spectra of the arc was done starting at a distance of 
0.1 mm from the anode surface and then along the 
arc column at an interval of 0.25 mm in a direction 
to the cathode (Figure 1). 

Like in study 1111, radial distributions of tempera­
ture at different cross sections of the arc column were 
determined from Lhc absolute intensity of glow of 
continuum of the argon plasma and atomic spectral 
lines Ari. Transition from the radial distributions of 

Figure 1. Schematic of photography of transverse spectra of the arc column: electrode; 2 - section of the arc column being 
investigated; 3 - titanium anode; ../ - spectrograph STE-1; 5 - spectrogram of the arc column region being investigated 
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temperature T to the radial dislribuLions of electrical 
conductivity, a, was clone on the basis of theoretical 
·curve cr(T) given in l121. Valuer at which 0"' 0 was 
taken as the arc column radius. As transverse sizes of 
the argon arc column arc determined only from the 
glow of the continuous spectrum of braking and re­
combination radiation of electrons, the value of the 
current-conducting diameter may be under-estimated. 
This is caused by the fact that in photography of the 
arc spectra the continuum radiation is registered only 
at temperatures above 8500 - 10500 K 1131, while 
electrical conductivity of the pure argon plasma is 
decreased to zero values only at T"' 6000 K 1121. 
Therefore, the diagram of the radial distribution of 
temperature, T(r), across the arc column was plotted 
in two stages. 

First the radial distribution of temperature was 
determined from the intensity of the glow of contin­
uum in a high-temperature region of the arc. Then 
the distribution of temperature in a low-temperature 
region of the arc, starting from a zone where the 
continuum glow was ended, was found from the in­
tensity of the glow of argon spectral lines Arl. After 
that both curves were combined by aligning the points 
along the arc column radius, at which the values of 
temperatures obtained from the glow of continuum 
and lines Arl coincided. 

However, it should be emphasized that in order 
to determine the axial distribution of temperature in 
the arc column, it is sufficient to know only the radial 
distributions of the intensity of the glow of continuum 
l11\. The axial distributions of temperatures thus de­
termined (Figure 2) arc indicative of the fact that in 
welding over the flux I aycr the tcmpcratu rc in a region 
adjoining the anode is higher than in welding using 
no flux. The degree of an increase in temperature, as 
well as in penetration depth 191. grows in the follow­
ing order: BaF2 --7 CaF2 --7 MgF2 --7 NaF --7 AIF3, 
and in a direction to the anode. The length of the 
zone with a higher temperature along the arc column 
increases in the same sequence. Results of these in­
vestigations arc an experimental proof that the usc of 
fluxes in TIG welding causes an increase in tempera­
ture of the plasma in the anode region of the arc. 

It should be noted that in the spectra taken directly 
at the anode, in the case of using sodium fluoride as 
the flux, the number of spectral lines was so large 
that it gave no way to correctly determine the tem­
perature of the arc at a distance less than O.S mm 
from the anode surface. At the same Lime, in welding 
without flux no Til spectral lines were fixed in the 
arc spectrum (in contrast to the spectra observed in 
welding over the flux layer). This is indicative of 
their insignificant concentration at the arc column 
periphery. Analysis of the theoretical dependence of 
the intensity of radiation of argon atomic line Ari 
upon the temperature, J(T), at the presence of impu­
rities of the anode vapours in the argon plasma 114, 
f.) f siHm cd that at a concentration of the anode, e.g. 
iron , vapours of up to 10 Wl. 0

o the temperature at the 
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Figure 2. Distribution of lemperaturc along the arc column axis: 
0 - Ti ; 0 - BaF2 ; ll CaF2; • MgF2; .A NaF; • -
AIF:1 

arc column periphery could be measured using an im­
purity-free argon plasma. As potentials of iron and 
titanium have close values (7.87 and 6.82 eV , respec­
tively), this possibility is likely to persist also for the 
plasma composed of Ar + Ti. The presence of fluxes 
in the welding zone makes determination of radial 
distributions of temperature, T(r), and electrical con­
ductivity , cr(r) , at the arc column periphery much 
more complicated. So, in welding over the flux layer 
an intensive glow of the Til lines and molecular hands 
TiF11 (sec Figure 1) was observed in the arc regions 
with a temperature of"' 8500- 9000 K. Maxima of 
their glow spatially coincide and arc at a distance of 
about 4 mm from the arc axis. Therefore , in this case , 
starling from a temperature of about 8500 - 9000 K 
the plasma is no longer the pure argon one , which 
docs not allow the impurity-free argon plasma to he 
used for a correct determination of temperature and 
electrical conductivity in the peripheral arc regions . 
Given that titanium fluorides arc prone to formation 
of ncgati vc molccu I ar ions 114, 1 5 I. it can be suggested 
that electrical conductivity of electrons in these re­
gions of the plasma would dramatically decrease. 
Therefore, Figure 3 shows temperature fields only for 
the central part of the arc in welding over a layer of 
CaF2. MgF2 and AIF3. 

As it can be seen from Figure 3, a, the temperature 
field of the arc column in welding without flux is 
similar in shape Lo the glow of a free-burning arc in 
argon 1161. It has the shape of a cone expanding in 
a direction from the cathode to the anode. Ncar the 
surface of the latter there is a spatial narrov.:ing of 
the arc column, caused by peculiarities of heat transfer 
from the plasma to the metal anode. In welding over 
the flux layer this spatial narrowing and conicity of 
the temperature field in the anode region decrease 
(Figure 3, b- d). The temperature field in this case 
has a nearly cylindrical shape. The degree of the effect 
of fluxes both on this shape and on an increase in 
temperature in the arc column (sec Figure 2), as well 
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Figure 3. Temperature fields in the a rc column in \\·clding using an anode: a Ti ; b Ti + CaF, ; c Ti + MgF,; d Ti + AIF, 

as an increase in the penetration depth, depends upon 
the chcm ical composition of a flux and grows in an order 
from CaF2 to AIF3. At the same time, the radius of the 
zone with a higher temperature also increases in the arc 
column. For example, at a distance of 3.5 mm from the 
arc axis in a section located at a distance of 0.2 mm 

a ·10 ·2 , Ohrn · l.rnl 

80 

60 

40 2 

20 

0 0.2 0.4 0.6 0.8 r, ern 

Figure 4. Radi a l distribution o f e lect rica l conduct. i\· ity in the arc 
column at a di stance of 0 .5 mm fro m t he anode: I Ti : 2 Ti + 
+ AIF, 

4 

from the anode surface the temperature of the plasma 
in welding over a layer of AIF3 increased by more than 
1000 K, as compared with the temperature in the same 
region in welding without flux. 

Growth of temperature in central regions of the 
arc column in welding over the flux layer causes a 
corresponding increase in electrical conductivity of 
these regions of the plasma (Figure 4) . It should be 
noted here that in welding without flux the electri­
cally conducting zone ends at a distance of"" H mm 
from the arc axis, whereas in weld ing over a layer of 
such fluxes as MgF2, NaF and AIF3 the character of 
the curve which describes the distribution of electrical 
conductivity , a(r), would undergo a drastic change 
already at a distance of about 4 mm from the arc axis 
(at the arc length of 5 mm). lt is here, as noted above, 
that maximum intensities of the glow of the molecular 
lines of titanium fluorides and, hence, a drastic drop 
in electrical conductivity of the plasma because of 
capture of electrons by titanium fluorides and forma­
Lion of the negative molecular ions of the TiF~ type 
17, 91 arc observed. At the same time, the experimental 
conditions required that the total electrical conduc­
tivity of the arc column be unchanged in all cases. 
This is associated with the fact that in all the expcri-
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mcnts the welding current remained unchanged 
(100 A), as well as t he intensity of the field in the 
'arc column did, as it did not depend upon the presence 
of flux in the welding zone 117]. 

Therefore, the fact that in welding over the flux 
layer the electrical conductivity of the plasma of a cen­
tral part of the arc column increases (sec Figure 4) and 
its total electrical conductivity remains unchanged al­
lows us to state that the conducting channel of the arc 
column in welding over the flux layer is contracted. Its 
radius becomes smaller than in welding without flux. 
However, as noted above, it seems impossibl e to cor­
rectly determine the radial distributions of temperature, 
T(r), and electrical conductivity, a(r) , in the peripheral 
region of the arc column in welding over the flux layer 
by the experimental methods. In turn, this makes it 
impossible to experimentally determine the radius of 
the conducting zone of the arc column. The character 
of distribution of electrical conductivity in the periph­
eral zone of the arc column is conditionally shown in 
Figure 4 by a dotted line. 

The only fact that can be stated on the basis of 
approximate estimations made by the data of Figure 4 
is that in welding over a layer of the AIF3 flux the 
electrical conductivity of the central zone of the arc 
column, confined by a radius of 0.4 em, at a distance 
of 0.5 mm from the anode is about 75 %of the total 
electrical conductivity of the arc and no more than 
47 %of that in welding without flux. 

CONCLUSIONS 

1. It has been experimentally proved that in TIG-F 
welding the temperature and electrical conductivity 
of the arc column plasma arc increased and the shape 
of the temperature field in the anode region of t he 
arc becomes close to the cylindrical one. 

2. Deep penetration, which is characteristic of this 
welding method, is caused by the higher temperature 
and current density in the arc ncar the anode. 

6/2001 
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ARGON-ARC TREATMENT OF WELDED JOINTS 
ON 30KhGSA STEEL 

V.M. KULIK, M.M. SAVITSKY, D.P. NOVIKOVA, V.G. VASILIEV and G.N. GORDAN 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABS1RACT 

Effect of parameters of conditions and thermal cycle of a loca l argon-arc treatment without melting on changing the 
metal structure and mechanical properties of the high-strength steel \\·elded joint was studied. It is sho\\'n that the arc 
heating within the wide ranges of treatment speed up to the temperatures of austenization of the welded joint metal, 
being hardened during welding, causes the repeated hardening, while at the temperatures below the austenization 
temperatures a short-time tempering is occurred. After the local argon-arc treatment the ductility and impact strength 
of the \\·elded joint metal are increased, the mode of fracture is improved, the sensitivity to stress raisers is decreased. 

Key words: rnlded joint, arc treatment, high strer1gth 
steel. heating, cooling, hardening, tempering. structure, bainite. 
martensite, residual austenite, dilation curve, hardness, me 
chanica/ properties, fractogram 

Achievement of high values of ductility , impact 
toughness, strength and crack resistance of the welded 
joint in welding of high-strength hardening steels is 
a complicated task. It can he solved by lowering the 
rate of the joint cooling after welding by applying 
pre\ iminary , concurrent and post weld heating , as well 
as multilayer welding 11 - 31, performance of furnace 
tempering after welding with minimal interval or 
without it, local treatment of the welded joint by the 
mains and high frequency currents, using fuel cle­
ments, different kinds of radiators , gas flame , solid 
fuel, etc. 141. All these measures, however, make the 
process more complicated, increase the labour and 
energy consumption, lower the productivity , increase 
the cost of work performance, require the usc of special 
heat sources, differing from the welding sources, thus 
limiting the ability to apply preheating, especially in 
fabrication of large-sized structures. 

Known arc the cases of application of the electron 
beam as the heat source for welding and subsequent 
local treatment of welded joint 151. In arc welding 
plasma is also used for such treatment, hut this re­
quires special equipment. Argon-arc treatment allows 
i m provcmcnt of the structure and properties, and in ­
crcasing the fatigue life of welded joints at shock and 
cyclic loads 161. In this case, treatment with partial 
melting of the metal is mostly used. The same process, 
but without partial melting, is so far applied on a 
limited scale, although it allows conducting surface 
hardening of gun barrels 171 , and at a low speed of 
treatment also refining the joint metal structure and 
i Ill provcment of weld metal impact tough ness I H 1. The 
values of heating temperature, as well as the nature 
of change of the structure and properties of tempered 
base metal 191 essentially depend on the mode of arc 
treatment without partial melting. However, the usc 
of these data for a welded joint is rather difficult, as 

the quenched and tempered, cast and rolled metals 
have their features of transformations in heating and 
cooling 11 01. The associated difficulties increase in 
square-edge narrow-gap ATIG welding with deep 
penetration. 

The aim of this study was to determine the possi­
bilities and features of changing the structure of 
welded joint metal, hardened during welding, im­
provement of its mechanical properties, in particular 
toughness, by argon-arc treatment in different modes 
without melting. In this case, it is rational to refine 
the structure of the '' eldcd joint metal to achieve a 
favourable proportion of its components, as well as 
i mprovc the stressed state of the metal at the expense 
of development of tempering and self-tempering proc­
esses. 

30KhGSA (C 0.28 - 0.34; Si - 0.9 - 1.2; 
Mn - O.H - 1.1 wt 0 o) steel joints 3 mm thick pro­
duced by tungsten electrode argon-arc welding with­
out filler metal were studied. After welding the 
welded joint metal has a bainite-martensite hardening 
structure 181. As the weld metal composition is close 
to that of the base metal, it allows analysing the 
transformations, proceeding in it in arc treatment, 
using the known diagrams 111, 121, derived for 
30KhGSA steel, that is produced and rather widely 
applied in fabrication of welded structures in Ukraine 
and abroad. 

Single-pass welding and the first pass in two-pass 
wei ding were performed by full penetration A TIG 
process. In the second pass, made with transverse 
oscillations of the electrode with 5-6 mm amplitude 
and 2- 3 Ilz frequency without the activating flux, 
the metal of the weld and the adjacent base metal 
areas were partially melted to the depth of 1.0-
1.5 mm. Welding was performed in the following 
modes: J 1 = 130-180 A (in the first pass); J2 = 110-
160 A (in the second pass); <'w = 12 - 17 m/h. The 
welded joints were subjected 1 - 5 times to argon-arc 
treatment across their entire width without partial 
melting, by a tungsten electrode at the current Itr = 
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SCIENTIFIC AND TECHNICAL 
Parameters of argon-arc trealment of welded joint 

lltr' /tr • SampiP T", 
Cooliug lime, 't, s 

ll '()-.) ' 

Ill " 
!I sidP ·c 

up to 850 C up to 550 ·c up to 370 ·c up to /50 ·c ·c. s 

4.5 55-60 F 1200- 1330 15-25 30- so 90- 120 210- 280 4 - 6 
R 1100- 1200 14- 17 20-30 60-80 140- 180 10- 12 

12.5 80 F 950- 1100 2-6 10-20 40-60 160-220 8 - 10 
R 730- 910 $1-3 8- 12 20-40 110- 150 20 - 22 

37.0 100- 105 F 930- 1070 $ 1-2 3-6 10-25 ISO- 200 20- 24 
R 500- 650 90- 140 . . . . 

80.0 145 F 730- 900 <3 3- 10 130- 170 3 - 10 . 
R 400-500 70- 120 

Note: 1. F, Rare the face and reverse side of the sample, resperti\'ely. 2. Values, marked b~· an asterisk, are extrapolated. 3. " 'r; :, is the 
rate of cooling in the temperature range of 600- 500 "C. 

= 55 - 145 A with the treatment speed <: 'tr = li .5 -
80.0 m / h at the arc length of 8 - 9 mm. The electrode 
was imparted transverse oscillations with 7- 9 mm 
amplitude (larger than in welding) and 2- 3 and 3 -
4 Hz frequency at <:'tr = 4.5- 42.0 and HO m h, re­
spectively. The absence of partial melting was deter­
mined by the absence of the metal pool, unchanged 
appearance of the joint surface, as well as measure­
ment of the temperatures of thermal cycles of addi­
tional treatment of the metal in different modes (Ta­
ble), that is partially dcscri bed in 191. 

The macro- and microstructure of the welded joint 
metal was studied in Neophot-32 microscope at 25-, 
200-, 400- and 1 000-fold magnifications after etching 
the sections in water solutions of ammonium persu 1-
phate, nita! and picric acid. Hardness was determined 
by HRC scale at the load of 1500 N with averaging 
over five results , the microhardness - by a LECO 
hardness meter, at loads of 500 mN (for identifying 
the structural constituents) and 2000 mN (for deter­
mination of its zonal distribution). It should be noted 
that at greater load the readings are averaged and the 
scatter of their values becomes smaller. Phase com­
position was evaluated by volumetric changes, using 
a vacuum differential Shevenar dilatometer in healing 
3 x 3 x 30 mm samples, cut out of the weld metal 
without machining its face surface, and of as-de! i vercd 
base metal (after high tempering). Heating was con ­
ducted up to the temperature of 550 · c at the rate of 
150 ·c h, which was followed by soaking for 1 h 
and cooling in air. Mechanical testing of welded joints 
was performed to GOST 699-66, using flat tensile 
samples, machined flush from the other side, with 
and without side recesses along the weld, as well as 
impact samples with a round notch. Fractures were 
studied in JEOL scanning microscope JSM-T200, 
when applying 25 kV accelerating voltage and at pas­
sage of probe current equal to 4 nA. 

Argon-arc treatment was characterised by a short 
(several minutes) thermal cycle, given in tl~c Table. 
It can be seen from the Table that the temperature of 
heating Th the welded joint during this treatment in 
the given modes is essentially lower, than the melting 
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temperature of 11!60- 1520 ·c, which is also indica­
tive of the absence of partial melting. The face side 
of the welded joint at <:'tr = 4.5- 37.0 m h is delib­
erately heated above Ac

3 
temperature, this being ac-

companied by complete austenization of the metal. 
When <:'rr = HO.O m h, the heating temperature may 
not reach A,. , (735 ·c), may exceed A ,.

3 
(H50 · c) or 

he in the range of Ac, - Ac
3

, thus resulting in the 

absence of austenization, incomplete or complete 
a us ten ization, especially in the periphery of the treat­
ment zones, along which alternating areas are located, 
that were formed at different specific powers of the 
arc and duration of its impact. Current increase is 
used to achieve a deliberately complete austenization 
that can he avoided by lowering the current. From 
the reverse side of welded joint, the heating tempera­
ture and the possi bi I ity of metal a us ten ization arc 
determined by the treatment speed: at l: ' tr = 4.5 m h 
metal auslenization invariably takes place; at <: 'tr = 
= 12.5 m / h it may or may not occur (heating tem­
perature is close to Ac, and Ac); in the case of <: 'tr ~ 

~ 37.0 m / h it is absent. Metal austenization process 
is essentially shortened with the increase of the treat­
ment speed. 

Depending on heating temperature and composi­
tion (within the grade composition range) of 
30KhGSA steel, according to diagrams from 111, 121, 
the values of temperatures of minimal resistance of 
austenite to diffusion and intermediate transforma­
tions arc close to 650 and 550- 400 ·c, the lime of 
cooling to the above temperatures being not less that 
3 - 10 and 2 - 10 s, respectively, whereas the tem­
perature of the beginning of martensite transforma­
tion Mb = 320 - 370 ·cis reached in 2 - 15 s. Marten­
site transformation is practically absent at U'G- 5 

= 1.5 - 2.0 ·c s and less, hut prevails at U'6-s ~ 
~ 40.o ·c s. 

Cooling at argon-arc treatment occurs 3 - 40 times 
faster (depending on the treatment speed), than in 
welding, after making the second pass at w6_5 = 1.5 -
2.5 and 3.0- 5.0 · c ; s from the face and the reverse 
side of the sample, respectively, and the hardening 
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Figure 1. Microstructure of weld metal from the face (a - d) and reverse (e- h) sides prior to (a, e) and after argon-arc treatment at 
the speed of 4.5 (b, (), 12.5 (c, g) and 37.0 (d. h) m h (x500) 

structure is formed. The time and rate of cooling in 
treatment arc such (sec Table), that diffusion trans­
formation of austenite is absent, but the following 
transformations arc possible: bainite at l'tr = 4.5-
12.5 m h , bainite or martensite at l'tr = 37.0 m h , 
predominantly martensite at l'rr = HO.O m h. 

Therefore, in argon-arc treatment with heating 
above Ac

1 
temperature the metal of the welded joint 

HV, GPa 

Ooe 
0 

5.4 :-.··. 0 • • 
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0 • 4.6 0 • 00 • 

0 0 0 0 • 0 ° 
0 00 0 
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• •• 
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0.5 1.0 1.5 2.5 h, mm 

Figure 2. H1' microhardness distribution by height II of the \\·cld 
<e.+ . .A. , T. •) and HAZ overheated zone (0, 0. 1'>, X, <7) 
of the joint as-\\'elded (a) and after argon-arc treatment at the 
speed of 4.5 (b), 12.5 (c), 37.0 (d) and 80.0 (e) m h 

8 

face side is subjected to repeated hardening. From lhc 
reverse side at l'tr ~ 12.0 m / h, it can be complete or 
incomplete, and at l'tr 2': 17.0 m/ h, it is absent. The 
metal heated below A,.

1
, undergoes tempering, with 

its maximal temperature increasing with decrease of 
treatment speed. 

The time of cooling lhc face and reverse side of 
the welded joint sample to the temperature of 150 oc, 
taken to be the lower boundary of essential structural 
changes in the metal, is equal to 130 - 21'\0 and 70 -
1HO s, respectively. It becomes shorter with the in­
crease of treatment speed. The lime of cooling to the 
temperature of 320 oc, when sc\1'-tcmpering of the 
repeatedly quenched metal occurs, is 100 -180 and 
.SO- 100 s, rcspcclivcly, and natural cooling to room 
temperature takes several min utcs. The above data 
can lead to the conclusion that a more complete run­
ning of the processes of tempering and self-tempering 
of the metal being treated can be anticipated in the 
case of decreasing the treatment speed. 

Weld metal microstructure and microhardncss dis­
tributions in the welded joint after welding and ar­
gon-arc treatment arc given in Figures 1 and 2. 

In as-welded condition the microstructure of the 
weld metal and the overheated zone of the HAZ is a 
coarse-crystalline bainite-martensite mixture, i.e. is a 
hardening structure (Figure 1, a, e) . Needles of upper 
and lower bainite in the light-coloured matrix of 
martensite arc visible in the metal microstructure 
across the entire weld thickness. Microhardncss 
HF 3.H- 5.H GPa of the weld metal and HAZ over­
heated zone changes only slightly along its height and 
has a great (2 GPa) scatter of values. A certain low­
ering of microhardncss of the HAZ overheated zone 
is observed from the face side of the sample to 0.15 mm 
depth (Figure 2, a). Weld metal hardness from the 
face and the reverse side is HRC 51.0 and 51.9, rc­
spcclivcly, and the austenite grain size in the HAZ 
overheated zone is 5 - 6 points. 

After treatment at the speed of 4. 5 m h, accom­
panied by heating of the entire joint above Ac

3 
tem­

perature , the microstructure of the weld metal and 
the HAZ overheated zone becomes refined and is a 
mixture of slightly etching zones of martensite with 
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upper bainite needles. Micro hardness of the weld met-
, a! along the entire height is equal to HV 3.H -
4.6 GPa, HAZ overheated zone has HV 4.0 - 4.6 GPa 
from the weld face and HV 4.6 - 5.3 GPa from the 
reverse side (see Figure 2, b), and the weld hardness 
from the face and reverse side is equal to HRC 39.H 
and 42.7, respectively, this being, on the whole lower 
than in as-welded condition. The lower hardness from 
the face side of the sample is due to a lower cooling 
rate at intermediate transformation of austenite (sec 
Table). The size of the austenite grain of the metal 
in the HAZ overheated zone has the tendency to in­
crease up to 5 points. 

After treatment at Vtr = 12.5 m / h, the microstruc­
ture of the weld metal and HAZ overheated zone has 
the form of a mixture of martensite, upper and lower 
bainite (see Figure 1, c, g) that remains in the upper 
part of the welded joint. The amount of upper bainite 
is somewhat reduced, columnar crystallites arc re­
fined, and dendritic structure of the metal is trans­
formed into a disoriented structure of cquiaxcd grains 
as a result of heating . The weld lower part preserves 
the structure of coarse needles, and decomposition is 
found in the deep ly-etching somewhat blurred needles 
that can be seen by development of roughness caused 
by the presence of fine cementite particles. The 
boundaries of austenite grain of the HAZ overheated 
zone are more difficult to etch out, and its size is 5 -
6 points . 

Hardness of weld metal, treated at l 'tr = 12.5 m ; h 
is HRC 48.2 (from the face) and 39.4 (from the re­
verse side), i.e. it is lowered compared to the initial 
one (especially , from the reverse side of the sample). 
Microhardness of the welded joint metal is , in general, 
also reduced (sec Figure 2, c): in the weld metal it 
is equal to HV 4.3 - 5.1 GPa, and in the HAZ over­
heated zone to HV 3.5 - 5.3 GPa. The largest values 
of it arc found at the depth of 0.5 - 1.0 mm with a 
gradual decrease towards the face and reverse surfaces 
of welded joint. 

Change of the microstructure with preservation of 
a quite high hardness of the weld metal from the side 
of its face, is the result of heating deliberately higher 
than Ac

3 
up to the temperatures of elimination of the 

structural heredity 113] with further hardening in 
cooling at the rate of 8 - 1 0 oc I s. In the metal of 
the weld reverse side, heated up to temperatures close 
to Ac and Ac , a change of its microstructure and 

I 3 

lowering of its hardness, arc caused by a pronounced 
intensification of tempering processes at temperatures 
close to A, , incomplete hardening from the intcrcrys-, 
tal line interval, increase of Mb temperature and of 
the time of the martensite component sci f-tcmpering, 
as a result of the higher temperature of the start of 
intermediate transformation of less stabilised 
austenite and intensification of diffusion redistribu­
tion of carbon in it. 

Subsequent increase of treatment speed up to 
37.0 m / h leads to refinement and violation of the 
acicular nature of the welded joint metal microstruc-
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turc only from its face side (see Figure 1, d, h), where 
a reduction of the austenite grain size in the HAZ 
overheated zone to 7 points is found. The microstruc­
ture is identified as a mixture of martensite with lower 
bainite, and a small amount of upper bainite . Gray 
granular needles of upper bainite and tempered 
martensite arc visible in the metal microstructure from 
the reverse side of the weld. 

After treatment the weld metal has the hardness 
of IIRC 49.9 from the face side, close to the initial 
value in as-welded condition, and from the reverse 
side it is equal to HRC 40 .6 . Characteristic zones 
form along the weld height (see Figure 2, d) . The 
first zone of higher microhardncss HV 4 .2 - 5.4 GPa 
extends from the weld face to the depth of 0.5 -
0 .8 mm. The second zone, where the microhardncss 
is lowered to HV 3.3 - 3.5 GPa, is located at the 
depth of 0.8 - 1.5 mm; a microbardncss dip to 
H11 2.H GPa is found within it at the depth of 1.0 -
1.3 mm . In the third zone at the depth of more than 
1.5 mm the microhardncss varies but slightly, in the 
range of HV 3.1 - 3.5 GPa. Therefore , the welded 
joint metal is subjected to repeated hardening only 
from the face side, and is tempered from the reverse 
side. Increased cooling rate (20 - 24 oC / s) of the 
repeatedly hardened metal (sec Table) is responsible 
for a relative increase of its microhardncss (compared 
to treatment at V tr = 4.5 and 12.5 m / h). 

Subsequent increase of the welded joint treatment 
speed to Vtr = 80.0 m / h at a 1.5 times increase of 
current, causes a reduction (to 0 .2- 0.3 mm) of the 
thickness of the repeatedly hardened metal layer of 
the welded joint in the sites of direct impact of the 
arc and increase of its microhardncss to HV 5.3 -
5.7 GPa. An increase of the thickness of the welded 
joint metal layer, tempered from the reverse side and 
microhardncss dips to HV 3.3 - 3.6 GPa, both in the 
metal of the weld and of the HAZ overheated zone 
arc observed. In our opinion, these dips arc a mani­
festation of zonal dccarburization of the metal heated 
up to the temperatures, close to A c, at interphase re-

distribution of carbon. In the places of indirect impact 
of the arc on the HAZ overheated zone , where th e 
metal is heated below the austcnization temperatures, 
the areas of repeated hardening and microhardncss 
dip, arc absent, and just a lowering of the metal 
microhardncss at the welded joint surface is observed , 
this being the result of tempering. Hardness lowering 
over the entire face of the welded joint can be achieved 
by lowering the current and increasing the treatment 
speed (the latter is less rational because of an abrupt 
increase of the nonuniformity of heating the welded 
joint metal, heating depth , and shortening of the time 
of its staying in the heated condition) . In term s of 
surface strengthening, a small increase of current and 
lowering of the speed of treatment for heating delib­
erately above A c, • arc admissible . 

Performed dilatomctric studies confirm the fact of 
the weld metal hardening after welding and sub­
sequent argon-arc treatment at Vtr = 4. 5 and 
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Figure 3. Dilation curve of the \\'eld metal (a -d) and tempered 
base metal (e): a - d - see designations in Figure I; !'iL L 
relative change of sample length 

12.5 m h, this being manifested in violation of a 
monotonic change of sample length in heating (sec 
Figure 3, a - c). The eli I at ion curves demonstrate tem­
perature regions of residual austenite transformation 
into martciisitc with the increase of the metal volume. 
Regions of carbide transformation at the temperature 
of 300- 400 ·c and regions of carbide coagulation at 
the temperature of 430- 550 ·c arc superimposed on 
them. The dilatomctric effects of res idual austenite 
transformation confirm the presence of bainite in the 
structure. 

Argon-arc treatment at l'tr = 4.5 and 12.5 m h 
increases the amount of residual austenite in the weld 
metal by 3.0-3.5 and 7.5 "o, accordingly, and also 
changes the temperature of the start of its transfor­
mation into martensite from 170 to 200 and 100 ·c, 
respectively. It should be noted that in treatment at 
l'tr = 12.5 m h the weld metal from the reverse side 
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is subjected to short-term tempering with residual 
austenite decomposition, and its amount in the re­
peatedly hardened metal is actually greater, than 8%. 
Increase of the content of residual austenite in the 
metal with the bainite-martensite structure is indica­
tive of the increase of the fraction of the bainite com­
ponent at the expense of reduction of martensite frac­
tion 11 3, 141. This is confirmed by weaker dilatomctric 
effect of carbide transformation. 

As we envision it, the residual austenite content 
after such treatment increases clue to lowering of the 
austenite stability compared to austenite, formed dur­
ing solidification of the weld metal, and increase of 
the temperature of the start of intermediate transfor­
mation. The process of residual austenite formation 
becomes more intensive with the increase of the treat­
ment speed from 4.5 to 12 .5 m / h, because of lowering 
of the heating temperature by 230 - 250 ·c and of 
austcnization duration by 4 to 7 times (sec Table). A 
slight increase of the residual austenite fraction can 
be accompanied both by further increase of its carbon 
content, and an i ncrcasc of its stability. At the increase 
of residual austenite fraction by 2.5 to 2.7 times , its 
carbon content decreases , which results in lowering 
of the temperature of the start of austenite decompo­
sition. Increase of the fraction of ductile structural 
constituents (bainite, residual austenite) in the hard­
ened metal , should have a positive influence on the 
increase of ductility and impact toughness of a high­
strength steel welded joint. 

The dilation curve of a weld metal sample treated 
at l'tr = 37.0 m h , differs essentially from the ear li er 
described ones and is greatly similar to the dilation 
curves of tempered base metal (sec Figure 3, d, e). 
However, a short horizontal section of the curve in 
the temperature region up to 100 oc and a step in the 
temperature interval of 200- 250 ·c arc evidence of 
the presence of a small (about 0.5 %) amount of re­
sidual austenite in the sample. In the repeatedly hard­
ened metal proper, with its layer thickness equal to 
1 4 - 1 3 of the joint thickness, the residual 
austenite content is 1.5 - 2.0 %. Increase of the weld 
metal cooling rate by an order of magnitude, compared 
to the welding conditions (sec Table), causes a low­
ering of the intermediate transformation temperature, 
1.5 - 2.0 times lowering of the content of residual 
austenite and visually observed upper bainite (sec 
Figure 1 ), and promotes an essential increase of the 
martensite component fraction in the structure of 
martensite-bainite mixture 113]. Weakening of the 
process of bainite transformation is a prerequisite to 
less carbonization of the non-transformed part of 
austenite, relative increase of Mb point and self-tem­
pering temperature of the formed martensite . 

The resu lts of metallographic and dylatomctric 
studies of welded joints of 30KhGSA steel indicate 
that in argon-arc treatment in different modes, the 
metal of the weld and llAZ overheated zone undergoes 
such transformations which may result in an improve­
ment of the metal ductility and impact toughness. 
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Figure 5. Welded samples afler tensile testing (sre designations 
in Figure 1) 

The results of mechanical testing of\\ elded joints 
in as-welded condition and after 1 - 5 times argon-arc 
treatment at l'tr = 4.5- HO.O m h arc given in Fi­
gures 4 and 5. The high strength of welded joint metal 
hardened during welding, predetermines constant 
cross-section samples failing beyond the weld in the 
less strong base metal. Samples with side recesses, 
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Figure 6. Influence of the number of operations, N", of argon-arc 
treatment with different speeds on impact toughness a:: of the metal 
of single- (.A., e) and two-pass (0, <?, L'. , 0) welds: 0 - 42.0; 
<? 80.0; L'., .A. 6.0; 0, e 17.0 m h 

not subjected to argon-arc treatment, fai I in the small­
est section of the weld with formation of tears in the 
liAZ metal in many cases (sec Figure 4, a) with at = 
= 760 - H1 H MPa (depending on the welding mode). 
After argon-arc treatment in different modes fracture 
runs beyond the welds (sec Figure 4, b -d). This is 
i ndicativc of a higher strength (crt> 703 - 945 MPa), 
than that of the base metal with a certain increase of 
ductility, as well as lowering of the weld metal sen­
sitiv ity to stress raisers. 

Impact toughness of the metal of a welded joint 
on hardening steel has low values in as-welded con­
dition , especially in the weld center (Figures 5, a and 
6). It is definitely improved after argon-arc treatment 
within a wide range of speeds (4.5 - HO.O m h) and 
increases with the number of treatment operations. It 
is notable that in treatment accompanied by metal 

.,.....,.......,,.._,.,. 

Figure 7. Fractogram of \Yelds (a- d) (see Figure 1) and IIAZ metal (a'- d') ,,·hen making these welds 
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tempering (vtr = 37.0- 80.0 m; h), the weld metal 
has high impact toughness values. Tempering of the 
metal of HAZ overheated zone predominantly at l:'tr = 

= 80.0 m/h can be the reason for the greatest increase 
of the values of its impact toughness. 

Positive influence of argon-arc treatment on im­
pact toughness correlates well with the results of frac­
tographic studies of the fracture sites (Figure 7). If 
in as-welded condition the fracture surface of a weld 
is coarse-crystalline with a few isolated zones of tough 
fracture, after argon-arc treatment the crystallite di­
mensions arc reduced, and the number of plastic de­
formation areas is greatly increased. After argon-arc 
treatment at l:'tr = 12.5 and 37.0 m/ h the fracture 
surface has many facets, revealing a tough mode of 
fracture. 

Increase of impact toughness and ductility of the 
metal of welded joint on quenched steel provides in­
direct evidence of structural stresses lowering and the 
possibility of improvement of the cold cracking resis­
tance. Simultaneous preservation of a high strength 
ensures improved load-carrying capacity of the welded 
joint and its performance at cyclic loading. 

CONCLUSIONS 

In argon-arc treatment without partial melting, the 
metal of the welded joint hardened during welding, 
undergoes repeated hardening in the areas of heating 
up to the austcnization temperatures and tempering 
in less heated regions. The nature and completeness 
of the transformations, formation and dimensions of 
the zones of repeated hardening and tempering arc 
controlled by current and treatment speed. It allows 
refinement and transformation of the metal structure 
from the cast into the granular structure, change of 
its phase composition, controlling the hardness of 
different zones of the welded joint of hardened steel. 
Argon-arc treatment allows improvement of ductility 
and impact toughness, of the fracture mode, lowering 
the sensitivity to stress raisers with preservation of a 

12 

rather high strength of welded joints. In order to 
enhance the positive effect of argon-arc treatment, it 
is rational to increase the number of treatment cycles. 
It can be anticipated that loca l treatment by the arc, 
especially in the mode of predominant tempering, will 
allow simplification, as we ll as partial or complete 
elimination of intermediate or subsequent furnace 
tempering operations. 
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ANALYSIS AND CLASSIFICATION OF PLATE 
WAVEGUIDES FOR ULTRASONIC WELDING 

OF POLYMERS AND POLYMER-BASED COMPOSITES 

N.P. NESTERENK0 1 and I.K. SENCHENKOV2 

1The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 
2S.P. Timoshenko Institute of Mechanics, NASU, Kyiv, Ukraine 

ABS1RACT 

A classification and systematized approach to selection of plate waveguides used as tools for ultrasonic welding of 
polymers and polymer-based composites ha,·e been proposed. The known types of long-contour tools have been considered 
and new types have been suggested. 

Key words: ultrasonic rr·elding, polymers and polymer 
based composites, plate waveguides-tools, oscillation modes. 
classification 

Ultrasonic oscillations, widely applied in engineer­
ing, medicine and other areas, arc characterised by a 
low frequency and high power 11, 21. The schematic 
of excitation of mechanical oscillations in typical 
process units for ultrasonic welding (USW) is given 
in Figure 1. Generator 1 converts standard frequency 
electric oscillations into high-frequency osci !lations 
(20- 40 kHz). Converter 2, incorporating piczoac­
tivc components, transforms these electric osci II ations 
into mechanical oscillations. Booster 3 and 
waveguide-tool (sonotrode) .f arc passive resonance 
clements of the system and serve for transferring the 
wave energy from the converter to the object being 
processed, namely parts being welded 5. They simul­
taneously fulfil the functions of amplifying the oscil­
lation am pi itudc and co-ordinating the generator 
converter subsystem with the load 11 1. 

In USW units 131 boosters arc sufficiently versa­
tile components. They have the shape of hal f-wavc 
step concentrators. Batch-produced units for press 
USW usually come complete with a set of boosters 
with different coefficients of displacement transfor­
mations. 

Sonotrode con figurations dctcrm i ned by the shape 
of the welds in specific parts, arc highly diverse due 
to a wide range of items being welded. Each new 
item, as a rule, requires development of a new 
sonotrodc. Two main requirements arc made of these 
clements: presence of a resonance at a certain fre­
quency; resonance mode of motion, depending on the 
method of applying oscillations to the item, should 
be characterized by a uniform distribution of the nor­
mal or tangential components of displacements on the 
working surface. Additional requirements include the 
following: specified coefficient of displacement am­
plification, cyclic strength, tuning out parasitic fre­
quencies, low level of vibration heating, etc. 

<D N.J>. NESTEHENKO and l.K. SENCIIENKOV, 2001 
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The design problem consists in determination of 
the sonotrode configuration by the specified weld 
shape, that will meet the above requirements. Solu­
tion of this problem is essentially simplified if a suf­
ficiently representative and systematised base of ref­
erence configurations, having the specified frequency­
modal characteristics, is available. 

Analysis of pub! ishcd sources [ 1, 3, 41 shows that 
the diverse passive resonance clements of the acoustic 
systems for process applications can be grouped into 
several classes. The clements arc classified into a par­
ticular class based on the ability of interpreting the 
motions realized in them by certain sections of the 
curves of the resonance spectrum for a certain body 
of finite dimensions I 51. It turns out that a rather 
complete set of motions can be formed on the basis 
of the spectra of symmetrical modes of oscillation of 
a rectangle. 

A positive effect of sonotrodc classification is de­
termined by two circumstances. First, well-studied 
and systematized types of motion in a rectangle or a 
cylinder facilitate the understanding of the nature of 
motion in the clements and outlining the methods of 
their frequency-modal control. Secondly, the infor­
mation contained in the spectra, allows making prac­
tical usc of some oscillation modes, having useful 

Fi.g,Ke L ~hemat ic ot au. :o¥:""'-~14: ., ·~.a €or ' S: ~: n-
and polymer-based composites (for designations see the text) 
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Figure 2. Shapes of solid (a - c) and sloled (d) plate sonolrodes 

properties. This study is devoted exactly to formation 
of a system of basic configurations of plate sonotrodcs, 
as well as their classification. 

For plate sonotrodcs (Figure 2) it is assumed that 
the characteristic size hy thickness (in the direction 
of Oz axis) is essentially smaller, than the dimensions 
in plan and simultaneously smaller , than the charac­
teristic wave length A. Since at early stages of ultra­
sonics development the acoustic systems were synthe­
sised of rod clements, A. is usually taken to he the 
length of the longitudinal wave in a thin rod for a 
certain frequency f: A.=(£ p) 1 2 I f, where E is the 
Young's modulus and p is the material density. 

The problem of sonotrodc design is defined more 
specifically as follows: to determine the remaining 
geometrical parameters by the spcci ficd values of the 
emitting edge length (weld length), resonance fre­
quency (, , coefficient of amplification k; of normal 
displacements from a certain point A on 5 2 to point 
Bon 5 1 and coefficient of homogeneity k1, (for 5 1), 

cq ual to 

Let us consider the main types of plate sonotrodcs 
and methods of their modal control. The clements in 
the form of single-tic plates of a variable cross-section 
(Figure 2, b, c) at 2a :s;A. 3 and at 2a =A. 3 ensure 
quasi-reciprocating motion of working edge 5 1 with 
uniformity k, ~ O.R and amplification k; = hmax hmin· 

Coefficient k, quickly decreases at 2a :s; A. 3, while 
at 2a = A 2 two nodal points of u,1 distribution 
appear on edge 5 1. However, the side recesses, shown 
by dashed lines in Figure 2, b, allow increasing the 
degree of uniformity up to k, = 0.95 for A. / 3 :s; 2a :s; 
A 2 at insignificant (less than 3 - 4 ''c,) change of 
the resonance frequency. The possi hi I i tics of the a hove 
method arc quickly exhausted with further increase 
of width. In clements of greater length (2a > A. 2) 
the planar modes of oscillation with quasi-reciprocal 
distribution of ulj on 5 1 surface arc formed by means 
of a numhcr of narrow slots (Figure 2, d) normal to 
the emitting edge 14, 61. This provides decomposition 
of the longitudinal and transverse planar motions, 
and the sought mode is formed of co-phase longitu-

14 

c 

2h max 

H 

W/2 w w 

(/ 

d 

dina! (usually, half-wave) modes of a set of intcrslot 
segments of width 1ilf :s; A. / 3, i.e. is essentially mul­
ti longitudinal. Such shapes have a rather high level 
of uniformity ulj of distribution of displacements over 
surface 5 1 for engineering applications. The influence 
of parameters 1ilf, 5, T and o on modal characteristics 
is rather complicated. The results of numerical and 
experimental studies revealed that for each plate con­
figuration there are optimal values of the above pa­
rameters that maximize k, coefficient. These values 
vary in the following ranges: 

W =A 5- A/ 4, H =A 24, T = A/ 12- A/ 9. 

For plates of length A. 2 < 2a < 3A./ 2 the uni­
formity of displacement distribution can be enhanced 
hy using side recesses (o > 0) or protrusions (o < 0). 
The above methods arc insufficient at 2a > 3A. 2. 
Value k" can be increased by the usc of the method 
of additional small oscillatory systems (ASOS) 16J. 
The method, essentially, consists in connecting to the 
upper (non-working) edge of the sonotrodc, small 
oscillatory systems, for instance, rods that increase 
the uniformity of distribution u!J on working edge 5 1 . 

Rod length usually varies in the range of A. / 4 < 17 1 < 
< A. 2. Parameters and location of the rods arc the 
subject of the problem of optimisation by k,, maximum 
criterion 171. 

On the other hand, the capabilities of slot 
waveguides are limited. First, at 2a > 2A the ASOS 
technique becomes too complicated, both in its meth­
odological and computational aspects. Secondly, the 
slots lower the flexural rigidity of the clement that 
essentially clcnsifics the spectrum of parasitic planar 
modes close to the frequency of the multi longitudinal 
(working) mode. Thirdly, thcprescnceofslotscrcatcs 
a stress concentration and is the main cause for fatigue 
fracture of such clements. 

A fundamentally new class of extended sonotrodes 
is proposed in [81. In these clements the resonance 
movement with the quasi-reciprocal motion on their 
long sides, is based on a symmetric mode of thickness 
resonance of an infinite layer. Similar to the case of 
slot clements, the possibility is established of a sig­
nificant increase of the uniformity of displacements 
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on long edges by ASOS method. More specific deter­
mination of the sonotrode geometry can be regarded 
as the problem of optimal multicriteria! design. Stud­
ies [9, 1 0] arc devoted to development of this area. 

Oscillation types in the considered sonotrodcs can 
be correlated with the modes of oscillations, corre­
sponding to certain sections of the branches of the 
resonance spectrum of symmetric oscillations of a rec­
tangle with sides lxl :s:; a, Jyl :s:; b under the conditions 
of a plane stressed state. Such a spectrum for Poisson's 
ratio v = 0.34 is given in Figure 3. In this case Q is 
the dimensionless frequency, equal to 2wb/ (n:C2); 

(J) is the circular frequency of oscillations; c2 is the 
shear wave velocity, equal to .VG/ p; G is the shear 
modulus and c =a/ b. 
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0 2 3 4 5 c 
Figure 3. Characteristic sections of the frequency spectrum of sym­
metric modes 

Four characteristic frequencies can be singled out 
in the considered frequency range (Figure 3). For 
section L 1 frequency QL, = .V2(1 + v) = 1.63, this cor­

responding to the half-wave resonance of the rod . 
Analysis shows that distributions of resonance dis­
placements and stresses in half-wave and wave plate 
sonotrodcs (sec Figure 2, b, c) arc identical to the 
modes in sections L 1 and L 2 of the first two branches 
of the rectangle spectrum. The same sections of the 
curves arc the basis for forming the multi longitudinal 
modes in plate and cubic slot sonotrodcs. Frequency 
QJ: = 1.43 of a series of lower plateau corresponds to 
the edge mode, characterised by localisation of the 
kinematic and dynamic parameters in the nodular 
point vicinity rs] . Edge modes in plate sonotrodes 
have so far found no application . Fourth frequency 
QT = .V2(1 - v) (1 - 2v) = 1. 73 is the frequency of the 
second series of plateau T 1, T 2, . .. , along which the 
quasi-thickness oscillation mode is implemented. 
Characteristic features of this mode allow develop­
ment of extended sonotrodes with nodeless distribu­
tion of normal displacements over the working sur­
face . So, the center of plateau T 1 corresponds to value 
c = 1.5, T2 - 2.9, and T3 - 4.0. In this case, for 
instance, expression 2a :2: 2A. corresponds to plateau 
T3 . With the increase of the plateau number, however, 
the spectrum becomes denser, thus making it more 
difficult to tune out the adjacent thickness-shear and 
flexural modes. Second plateau T2 looks the most 
attractive from this point of view. 

The elements on flexural modes arc used for tan­
gential application of oscillations to the load in the 
case of ineffectiveness of normal application, for in­
stance, in USW of metals or thin films 111 , 121. 

Based on the modal criterion and taking into ac­
count the above considerations, a classification and 
marking of the sonotrodcs, shown in the Table, can 
be proposed. Element type is determined by motion 
mode , namel y longitudinal (multilongtitudinal), 
thickness or flexural and is designated by letters L, 
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T and B. The lower index corresponds to the number 
of the branch or plateau of the frequency spectrum. 
For longitudinal modes it shows the number of half­
waves, that fit in by the clement height. Slot 
sonotrodcs based on multi longitudinal mode, arc iden­
tified as pmLf<. Letter p indicates that these clements 
arc limited by plane surfaces. Numerical information 
about their length , determining the weld size, is given 
by the upper indices. 

Plate clements of 2hmax :5:A. / 2 thickness, have one 
row of slots, and used for them is one index a that 
determines the number of half-waves contained in 
clement length a = 2a / (A. / 2). Cubic bodies with 
2/zmax ~A 2 have two series of crossing slots. The 
second upper index is used to more precisely determine 
their size by thickness~= 2hmax 1 (A 2). The clement 
is oriented so that inequality a~~ were satisfied. 

For completeness of classification, let us define 
s6notrodcs of S type with characteristics of thickness­
shear resonance layer. Such motions arc implemented 
in the central parts of the third series of the plateau 
that is formed in the vicinity of frequency ns = 2.0 
at c ~ 10. Prevalence of tangential component of mo­
tion on the long sides of the rectangle is characteristic 
of 5-moclc. This quality comes useful in long-contour 
welding of rigid or sheet items . It should be noted 
that this part of the spectrum is insufficiently studied. 

The above classification has the aim of simplifying 
the first stage of the sonotrodc design, namely deter­
mination of its type and basic configuration. The es­
sence of the second stage consists in its modification 
to satisfy a set of frequency-modal limitations. It con­
tains values of resonance frequency f, intervals of its 
tuning out ~rand~{. coefficients k;, k 11 , etc. Finally, 
the third stage includes evaluation of fatigue strength 
and temperature of d issi pat ion hcati ng of the 
sonotrodc. Performance of the last two stages envis­
ages the usc of numerical simulation methods. 

Sonotrodcs function in intcnsi vc osci I lations 
mode. Therefore, the general mathematical model of 
the process should take into account the physical non -
1 incarity of the material, vibration heating and tern­
perature dependence of material properties. Problem 
definition for plate (in xOy plane) bodies of a variable 
thickness h = h(x, y) is given in 113, 1/i 1. It includes 
the equations of mechanics and thermodynamics 

- · 2 ·- - 1 - -
tJ;J,j +cop 11; = 0, £;1 = 2 (u;,; + u1,; ), 

-· 2G- (- v, - "' J . . k (Jij = f.;j + 1 _ 2\il CkkUij, l, ), =X, y, 

(2) 

boundary conditions 

cr;1ni = (; on I 

- k 8,;n; = a;(8 - 8a) 
(3) 

16 

and initial condit ion 

8 = 80 at t = 0. 

The following designations arc used here: 

c*=hc, p* =lip , k* =lik, 

(4) 

(> - ~ f 2 2 I 2 (5) 
c~ = hcv, 1; =It(;, a 1 = a 1(1 + 1,..- + h ,y) , 

v( 1 - 3.) _ ph2vm2 

v;= , tJ. = _, 
1 + v(t - 23.) 24(1 - v)G 

where G and v arc the c:.omplcx shear moduli and 
Poisson's ratio, equal toG= G' + iG"; v = v' - v"; 
u;, cr,1, £;1 arc the ampl itudes of components of dis­
placement vector, tensors of stresses and strains; k 
and Cv arc the coefficients of heat conductivity and 
bulk heat capacity per unit volume; a 1,_a2 arc the 
coefficients of convective heat exchange;{; is the am­
pi itudc of components of the vector of stresses in 
contour/; 80 is the initial temperature; 8" is the am-

• 
bicnt temperature; e,X = ae; dx, 8 = ae; at. 

Physical nonlinearity is described by the depend­
ence of the shear modulus on the intensity of the stress 
amplitudes 

- -
G = G (co, 8, 0 11), 

1 - - 2 - 2 - 2 - 212 
0" = ~ <lcr..-..- - crlf'l I + I cr..-,1 + I crlf) + 61 cr..-) ) . 

The problem is solved by iteration method of vari­
able parameters of elasticity in combination with the 
finite clements method [14, 15j. The equations of 
oscillations and heat conductivity, discrctizcd using 
the above approach, arc reduced to systems of I i ncar 
algebraic equations 

(C- m2M)U = F, xQ =- ~Q + D, (6) 

-
-.yhcrc C and Marc the matrices of rigid ity and mass; 
U, Q are the vectors of nodal displacements and tem­
perature; x. ~ arc tl2c matrices of heat capacity and 
heat conductivity; F, D arc the vectors of exciting 
forces and heat input. The equation of heat conduc­
tivity is integrated by the finite differences method 
in time. Energy dissipation is taken into account in 
heat source D. 

Calculations related to frequency-modal charac­
teristics can be I im itcd to I i ncar-clastic isothermal 
approximation of equations (2) - (4). When studying 
vibration hcati ng and fatigue strength, the prob I em 
should be solved in its general definition. 

Trial and error method is used to select a rational 
con figuration. In anum bcr of cases it becomes possi blc 
to implement optimisation procedures 19, 101. The 
role of optimal design methods becomes greater in 
design of long-contour, multistep and essentially 
three-dimensional sonotrodcs 1161, having a high 
structural sensitivity. Their practical application, 
however , b hindered by the need for powerful com­
puters and poor adaptability to fabrication of the pro­
duced configurations. The working frequencies of the 
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above clements arc in a dense spectrum, Lhcrcforc, 
the main problem solved at the stage of more precise 

· determination of their geometry, consists in Luning 
out the parasitic frequencies. Its successful solution 
requires precise understanding of the nature of Lhe 
influence of a change in the geometry of a body on 
the frequencies of the working and adjacent parasitic 
modes. 

On the whole, the problem of general design goes 
beyond the design of the sonotrode as an isolated 
clement of the system. Such an idealisat ion is only 
acceptable for calculation of its own characteristics 
and the idle modes. Amplitudes and phases of dis­
placements, deformations and stresses during Lhc 
process cycle arc dependent on such factors as inter­
action with the load varying in time, band width and 
type of the driving generator AFC, etc. These factors 
are determinant in evaluation of the fatigue strength 
and vibration heating of clements. 

The · above approach was used to design and 
manufacture an ultrasonic generator (Figure Li), 
piezoelectric converter and a number of sonotrodcs 
for USW of actual items of polymers and polymer­
based composites at the E.O. Paton Electric Weld­
ing Institute and the Institute of Mechanics of the 
NAS of Ukraine. In keeping with the proposed sche­
matics, the sonotrodes (from left to right) belong 
to the following classes: L 1, pmL\2 30

) and 
pmL\13'S!,(O?O), respectively. 

The range of issues outlined above is insufficientl y 
studied so far. Their investigation will, probably, de­
termine the direction of studies in this area in Lhc 
near future. 

CONCLUSIONS 

1. Diverse sonotrodes that arc used in process uniLs 
for USW of polymers and polymer-based composites, 
can be classified by the modal principle . The types of 
motions , implemented in them, namely longitudinal , 
thickness, etc., can be correlated with the charac­
teristic sections of the branches of frequency spectra 
of a rectangle. Sonotrodc types arc defined as low­
and high-frequency by the location of these sections 
relative to the edge resonance frequency. 

2. Marking of plate sonotrodcs is proposed , re­
flecting the type of motions, wave dimensions, as well 
as types of converted or distributed modes. The main 
stages of sonotrodc design have been defined, namely 
determination of the type and basic con figuration , iLs 
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Figure 4. General vie\\' of an ultrasonic generator ( 1), piezoelectric 
converter (2), \\·aveguides (]- 5) 

modification in keeping with a set of frequen cy-modal 
limitations; evaluation of fatigue strength and vibra­
tion heating. 
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ABSTRACT 

C_urrent concepts of the role of parameters of microrelief of the substrate surface in formation of thermal spray coatings 
a1eanalysed . The analytical model developed on the basis of ana lysis of experimental data is suggested for selection of 
opl1mal parameters of m1crorel•ef of the spray coatings 

Key words: . thermal spraying, jet abrasive blasting, sur 
(ace, abraswe, relze(, spray particle, adhesion 

The technology of thermal spraying (TS) of coatings 
Includes three main stages: preparation of the surface 
of a workpiece, spraying and treatment of the sprayed 
coatings. One of the most important characteristics 
of the quality of coatings is strength of adhesion to 
the base material of a workpiece, the high level of 
which is achieved not only due to the optimal spraying 
conditions, hut also due to an appropriate surface 
preparation (removal of contaminants and activation 
of the substrate surface to cl iminatc barriers that ham­
per contact of the spray particles with the surface 
layer of the substrate). Basic techniques used for sur­
f ace activation i nvol vc formation of a rough m icrorc­
licf on the substrate surface, its deformation to induce 
a stressed state and preheating. Jet-abrasive blasting 
(JAB) is most frequently used for this purpose, as it 
is the simplest and most cost effective method for 
preparation of surfaces of both simple and com pi icatcd 
shapes. Roughness of the substrate surface influences 
tl:c adhesion strength through changing the intensity 
ol physical-chemical interaction of the particle and 
substrate materials in contact. Usually this is associ­
ated with a change in the stressed state of the surface 
layer, better heating through of the micropcaks and 
concentration of stresses in mouth oflhe microvallcys . 
Unti I now no substantiated recommendations for se­
lection of the surface roughness parameters for ther­
mal spraying are available. 
. Current state of theory and practice of prepara­

tion of surfaces for thermal spraying. Surface prepa­
ration is one of the most critical stages of the process 
ol deposition of thermal spray coatings (TSC). Parts 
of national standards on TS 11 - 31 and numerous 
publications and studies 14 - 1H I arc dedicated to sub­
stantiation of requirements and appropriate techno­
logical recommendations forth is operation. However, 
until now these recommendations and results of the 
studies arc of a contradictory character 1191. First of 
all, it should be noted that no sufficiently grounded 
requirements to parameters of a microrelief of the 
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surface prepared forTS arc available. So, according 
to the data of 120, 21 j, to achieve a maximum adhesion 
strength of TSC, it is necessary to provide an optimal 
ratio of the surface roughness parameter to mean size 
of the spray particles. It is shown in 122j that the 
maximum adhesion strength is achieved at a certain 
roughness of the substrate surface produced by JAB 
usmg an abrasive material with an optimal specific 
cons~JJ~lptiOJ~. According to other data, the necessary 
condJtJon lor achieving the maximum adhesion 
strength is a certain time of blasting of the surface 
using an abrasive material 1231. An increase in the 
specific consumption of the abrasive material in JAB 
leads ~o an increase in the adhesion strength of TSC, 
then follows a trend to its decrease 1241. 

As shown in f131, in spraying aluminium onto a 
surf ace prepared by JAB using different shot and abra­
sive particles , the maximum adhesion strength is 
achieved in the majority of cases at an angle of attack 
of the surface by a gas-abrasive jet equal to 90°. For 
all types of the abrasive particles of a non-spherical 
shape a decrease in the angle of inclination of the jet 
of the particles to the surface treated leads to a de­
crease in the adhesion strength. The highest adhesion 
strength was obtained in treatment of the metal sur­
face by aluminium oxide. A decrease in the adhesion 
strength was fixed in the case of using abrasive ma­
terials in the following sequence: copper oxide slag­
new acute-angled shot-used acute-angled shot-worn 
acute-angled shot-round shot. This can he explained 
by a specific role of the shape of the abrasive particles 
in determination of the character of interaction with 
the surface treated. Acute-angled particles arc likely 
to lorm a more favourable surface microrelief for for­
mation of a strong adhesion of TSC with the substrate. 
An impact by such a particle is a sort of the elementary 
acts of microcutting, which lead to removal of micro­
chip and formation of new regions on the surface. 
Collision with rounded and spherical particles leads 
to plastic deformation (crushing) of the microrcgions 
on the surface of a workpiece. However, the acute­
angled particles arc rapidly destroyed a nd their usc 
may lead to introduction of their fragments into the 
surface being treated, to contamination of the surface, 
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Figure 1. Effect of height of roughness of the substrate surface on 
adhesion strength cr."1 of TSC: 1 - supersonic air-gas plasma spray­
ing of alloy WC-Co with particle size dP = 10 - 40 J.Un, substrate 
hardness H1' 300 - 800, productivity 19 - 76 g min , ' 'n = 280 -
340m s [25]; 2 plasma spraying of powder Al 20 3 (d" = 20 Jlm) , 
substrate - steel [ 14]; 3 - plasma spraying of nickel powder 
PNE-1 (d" =50- 63 )lm) on St.45 , v0 =160m s [10 - 12); .J 
same, v0 = 70 m s [27 - 29); 5 - plasma spraying of iron powder 
clad with nickel (dP = 20 - 120 Jlm) , powder consumption 
50 g min, plasmatron travel speed 1.2 m min , S , = 50 - 300 ).!111 , 

JAB using crushed shot 0.3 - 1.5 mm in size [23); 6, 7 plasma 
spraying of powder of chromium-nickel spinel NiCr20 1 on the sub­
strate of alloy D16AT and steel Kh18N1 OT, respectively, after JAB 
using cast iron grit [ 4] 

which is unacceptable in many cases, and to a decrease 
in the adhesion strength. 

However, there arc cases when the correspondence 
between a normal angle of blasting of the surface with 
a gas-abrasive jet and production of the maximum ad­
hesion strength is not kept to. In blasting with a round 
shot there is smeared maximum within a range of SO -
60° [131. It is shown that in spraying with the clad 
tungsten carbide powder (WC + C-Cr- Fc- B- Si - Ni) 
the maximum strength of adhesion of TSC to the sub­
strate is achieved at an angle of attack by the gas-abra­
sive jet during the JAB process equal to 7S 0

• 

Experimental data on the effect of height of ir­
regularities R , on the substrate surface microrelief on 
the adhesion strength of TSC, which is determined 
by the pull tests 114, 23, 2S- 281 (Figure 1), arc 
indicative of their ambiguity and probably of the in­
sufficiency of this parameter for estimation of the 
optimal microrelief of the surface prepared forTS. 

More definite relationships between the adhesion 
strength determined by the shear tests and the arith­
metic mean deviation of profile Ra (Figure 2) were 
derived in studies 129, 301. With different methods 
of preliminary treatment of the substrate surface but 
identical roughness the adhesion strength is almost 
constant. It is shown in these studies that the basic 
and significant effect on the adhesion strength is ex­
erted by the following roughness parameters: R, 
height of smoothing (distance from the line of peaks 
to the mean line); Rmax - the largest height of ir­
regularities of the profile; Ra - arithmetic mean de­
viation of the profi lc and S111 - mean pitch of the 
irregularities. However, the authors give no experi-
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Figure 2. Effect of R, of the substrate surface of steel St.3 on cr"'1 
(shear) of plasma coatings of powder SNGN 55 at eli fferent substrate 
surface preparation: 1 turning; 2 - cast iron shot blasting; 
] - steel grit blasting; S, = 340 - 640 ).!111 [29, 30] 

mental dependencies of the adhesion strength upon 
the values of the R" and Sm parameters. The require­
ment for an optimal roughness to achieve the high 
adhesion strength is explained by the optimal volume 
of valleys of the microrelief ensuring the required 
shrinkage of a sprayed layer during cooling. The effect 
of smoothing height R" can be explained also by the 
fact that this parameter characterizes the ratio of vol­
umes of peaks and valleys in a rough layer of the 
surface coated and is more suitable for estimation of 
conditions of interaction between the particles and 
the substrate. 

Therefore, the authors of 129, 301 were the first 
to note the insufficiency of the criteria of roughness 
Ra and R , for estimation of the role of the substrate 
surface m icrorcl icf in formation of a strong adhesion 
of TSC to the substrate. Many authors of other studies 
also indicated to an important role of topography of 
the surface prepared for spraying in the mechanism 
of formation ofTSC. As a rule, ensuring the maximum 
adhesion strength is associated with certain parame­
ters of the microrelief for certain combinations of a 
spray material, technological parameters of spraying 
and the su bstratc material. However, the effect of 
these factors has not yet been evaluated to a sufficient 
degree. 

Study 1311 was conducted to investigate formation 
of plasma coatings of nickel alloy powders with a 
particle size of 40- SO and 80- 90 ~-tm deposited on 
stainless steel 316 with a different controllable pre­
liminary preparation of the surface (electric spark 
treatment, scratching, grinding and milling). Spray­
ing was clone on the surface with a regular two-di­
mensional topography in the form of periodically 
spaced peaks and valleys. It turned out that the mecha­
nism of formation of a coating greatly depends upon 
both topography of the surface and size of the spray 
particles. Deformation and spreading of the spray par­
ticles are substantially affected by the inclination of 
side surfaces of peaks of the substrate surface microre­
lief. The coating is formed primarily in the valleys. 
A layer of a relatively smaller thickness is formed on 
the peaks. 
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Figure 3. Effect of size of abrasive particles used for JAB on cr .• d 

of TSC: 1 - flame steel coating on steel substrate, D, = 75 -
I 00 lllll [ 40]; 2 - plasma coating of powder of alloy NiCrBSi with 
d, = 50- 100 11m on steel substrate [37]; J flame coating of 
powder of alloy NiCrBSi with d, = 45- 126!lm on copper substrate 
[37]; .J - plasma coating of zirconia powder on substrate of alloy 
Br. Kh0.8, coating thickness o = 0.3- 0.4 mm at thickness of the 
BZh98 sub layer equal to 0. 10 - 0. 15 mm [ 41]; 5 - wire flame 
spray ing of zinc coating (o = 0.15 mm) (42]; 6 - aluminium 
coating deposited by electric metal I ization (o = 0.10 mm) [ 43]; 
7 flame aluminium coating (o = 0.10 mm) [43]; 8 - plasma 
coating of iron powder clad with nickel \\·ith d, = 20- 120 11m on 
St.45 substrate, o = 0.7 - 0.8 mm , S, =50- 300 lllll [23] 

As shown in 132, 331, deformation and spreading 
of the spray particles on a rough surface depend upon 
the topography of the surface and, first of all, upon 
the pitch of the irregularities. A valley between the 
neighbouring peaks should be sufficiently wide to al­
low a particle to be deformed to a maximum possible 
diameter of the disk shape. Otherwise it would flow 
into a neighbouring valley. If the diameter of a de­
formed particle is considerably smaller than the pitch 
of the irregularities, upon striking against the side 
surfaces of the peaks the small particles will flow in 
a direction to the bottom of the valley and spatter. 
Experiments show that, to reduce spattering the de­
formed particle (disk), diameter D should be within 
a range of 0.25s < D < s, where s is the pitch of the 
irregu I aritics. 

It is thought r 10 I that the main purpose of JAB 
consists in producing a sufficient roughness to provide 
mechanical adhesion of spray particles to the sub­
strate. Two probable cases arc considered: upon col­
liding with a micropcak the spray particle deforms it, 
which leads to formation of an anchor-type adhesion, 
whereas if the spray particle gets into a valley a me­
chanical adhesion of the wedge type is formed between 
the neighbouring peaks . 

There is another common opinion that the main 
purpose of JAB is to clean the surface, which, how­
ever, JAB fails to achieve in a proper way. Organic 
contaminants can be readily removed by organic sol­
vents, whereas inorganic contaminants and thin oxide 
films can be removed by JAB, chemical and mechani ­
cal methods. According to the data of 134 I, another 
effect of roughness is that it makes it easier to destruct 
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oxide films at the micropcaks on the surface being 
struck by the spray particles. 

Surface roughness (R,) increases with a clccrcasc 
in the elasticity modulus of the substrate material. 
At an angle of blasting the surface by a gas-abrasive 
jet equal to 90° the Ra value is a bit higher, but in 
this case the contamination of the surface with frag­
ments of abrasive grains is higher than at a blasting 
angle of 45° 1101. 

It is shown in 135 I that traditional parameters of 
microrelief of the surface cannot be sufficient for es­
timation of formation of the adhesion between the 
particles and substrate during TS. ln this case a more 
reliable criterion is a fractal dimension. Its value for 
surfaces subjected to JAB is"' 1.04. Blasting the sur­
faces by a gas-abrasive jet at an angle of 75° results 
in a maximum value of fractal dimension equal to 
1.07, whereas the mean roughness of the surface rc­
mai ns almost constant (i ndependcntly of the blasting 
angle). At a JAB angle of 75° a maximum adhesion 
strength is achieved. It can be also assumed that this 
angle of blasting provides a more favourable shape of 
the recesses. 

In JAB one of the decisive roles in formation of the 
surface m icrorcl icf is played by the shape and size of 
the abrasive particles 119, 36, 371. The similar effect 
was fixed also in the case of erosion caused by impact 
by hard particles. The metal pressed out from the crater 
flows in a direction of fall of the particles 138]. A particle 
hitting the metal surface causes plastic deformation 
which has a directional character 1391 . The material is 
forced out from the recess in a direction of projection 
of the particle velocity vector. Therefore, in impact by 
the abrasive particle at an angle the resulting recesses 
arc more elongated and more shallow. 

Experimental data on the effect of size Da of the 
abrasive particles on the adhesion strength of TSC 
(Figure 3), determined by the pull method, show a 
distinct dependence of the latter upon the size of the 
abrasive particles used for JAB of the substrate sur­
face. However, it should be noted that the microrcl icf 
of the substrate surface is not the only factor that 
dcterm incs the absol utc val uc of the adhesion 
strength. This is more evident from comparison of the 
adhesion strength of aluminium coatings produced by 
electric-arc spraying 6 and flame spraying 7, respec­
tively, other conditions being equal. 

Therefore, available recommendations for assign­
ing rough ness parameters of the substrate for TS arc 
em pi rica I and concern certain tech no logy conditions. 
The most common criteria Ra and R z arc insufficient 
for assignment of the optimal roughness of the surface 
prepared for TS. That is why it seems necessary to 
consider in more detail interaction between the par­
ticles and rough surface. 

Calculation of rational parameters of microrelief 
of the surface treated. In analysis of physical-chemi­
cal interaction of materials in the process of formation 
of TSC, the consideration is normally given to coil i­
sion of a spray particle with an ideally smooth surface 
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144]. At the same time, availability of indirect ex­
perimental data makes it necessary to develop ana­
lytical methods for estimation of the role of the mi-

. crorelief of the substrate surface in thermomcchanical 
interaction with the spray particles . 

Studies 145 - 471 consider models of deformation 
and spreading of the spray particles on a rough surface 
of tile substrate. However, they cover the cases where 
sizes of the microirrcgularitics arc muc h less than sizes 
of the spray particles. The micropcaks arc modelled 
by cones, pyramids, hemispheres, cylindrical rods or 
blind holes. The effect of these factors on the coeffi­
cient of friction between the substrate surface and a 
spreading particle is taken into account in this case. 
Under actual spraying conditions sizes of microirrcgu­
laritics of the substrate and sizes of the spray particles 
arc comparable. 

Consider pcculiari tics of the m icrorc 1 ief of surf aces 
produced by different treatment methods. After turn­
ing, a cutter leaves a continuous trace, like after 
threading. At a small f ccd, when the angle of elevation 
of a turn is insignificant , the radius of a valley cor­
responds to the radius of rounding of the cutter tip. 
Considerable stresses induced by the cutting process 
result in the formation of tears in the form of trans­
verse cracks. A similar microrelief of the substrate 
surface is formed in planing , boring and other types 
of machining using blade-type tools. Grinding results 
in the formation of intermittent traces in the form of 
individual marks left by cutting (scratching) using 
individual abrasive grains. The valley of a tear has a 
very small radius, which corresponds to the radius of 
sharpening of an abrasive grain (normally about 2-
10 jlm) . Because of formation of high local tempera­
tures, the probability exists of formation of mi­
crocracks in a plane transverse to the treatment trace. 
After JAB, the traces formed by the impact by abrasive 
particles (grit) arc located chaotically and the shape 
of recesses corresponds approximately to the shape 
and size of the abrasive particles. Comparison of prob­
able sizes of the spray particles with a shape and size 
of irregularities of the surface caused by cutting shows 
the fcasibi lity of modelling of coli is ion of the partie 1 cs 
both with a plane and with peaks and valleys of the 
surface microrelief. However, the most probable col­
lision processes arc those where the particles get into 
valleys on the substrate surface microrelief. 

In the liquid particle and plane contact zone one 
could distinguish three characteristic regions 1481 
with a different nature of the activation ability: cen­
tral circular region A - successively affected hy the 
impact and head pressures; middle circular region 
B - affected by the head pressure of Rayleigh waves 
and contact friction of the spreading metal of a par­
ticle; and peripheral circular region C - affected by 
the Rayleigh waves and contact friction. The area of 
region A is no more than 2.5 % and that of region B 
is 30 % of the total contact area. Therefore, strength 
and other mcchan ical properties of coatings arc de­
termined to a considerable degree by conditions of 
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Figure 4. Schematic of collision of the spray particle with a valley 
on the substrate surface microrelief 

activation of the substrate surface in region C, and 
hence by properties of the formed boundaries between 
particles in TSC. 

Consider the case of an axial collision of a liquid 
particle with a spherical recess on the substrate with 
diameter Dr (Figure 4). Radius of the spot, r 5 , of the 
partie lc-recess contact at the initial moment of 
spreading 1491 is as follows : 

r, = dpv0/ 2C1" 

where dP and v0 arc the diameter and velocity of the 
particle and CP is the sound velocity for the particle 
material. 

Velocity of the cumulative jet formed at collision 
of the particle with the plane rso I is determined as 
follows: 

vi = v0/ sin y + v 0jtg y, (1) 

where y is the angle between the colliding surfaces at 
the interface of an expanding contact. 

In a case under consideration (Figure 4) it holds 

y = a - ~, sin a= 2r,/ d" = v0j C1" 

sin~= 2r,/D, = dpc'o/ DrCp. 

After transformation we will obtain the following: 

sin y =sin (a-~)= (v0/ C") {[ 1 - (dp/ D,i(v0/Cit5
-

- (dp!D,)[1- (v0/ CiJ05
}. (2) 

Reduce expression (2) to the following form: 

vi= c'o/ sin y + v 0 (1 - sin 2 y)/sin y. (3) 

Calculations using formulae (2) and (3) show that 
velocity of the cumulative jet in collision of the liquid 
particle with a spherical valley is several times higher 
than that in collision of the particle with a plane. 
Therefore, the most favourable microrelief of the in ­
itial substrate surface for formation of strong coatings 
is that in the form of closely located recesses with a 
profile radius in excess of the radius of the spray 
particles. Velocity of spreading of the particles, higher 
than the initial velocity of collision, corresponds to 
a more intensive activation of the substrate surface. 
In addition, this provides flowing of the spreading 
layer of the particle material to side surfaces of the 
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A 

8 

a b 
Figure 5. Zones of contact of the spray particle \\·itb valleys on 
the substrate surface microrelief in the form of a tool mark (a) and 
recess (b) 

valley and expanding of the region affected by the 
head pressure on the substrate surface. The similar 
effect is observed in collision of the particle with a 
side surface of the recess. 

For collision of the particle with a recess in the 
form of a tool mark (groove) the following charac­
teristic regions can be distinguished in the contact 
zone: region A - activated by the impact pressure, 
region B - activated by the impact and head pres­
sures, region C - activated by the contact friction 
and a relatively low head pressure, formed in flowing 
of the particle material to the inclined side surface of 
the valley , and region D - activated by the contact 
pressure and a relatively high head pressure formed 
in flowing of the material to side surfaces of the valley 
(Figure 5, a) . If the valley has the form of a sphere 
or paraboloid (Figure 5, b), there will be no region 
of type C with a relatively low head pressure. There­
fore, transition of a smooth to rough surface increases 
the relative contact area activated hy the head pres­
sure. In the region of typeD the head pressure is Ph = 
= Phl'.f sin<p, where <p is the angle of collision of the 
jet with a side surface of the recess. Since at high 
velocities of the particles (l 'o ~ 500 m / s) the relative 
velocity of spreading, l'/ v0, is 3 - 6, in regions of 
the D type a high head pressure P{? >Ph can develop 
at the high <p values. Therefore, one of the ways of 
increasing the adhesion strength of TSC is the selec­
tion of optimal parameters of the substrate surface 
microrelief. 

Apparently, for formation of a strong adhesion the 
surface area of the deformed particle- substrate con­
tact should he approximately equal to the area of a 
spherical segment simulating a valley. Then the geo­
metrical relationships (Figure 4) yield 

(4) 

where D ; is the optimal diameter of the recess and H, 
is the depth of the recess. 

Therefore, 

D * = d 2 4H r J , .. 

Diameter of a particle deformed to the form of a 
disk can he determined from the formula given in 
1501 : 

22 

di dp = 1.3 [p (V / )l ))
02

, 

where p is the density of the particle material, V; is 
the collision velocity and 11 is the viscosity of the 
molten particle material. 

As it was shown earlier, diameter of the particle 
deformed on a plane to the shape of a cylindrical disk, 
the initial diameter of the spherical particle and disk 
thickness being known, can he determined from the 
formula given in [48]: 

di = 2dp/ (6h/ 5
, 

-

where hP is the degree of deformation of the particle 
equal to hp/ d" and h" is the deformed particle thick­
ness. 

Then 

(5) 

Assume that 

(6) 

where H, = H, / D ; (H, is the optimal relative depth 
of the recess). 

Substitution of expression (6) into expression (5) 
yields 

R; = dp!2(6hPHls 

The calculation data (Figure 6) show that radius 
of the recess, R;, required for fulfilling relationship 
(4), decreases with an increase in its relative depth, 
and docs it most intensively at Hr ~ 0.3. 

Assuming that the recess radius corresponds to the 
diameter of an abrasive particle, its diameter can be 
determined from the following formula: 

As the relative depth of recesses increases, the 
optimal diameter of the abrasive particles decreases 
(Figure 7). At a preset size of the abrasive particles, 
where Da > dP, the optimal depth of the recesses can 
be determined from the following formula: 

- 2 - 2 
H, = d I' 6h1Pa· 

To determine the relative depth of the reccsscs ,j_t 
is convenient to use plots of their dependence of Hr 
upon the diameter of the spray particles, d, (Fi­
gure 8). The relative depth of the recesses formed hy 
impact hy the abrasive particles should not be in ex­
cess, as a rule, of 0.5. Therefore, to achieve a high 
adhesion strength of the coatings with a preset size 
of the spray particles , it is advisable to choose a mini­
mum possible diameter of the abrasive particles at 
Hr ~ 0.5. 

The effect of depth of the microvallcys and size 
of the abrasive particles on the adhesion strength of 
TSC is proved hy the experimental data obtained by 
N. Katts and E . Linnik 1401. For different comhina-

6/2001 

100 

80 

60 

40 

20 

0 

Figure 6. 
upon its r~ 
0.2; 3 -
10 !lm, 0.2 

tions of 1 
optimal 
of the at 
hcsion st 

In pn 
in format 
To descri 
shape an 
surface. • 
to be th< 
deepest p 
is detcrrr 
unit area 
lowing a: 

• mo 
used for 

0 0 , IJIT 

200 

160 

120 

80 

40 

0 

Figure 7. r:: 
= 0.1(1) , ( 
solid line is 

6/2001 



terial, V; is 
sity of the 

the particle 
drical disk, 

cle and disk 
ed from the 

the particle 
rticlc thick-

(S) 

(6) 

lative depth 

pression (S) 

· that radius 
relationship 

lative depth , 

·ponds to the 
meter can be 

ncreascs, the 
les decreases 
ivc particles, 

e recesses ,_it 
ndcnce of Hr 
cles, dP (Fi­
es formed by 
not be in cx­
hievc a high 
a preset s i zc 
boose a mini­

particles at 

lleys and size 
n strength of 

obtained by 
ent combina-

6/2001 

OL-L-----~----~------~--~6~~ 
0.1 0.2 0.3 0.4 0.5 H, 

Figure 6, Dependence of the optimal radiu~of a spherical recess 
upon its relati ve depth: 1 - d" = 50 !lin, h = 0.1; 2 - 50 !lin, 
0.2; 3 - 20 Jlm , 0.1; 4- 20 Jlm , 0.2; 5 - 10 Jlm , 0.1; 6 -
10 Jlin, 0.2 

tions of the coating and substrate materials there arc 
optimal values of depth of the valleys and diameter 
of the abrasive particles, at which the maximum ad­
hesion strength is ach icvcd. 

In preparation of workpicccs forTS, JAB results 
in formation of a totally new microrcl icf of the surface. 
To describe it, it is necessary to take into account the 
shape and relative arrangement of recesses on this 
surface. Distribution of the recesses can be assumed 
to be the Poisson field of points characterizing the 
deepest points of the recesses. The density of the field 
is determined by the number of points falling on a 
unit area of the surface treated I 511. Make the fol­
lowing assumption: 

• monodispcrse spherical abrasive particles arc 
used for treatment; 

0 a ' Jl,In--------------------------------, 
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80 

40 

0 1 0 20 30 40 d p' )lin 
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0.4 

0.3 

0.2 

-------0.1 

0 20 40 60 80 100 120 140 dp, )lin 

Figure 8. Dependence of the optimal value of H, upon d" at D, = 

= 100 (1), 200 (2), 300 (3) and 400 (4) Jlm 

• sizes of the particles being identical, a repeated 
impact on the recess causes an insignificant change 
in its shape and size; 

• a new recess is formed on the surface if a centre 
of the impact is projected beyond the already existing 
print. 

Assume also that recesses arc densely located on 
a treated surface (Figure 9). According to geometrical 
relationships, the radius of a recess in the plan view 
is as follows: 

Rtsp = [R; - (R, - H,it" = (2R.J!, - H;fs = 

= [H, (D,- H,)] 05 = D, [HrC1- H,)] 05
, 

where R,," is the radius of the treated surface point; 
and the pitch between the recesses in a transverse 
direction is 

St, = (4R~,"- R~,/ 5 = (6R,H,- 3H;)05 = 

= [3H, (D,- H,) ]05 = D,[3H, (1 - H,)] 05 

and in the longitudinal direction is 

Figure 7. Dependence of the optimal value of D, upon d" at H, = St 
= 0.1 (1), 0.2 (2), 0.3 (3), 0.4 (4), 0.5 (5); he_!'e and in Figure 8 
solid line is for hP = 0.1 and dashed line is for hp = 0.2 Figure 9. Model of microrelief of the substrate surface 
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Determine the probability of hitting the recess by 
the spray particles 

P=LF,. F, 

where L,. F,. is the total area of projections of the 

recesses on a surface treated and F is the area of the 
treated surface. To simplify the method of calculation 
of this value, delineate on the surface treated an ele­
mentary geometrical figure in the form of an equilat­
eral hexagon covering the recess. In turn, delineate 
in this recess a triang le covering an intermediate re­
gion between the neighbouring recesses (Figure 9). 
The ratio of areas of the untreated region of the surface 
and parts of the three recesses included into this tri­
ang le will determine the desired value P, which can 
he written in the following form: 

P = F 1 F~ , 

where F 1 is the area of the t hree sections of the recesses 
included into the triangle and F 2 is the area of the 
elementary triang le. 

As it can he seen from the geometrical rei ationsh ips 
(Figure 9), these areas arc equal to 

PI= n;Dt sp 8, 

Then the probabi I i ty of hitting the recesses by the 
spray particles to be determined is as follows: 

P = F 1 F 2 = 0.907. 

Therefore, the probability of hitting the densel y 
located recesses by the spray particles is very high. 
f lowcvcr, even at hiLLing the centre of an untreated 
region by a spray particle, this region is fully covered 
by this particle and affected by the head pressure. 

CONCLUSIONS 

1. Parameters of m icrorcl icf of the surface prepared 
for thermal spraying have a dominant effect on the 
coating to substrate adhesion strength . 

2. Peculiarities of geometry and parameters of mi­
crorelief of the substrate surface have a considerable 
effect on the area and intensity of mechanical activa­
tion of this surface in the zone of contact with the 
spray particles. 

3. Spherical abrasive particles of an approximate ly 
identical diameter, corresponding to that of the spray 
particles, arc indicated for jet-abrasive blasting of the 
surface. 

4. To achieve a high adhesion strength and Light 
in ter face in the coating-substrate contact, diameter 
of the abrasive particles shou ld exceed that of the 
spray particles by a factor of 1.5 - 3.0. The smaller 
the relative depth of the recesses, which is rccom-
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mended to range from 0.1 to 0.5, the larger this excess 
should be. 

:i. It is necessary to elaborate methods of surface 
preparation to ensure formation of the substrate sur­
face microrelief in the form of densely located recesses 
with optimal values of the depth, matching sizes of 
the spray particles and an approx imate ly axisymmet­
rical shape in the plan view. The latter condition 
corresponds to the hexagonal shape, which provides 
the possi bi I i ty of a full surface covcri ng. 

fi. It is necessary to elaborate approaches of fractal 
geometry to prcd iction and eva I uation of m icrorcl icf 
of the surface prepared for thermal spraying, which 
would make it possible to reflect the processes of 
formation, evolution and dynamic properties of such 
surfaces, including in formation of a coating, astra­
ditional methods have exhausted their capabi liti es for 
a sufficient ly comprehensive description of such com­
plex objects. 
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IMPROVEMENT 
OF METHODS AND MEANS OF PROTECTION 

FROM WELDING AEROSOLS 

O.G. LEVCHENKO 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABSTRACT 
The paper presents a review of works conducted at the E.O. Paton Electric \Velding Institute concerning welders's 
protection from the harmful effect of welding aerosols. The need in an integrated approach, i.e. the combination of 
technological and sanitary-technical measures with a use of effective means of individual protection of respiratory organs 
of the welders, is substantiated. 

Key words: zcelding aerosols, teclmologica/ recommend a 
tions, filter ventilation units, means of individual protection of 
respiratory organs of rr·elders, computer information retrieml 
system, hygienic characteristics of u·elding aerosols 

The labour of welders is characterized by a presence 
of a number of hazardous and harmful production 
factors which arc inevitable consequence of the weld­
ing process. Among them, a welding aerosol (W A) is 
most hazardous for the welders's health, as until now 
the welder is poorly protected from it. This is proved 
by _the results of medical examinations which show 
that, among the occupational diseases of welders of 
Ukraine and other states of CIS about RO 0

o belongs 
to the bronchopulmonary diseases caused by the W A 
action 111. There arc a lso data about the fact that the 
action of WA on the respiratory organs can increase 
the risk of developing the oncological diseases 121. 
The progress in welding fabrication requires the im­
provement of labour cond itions of the workers-weld­
ers. The work in this direction is carried out in all 
the industrialized countries. In Ukraine the appropri­
ate law was adopted on labour protection which pro­
hibits the conductance of different types of works, 
including welding jobs , under the conditions which 
do not correspond to the existing standard require­
ments. 

The measures directed to the improvement of the 
welders's labour conditions, did not give the positive 
results. The problem of creation of healthy and safe 
labour conditions of welders is still urgent. First of 
all, it is necessary to solve the problem of protection 
of the respiratory organs from the W A action. For 
this purpose, a radical approach is required. 

As the world and domestic experience shows, the 
combination of technological and sanitary-technical 
measures on the elimination of the harmful effect of 
WA, and also the usc of means of an individual pro­
tection of the respiratory organs ( M l PRO) of 'A elders 
make a basis for the system of measures on the pro­
tection of welders and environment from the W A 
action. 

© O.G. LE\'CIIENKO, 2001 
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The first direction of this system (technological) 
consists in reducing of the WA evolution level into 
the air by the improvement of the process, selection 
of the technology and method of welding, type and 
grade of welding consumables, shie lding gas and 
welding conditions. The second direction (sanitary) 
consists in localizing and neutralizing of WA by using 
the advanced effective local ventilation facility. The 
third direction consists in using the MIPRO of the 
new generation which makes it possible to protect the 
respiratory organs of the welders under different in­
dustrial conditions. 

Depending on the labour conditions and also on 
the requirements to the welded joint quality it is 
necessary to use either the complex of these measures 
or some of them. Due to realizing of all the mentioned 
complex of measures the similar problems of we lding 
fabrication in the foreign industrialized countries arc 
almost solved. In many European countries special 
catalogues and computer databases are com pi led on 
the basis of a detailed examination of chemica l com­
position and levels of WA evo lution , thus providing 
opportunity to select the most favourable welding 
consumablcs and wei ding conditions as to the hygicn ic 
aspect. 

To provide protection from W A, the effective fa­
cility of a local ventilation is used of such known 
companies as <<Plimo Vent», <<Nedcrman», ESAB, 
<<Kemper>> and others, MIPRO (welder's masks with 
a system of pure air supply to the respiratory zone) 
of companies <~Racal>>. <~Ncdcrman», <~Horne ll 
Spccdglas, Inc.» , etc. In Russia, a mass production 
of advanced facility of a local ventilation (for the 
working stations of welders) by the companies 
<~SovPiim>>, <~Ekoyurus-Vcnto», etc. has been mas­
tered. 

In Ukraine, the welders's labour conditions were 
also improved over the recent decade according to the 
above-mentioned directions. 

The realization of the first direction, i.e. develop­
ment of technological methods of reducing the W A 
evolution, is feasible on the basis of a thorough study 
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of process of their formation. As to two other direc­
tions, these data arc also initial in developing the 
appropriate methods and equipment of the WA neu­
tralizing. 

At the E.O. Paton Electric Welding Institute of 
NAS of Ukraine the investigations of the processes of 
WA formation were made and the recommendations 
were issued for the reducing and neutralizing of their 
evolution in arc welding. For this purpose, it was 
necessary to study the regularities of WA formation 
in arc welding [31, to make a review of technological 
recommendations for the decrease in the WA evolu­
tion l41, to develop the classification ofWA, formed 
in different methods of welding IS I, to create the 
computer information-retrieval system of hygienic 
characteristics of WA and methods of welding, during 
which they are formed 161. and, on this basis, to 
suggest the methods and equipment of WA neutral­
izing. 

When developing the technological recommenda­
tions on the improvement of hygienic characteristics 
of the arc welding processes, the experience of earlier 
investigations made at the PWI, was taken into ac­
count [71. Therefore, taking into consideration the 
positive results, obtained in manual welding with 
coated electrodes, our investigations were aimed 
mainly at the mechanized methods of welding, which 
occupy the second place as to the volume of applica­
tion after the welding with coated electrodes. The 
results of the mentioned investigations , as the expe­
rience showed, can also be used for the improvement 
of labour conditions in case of using other methods 
of the arc welding. 

Methods of investigations. The investigations of 
amount of evolutions and chemical composition of 
hard constituents of W A (I fCW A) were carried out 
using the generally-accepted proccd ures approved by 
the Ministry of Health I H- 10 I in special benches 
adapted for definite methods of welding. 

The study of filtering characteristics of grained 
materials used for the air purification from WA was 
made using procedure, developed at the Physical­
chemical Institute of Protection of Environment and 
Mankind of Ministry of Education and NAS of 
Ukraine (PhChiPE&M) in collaboration with the 
PWI, in a special bench. Aerosol, forming during 
welding in a special chamber, was passed through a 
column with a filtering material and a wind tunnel 
for the WA sampling. The filter effectiveness was 
determined by measuring the concentration of IICWA 
and gases, sampled before and after filtering. 

To evaluate the amount of WA evolutions, two 
new characteristics, except usual characteristics (in­
tensity of WA formation, g min , and specific evolu­
tion, g / kg) 181, were also used, such as coefficient 
of intensity of WA evolution, g (kW·h), and coef­
ficient of specific evolution of WA, g (kW·kg) 1111. 
These characteristics take into account the main pa­
rameters of the welding conditions, influencing the 
WA evolution and providing more objective hygienic 
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evaluation of welding consumables and methods of 
welding. 

At the same time, to evaluate the WA toxicity or 
degree of effect on the organism at a definite method 
of welding, the characteristics of air exchange of the 
general ventilation by dilution, i.e. volume of air 
which is necessary to supply to the production room 
to dilute the WA harmful clements up to limiting 
admissible concentrations (LAC) were used. The air 
exchange of ventilation was expressed in cubic meters 
per kilo of welding consumable in accordance with 
locally accepted procedures, and also in cubic meters 
per hour (time unit) in accordance with the IIW meth­
odology. 

An initial characteristic, determined experimen­
tally, is only intensity of WA formation, while the 
other characteristics arc to be calculated. Therefore, 
to process a large amount of data obtained at different 
methods of welding, a computer in formation-retrieval 
system of databases of W A hygienic characteristic, 
named <<ECO-WELD~, was developed in collabora­
tion with program mcrs of the PWI 161 . It consists of 
three databases: for coated electrodes; welding mate­
rials designed for the mechanized welding (solid and 
flux-cored and activated wires for shielded-gas weld­
ing, and also self-shielding and surfacing strips) and 
for welding fluxes. Each of them takes into account 
its peculiarities and factors influencing the leve l, 
chemical composition and toxicity of WA. The initial 
data, put into this system, arc the level of evolutions 
and chemical composition of WA. The rest data re­
quired for a comprehensive hygienic evaluation arc 
displayed on the monitor screen and printed. In ad­
dition, depending on the welding material grade, the 
information system issues recommendations about the 
necessary means of protection of welders and env i­
ronment. These recommendations arc based on the 
hygienic and chemical classification ofWA, developed 
by us , and methods of welding at which they arc 
formed. The main advantages of the offered computer 
system in a scicnti fie aspect arc, first of all, the fea­
sibility to perform a comparative hygienic evaluation 
of welding materials and to issue the recommendations 
of protection from W A, and, secondly, the fcasibil ity 
of a comprehensive analysis of effect of all the factors 
of the welding process on hygienic characteristics, 
including also the required volume of the ventilation 
air exchange. 

Selection of welding method (welding material). 
Using our in formation-retrieval system, the effect of 
method of welding, type of welding material and class 
of alloying of the parent metal on the volume of the 
ventilation air exchange was evaluated. The results 
of comparative hygienic evaluation of methods by 
minimum and maximum values of volume of the air 
exchange for different grades of welding materials 
(Table) prove that the required volume of the venti­
lation air exchange for all the methods of welding is 
increased, first of all, with increase in a degree of 
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Required volume of ventilation air exchange depending on the method of welding and used welding consumables 

Cl"ss of sfppf J\.fell10d of l1•dd ing and u·elding cnnsflmttl;/es 

lligh-alloyed MAW, using electrodes with coatings: 

basic 11800 - 89000 

13900 - 76000 

4200-35000 

5200- 70200 

1300-28300 

rutile-basic 

rutile 

Flux-cored wire 

Solid wire in shielding gases 

AA W with fluxes: 

fused 

ceramic 

80- 1350 

70-530 

Alloyed heat-resistant MAW, using electrodes with coatings: 

basic 7400- 39000 

3700-3900 

3100-6100 

1100-5850 

rutile-basic 

Flux-cored wire 

Solid wire in shielding gases 

AAW with fluxes: 

fused 

ceramic 

90- 570 

400-550 

Carbon and low-alloyed MAW, using electrodes with coatings: 

basic 2200- 24000 

2400- 11700 

6200- 11500 

4000-9800 

2400- 9500 

3000-3600 

4100-4200 

2300 - 21500 

2100- 6500 

1100- 5900 

rutile-basic 

acid 

ilmenite (acid-rutile) 

rutile 

cellulose 

acid-cellulose 

Flux-cored wire 

Activated wire 

Solid wire in shielding gases 

AA W with fluxes: 

fused 

ceramic 

steel alloying, that is explained by the presence of 
toxic clements in WA of the first and second classes 
of hazard (GOST 12.1.005-88), i.e. compounds of 
cancerogenic hexavalent chromium and nickel , com­
pounds of manganese, soluble and insoluble of fluo­
rides, hydrogen fluoride and silicon tetrafluoride. At 
the same time, the volume of ventilation air exchange 
depends also on the method of welding: maximum 
volume in we lding with coated electrodes, lower vol­
ume using the flux-cored, then activated wires, much 
lower volume at welding with solid wires in shielding 
gases and minimum volume in automatic SAW (Ta­
ble). More precise comparison depends on the definite 
grade of the welding material. The cause of increased 
toxicity ofWA forming in welding with the flux-cored 
wires, as compared with solid wires, is the presence 
of fluorides (fluorite and sodium fluosilicate) in it, 
except of manganese. It is their presence that increases 
the required volume of the ventilation air exchange. 
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30-570 

30-550 

As to the coated electrodes, then the WA toxicity is 
determined by the kind of the electrode coating: maxi­
mum toxicity was observed in aerosols evolving in 
usc of the electrodes with a basic coating, due to 
presence of fluorides in them. This toxicity is reduced 
by introducing the rutile into the coating (Figure 1 ). 
Cellulose coating is a source of a large amount of 
aerosol due to burning of cellulose with an evolution 
of carbon monoxide and C02, hydrogen and vapours 
of water, which, however , contains a negligible 
amount of clements which define its tox icity. 

In mechanized welding of any types of steels a 
larger amount of WA is formed in a flux-cored wire 
welding. The highest WA toxicity is observed in weld­
ing of high-alloyed steels (Figure 2). This is explained 
by the presence of a hexavalent chromium in them in 
the form of potassium and sodium chromatcs forming 
in interaction of chromium with potassium and sodium 
compounds available usually in the wire core. Natu-
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Figure 1. Effecl of type of electrode coating on the volume of air exchange, Q,, of ventilation in welding with coated electrodes: a 
high-alloyed; b - alloyed; c carbon steels; I basic; 2 - rutile-basic; 3 - rutile;</ - acid; 5 ilmenite; 6 - cellulose coatings; 
here and in Figures 2 and 3 the hatched parts of diagrams are the limits changing the volumes of air exchange for different grades of 
welding materials 

rally, there arc no potassium and sodium chromates 
in WA during solid wire welding. Therefore, the solid 
wires have great advantages as compared with flux­
cored wires. 

In SAW the volume of the air exchange vcnti lation 
is negligible (Table) in spite of presence of a large 
amount of manganese and fluorides in WA. This is 
explained by the effect of a flux protccli vc I aycr on 
the WA evolution, which, except its direct purpose, 
fulfils also the role of grained filter on which the 
aerosol from the weld pool is precipitated. When the 
ceramic (agglomerated) flux is used, the level of WA 
evolution is lower (Figure 3) as the grain sizes of the 
ceramic flux arc finer , being the more effective filter 
than the fused flux. 

Comparative hygienic evaluation of definite 
grades of welding materials to select the most favour­
able from the hygienic aspect is made by comparison 
of the characteristics of the required volume of air 
exchange, when they arc used. Here, the offered com­
puter system is a tool for the conductance of these 
comparisons. 

Om , m3 /kg 
.----------------------------, 

60000 

40000 

20000 

a b c 
Figure 2. Effect of type of welding wire on the volume of ventilation 
air exchange: a high-alloyed; b alloyed; c carbon and 
low-alloyed steels; 1 - flux-cored \\'ire; 2 solid \\'ire 
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Control of W A composition. Examination of 
HCWA chemical composition showed its great differ­
ence from the csti mated composition of saturated va­
pour over the melt (in accordance with Konovalov's 
law) 1121. This is due to the fact that in electric arc 
process the IICWA is formed as a result of not only 
equilibrium but also explosive evaporation as a result 
of failure of the metallic bridge between the electrode 
and weld pool , and also because of a fast erosion of 
upper layers of surface in constricted regions of the 
arc, thus leading to an abrupt decrease in content of 
a volatile manganese in HCWA. 

The allowance for the above-mentioned phenome­
non made it possible to decrease the content of man­
ganese in IICWA and also to reduce more than twice 
the intensity of its evolution in welding at a pulsed 
modulated current instead of a continuous current 
1131. This is explained by the decrease in the total 
arc power at the expense of pauses in current supply 
which reduce the total arc energy typical of welding 
at a continuous current and leading in some cases to 

a b c 
Figure 3. Effect of flux type on volume of ventilation air exchange: 
a high-alloyed; b - alloyed; c carbon and low-alloyed steels; 
1 fused; 2 ceramic flux 
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overheating and evaporation of metal. The intensity 
of WA forQlation and content of manganese in it arc 
decreased also with a decrease in current and voltage 
of pulses and also with an increase in their duration. 
Therefore, the selection of optimum condition of cur­
rent modulation allows the HCWA evolution to be 
decreased without reducing the welding efficiency 
1111. 

Selection of welding conditions. 1t was observed 
during study of the effect of welding conditions on 
the HCWA evolution that dependencies of the levels 
of their evolution on welding current have a complex 
(mm 'l 'ith maximum and minimum l4 14l. The ex­
amination of the penetration shape of the parent metal 
using macroscctions could establish that minimum 
evolution of IICWA corresponds to a maximum depth 
of the weld pool, i.e. maximum arc immersion to the 
parent metal 1151. 

Results of investigations of dependencies of levels 
of W A cvol utions on the wcldi ng conditions and weld­
ing wire diameter showed that the HCW A evolution 
is reduced with the decrease in the welding wire di­
ameter. There arc definite values of welding currents 
for each wire diameter, at which the intensity of aero­
sol evolution is maximum, and also a region of currents 
providing a minimum evolution of the aerosol. It was 
revealed during investigations of the relations be­
tween the intensity of formation of components of a 
gaseous constituent ( GCW A), i .c. carbon monoxide 
and nitrogen oxides, and welding conditions, that 
their evolution is minimum at maximum immersion 
of the arc into the parent metal and dcCT·casc in area 
of contact of the welding arc with the air, surrounding 
the arc, and shielding gas. 

Results of these investigations have led to the con­
clusion that the level of the WA evolution is defined 
by the system of factors, indicating that the intensity 
of the W A formation is dcfi ned, first of all, by the 
arc capacity, i.e. welding conditions, compositions of 
welding material and shielding atmosphere, which in 
their turn define the type of the electrode material 
transfer and level of its spattering, which also influ­
ence the level of the W A cvol ution. Therefore, the 
electrode metal transfer control by the selection of 
optimum compositions of welding materials, shielding 
gas, application of modulated current welding and 
adjustment of its conditions made it possible to de­
crease the WA evolution. 

When selecting the optimum compositions of 
welding materials and welding conditions it is neces­
sary to follow the system: composition-welding con­
ditions, as there arc definite welding conditions for 
each grade of welding materials at which a minimum 
amount of the aerosol is evolved 1161. We have de­
veloped the system of prediction of the levels of WA 
evolution, which is necessary in the development and 
improvement of welding consumables and technolo­
gies 111, 121. 

Sanitary-technical measures. Technological rec­
ommendations allowed the level of W A cvol utions to 
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be decreased only within the certain ranges and the 
volume of air exchange of ventilation, and, conse­
quently, the expenses for the ventilation to be de­
creased by the same times. However, when following 
only technological recommendation it is not always 
possible to reach the decrease in the content of harmful 
clements up to LAC at the existing systems of venti­
lation. It is necessary to usc also other sanitary-tcch­
n1Ca1 means, among w111c11 t11e scH-conta\ncd mtcr­
i ng-venti I at ion units (FVU) arc most cffccti vc. They 
arc designed for trapping the aerosol evolving during 
welding from the place of its formation, purification 
of air from it and return to the same room. As com­
pared with a general ventilation by dilution these 
units arc more effective and reduce the expenses for 
ventilation and heating of industrial rooms. 

If it is impossible to usc FVU and the existing 
systems of ventilation arc not effective, the MIPRO 
should be used in the form of welder's masks with a 
system of a forced supply of the purified air into the 
respiratory zone (under the shield), which are most 
effccti vc and con ven icnt in use. 

To develop these means of ventilation and indi­
vidual protection of the respiratory organs and also 
their proper purpose depending on the method of 
welding it is necessary to have data about the chemical 
composition of aerosols forming at different methods 
of welding. In addition, the application of FVU with 
vcrsati lc fi ltcrs trapping of both HCW A and GCW A 
is not always raLional. Therefore, to create the highly­
efficient FVU of the new generation and selection of 
suitable filtering materials we have examined the com­
positions of W A forming at di ffcrcnt methods of weld­
ing. Here, it was assumed that FVU and MIPRO 
should purify air not only from HCW A but also from 
toxic gaseous WA components (hydrogen fluoride, 
silicon tetrafluoride, carbon monoxide, nitrogen ox­
ides and ozone) whose presence is typical in some 
combinations of either methods of welding. We have 
suggested the W A classification by chemical compo­
sition and methods of welding at which they arc 
formed I 51. Methods of WA neutralizing and purifi­
cation of air from them arc defined for each class. As 
for the purification from HCWA the mechanical fil­
tering is mainly used on cloth filters, which is feasible 
only at some methods of welding, for example, with 
electrodes having fluoride-free coating, then it was 
necessary to search for the new filtering materials for 
the neutralizing of gases. Forth is purpose the fi ltcri ng 
characteristics of different grained materials were ex­
amined. As a result, the new filtering material was 
suggested on the base of a natural mineral of alu­
mosilicate , the Transcarpathian zcolitc-clinoptilolitc 
1171. The new fiiLcring material purifies the air from 
the carbon monoxide by its catalyst oxidation to di­
oxide, i.e . transforms the harmful carbon monoxide 
gas to a harmless C02. 

Means of proLcction of respiratory organs of weld­
ers and environment of the new generation for differ­
ent methods of welding and conditions almost from 
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all the classes of WA have been developed: mobile 
FVU «Tcmp-2000 >> 11 K J, <<Mr iya-1 M>> 119 J, station­
ary filtering system on the FVU «Tcmp-2000 >> base 

' 1191, grained filter 1201, portable ventilation unit 
<1Shmci-2SOO~ 121, 221. 

FVU «Temp-2000~ and stationary filtering system 
on its base developed at the PWI in collaboration with 
MNTTs «Temp >> provide a high efficiency in WA trap­
ping, due to a ventilation unit of a special design, higher 
life of the filtering clement and convenient cleaning of 
thcfiltcr. The increase in the fi Iter service I i fc is provided 
by using a rotary precipitation of large particles of aero­
sol by a special device , and finer particles by a cloth 
hose filter. The filter cleaning from HCWA is automatic 
at the moment of switching on a.nd off of the unit due 
to a abrupt drop of pressures 11 K 1. 

The known FVU <<Mriya-1 >> developed in 
PhChiPE&M in collaboration with the PWI was 
modified. Filtering element from the modified clinop­
ti lolitc was used in it as the second stage of the fi I tcr 
for trapping gases (carbon monoxide and n itrogcn 
oxides)l171. 

In collaboration with PhChiPE&M a single-stage 
grained filter was developed using the clinoptilolitc 
for the air purification from HCW A and GCW A. 
Regeneration of filter is performed by an abrupt me­
chanical shaking of fi ltcring clements by a wedge-type 
lifting-dropping mechanism 1201. 

To remove WA from hard-to-reach working places 
and closed volumes (ship holds, etc.), a small-sized 
portable ventilation unit «Shmcl-2500~ 1211 was de­
veloped in collaboration with Design Office of 
A.V. Bogatsky Physical-chemical institute of NAS of 
Ukraine. This unit is peculiar by the presence of a 
special electrical unit-rectifier, decreasing the voltage 
from 220 to 12 V, that makes it possible to usc this 
unit in extrahazardous conditions. 

Means of individual protection of respiratory or­
gans. For the conditions where the usc of ventilation 
systems is difficult, the following MIPRO have been 
developed: hose mask of the welder with a system of 
the air purification and supply 1191, self-contained 
welder's mask with a portable system <<Shmcl-50~ of 
the purified air supply 1231 and self-contained device 
<<S hmcl-40>> for the air purification and supply to the 
respiratory zone 119, 221. 

The hose mask of the welder with a system of the 
air purification and supply is designed for the protec­
tion of respiratory organs during work at the station­
ary welding stations. It is effective due to a high 
efficiency of air supply to the respiratory zone (150 -
200 I min) and using a two-stage filter with clinop­
tilolitc in it which purifies the air from HCWA and 
GCWA 1191. 

When the work is done at non-stationary sites a 
protective mask is offered with a portable system of 
air purificat ion and supply (joint development of the 
PWI and Design Office of A.V. Bogatsky PhChi), 
named <<belt- filter >> 1231. This device which is fas ­
tened at the welder's belt consists of a filt er, vcnti-
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lation unit, bank of batteries for electrical supply and 
charging. 

Device of a new design <<Shmel-40 >> 119 , 221 for 
the air purification and supply to the respiratory zone 
combines the advantages of the system of a forced 
feeding of the purified air and a filtering respirator. 
The air, purified in the belt-filter is supplied via the 
air duct connected not to the welder's shield, hut to 
a respiratory half-mask that guarantees the complete 
isolation of respiratory organs from the air contami­
nated with aerosol at minimum its supply (30 -
40 1 / min) providing the required breathing cycle of 
the man. This system is used in a set with a shield of 
any type, not adapted for connection to the belt-fi Iter. 

The above-mentioned means of a local ventilation 
and MIPRO have passed the industrial tests and im­
plemented at the enterprises of Ukraine and Russia 
including the Works of elevators and «Energiya~ 

Works (Kiev), joint stock ship company 
<< Ukrrcchfloh, Monastyrishch i mach inc-building 
plant, enterprises of ports of Odessa and Yuzny cities, 
at Votkinsk Hydroelectric Station (Russia) and many 
other enterprises. The serial production of local ven­
tilation units is mastered at MNTTs <<Temp~. 

Thus, the investigations carried out at the PWI 
made it possible to offer the new technological rcc­
om mcndations which consist in usc of well-grounded 
methods of welding and welding consumablcs taking 
into consideration the developed hygienic classifica­
tion of WA, thus providing the minimum toxicity of 
the process. When developing the new welding tech­
nologies it is necessary to try to usc the welding ma­
terials with a low content of main toxic components, 
to decrease the oxidizing ability of the shielding gas, 
to select the welding conditions that provide the mini­
mum WA evolution, to usc the current sources with 
a welding current modulation . The selection of ade­
quate means of protection of welders and environment 
from W A by a user (but not a specialist on hyg iene , 
ecology and labour protection) can be made by a com­
puter system <<ECO-WELD >> based on classification 
of WA. It issues the information about the hygien ic 
characteristics of WA (intensity and specific evolu­
tion, coefficients of intensity and specific evolution 
of W A components, volume ventilation air exchange), 
and also (depending on the grade of the welding ma­
terial used) about the required means of ventilation 
and individual protection of respiratory organs with 
an indication of the enterprises-manufacturers. The 
developed means of protection have passed the tests 
under the industrial conditions and arc now imple­
menting in industry . 
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OBJECT-ORIENTED PROGRAMMING OF SYSTEMS 
OF WELDING TECHNOLOGICAL PROCESS CONTROL 

F.N. KISILEVSKY and V.V. DOLINENKO 
The E.O. Paton Eleclric Welding Institute , NASU, Kyiv, Ukraine 

ABSTRACT 

The use of object-oriented programming in the development of systems of welding technological process control is 
considered. A fragment of the electron beam welding installation is se lected as an example of a complex object ol 
control. The object-oriented analysis is made, the diagram of relations and synchronizing is plotted and a conceptual 
solution for the.net\\·ork control system of the automated system of welding technological process control is suggested. 

Key words: automated control system, object oriented 
programmimg, decomposition, abstraction, hierarchy, model of 
control, diagram of relations and synchron izing. ne!zcor!? arc/11 
tecture, real time, Marko vian processes, graphs o( slate, soft­
ware reliability. 

The advanced automated systems of welding techno­
logical process contro l represent complex information 
management systems with a comprehensive software, 
in which the interaction with an operator-we lder or 
operator-technologist is provided. During welding the 
various units and mechanisms, having complex algo­
rithms of functioning, arc often used. In this connec­
tion it is very important to create the software for 
automated system of the welding technological proc­
ess control. The developers of these upgraded systems 
for complex welding objects should take into consid­
eration the strict requirements which are specified to 
the software, name ly: 

• increased reliability of software functioning in 
combination with hardware of automated control sys­
tems under the condit ion s of high electromagnetic and 
others noises; 

• sufficient <!friend lin ess>-> of interface of the soft­
ware operator by using the graphica l interactive ob­
jects and means; 

• minimum t im e of development. 
At present the developers of the automated systems 

of technological process control pay attention more 
often to the object-oriented design (OOD) . The ex­
perience in use of this technology in the engin ee ring 
projects shows its high effectiveness 111 . 

T')C OOD inc\mlcs lhc fol\o\\ ing mclhods: 
1. Decomposition. Un like the algor ithmic decom ­

position , the object-oriented decomposition is used 
with abstractions of objects in a subject field of weld­
ing; 

2. Abstracting and formation of classes of objects 
having similar functions ; 

3. Hierarchy. In this case t he organi zing of lhc 
hierarchic system of c lasses of objects , organizing of 
the model itself of the object of control a nd architec­
ture of the automated system of the technological 
process contro l is meant. Such approach can provide 

© I'.N. KISILEVSKY and \'.1'. llOLINENKO, 2001 
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more steady processing of data flows using the soft­
ware in very com pi icated systems of contro l. 

OOD includes several methodologies. First, ob­
ject-oriented analysis (OOA) which represents a 
methodology of decomposition and creation of mode ls 
both as an object of control and also systems of control 
as a whole. In the given case the requirements to the 
models arc formed on the basis of concepts of classes 
and objects from the field of welding. 

Secondly, the object-oriented programming 
(OOP) which represents t he methodology of pro­
gramming or realizing of abstract models of program ­
ming using the object-oriented languages. Thus , the 
working program represents a system of objects, 
where each of them is a realization of a defini te class 
and characterized by an own algorithm of behaviour 
and interaction with other objects. 

As is known, the main methods of OOD is inh er i­
tance, pol ymorphism and encapsu lation. Therefore, 
the objects can inherit their properties from the ob­
jects of other classes, change their behaviour depend­
ing on external conditions and contain the necessary 
data, procedures or other objects. 

Let us dwell on the following practical aspects of 
application of OOD approach when developing soft­
ware for the automated system of welding technologi­
cal process control: 

• usc of OOA; 
• plotting of diagrams of relations and sy nchro­

ni zing of objects; 
• use of object-oriented languages, suc h as C++ 

or Java; 
• usc of graphs of state, describing the behaviour 

of objects in a real time; 
• usc of results of theory of graphs for the software 

automated testing and running. 
To illustrate the feas ibility of usc of the OOD 

approach in the problems of automation of welding 
processes , we sha ll consider a definite case of auto­
mation of a complex object of control in EBW. Not 
pretending on the completeness of discussion of the 
problem of automation in EBW, we shall consider 
only a fragment of a complex object of control (Fi­
gure 1), name ly a vacuum welding chamber and 
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Figure 1. Example of a complex objecl of control of the automated 
system of welding technological process control: 1 - vacuum weld­
ing chamber; 2 - evacuation system; EBG - electron gun; VES 
gun gate; 1-l PI, HP2 - high vacuum sensors of pressure; FPI -
FPS - lo\\·-vacuum sensors of pressure; VM I - VM4 - vacuum 
valves; VE 1 - VE4 - electromechanical gates; FT I - FT6 - low­
tempera lure sensors of temperature; BP - pump of Roots; DPI, 
DP2 - diffusion; RP I, RP2 - forevacuum; TMP - turbo­
molecular pumps 

pumping system 121. Surely, in this case we have to 
take into account also that these two key subsystems 
cannot be regarded separately from other subsystems 
of the electron beam installation. Therefore, in dis­
cussing the problem of synchronizing the objects, the 
subsystems of drives of displacement of electron gun 
and workpiece man ipulator, and also the electron 
beam equipment (EBE) will also be mentioned. Un­
fortunately, due to a limited volume of this article, 
there is no opportunity to consider these subsystems 
in detail, as well as others, which can be included 
into the composition of the electron beam installation: 
TV follow-up system 131. subsystem of monitoring of 
the welding process, etc. 

In spite of this, the fragment of the objects of the 
EBW control, selected as a demonstration model, 
gives a picture about the level of complexity and 
variety of abstractions which arc used by the software 
developers. 

In the present article an attempt is made to show 
that OOD approach makes it possible to fu I fi I the 
more complete and detai led statement of the problem 
of development of the software of the welding control 
system. Here, a subjective aspect is greatly limited, 
typical of heuristic, intuitive solutions during selec­
tion of architecture and decomposition of control sys-

'Ill 

tcm, the base of forma l ru lcs is w idened, thus resu I ting 
in guarantee of producing stab le non-contradictory 
resu lts at each stage of the project rea lization. 

Let us ill ustrate the result of a pre liminary ana lysis 
in the form of t he diagram of classes of the control 
object mode l (Figure 2), t hus omitt ing the stages of 
analysis of EBW automation, and a lso the desc ript ion 
of the process of grouping and distingu ishing of c lasses 
of objects (un its, execut ive mechan isms and subsys­
tems). Here, the following designations of classes arc 
used: TGraf - graphs of states wh ich describe the 
behaviour of objects in time; TAparatus - parental 
for all the devices and mechanisms, presets an emer­
gency flag, time characteristics of the unit «On-off», 
stores the operation conditions (manual, automatic 
or id le), and a lso flag of running t he command of 
contro l of the state switching; TDigin - signals of 
discrete input; TD igOut - signals of d iscrete output; 
TFi ltcr - filters which arc used for fi ltering of input 
signals (median filter, low-frequency fi lters, de.); 
TAnain - signals of analog input; TD igSensor -
sensors of discrete mode of «On-off~ type; TAnaSen­
sor - sensors of analog mode (pressure, etc.); TFur­
nacc heating c lements which arc used in some types 
of pumps; TValvc - vacuum va lves inc luding pneu­
matic and e lectromagnetic; TBo lt - gates, whic h , 
un like the valves, have two sensors of position 
(<<open>> and <<closed>>); TPump - pumps; TD iffus­
Pump - diffusion pumps, inheriting the properties 
of TPump and TFurnace; TVacChambcr - vacuum 
welding chamber which uses three classes of objects 
in its composit ion (TValvc, TBolt, TPump); 
TBeamGun - e lectron gun, using three ana log sig­
nals of control (current of beam, focusing and fila­
ment) and one discrete signal of contro l ; TPumpSys­
tcm - evacuation system; TWcldSystem - welding 
system (as well as TVacChamber and TPumpSystem, 
cncapsu latcs TGraf for rea lization of necessary con­
ditions of operation of the automated system of we ld­
ing technologica l process control). It shoul d he noted 
that the classes of TVacChambcr and TPumpSystcm 
make references to each other usc in the ir rea lizations. 
This is necessary for the combined work of objects of 
these classes in a single welding system. 

As it is i mpossi b lc to dwe ll on each object in detai I , 
some statements wi ll be presented only in the form 
of results. 

The diagram of classes of t he object of contro l 
makes it possible to synthesize the model of the object 
of control in the object concepts of a definite type of 
welding. 

At the next stage of OOD-design a mode l of the 
automated system of welding technological process is 
created, which contains a model of object of control 
and has usually a network hierarchic structure. The 
typical scheme of networking the hierarchy of control 
levels is as follows: 

system ~subsystems ~ units and mechanisms~ 
~sensors (analog, discrete, etc.) ~signals (ana log, 
d i scrcte, etc.). 
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Types of communications: 
X X = encapsulation of class (x 0, 1, 2, ... ) 

~ use in class realization 

- class inheritance 

Figure 2. Diagram of classes of control object in lhe automated system of the ,,·elcling technological process control 

In construction of the object model a principle of 
distribution of ~intcllcct1> is used, which consists in 
the fact that each object in the model is functioning 
by its own algorithm which is typical of objects of 
its class. Such behaviour algorithm is convenient to 
be presented in the form of a d i rcctcd graph of states 
or Petri network with necessary time delays, which 
preset the behaviour of the object in a real time. 

Figure 3 presents a diagram of relations and syn­
chronizing, which realizes the model of the control 
object where special designations show the nature of 
relations between objects that determine the func­
tioning of the automated system of welding techno­
logical process control in a real time. The following 
types of synchronizing arc most often used: 

• synchronous (rigid, simple) the action is ful-
filled not depending on the readiness of a receiving 
signal; 

• asynchronous - the expectation of mutual readi­
ness of transmitting and receiving objects is realized; 

• delayed - asynchronous type with a specified 
time of response expectation; 

• postpone - asynchronous type, but in case of 
non-readiness of the receiving object the transmitting 
object docs not fulfil operation. 

Diagram of communications and synchronizing of 
the objects is used for decomposition of the automated 
system of the welding technological process control 
into the subsystems. Depending on its complexity and 
type of the welding technological process the distrib­
uted, centralized, network or other architecture can 
be selected. The network structure of the automated 
system of the welding technological process means 
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such an organization at which the information chan­
nels of communication and protocols of information 
exchange have a system-organizing meaning. 

The present tendency in construction of the auto­
mated system of welding tech no logical process control 
is an application of network architectures in which 
several kinds of information network channels of com­
munication can be used. At the upper levels of the 
automated systems of technological process control 
the networks of Ethernet (Industrial) and modem 
communication with protocols of exchange TCP / IP 
arc more often used. At the level of controllers and 
sensors the FieldBUS-nctworks, for example, 
PROFIBUS, CANBUS or BJTBUS arc used. 

Traditionally, when the types of network inter­
faces and parameters of network protocols arc selected 
it is necessary to provide the necessary minimum time 
step of synchronizing and level of reliability of data 
movement between the objects of the automated sys­
tem of welding technological process. 

In that case when the network protocols arc used 
with a random nature of conflict resolution (for ex­
ample, Ethernet) or with a synchronous movement 
of data (for example, PROFIBUS-DP) the running 
of jobs in the automated system of the welding tech­
nological process control can have a probability nature 
and depend greatly on the selected lime step of syn­
chronizing. For example, the examination ofTCP IP 
of protocol in network Ethernet 10 Basc-T shows that 
for the synchronizing time step of less than 10 ms the 
running of jobs of subsystems can have a probabi 1 ity 
nature, while for the protocols DP of network 
PROFIBUS it is dctcrminatcd. 
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Figure 3. Diagram of relations and synchronizing of objects of sofl\\·are of the automated system of welding technological process 
control 

In our case it is necessary to provide both a simple 
synch ron izi ng between the objects (subsystems) and 
also a tight synchronizing with a step Lime of not less 
than 10 ms. The presence of the IaUer is stipulated 
by the necessity of a combined operation of the sub­
systems of displacement of the electron-beam gun 
(vacuum chamber), manipulator of the workpiece and 
power source (ELE) that, in principle, defines the 
quality of welding. 

Based on the above-mentioned, it is possible to 
assume a conceptual scheme of the network system of 
control of the object-oriented automated system of 
the welding technological process control (Figure 4). 
The structure of this control system has several levels 
of interaction of subsystems. At the upper level the 
following objects of subsystems arc arranged: <<Op­
erator's interface >>, <<Welding machine>>, ~Evacuation 
system>>, ~vacuum chambcr5>, ~ELE >>, << Drivcs 5>, etc. 
All the subsystems of the upper level have the infor­
mation channels of communication with the network 
Industrial Ethernet 10 100 Basc-T which has a lock 
into the network of a higher level (for example, fac ­
tory) or into Internet. The scheme shows that it is 
desirable Lo realize the objects of subsystems in a 
common controller (computer) Lo provide a tight time 
sy nchronizing. At the lower leve l the controllers with 
models of objects of units, mechanisms, sensors and 
signals arc arranged. The objects <<Vac uum chambcr5> 
and <<Vacuum evacuation>> have a direct information 
communications with objects of the lower level via 
the protocols of exchange by interface FicldBUS. The 
offered system of the objects inLcrrclaLion is invariant 
in a general case to a number and types of the con-
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trollers, therefore, the development of the hardware 
and software can be made in parallel. 

Such architecture as a whole docs not contradict 
the typical two-level architecture of automated system 
of EBW technological process control which is used 
at present in industrial models of the technological 
systems 141. 

It should be noted that at present the tendency of 
creation of the object-oriented ~opcn 5> systems of con­
trol is increased [5 - 81. Special language means of 
designing, for example, a system of designing UML 
( U n ivcrsal Modeling Language) were created for the 
development and modeling of these system 191. 

Let us consider the problem, arising in realization 
of abstract models, by using the methods and means 
of OOP. The OOD methodology provides program­
mers with a mathematical hardware which can be 
used as a basis of networking of control programs and 
reali zat ion of abstracts of the control objects, being 
dynamic in its nature. This mathematical hardware 
is based on using a Markovian scheme of modeling 
and analytical research of complex systems of a type 
of systems of a mass service. Here , a key concept is 
a Markovian process representing a model with a finite 
set of states, describing the system functioning. ln 
Lhis connection, the model of the Markovian process 
can be used as a generalized model for the dynamic 
system 110 1. To real izc the Markovian processes the 
dircclcd graphs of states can be used. The development 
of models of the control object and automated system 
of the welding technological process control is per­
formed as a whole from the abstract models of Mark­
ovi an process of the higher order to the lower order . 
Therefore, OOD gives, as a result , a hierarchic system 
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Figure 4. Conceptual scheme of network object-oriented system of automated system of welding technological process control (for 
designations in Figure 1) 

of the Markovian schemes realized in the form of the 
directed graphs of states. 

In the hierarchic scheme of basic classes (sec Fi­
gure 2) each object encapsulates the object of type 
TGraf, which presets the object behaviour in a real 
time. The realization of the object of type TGraf in 
the language of the machine programming can be for­
malized, for example, with the help of the standard 
block <~switch case of~. To organize the work of 
such model in a realt ime it is necessary to synchronize 

the graph tightly with a period of a real time interval. 
This should be provided by an appropriate selection 
of both an operational system of the controller and 
also the programming language compiler. For exam­
ple, to work in a real time of graphs of states with 
0.1 s time step it is possible to usc an operational 
system MS Windows NT and the programming system 
Borland C++ Builder, while for work with 1 ms time 
step an operational system OS-9 and language com­
piler Microware Ultra C++ is required. 

Conformity of programming problems and theory of graphs 

Proqrammi11y prohlem 

Optimizing of programs , including distin­
guish of fragments (structuring) and de­
composition 

Checking of program correctness 

Definition of sequence of processing 
of operators at flo"· analysis 

Testing of programs 
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Tasi<s of I heory of qmphs 

Finding of dominators 

Listing of biocomponents, circuits, intervals, hammocks, linear components 

Finding of inserted zones of graphs 

Finding of inserted circuits 

l nterval presentation of graph 

Finding of transitive and reverse transitive short circuiting 

Finding of short circuiting relative to vertex set 

Listing of routes, circuits 

Numbering of vertexes 

Networking of long successive vertexes 

Finding of coverage for: 

vertexes by routes 

arcs by routes 

required routes by routes 

Finding of shortest route in presence of additional limitations 

Finding of set of fundamental cycles 

Determination of cyclomatic number 
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Reset 

a x3 

b 

#define TRUE 1 
class TVacuum Valve public TValve, public TGraf { 
II ... body of class definition 

public: 

} 

enum TStates {xO, xl, x2, x3, x4, x5, x6}; 
int State; 
virtual void GratO; 

void TVacuumValve:: Graf() { 
if (Reset ==TRUE) State= xO; 
switch (State) { 

case xO: 
if(ul ==TRUE) State= xl; 
if(u8 ==TRUE) State= x(; 
break; 

case xI: II Vah cis CLOSED 

if(u2 ==TRUE) State= x2; 
break; 

case x2: 
if(u3 ==TRUE) State= x3; 
if{u5 ==TRUE) State= x4; 
break; 

case x3: 
if{u4 ==TRUE) State= x2; 
ifl:u6 ==TRUE) State= x4; 
break; 

case x4: II Valve is OPEN 

ifl:u7 ==TRUE) State= x5; 
break; 

case x5: 
ifl:u9 ==TRUE) State= x6; 
ifl:ul2 ==TRUE) State= xl; 
break; 

case x6: 
ifl:ull ==TRUE) State= xl; 
break; 

default : State= xO; 
break; 

Figure 5. Example of realization of the Markovian model of object 
'' VACUUI\1 VALVE•>: a - graph of states; b text of program 
in language C++ 

As an example, let us consider the Markovian 
model of the object <<VACUUM VALVE>>, whose 
graph of states is given in Figure 5, a. After reset, 
the model is transferred into state xO. There arc two 
steady states: x1 - <<CLOSED>> and_x4 <<OPEN>>, 
During operation the graph can he in states x2, x3, 
x5 and x6, which can be characterized as intermediate. 
To realize the given model we shall usc language C++ 
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x7 

x12 

u15 
u23 u24 u19 u20 u17 

u25 u22 u21 u18 
L-~~~~~~~~~~~~--ex13 

x17 x16 x14 

Figure 6. Example of a complex managing graph 

as a program. Figure 5, b shows a fragment of the 
program code ·which corresponds to the graph in Fig­
ure 5, a. 

It is possible to outline the advantage of program­
ming objects by this formal procedure which consists 
of a visuality and intcrindcntity of the object model 
and the programming code. This makes it possible to 
reduce greatly the time of development and to increase 
the reliability of software operation of automated sys­
tem of welding technological process control. 

The aphorism, known among the programmers, 
which states that <<each last revealed error in the 
program is last but one >.>, reflects the important prob­
lem of search and elimination of errors in software of 
the automated system of the welding technological 
process control. A significant advantage of OOD ap­
proach is the fact that the arising tasks in design and 
running of the program can be reduced to the problems 
of theory of graphs or used as bases for solution. They 
include the problems of testing and checking the pro­
gram accuracy, assessment of complexity and time of 
fulfilment, etc. Table shows interrelation between 
such problems and problems of the theory of graphs 
from 1111. 

As an example, let us consider the control graph 
of the technological condition <<EVACUATION OF 
VACUUM CHAMBER>> (Figure 6). Vertex x1 is 
input , and xO is output of the graph. Assume, that it 
is necessary to design a program of testing the given 
graph. For this, we shall find a minimum coverage of 
vertexes by 

f..l1 = [ <<Reseti>, <;Start>>, u1 , u2 , u3 , u4 , uS, u6, 

u7 , uS, u9, u10, u11 , u12, u13 , u14, u15, 

u16 , u17 , u18, u19, u20, u21, u22, u23, u24, u25] 

and arcs by 

<p1 = ~1 . 

<p2 = [ <;Reset i>, <;Start •>, u6, u7, u14, 

u17, u18 , u21 , u22 , u2Sj. 

(1) 

(2) 

(3) 
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Thus, we have two minimum coverages 111 and <p2 
which can be put into a basis of the test program for 

··a managing graph being considered. 
An add itional advantage of this approach is also 

the fact that programmers have to document their 
managing graphs and to plan precisely the process of 
the program running and testing. This makes it pos­
sible to provide a comprehensive accompanying and 
service of the software of the automated system of 
the welding technological process control. 

CONCLUSIONS 

1. The advanced automated systems of the welding 
technological process control represent complex in­
formation managing systems with a comprehensive 
software. In development of software of these systems 
the main problem is a selection of suitable formal 
procedure of designing which could transform the 4ex­
tcrnal complexity<> of the architecture and program 
code of the software of the automated system of weld­
ing technological process control. The OOD approach 
using the methods of decomposition, abstraction and 
hierarchy allows realization of the principle of the 
4inncr simplicity<> both for the software itself and 
also for the automated system of the welding techno­
logical process control as a whole. As a result the 
time of development and implementation is decreased 
and the increased reliability of the software function-
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ing of the developed system of automated control of 
the welding technological process is also attained. 

2. The use of the results of the theory of graphs 
makes it possible to formalize the procedures of run­
ning and testing of the software for the automated 
system of the welding technological process control, 
thus giving an opportunity to develop programs with 
a complex logic of the operation which arc practically 
free of errors. 
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DESIGN AND ELECTRON BEAM WELDING 
OF VACUUM CHAMBERS 

O.K. NAZARENKO, V.M. NESTERENKOV and Yu.V. NEPOROZHNY 
The E.O. Paton Electric Welding Institute, NASU, Kyiv , Ukraine 

ABSTRACT 
Ne\\' principles of vacuum chamber design and technology of their assembly for EBW were developed and implemented 
in fabrication of five vacuum chambers of 15 to 34 m" and t\\·o of 0.2 m" volume. 

Key words: electron beam <celding. mcuum chamber. 
shell, load carrying capacity, reduction of metal content, <celd 
ing deformations, machining, cacuum tightness 

Modern engineering is integrally connected with vac­
uum technologies of drying, welding, brazing, melt­
ing , metallizing , etc., requiring the application of 
various vacuum chambers - critical and labour-con ­
suming structures that should combine the required 
rigidity under the impact of atmospheric pressure with 
minimal metal content. This particularly applies to 
large-s ized chambers with the working volume of 20 
to IJO m:l , consisting of several hundred parts. 

Large-s ized vacuum chambers of a rectangular 
shape, widely used in EBW units, contain one vac­
uum-tight shell, fitted with longitudinal, transverse 
or longitudinal-transverse load-carrying chords 111. 
These chords give the shell the overall stability and 
rigidity under the impact of atmospheric prcssur~ dur­
ing the chamber pumping down. However , the maxi ­
mal deformation of the wall of such a cham her can 
be up to 3 mm, this precluding the mounting of pre­
cision manipulators of displacement of the gun and 
the item being welded without using additional struc­
tures allowing these mechanisms to he disconnected 
from the chamber walls. Application of the above 
structures reduces the coefficient of utilisation of the 
cham her vol umc (ratio of the vol umc of the item bci ng 
welded to t he total volume of the chamber), i.e. in­
creases the pumped down volume, vacuum system cost 
and the resultant cost of the entire unit. 

Application of arc welding processes in fabrication 
of vacuum chambers often generates a need for sub­
sequent heat treatment and machining to stabilize the 
dimensions and condition of surfaces, in particular in 
the zones of location of vacuum seals, and at large 
overall dimensions of the vacuum chambers in 
mak ing usc of the services of specialised mechanical 
engineering factories and vehicles. 

Usc of EBW, creating minimal welding deforma­
tions, a llows the design and technology of fabrication 
of vacuum chambers to be fundamentally changed. 
The E.O. Paton Electric Welding Institute of the 
NAS of Ukraine, was able to implement a new tech ­
nology, due to availability of EBW unit UL193 with 

•: O.K. N.\Z.\1{1-:NKO, \'.11.1. NI-:STERI-:NKO\' and Yu.\. N EI'OROZI INY, 21101 
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the vacuum chamber of 320m3 volume (4.25 x 6.3 x 
x 11.9 m) located in a shop with 30 t gantry crane. 
The technology has the following features: 

• usc of vacuum-tight and high-strength shells, 
connected to each other by stiffeners - fins. The 
chamber doors arc made by the same principle; 

• elimination of any finish machining of the vac­
uum chamber surfaces after welding, as panels arc 
suppl ied for welding and assembly, after their finish 
treatment. 

Principles of design of vacuum chambers of a 
new generation. Proceeding from the requirements 
of service personnel protection from X-ray radiation, 
the total thickness of the inner and outer shells for 
EBW units with the accelerating voltage of 60 kV 
and beam power of 60 kW was selected to be 25 mrn 
121. The inner shell can be made both of structural , 
and of stainless steel 8 to 14 mm thick. 

Application of a box-like structure for the vacuum 
chamber wall and doors , instead of the regular tee­
structure , allows achieving, at the same geometrical 
parameters 1-1, B and () of the structure, a 2 times 
greater moment of inertia 13 1, and, hence , a smaller 
deflection of the wall during pumping down (Table). 
The need for application of a longitudinal load-car­
rying chord has practically been eliminated. It is used 
only in the areas of the walls weakening by the holes 
for vicv. ing windows and vacuum system branchpipes. 
This 11 ill considerably (by 25 ''.,) reduce the specific 
metal content of the structure, i .c. the weight recal­
culated to the vacuum chamber volume. 

Design values of wall deflection were compared 
with the actua l val ucs for the pu mpcd down cham bcrs, 
in particular for 2.5 x 2.5 x 5.0 m chamber (Fi­
gure 1). Neg! igi blc va I ucs of these deflections allowed 
mounting the manipulator of the gun displacement 
directl y on the chamber side wal l (Figure 2, sec in­
sert). This light-weight and compact gun manipula­
tor, based on precision linear modules with ball-screw 
pairs and linear tilting roller supports provides a high 
accu racy of displacement and positioning(± 0.08 mm 
at 2SOO mm travel), low resistance to displacement 
and high dynamic properti es of gun displacement. 

Technology of vacuum chamber fabrication. All 
the panels arc supplied for assembly and welding after 
their finish treatment, nam ely the panel surface facing 
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Comparative characteristics of vacuum chambers configurations \\'ilh \\'ails of n-shaped and box-like cross-seclion 
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inside the chamber is ground or milled to surface 
roughness not less than R" = 0.8 - 3.2, panel edges 
arc treated in a boring machine, till they arc parallel 
to within not more than 0.1 mm. Pins, argon-arc 
welded to the reverse side of the plates, arc used to 
fasten the plates in the assembly-welding jig. The 
structural steel panels arc checked for residual mag­
nctisation level and in the case, if 2·10-1 T values arc 
exceeded, they arc de-magnetised in a large-s ized so­
lenoid 121. 

The main type of welded joint of the shell wall 
and the shell proper , is a full penetration butt joint 
that provides minimal angular deformations. Prior to 
welding, the panels arc cleaned to remove emulsion 
and oil, and the edges to be welded arc thoroughly 
washed with industrial alcohol. 

In the assembly jig (Figure 3, sec insert), the plate 
edges to be welded arc assembled with misalignment 
of not more than 0.2 mm. Run-on and run -off tabs 
arc mechanically fastened at the ends of the butt joint. 
Tack welding of the tabs to the plates and the EBW 

0 1250 

J)esign momf'nl 

of inertia, cm
1 

7560 

17515 

f\laximal design 
rfp(fpc/ i011. /IIIII 

0.84 

0.36 

SpPsi(ic mPiaJ 
content, I m 

1.12 

0.85 

proper, arc conducted in UL193 welding unit at the 
vacuum of 1.1·1 0- 1 Pa. Electron beam guiding to the 
butt and butt following during welding arc performed 
with Rastr-5 system 12], and a computer system con­
trols all the power parameters of the welding process. 

The welding process is divided into several stages. 
After the electron beam has been superposed on the 
butt that is clearly visible in the computer monitor, 
the operator cleans the butt surface with the electron 
beam. With this purpose, beam scanning around a 
ci rclc of 12 mm diameter is switched on, beam current 
is increased up to 10 rnA and cleaning of the surface 
to be welded is performed at the speed of 8 mm /s. 
The second stage consists in making tack welds from 
the center to the edges at beam power equal to 30 % 
of the rated value of welding current. The length of 
tack welds is 100 mm, the distance between them 
being 300 mm. Tack welding program is entered into 
the computer and switched on in the required point 
of the joint. Welding of panels, for instance, of 14 mm 
structural steel, is performed using ELA-60 60 power 

2500 3750 I, mm 

Figure 1. Design (numerator) and measured (denominalor) va lues of \\'all deflections in 2.5 x 2.5 x 5.0 m chamber under vacuum: A-A 
and B-B t he axes of faslening the upper and lo\\·er guides of lhe manipulator of the g un displacement along the chamber; /, b 
are lhe length and height of chamber \\'ails, respeclively 
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supply at beam current of 160 mA, welding speed of 
8 mm /s and focal spot located on the item surface. 
As was noted above, such a welding mode provides 
full penetration of an optimal shape. 

The final stage of welding is a cosmetic pass made 
with a dcfocuscd beam at the current equal to about 
25 % of the rated welding current, to produce an even 
smooth surface of the weld that is necessary to meet the 
hygienic requirements on vacuum chamber operation. 

Preparation for assembly of the welded chamber 
walls (Figures 4, 5, sec insert) is performed as follows. 
First, the run-on and run-off tabs arc removed, then 
the edges to be welded arc scraped and dcgrcascd. 
Chamber fins arc fastened in a separate even shop 
area. All the four walls of the inner shell arc sequen­
tially brought into the thus formed frame (Figure 6, 
sec insert). Preliminary attachment of the walls to 
the fins is performed with pins, earlier used in welding 
of the panels. Special bolts of the assembly fixture 
arc used to adjust the gap in the assembled butts that 
should not exceed 0.15 mm. Run-on and run-off tabs 
arc mounted and mechanically attached in the eight 
corners of the inner shell, with their subsequent tack 
welding by the electron beam to the walls. The as­
sembled shell in the fin framing is placed into the 
vacuum chamber for EBW. A feature of this stage is 
making welds between the fins, starting from the cen­
ter to the wall edges. The welding program envisages 
a smooth increase of current to the working value at 
the start and its smooth decrease at the end of welding. 
This ensures the absence of defects in the zones of 
weld overlapping. 

After welding the four corner butt joints by in­
termittent welds, the shell is taken out of the welding 
chamber, the fins arc moved along the walls so that 
the unwclded portions of the butts were accessible. 
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A feature of subsequent welding of these sections is 
guaranteed overlapping of the zones of the beam cur­
rent increase and decrease on the earlier made inter­
mittent welds and making new intermittent welds 
with new sections of the beam current increase and 
dcCT-casc. 

At the final stage the inner shell is tack welded 
to the fins around the entire perimeter by C02 weld­
ing. The above technology is used to assemble and 
weld the chamber outer shell. In this case the outer 
shell plates arc joined to the fins by plug welding. 
Chamber painting is preceded by vacuum testing first 
of the intcrwall space and then of the asscm bled cham­
ber with the doors, thus providing convenient access 
to all the welds. In vacuum testing air in-l eakage into 
the inner chamber during welding operations perform­
ance is practically eliminated. 

As an illustration, let us give the results of meas­
urement of the tolerances of the actually provided 
dimensions in 2.5 x 2.5 x 2.5 m vacuum chamber that 
arc equal to± 0.5 mm for the diagonals of the chamber 
cross-section, with 0.4 mm deviations from the plane 
of the cham bcr end face surfaces. No clamping mccha­
n isms arc used to achieve a good sealing of the cham bcr 
doors, it is sufficient to just start the pumping down 
process. The general view of the finished chamber is 
given in Figure 7 (sec insert). 
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IMPROVEMENT OF TECHNOLOGICAL 
CHARACTERISTICS OF PLASMA-MIG SURFACING 

USING FLUX-CORED WIRE 

N.A. MAKARENKO, A.V. GRANOVSKY and K.A. KONDRASHOV 
Priazovsky State Technical University, Mariupol, Ukraine 

ABSTRACT 

P:culiarities of proceeding reactions between some components of the flux-cored wire during plasma-MIG surfacing 
ptocess were constdered. It ts shown that the presence of halogenide compounds in arc column favours stabi li zat ion of 
the process of the consumable electrode arc self-adjustment. The formation of boron trifluoride in the flux-cored wire 
core at the stickout during heating improves the \\·eld bead formation. 

KeY words: plasma-f\1IG surfacing, flux cored 1cire, arc 
burning stabilization, bead formation, press moulds 

The plasma-MIG surfacing with a flux-cored wire is 
used in rcpai r of the cast iron prcss-mou Ids and manu­
facturc of moulds from steel 45 for forming pieces 
from chemically-aggressive as-hot materials, in par­
ticular glassy insulators 111. The plasma-MIG surfac­
ing provides a small depth of the parent metal pene­
tration, i mprovcs the efficiency of the melting process, 
and also possesses several technological advantages 
as compared with other methods of surfacing 12 - 51. 

During plasma-MIG welding (surfacing) one arc 
<tis burning between the edge of the inner consumable 
clcctrodc2 of a half-cylindrical shape and a workpiece 
6 (Figure 1 ). This arc is formed in the channel of a 
plasma-forming nozzle 3. The electrode 1 is fed along 
the plasmatron axis. There is no electrical contact 
between the non-consumable and consumable elec­
trodes. The non-consumable electrode arc is suppl icd 
lrom a power source with a falling external volt-am­
perc characteristic, while the consumable electrode 
arc 5 is supplied from the power source with a rigid 
characteristic. 

The plasmatron is designed so that the current 
conductor is located at 100 - 130 mm distance from 
the nozzle cut, the length of the plasma arc, em bracing 
the consumable electrode, exceeds by 5 - H mm the 
length of the arc burning from this clcclrodc. Thus, 
the wire at this stickout region is heated additionally 
by the plasma arc heat, except the heating by a passing 
current. 

It was observed that the process of plasma-MIG 
w_clding (surfacing) is less stable than the majority 
ol other arc methods of surfacing. The violation of 
its stability is due to a low intensity of the electrical 
field E in the arc column of the consumable electrode. 
This arc has a lower temperature than the plasma arc 
and receives an additional energy and charge carriers 
from the side of the latter 141. This explains the low­
efficiency of the process of the consumable electrode 
arc self-adjustment. 

6 N. tl. ~1.\K t\RENKO, tl.l ' . (;RtiNOI'SKY and K .. l. KONDRASI 101' , ~001 
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The present investigations were aimed at the in­
creasing of the stability of the surfacing pi·occss and 
improvement of the deposited metal quality. 

The investigations were made using the plasma­
MIG surfacing of 2Kh13N12GS2P2 (C 0.2; Cr -
13.0; Ni - 12.0; Mn - 1 .0; Si - 2.0; W - 2.0 wt."o; 
Fe - balance) type metal with 2 mm diameter flux­
cored wire consisting of a steel sheath and a charge 
of different compositions in a plasma-forming and 
shielding argon. To increase the wear-resistance a neg­
ligible mass share of aluminium and copper was in­
troduced to the deposited metal. 

The surfacing conditions of separate beads arc as 
follows: in case of plasma arc - 1"' = 100 - 200 A, 
Ua = 40- 45 V; in case of consumable electrode arc -
1"' = 100 - 120 A, Ua = 26- 30 V; plasma-forming 
argon consumption is 5-7 1/ min; shielding 
10 I min; movement speed - 30 m h. 

Stability of proceeding of the plasma arc burning 
and electrode wire melting was judged from changing 
of electrical parameters, recorded on the oscillograph 
S2- Hi screen, and also from the nature of formation 
of the deposited bead (visual inspection) . The inves­
tigations were performed at constant conditions with 

68 
Figure 1. Diagram of plasma-MIG welding (surfacing) process 
(see designations in text) 
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Figure 2. Thermogram of formation of BF, from AIF, and B20 3 : 

T - heating temperature of charge components; TG - mass losses; 
1'1T - difference of temperatures inside the crucible and heating 
medium; 1: - test duration 

pre-adjusted condition parameters. Only the compo­
sition ofthe flux-cored wire was changed, i.e. without 
halogen ides of metals and with halogenides of silicon, 
aluminium, potassium and copper. 

The investigation results showed that the intro­
.duction of such components as fluorides and chlorides 
into the flux-cored wire composition improves the 
stability of the surfacing process. Thus, fluorine, 
evolving from SiF4 has a high (16.9 V) potential of 
ionizing and deteriorates the electric conductivity of 
the arc 'column, thus leading to the increase in the 
electrical field intensity in the arc column and im­
proves the process of the consumable electrode arc 
self-adjustment. However, in this case the poor bead 
formation was observed. During investigations, the 
experiments on replacement of silicon tetrafluoride 
by boron trifluoride BF3 which is used in brazing and 
provides a reliable wetting of the parent metal with 
a brazing alloy even without melting of the latter, 
were performed I S 1. 

The reactions of interaction can proceed by the 
following schemes: 

Values of isobar-isothermal potential of the reac­
tions of formation BF3 at different temperature were 
calculated according to 16, 71. 

Figure 2 presents the thermogram of reaction ( 1), 
which shows that it is proceeding at the melting tem­
perature of B203. In addition, BF3 and BF2, BF in 
negligible amounts arc evolved. 

In practice, not pure components, but their com­
pounds, molten borax and cryolite, arc introduced 
into the flux-cored wire composition. At simultaneous 
introducing of borax and cryol itc, the num bcr of oxide 
inclusions in the deposited metal is reduced that is 
explained by dissolution of the latter in the forming 
slag. 
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Figure 3. Zone of parent and deposited metal fusion when flux­
cored \\·ires, evolving SiF1 (a) and BF3 (b), are used 

Stability of the plasma-MIG surfacing process is 
increased with introducing the fluorides into the 
charge. Moreover, the lack of fusion of the deposited 
metal with the parent metal is not observed. Due to 
the excessive temperature of the filler metal and high 
activity of BF3 and SiF4 the process is proceeding 
almost without melting of the parent metal. At the 
same time the satisfactory yielding of the bead metal 
over the surface being deposited is observed (Fi­
gure 3). 

To rcfi ne the deposited metal, and consequently, 
to increase the wear resistance of the piece, the chlo­
rides, mixture of CuCh and KCl, were introduced to 
the flux-cored wire. Chlorine, the same as fluorine, 
increases the intensity of the electrical field in the 
arc column (potential of ionizing is 13 V). Chlorides 
also contribute to the removal of oxide impurities 
from the surface of particles of the wire core metallic 
components after its calcination. 

During calcination of the flux-cored wire the 
CuCb is decomposed: 

CuC12 ~ CuCl + Cl. (3) 

Atomic chlorine, evolved as a result of reaction 
(3), is very active. In combination with oxides on the 
surface of the powder particles, it forms fusible oxy­
ch Iori des. 

The presence of KCl leads to the formation of 
eutectic CuCIKCI, having 120 oc melting tempera­
ture, and dissolving easily the oxychloridcs. As are­
sult of reaction according to scheme 

Me + 2CuCl ~ MeCl2 + Cui 

the copper is precipitated on the powder particles and 
prevents them from their further interaction with the 
melt CuClKCI. High probability of proceeding of 
similar reactions was confirmed experimentally by the 
method of immersion of the metal samples into 
CuCIKCI melt. Here, the oxide film on the surface 
of the particles is dissolved. The results of metal­
lograph ic examinations showed that in metal, depos­
ited with the flux -cored wire, containing CuC1 2KCl, 
has no almost inclusions of not only of oxide, but also 
of nitride nature (Figure 4). This phenomenon can 
be explained by the fact that the nitrides exist together 
with oxides on the powder particle surfaces, thus lead­
ing to the removal of precipitations of both types. 

The presence of CuCl 2KCl in the composition of 
the flux -co red wire charge leads to the fact that re­
action, due to dissolution of AlF3 and B20 3 in the 
charge, is proceeding at the moment of the wire cal-
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Figure 4. Microstructure of deposited metal obtained when the flux-cored wires, evolving SiF1 (a) and BF1 

(b), are used (x200) 

cination, because the change in a thermodynamic po­
tential L'lG of this reaction has a negative value at 
room temperature I HI. In this case it is more rational 
to introduce MgF2 and B20 3 into the flux-cored wire 
charge, as the value L'lG becomes negative only at 
temperature of the surfacing process proper. 

The peculiarities of proceeding of chemical reac­
tions of the charge components of the charge under 
the conditions of plasma-MIG surfacing is taken into 
account in the development of the flux-cored wire 
compositions. 

CONCLUSIONS 

1. To improve the stability of arc burning and flux­
cored wire melting in plasma-MIG surfacing it was 
suggested to introduce the fluorine- and chlorine-con­
taining compounds into the wire composition which 
improve the potential of ionizing. 

2. Formation of the boron trifluoride !n the flux­
cored wire core during its heating at the stickout 
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promotes the improvement of wettability of surface 
of the steel or cast iron pieces being surfaced and 
yielding of the bead metal. 
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- BRIEF INFORMATION 

MACHINE EQUIPPED WITH AN ELECTRIC-CONTACT 
HEATING SYSTEM FOR DRAWING 

OF WELDING TUNGSTEN WIRE 

A.N. SHAPOV AL 
State Engineering Centre for Hard Alloys <<Svetkermeb>, Svetlovodsk, Russia 

ABSTRACT 

Technological parameters of the new \Yire dra,,·ing machine are presented in comparison with characteristics of mass­
produced domestic and foreign machines equipped 11·ith the electric-contacL heating system. Advantages of the new 
machine are presented. 

Key words: drau:ing, tungsten ccire. machine. electric­
contact heating. technological parameters 

Tungsten electrodes for argon-arc welding arc made 
from rods and wi rc by the powder metal I urgy methods 
111. The critical technological operation, which is re­
sponsible for the quality of welding electrodes, is 

8 7 6 

Figure 1. Block diagram of the system for automatic regulation 
and maintaining of power in heating a wire (see designations in 
the text) 

3 4 5 

drawing of rods and wire billets using chain and block 
drawing benches . New drawing processes charac­
terized by an increased reduction per pass, vibration 
drawing in particular 121, have been applied in the 
last years. Based on the analysis of the existing meth­
ods for heating the metal prior to deformation 131, 
we assumed the electric-contact heating (ECH) to be 
the basic process for intensification of processes of 
pressure treatment 141. 

Making of contact devices to allow the required 
power to be supplied to a workpiece is one of the 
c hallcngcs arising in development of mach incs for con­
tinuous ECH. Power can be stabilized by using a 
block diagram shown in Figure 1. 

Signal of voltage at a heated region of billet 1 
between contacts 3 is fed from voltage sensor 2 to 
quadratic detector 4. The signal of current flowing 
through the billet is also fed from the measurement 
transformer of the current to the quadratic detector. 
Then both signals arc fed to power meter 5 and power 

8 

Figure 2. Layout of the UVE-1 000 machine (see designations in the text) 
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Specifications of the UVE-1000, MV-1000V and L2 machines 

CharactPri.•il ic 

Drawing speed, m min 

Accuracy of maintaining wire heating temperature, deg. 

Degree of deformation per pass , max , 0
o 

U\'C 1000 

10.5-24.0 

± 20 

28 

BRIEF INFORMATION 

Type of macltinP 

f\1\' /000\' u 

10.5- 13.5 5.0 - 20.0 

±50 ± 30 

22 16 

Intensity of cooling of \\·ire at outlet from the deformation zone, deg. s 

Productivity, kg h 

4000-5000 

1.10 

500-800 200- 250 

0.59 0.68 

Yield of the process, 0
o 

l rrevocable loss, 0 
o 

Specific consumption of power supp lies: 

gas, m3 kg 

air, m3 kg 

electr ic energy, kW (h·kg) 

selector 6. The error signal amplified by amplifier 7 
is fed to thyristor regulator 8 that maintains, through 
matching transformer 9, the selected power at the 
billet heated , which provides a more accurate stabi­
lization of the heating temperature. 

We developed a new design of the tungsten wire 
drawing machine with ECH. To ensure rational utili­
zation of the available equipment, the development 
was made on the basis of a mass-produced drawing 
machine of the MV-1 OOOV model which is widely 
applied at factories manufacturing wire from refrac­
tory metals. Overall dimensions of the MV-1 OOOV 
drawing machine, providing that the air-gas piping 
system and gas heating furnace arc dismantled, allow 
accommodation of all electrical equipment of the 
drawing machine with ECH (UVE-1000). This docs 
not i ncrcasc eli mens ions of the basic MV -1 OOOV draw­
ing machine. Table gives specifications of the UVE-
1 000 machine in comparison with the mass-produced 
MV-1 OOOB machine and the <~Toho Kinzoku>-> (Japan) 
machine L2 with gas heating of the metal. Almost all 
of the characteristics of the UVE-1000 machine arc 
much in excess of those of the other machines. 

The UVE-1 000 machine is mounted (Figure 2) on 
frame 1 of a welded structure and comprises reel drum 
2, <<cold>> contact assembly ..J with lubrication bath 
5, <~hob> contact assembly 7 and winding drum 10, 
located on the two sides in line of drawing. Operation 
of the machine is controlled from unit 9. To load the 
wire billet into a drawing die, its end is subjected to 
thermochemical sharpening in assembly 6 using a so­
dium nitrate melt. Strict linearity of the wire treated 
and its guiding consistently along the drawing axis 
arc provided using a braking device of reel drum 2 
and guide 3. 

The drawing process is carried out until the entire 
wire billet leaves the deformation zone. Trapping 
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96.07 94.98 96.80 

0.5 1.5 1.1 

8.47 1.84 

84.7 18.4 

3.40 3.55 2.20 

mechanism 8 serves to trap the wire end, prevent its 
crushing and ensure linearity after leaving the defor­
mation zone. Power unit 12, which supplies power to 
the machine, is located inside frame f. Drives 11 , 
separate for each of the sides, provide a two-stage 
regulation of the drawing speed by re-adjustment of 
the wedge belt. 

The new contact system of the UVE-1 000 drawing 
machine provides a spark-free transfer of the electric 
energy with a density of up to 1 SO A/ mm 2 at a mini­
mum time needed to load the wire to be treated. 

The new ECH system is used now to advantage 
with the technology for manufacture of welding tung­
sten wire and tungsten strip and cathodes for electron 
beam processes IS, 61. As shown by practical operation 
of the UVE-1 000 machine, the rational number of 
drawing passes within a diameter range from 0.88 to 
0 .S 1 mm is 4. In this case the degree of deformation 
per pass ranges from 20 to 28 %, and the rated number 
of passes serviced by one worker is fi vc. 
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INFO 
REAL-TIME AUTOMATIC SEAM TRACKING 

AND OBSERVATION SYSTEM ~RASTR~ 
FOR EBW 

+ The principle of obtaining information on the state of the workpiece surface 
by scanning with a probe - a sharp-focus electron beam. 

+ At the similar cost the main advantages of RASTR in comparison with the 
optical and television systems are: 

• no optical illuminators and optical elements, which are contaminated by 
metal vapors; 

• the operator works under comfortable conditions . 

• :::::::::::: 1~ .[ 
I , 
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PRINCIPLE AND APPLICATION 

' + The image of a 60 x 60 mm section contain­
ing the weld, the weld pool and the joint 
forms three times per second when the beam 
scans over the surface of the component 
whithin a short period. The process of EBW 
does not exclude the possibility of its inter­
ruption for this short period of time 'tint = 

= 0.1 de / vw, where de is the affected di­
ameter of the beam; vw is the welding 
speed. For de = 1 mm (the size of the beam 
typical of powerful guns) at Vw = 6 m/ h 
( 1. 7 mm / s) the interruption of the welding 
process for 'tint < 60 ms does not cause any 
disturbance in weld formation. At vw = 

= 60 m/ h ( 17 mm/ s) this time period de­
creases to 6 ms. During these periods the 
welding beam may be switched to the prob­

Wehnelt 

Collector for 
secondary 
electrons 

Principle of the secondary emis­
sion image formation while 
EBW procedure 

ing mode, and the weld pool and the weld in the immediate vicinity of the 
pool may be visualised, and the joint line can also be aligned with the centre 
of the weld. At the same time, the system automatically computes the value 
of mismatch between the position of the joint and the weld during welding, 
and a deflection system aligns the beam with the butt line. 

TECHNICAL DATA 

Number of the sampling, pixels .......................................... 256 x 256 

Dynamic error of the joint tracking, mm .............................. ± 0,1 

System works with power units of the ELA type with 
a power of 15, 60 and 120 kW 
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INFO 
ELECTRON BEAM WELDING GUNS 

AND POWER SUPPLIES 

Electron beam equipment is a result of an effective team work of the E.O. Paton 
Electric Welding Institute (Kyiv, Ukraine) and JSC Selmi (Sumy, Ukraine) 

60 kW, 60 kV 

120 kW, 120 kV 

50 

+ The electron gun permits 
welding in continuous and 
pulse modes; it may be 
used inside a vacuum 
chamber at any altitude. 
As the gun has a small 
mass, it may be installed 
on a robot-type manipula­
tor. 

+ The triode electron-optical 
system provides smooth 
adjustment of the beam 
power; it employs a highly 
efficient indirectly heated 
cathode made of lantha­
num hexaboride. 

Cathode replacement takes 
only 10 min. The cathode 
timelife is more then 40 h. 

+ Continuous operation time 
is not limited. Guarantee 
time of control electron 
tubes - 1000- 2000 h. 
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HIGH QUALITY WELDS AND RELIABLE PERFORMANCE ARE 
PROVIDED BY THE HIGH VOLTAGE UNIT. SPECIAL ELECTRON 

TUBE IN THE HIGH VOLTAGE CIRCUIT MAKES IT POSSIBLE: 

• 
• 

to prevent spark discharges from 
transition into arc discharges; 

to eliminate weld defects caused 
by gun discharges; 

High voltage unit 
electric circuit diagram: 

1 - high voltage source; 2 - welding current 

stabilizer; 3 - bombardment current stabilizer; 
.f - focus current stabilizer; 5 beam deflection 
current source; 6 - accelerating voltage stabi­
lizer; 7 control tube unit; 8 - current limiter 

• 

• 

to decrease average beam current 
down to several tens of rnA in the 
load shortcircuit mode; 

to ensure quick response of the 
stabilizer, high stability, small 
pulsation and possibility of im­
pulse modulation. 

The main parameters 
Parameters ELA-3 ELA-15 ELA-30B ELA-30 45 ELA-60 ELA-120 6 ELA-1208 

Maximum po11·er of beam, kW 

Accelerating voltage, kV 

Range of welding current adjusting, mA 

Stability of accelerating voltage and 
welding current, 0

o 

Angle of beam deflection, deg. 

Distance from gun section to the work-
piece, mm 

3 
60 

15 
60 

30 

60 

0.1 - 50.0 0.1 - 250.0 0. I - 500.0 

± 0.5 ± 0.5 ± 0.5 

±7 ±7 ±7 
tOO - 300 tOO- 300 100 - 300 

Power supply: voltage, 1', at frequency 380 220 380 220 380 220 
50 60 Hz 

Consumed po11·er, kVA 

Cooling 11·ater: 
pressure, l\1Pa 

consumption, 1 min 

Equipment 11·eight, kg 

Computer-aided 

1\laximal depth of weld materials. mm: 
stee ls 

titanium and its alloys 

alumin ium-based alloys 
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5 25 

0.3 - 0.4 0.3 - 0.<1 

5 10 

1500 2500 

Yes 

10 
15 
20 

Yes 

50 

80 
120 

57 

0.3 - 0.4 

15 
3000 
Yes 

75 
110 

150 

45 60 

30 60 

0.1- 1500.0 0.1 - 1000.0 
± 0.5 

±7 
100 - 300 

380 220 

70 

0.3- 0.4 

20 
3000 
Yes 

Application: 
EB melting 

and 
evaporation 

± 0.5 

±7 
100 - 300 

380 220 

90 

0.3 - 0.4 

25 

3000 
Yes 

100 

150 

200 

6 
120 

0.1 - 50.0 
± 0.5 

±7 
100- 300 

380 220 

8 

0.3- 0.4 

5 
3500 
Yes 

15 
20 

35 

120 

120 

1.0 - 1000.0 

± 0.5 

±7 
100- 300 

380 220 

220 

0.3- 0.4 

35 

6000 
Yes 

250 

400 
450 
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WELDING ELECTRON BEAM ANALYZER 

+ The space current density distribution has the significant effect on the weld 
penetration, weld width, and quality of electron beam welds. 

+ In our electron beam analyzer the high-power electron beams are analyzed by 
very fast ( -1 km / s) deflection of the beam over the edge of the flat sen­
sor - tungsten plate. Beam current is measured in a circuit of this insulated 
sensor. 

+ Main area of our analyzer application is simple-to-use analysis of powerful 
electron beams, which are formed by the disk cathodes. 

' • • . • e " . • • I • ii ~ 
I • 3 ' ! . ' 0 - . .. ' 0 . 
·· ·- 0 A • T 

·~··I·'! • I' ·l u • .. X _,, .. ,_ . ., 
1 r= ~ 

'I' 1•1·· I 
8 

Block diagram of the machine with the electron beam analyzer: 1 - electron beam gun; 2 -
insulated flat sensor; 3 - massive copper body; I 40 MHz, 8-bit A D converter; 5 - generator 
of deflecting pulses; 6, 7 - D A converters; 8 - electron beam analyzer; 9 - main computer; 
10 - gun power supply 

52 6/2001 

I 

\ 

\ 

\ 

.. 

l 
c 
d 



-, 

~ I 

Neld 

d by 
sen­
ated 

~rful 

ator 
tter; 

001 

+ The current density distribution is a function of the speed of increase in the cur­
rent. As a result of the calculations a computer gives a distribution of the beam 
current density. Therefore, by changing the focus it is possible to get a lengthwise 
section of the beam along its axis, to define the position of the beam focus, the dis­
tribution and values of the beam current density. 

Longitudinal sections of the welding electron beams, formed by new (above) and used (48 h) 
cathode (below) with the <<Replace cathode >> requirement, because the focus position and current 
density are changed essentially 

DESIGN 

+ The sensor and copper body are located in a special position of the vacuum cham­
ber. Prior to welding, an operator gives the command to move the gun to the posi­
tion of the beam diagnostics. Electron beam analyzer is assembled inside industrial 
19" rack / panelmount workstation with added A/ D and D / A converters and de­
flecting pulses generator. 

TECHNICAL DATA 

Maximum electron beam power, kW, up to ······~········································· 120 
Acc.uracy of beam focus distance control , % . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 
Effective frequency of beam deflection system, kHz ..................................... 20 
Duration of deflection pulse, J.!S ........ .... . .................. •........................ ..... ... 30 ... 50 

11 Bozhenko str., 0368Q,l 
Kyiv, Ukrai~: 1 

Tei./Fax: (38 044) 265 4319, 220 9454 
E-mail: beam@mbox.com.ua 
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