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DEAR PROFESSORS, 
A SSOCIATES AND STUDENTS OF THE 

EAST-UKRAINIAN NATIONAL UNIVERSITY! 

Your institution was the first in Donbas to start training machine engineers in 1921, and during 80 years 
since its foundation has transformed from the Engineering Institute into one of the leading universities of 

Ukraine. The Siberia largest higher education institution, now the Omsk State Technical University, was 
established on the base of the Institute, which had been evacuated there during the Great Patriotic War. 

The East-Ukrainian University was established in 1993 on the base of the Lugansk Engineering Institute 
and a number of higher education establishments of the Lugansk district. At present, the University provides 

education in 107 specialities of liberal, economic, natural, social and technical fields of knowledge. During 
80 years it has trained more than 100,000 highly skilled specialists. 1200 masters and 31 Ph.D. have been 
trained in the last years for 70 countries worldwide. 

The Uniursity is actil•e in fundamental and applied research and provides postgraduate studies for scientific 
and scientific-pedagogical staff. The University is a leading scientific-methodical centre, whi le in its 
structure it is oriented to practical implementation of the stepwise education in Ukraine. Owing to a high 

lel·el of the staff and logistical support, the University successfully meets the needs for specialists in the 
sphere of economics and state structures of the Lugansk and other districts of Ukraine. 

The University continues to successfully develop training of technical specialists. The We lding Chair has 

educated more than 1500 welding engineers for more than 35 years. Many of them became the leading 

specialists and managers of major enterprises and organizations of Ukraine, as well as far- and near-foreign 

countries. Welding engineers, the graduates of your University, are the key specialists of welding production 
at such large-scale enterprises of the Lugansk district as the Association <tLuganskteplovoz>->, Stakhanov 
Car Building Works and others. Since 1999 the University has started training students in speciali ty 
<tTeclmology and Equipment for Repair and Increase of Wear Resistance of Machines and Structures» . 

The E. 0. Paton Electric Welding Institute is constantly strengthening contacts and rendering assistance 

to the scientific-pedagogical staff of higher education institutions, including your University, in conducting 
research, providing adc•anced scientific-and-technical information in the fie ld of welding and re lated 

technologies and training the scientific-pedagogical staff. Professors and associates of the University 
participate in conferences and seminars held by the E. 0. Paton Electric Welding Institute and systematically 
publish results of their research in the <tAvtomaticheskaya Svarka>-> Journal. This issue of the Journal 
includes a selection of articles written by professors and associates of the University on the basis of results 

of their recent research. 

The E. 0. Paton Electric Welding Institute of the National Academy of Sciences of Ukraine and the 
editorial board of the <tAvtomaticheskaya Svarka>->] ournal hearti ly congratulate the teaching staff, students 
and associates of the East-Ukrainian National University with the eightieth anniversary since its foundation . 

We wish you all happiness, good health and new achievements in educating highly ski lled specialists in 
all scientific areas, including welding and related technologies, as well as creative success and progress in 

the field of fundamental and applied research. 

Boris E. Paton 
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FEATURES OF STRESSES AND DEFORMATIONS 
DEVELOPING IN WELDED JOINTS 

OF CORROSION-RESISTANT 10Kh13G18D STEEL 

A.l. GEDROVICH and I.A. GALTSOV 
East-Ukrainian National University, Lugansk, Ukraine 

ABSTRACT 

Features of formation of stresses and deformations in welding corrosion-resistant steel of 10Kh13G18D grade are 
described. Kinetics of phase-structural transformations in the process of welding and in the post-welding period is given. 
Most typical structurally-stressed zones of the metal welded are distinguished. 

Key wo r ds: welding, stress, deformation, thermo-de for 
mational cycle, phase, corrosion-resistant steel, austenite, fer­
rite, plastic deformation zone 

Corrosion-resistant steel of 1 OKh 13G18D grade (TU 
14-4-435-98) is used in fabrication of d iesel-multi­
ple-unit trains in ~Luganskteplovoz>> Works. Casing 
sheet thickness of 1.7 mm is specified to reduce the 
carriage weight. During fabrication of the carriage 
side wall, casing sheets are joined to a rigid frame, 
using butt, fillet and plug joints (Figure 1 ). 

Total length of welds, made during the casing 
forming, is 85 m on one side wall and 650 m on the 
entire carriage. 

A large number of we lds and their considerable 
length, promote formation of residual stresses and 
deformations, that distort the design dimensions of 
the item (up to 180 mm sagging, when side wall s arc 
made) and require considerable expenses for assembly 
and postweld treatment (impact and impact-free 
straightening), the cost of which is up to 30- 40 % 
of the overall fabrication cost. 

Physical properties of 10Kh13G18D• and St .3"" steels 

Physical properties 10Kh13GIBD St.] 

Density, p·103
, kg / m3 7.90 7.85 

Melting temperature, 'C 1400- 1450 1500 

Heat conductivity at 100 'C, 0.16 0.39 
W / (m K) 

Coefficient of linear expan- 16.6- 20.0 12.0 
sion, a-10-6, at the tempera-
ture from 0 up to 100 'C 

Electrical resistance at 20 'C , 0.73 0.15 
Ohm·mm2/ m 

Temperature of the start of in- 850-900 550 
tensive formation of scale, 'C 

Magnetic properties Nonmagnetic Magnetic 

'c - 0.1; Cr - 13.0; Mn - 18.0; Cu- 1.0 wt.%; Fe - balance. 
.. C - 0.14- 0.22; Mn - 0.3- 0.6; Si - 0.05- 0.17; S - up to 
0.05; P - up to 0.04 wt .%; Fe - balance . 

© A. I. GEDROV ICII and I. A. GALTSOV, 2001 
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Welding, as a technology of mak ing permanent 
joints, is characterised by a high ly local input of heat 
energy into t he metal. The thermo-deformational cy­
cle of welding induces residua l welding deformations 
and stresses in the parts and components. The latter 
in stain less austenitic steels can greatly exceed t he 
material yield point r1 ]. This is further promoted by 
the fact t hat stainless austenitic steels have a low 
coefficient of heat conductivity, high coefficient of 
linear expansion and are prone to hardening (Tab le). 

The aim of this work consisted in experimental 
investigation of plastic deformation distr ibution in 
the weld zone, evaluation of the level of residual 
stresses, phase transformations of weld and HAZ met­
al during the thermo-deformational cycle of welding 
and after welding. 

Formation of residual deformations and stresses, 
as well as the level of phase transformations in stain­
less austenit ic steels, are affected by plastic deforma­
tion, developing during weld ing and subsequent cool­
ing [ 1, 21. 

In welding a number of phase transformations pro­
ceed in the weld and HAZ metal, the level of which 
is determ ined by the factors, affecting the develop­
ment of plastic deformation (welding modes, metal 
coo ling rate, etc.). The structure of corrosion-resistant 
steels is characterised by the following phases: 
austenite, carbide, ferrite and martensite. The latter 
three have ferromagnetic properties, and austenite has 

3 2 

Figure 1. Elements of side wall casing: 1 - 7-bead corrugated 
profiled sheet, forming the bottom part; 2 - casing corrugated 
sheet, forming the window openings; 3 - 3-bead corrugated pro­
fi led sheet, forming the upper part; 4 - rigid frame 

3 
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200 

.______I· ~....-----------·1~1 
Area of measurement of a-phase and HRC hardness 

Figure 2. Specimen for tensile mechanical testing 

paramagnetic properties . Primary magnetic properties 
of the metal (saturation magnctisation) depend on 
phase composition and crystalline lattice type, and, 
therefore, their study will yield data, necessary for 
plotting the equilibrium diagrams of the metal at plas­
tic deformation. Therefore , change of saturation mag­
nctisation of the item is recorded at the change of 
phase composition or phase structure of the weld and 
HAZ metal 131. 

Specific magnctisation usually depends on metal 
composition, stress level and plastic deformation. 
Composition of single-phase paramagnetic metal of 
the weld and the HAZ can be determined from a 
graph, plotted in the co-ordinates of metal specific 
magnctisation-deformation (stress). 

Mechanical tensile testing of 1.7 x 20 x 200 mm 
flat specimens with a soft Mcsnager stress raiser, R = 

= 5 mm, in the specimen center (Figure 2), was per­
formed in R-5 tensile testing machine, in order to 
simulate the deformations and stresses, arising in the 
weld and the HAZ metal in welding. Testing demon­
strated that plastic deformation is localised at the 
stress raiser and is accompanied by phase transforma­
tions of y-austenitc into a-ferrite (with a-ferrite con­
tent of up to 12 % at rupture). 

Mechanical testing, according to GOST 1497- 84, 
revealed that the yield point of this steel is 435 MPa , 
ultimate strength is 760 MPa and relative elongation 
is 25- 30 %. 

Investigation of the zone of plastic deformations 
(between the stress raisers) at varying load (meas­
urement error up to ±2 %), using flux-gate pole finder 
FP-1 M and FA-1M ferrite meter, demonstrated that 
phase transformation with a-ferrite formation devel­
oped at applied tensile stresses above cry of the metal 
equal to 430 MPa, and had a non-linear dependence 
(Figure 3). 

The conducted experiments demonstrated, that 
magnetic a-phase forms only in the zone of tensile 
stresses, since austenite, having a face-centered lattice 
of y-iron, is characterised by a higher density and 
smaller specific volume, than ferrite with a less 

a-phase, % a-p.-h_a_se....:.'..:...J.LA ___________ -, 

12 120 

10 100 

8 80 

6 60 

4 40 

2 20 
0 0 

440 470 570 670 770 P, MPa 

Figure 3. Dependence of a-phase appearance on applied tensile 
load P 

4 

60 

40 

20 

670 770 P, MPa 

Figure 4. Dependence of the increase of specimen HRA hardness 
on the applied tensile load 

densely packed lattice of a-iron [ 41. At tensile plastic 
deformation, the dense lattice of a-phase is rather 
easily rearranged into a less dense one. At compressive 
plastic deformation no noticeable change of y-phasc 
lattice density is observed rs]. Plastic deformation 
causes austenitic grain fragmentation, block refine­
ment and increase of their disorientation angle. 

At specimen hardness measurement by the Rock­
well method (GOST 9013-59), it was found that the 
metal in the stress concentrator zone is greatly 
strengthened from HRA SO (before load application) 
up to HRA 69- 71 (after rupture) (Figure 4), this 
being indicative of formation of £-martensite of de­
formation . Higher susccptibi 1 ity of chromium-manga­
nese austenite to martensite transformation at defor­
mation, is related to a low energy of stacking faults, 
that arc the nuclei of the crystals of£- and a-marten­
site of deformation. 

Austenite-martensite transformation is charac­
terised by rearrangement of the lattice, without 
changing the concentration of the reacting phases. 
Since it is diffusionlcss, carbon docs not precipitate 
from the solution, and just the rearrangement of iron 
atoms occurs during transformation. Located in 
austenite in the form of a face-centered cube, they arc 
redistributed during transformation, into a body-cen­
tered lattice, this being accompanied by increase of 
the metal volume by 1.0- 1.5 % 14 ]. Appearance of 
£-martensite of deformation and decrease of the indi-

a-phase,% 

10 

5 

9 9 y, mm 

Weld 

Figure 5. Distribution of a-phase over the cross-section of a welded 
specimen in the weld and HAZ metal 
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cr res, MPa 

790 

Figure 6. Kinetics of distribution of residual stresses in the welded 
joint 

ces of austenitic y-propcrtics arc characterised by 
phase transformation equation y ~£~a. 

In order to study the features of stress and defor­
mation development in welded structures, the process 
of carriage welding was simulated on sheets of 
10Kh13G18D stainless steel of 1.7x220x4SO mm 
size in the jig (to provide the required rigidity). 

After welding a specimen of this steel in argon 
Ua = 40 A, Ua = 19 V, Vw = 16 - 17 m/ h) with 
Sv-08Kh20N9G7T (C - 0.8; Cr - 20.0; Si - O.S; 
Mn - 7.0; Ni - 9.0; Ti - 0.8 wt.%) wire of 1.2 mm 
diameter, its complete cooling and removal from the 
jig, it was found that the content of a-phase could 
be up to 9 - 10 % in the weld and HAZ metal (Fi­
gureS), then it abruptly dropped to zero across the 
specimen width (non-] incarly). The width of the zone, 
containing a-phase, was 8- 9 mm after welding. 

The residual stress field in the welded specimen 
is characterised by a high level of tensi lc stresses ares = 
= 78S MPa and their considerable gradient across the 
width (Figure 6). 

The thermo-deformational cycle of welding results 
in hardness increase from HRA SO (before welding) 
up to HRA 6S - 67 (after welding) in the weld and 
HAZ metal (Figure 7). 

After complete cooling of the specimen and its 
removal from the jig, its deformation was observed . 
Maximal deformation (sagging) occurs in the first 
10 min after taking the specimen out of the jig and 
is f= 11.2 mm on 220 mm base. 

During storage of welded specimens of the above 
steel, the residual stress field, deformations and phase­
structural composition of the metal do not remain 
stable, the level of residual welding stresses is reduced 
by 10% of the initial value, and the amount of a-phase 
in the weld and HAZ metal is also changed. Both the 
processes proceed in a synchronous manner. Stress 
relaxation with increase of deformation (up to frel = 
= 12 mm), drop of the residual stress level (ares = 
= 680 MPa) and lowering of a-ferrite content (to 
7.S %) proceed for 72 h. 

The relaxation process running is due to the reverse 
process of phase-structural a~£~ y transformation, 
accompanied by a change of the degree of martensite 
tctragonality, and also its partial decomposition, re­
duction of ferritic a-phase and recovery of austenitic 
y-propcrties of the material, this, in its turn, promot-

HRA 

67 

50 
0 5 9 y, mm 

Figure 7. Dependence of distribution of HRA hardness in the weld 
and HAZ metal 

ing activation of tensile stresses, accumulated by the 
weld and the HAZ metal, lowering of their level and 
increase of material deformability. 

Analysis of residual stress epurc and qualitative 
content of a-phase, as well as the results of integrated 
study of the process of deformation with time of 
welded joints on austenitic steel of 1 OKh 13G18D 
grade, allows the following most characteristic struc­
turally-stressed zones to be distinguished (Figure 8): 

• zone 1 - maximal tensile stresses. The metal of 
the weld and the HAZ (- 8 mm width) is in the plastic 
deformation zone. The level of maximal tensile 
stresses is 78S - 790 MPa. Maximal content of a­
phase is 9 - 1 0 %; 

• zone 2 - maximal compressive stresses (- 4 mm 
length). Located in base metal, undergoing plastic 
deformation during the thermo-deformational cycle 
of welding. The level of maximal compressive stresses 
is 180 MPa, no a-phase detected; 

• zone 3 - compressive stresses. Located in the base 
metal, not undergoing plastic deformation in welding. 
The level of maximal compressive stresses is 1 SO MPa 
(zone length is - 12 mm), no a-phase found; 

• zone 4 - tensile stresses. Located in the base 
metal outside the plastic deformation zone. The level 
of maximal tensile stresses is 8S MPa, maximal con­
tent of a-phase is O.S- 0.7 %at- 6 mm length. 

Based on the derived experimental data , it should 
be noted that the maximal tensile residual stresses 
were found in zone 1. They arc one of the main con-

-180 0 <rres, MPa 790 

8 
(f) 

___., 
c. -
w 
Q) v 9 c 
0 C\J N 

(") ~ 0 

w 
Q) 24 c 
0 

~ 't e N 

y, mm 

Figure 8. Characteristic structurally-stressed zones of the welded 
specimen 
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ditions of phase transformations of austenite, by their 
level they arc 1.6 - 1.8 times higher , than the material 
relaxation 'limit , and their reduction after welding 
(during storage) is maximal. In addition, in this zone 
after the thermo-deformational cycle of welding, a­
phase content is maximal, compared to other zones, 
alongside the high level of tensile residual stresses, 
and it changes during storage. In the other three zones, 
the level of residual welding stresses is 2 - 3 times 
lower, than the material relaxation limit, and the 
drop of their level during storage is slight, whereas 
no change of a-phase content was found during the 
entire period of storage. All this leads to the conclu­
sion, that zone 1 is the main source of deformations 
of the entire welded joint with time. 

CONCLUSIONS 

1. Deformation of welded structures, related to struc­
tural transformations, is the result of the impact of 
therma l cycle of welding in individual zones of the 
welded joint and formation of unstable structures in 
them. After welding, the zones with unstable struc-

ture, develop structural transformations, inducing ad­
ditional inherent stresses, that deform the structure. 

2. With the increase of residual stresses, a-phase 
content grows with a continuously rising gradient. 
Applying different methods to change the level of 
residual stresses formed during the process of irre­
versible plastic deformations of the weld and HAZ 
metal, it is possible to change to a certain extent, the 
content of a-phase, as one of the main factors, deter­
mining the dimensional stability and other important 
service properties of the item. 
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THEORETICAL ESTIMATION OF EFFECT 
OF ELECTRON BEAM PARAMETERS 

ON THE FORMATION OF ROOT DEFECTS IN EBW 

Yu.I. STATYVKA and V.A. SHEVCHENKO 
East-Ukrainian National University, Lugansk, Ukraine 

ABS1RACT 

The effect of electron beam geometric parameters on non-uniformity of penetration depth in case of welding at external 
disturbance and without it is considered. Theoretical results have a good correlation with experimental data. 

Key words: electron beam welding, vapour-gas channel, 
non-uniformity of penetration depth, probability model, beam 
focusing, beam scanning 

EBW is the promising method of joining materials 
11, 21 owing to its unique property of a single-pass 
deep penetration in spite of the problems of providing 
stability of the weld formation, in particular depth 
of J9Cnctration. 

In the EBW theory the mathematical models of a 
deep penetration of metal and a formation of the va­
pour-gas channel have been developed 13 - 8]. At the 
same time, when the processes of formation of root 
defects arc described in the up-to-date publications, 
a number of the important factors arc not taken into 
consideration. Usually, the stability of the vapour-gas 
channel to different disturbances is studied and the 
problem of estimation of the amplitude of variation 
in the penetration depth (root defects) depending on 
the parameters of the technological process is not put 

© Yu.l. STATYVKA and V.A. SIIEVC II ENKO, 2001 
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forward. Thus, the authors of [9 - 12] give the rela­
tions, coming from the theoretical consideration of 
the problem, that makes it possible to select the op­
timum frequency of a circular beam scanning. How­
ever, the relations for estimation of the amplitude of 
variation of the penetration depth, frequency and 
probability of formation of root and other typical 
defects of deep penetration arc determined from the 
experimental results. The authors of I 131 suggest a 
mathematical model for the estimation of the ampli­
tude of variation of the penetration depth in case of 
welding with an vibrating action on the weld pool, 
but only at the condition that the optimum frequency 
of this action was selected. 

Therefore, the problem of development of the 
mathematical models of the process of formation of 
root defects remains actual. 

In 1141 the problem of screening a conical electron 
beam with the melt disturbances, uniformly distrib­
uted along its axis, was investigated. The relations 
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A 

Figure 1. Scheme of electron beam screening by the melt in a 
gas-vapour channel 

were obtained for the density of distribution and 
mathematical expectation of the amplitude of the dis­
turbances projections on the plane of the minimum 
section of the beam depending on its geometry and 
depth of penetration. 

Let us consider the problem about the non-uni­
formity of the penetration depth at screening of the 
conical electron beam (Figure 1). In Figure Ro denotes 
a minimum radius of the electron beam; A is the am­
plitude of a screening element; ~ is the projection of 
the screening clement on the plane of the beam mini­
mum section; b is the depth of a minimum beam sec­
tion; lis the distance from the beam minimum section 
to its focal plane; h and r arc the coordinates of the 
screening clement. 

Let us find the projection of the amplitude of the 
screening clement A on the plane of the beam minimum 
section. It is evident from the geometric relations that 

(1) 

To model the wider class of situations, it was as­
sumed that the melt disturbances, screening the elec­
tron beam, are distributed in the depth with a density 
of a beta-distribution H(h) 11 S I: 

H h = G(a + ~) ( h - h, J"' -IJ (1 - ~J~ IJ' (2) 
( ) G(a) G(~) llz2 - h1 l h2 - h1 

where G is the gamma-function; a, ~ arc the parame­
ters of beta-distribution; h 1, h2 arc the intervals of 
depths where the screening occurs. Using expression 
(2) at a~ 1, ~ ~ 1 it is convenient to model the 
distribution of the screening clements at the length 
[h 1, h2 ] in the depth of the vapour-gas channel: uni­
form at a=~= 1, concentrated largely in root, upper 
or middle part of the channel at a < ~. a > ~ and 
a=~-
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Figure 2. Dependence D2(b , h2) at y = 0.01 rad and different o. 
and ~: 1 - o. = I, ~ = 1; 2 - o. = 2, ~ = I; 3 - o. = 3, ~ = I; 4 -
0.=1,~=1 

If the disturbances of amplitude A = const arc 
distributed in height with density H(h), then the 
mathematical expectation m2 of the square of the beam 
minimum section, proportional to the energy being 
screened, can be found as 

h, 
(3) 

"· 
At h1 = 0 taking into account of equations ( 1) and 

(2) we shall find 

LA 2(lh2 + 21z2b - 2b2) 

m2 = (l + b) (l + h2 - b)h2 · 

It can be expected that in one act of the screening 
the electron beam is overlapped by a disc of radius 
~in the plane of the minimum section. 

The screening of the beam with the melt distur­
bances occurs at different depth 13, S, 6], however, 
the significant changes in the front of melting take 
place only in the root part of the vapour-gas channel. 
Let us find the ratio m2, proportional to the screening 
beam power with disturbances, to the square of radius 
of a perfect electron beam Rn in the depth h2. It 
follows from Figure 1 that 

R,. = R 0 (l + lh2 - bl)/ 1. 

Figure 2 shows relationship 

0 

0 0 

0 2 3 4 

Figure 3. Comparison of estimated and experimental data [ 16] 
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Figure 4. Dependence of a stability factor on the frequency of 
scanning (for h2 = 10 ( 1) and 30 (2) mm at R«an = 0.5 mm 

The value D 2 can be interpreted as a fraction of 
the beam area in the root part of the vapour-gas chan­
nel, proportional to its energy which is screened by 
the melt disturbances. At all the b::; h2 the value D2 
reaches the highest value at b/ h2 = 1 independently 
of the parameters of distribution of disturbances in 
the depth of penetration. 

Thus, the obtained theoretical relations describe 
appropriately the fact, well-known from experimental 
in vcstigations, about the h ighcst variations of the 
penetration depth at a spike shape of penetration 
which is produced, as a rule, when the plane of the 
minimum section of the electron beam is located in 
the weld root part 13, 6, 161. 

To compare with experimental data of 13 , 161 the 
value D 3 was used: 

D 2(b, lz2) 

D 3 = D2(b = h2, h2). 

The Figure 3 presents the dependence of D 3 on b/ h2 
at a uniform distribution of screening clements of the 
melt in the depth of the vapour-gas channel (a = ~ = 

= 1) for values of the angle of convergence y of beam 
being equal to 0.01, 0.03 and 0.05 rad (curves 1 - 3, 
respectively). Points arc the experimental data forti­
tanium alloy VT6 13, 16J plotted as a dependence of 
!::J.h1/ !::J.h1,=h, on b/ h2. The values D3 were calculated 

for the experimental data band h2 at Ro = 0.7 mm and 
unchanged amplitudes A of disturbances in all the ex­
periments. The given data illustrate the quality coinci­
dence of estimated and experimental values. 

Value m2, determined from formula (3), can be 
also used in modelling of root defect formation in case 
of welding at an external action on the weld pool. 

Let q be the mean specific power of the beam. 
Then, the value qrcm2 can be used as m6, i .e . mathe­
matical expectation in decrease of beam power in the 
root of the vapour-gas channe l in one event of screen­
ing within the scope of the probability model of for­
mation of the weld root 1171 based on the scheme of 
the fractional process. Figures 4 and 5 show the results 
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Figure 5. Dependence of a stability factor on the frequency of 
scanning f for R,.,an = 0.3 (1) and 0. 7 (2) mm at h2 = 30 mm 

typical of this model in case of usc of m6 = qrcm2 in 
welding with a circular scanning of the electron beam 

hmax 
of radius R scan· Weld stabi li ty factor k = h _ "I, 

max L\ 1 

where hmax is the largest depth of penetration in root 
defects and !::J.h is the height of the root defect, is taken 
as a va lue, characterizing the non-uniformity of the 
penetration depth . The calculations were made for 
alum inium . It is seen that the increase in the pene­
tration depth or decrease in amplitude of the beam 
scanning leads to the increase in amplitude of the root 
defects and more dense location of natural frequencies 
of vibration of the molten metal in t he weld pool. 
The calculations were made at A= 0.1Ro, b = 0.3h2, 
Ro = 1 mm , y = 0.01 rad at the mentioned radius of 
beam scanning R scan and maximum depth of penetra­
tion h2. The thickness of the melt at the front wall 
of the weld pool was taken equal to 0.5 mm. 

CONCLUSIONS 

1. Method of analytical estimation of a fraction of 
the electron beam energy being screened by the dis­
turbances of the melt in t he gas-vapour channel has 
been developed, that makes it possible to estimate the 
non -uniformity of the penetration depth. 

2. The relationships were obtained within the 
scope of the probability model of format ion of root 
defects using the schemes of the fractional process for 
determination of t he non-uniformity of the depth of 
penetration, taking into account the focusing, radius 
and frequency of the circular scann ing of the electron 
beam . 
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FORECASTING RESIDUAL DEFORMATIONS 
IN WELDING WITH FORCED COOLING 

A.l. GEDROVICH and A.B. ZHIDKOY 
East-Ukrainian National University, Lugansk, Ukraine 

ABSlRACT 
Approach is described for determination of sizes of active zone and residual deformations and also their maximum 
possible reduction in welding with cooling of different types of welded joints. 

Key words: welded joints, u:elding with forced cooling, 
deformation, residual stresses, yield strength, plastic deforma­
tion zone 

Considering the current level of welding fabrication, 
production of welded structures, with distortions not 
exceeding the tolerances, involves certain difficulties. 
Postweld straightening often does not allow complete 
elimination of residual deformations, and for compli­
cated three-dimensional structures, it is practically not 
applicable. Other known methods of residual deforma­
tion elimination also involve considerable expenses, or 
can be used just for limited classes of structures. There­
fore, the most promising is the use of distortion-free 
welding and one of its variants, namely welding with 
forced cooling, as the processes, allowing achievement 
of minimal residual deformations within the tolerance 
limits , after post-weld treatment [1 ]. 

The process of welding with forced cooling was 
studied by many foreign and local researchers, includ­
ing the staff of E.O. Paton Electric Welding Institute , 
NTUU <<Kiev Polytechnic Institute>>, etc. 12, 31. This 
process, however , did not become widely accepted in 
industry, as many of its aspects remained unstudied. 

It is known [4 - 61, that the level of residual 
stresses and deformations in welded structures de­
pends on the dimensions of the plastic deformation 
zone (active zone). One of the methods of controlling 
them is forced cooling during welding. There exist a 
great number of various methods of cooling during 
welding, that lead to reduction of the above dimen­
sions and have, based on the published data, different 
adaptability to fabrication and effectiveness. Appli-
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cation of a particular kind of cooling is governed by 
the welding process (automatic, manual, submerged­
arc, etc.), properties of the material being welded , 
item cost, batch size and production conditions, etc. 
Study [71 reports an up to 70% reduction of the active 
zone dimensions. In this case, investigations were con­
ducted for low-carbon steels 1 - 3 mm thick, as thin 
sheets arc the most prone to deformation. For butt 
joints of up to 3 mm thick metal, residual stresses 
and deformations for the main cooling processes arc 
calculated by the known dependencies IS I through 
the shrinkage force, found from the nomogram (Fi­
gure) with different degrees of the active zone reduc­
tion. Up to now, however, limit dimensions of the 
active zone, with regard to .the concrete types of 

z 
"" 
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Nomogram for determination of shrinkage force in the case of butt­
and zero-gap welding with cooling at different degrees of reduction 
of the active zone dimensions: 1 - minimum; 2 - 30; 3 - SO; 
4 - 70 %; 5 - maximum 
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Table 1. Cross-sectional area of welds 

}oint tljpe 

Butt Fillet 

Designation Area, mm 
2 

Designa lion Area, mm 
2 

B1 13.3 F1 8.3 

B2 11.4 F2 14.0 

B4 20.5 F4 12.1 

B5 13.6 F5 6.0 + 4.0 

B7 2.0 X 9.0 F6 8.8 

B8 8.3 F9 8.6 

B9 12.2 F10 8.4 + 4.0 

B10 8.8 

B12 8.8 + 4.0 

welded joints , have not been determined in welding 
with cooling. This paper fills up the gap. 

In the general case, it can be assumed, that residual 
stresses inside the active zone, arc equal to the yield 
strength, then the shrinkage force can be determined 
from lhc specimen cross-sectional area that is inside 
the active zone. This area consists of two parts: area 
occupied by the weld and the HAZ, where the stresses 
arc equal to the yield strength. The first can be re­
garded as constant, si nee the geometrical dimensions 
of the weld arc determined from appropri ate State 
Standards of Ukraine, and the area of the HAZ zone, 
in which the stresses arc equal to the yield strength, 
depends on heat propagation into the base metal and 
restraint conditions. It is interesting to find out by 
what maximal value can the dimensions of the active 
zone be reduced, irrespective of the cooling method. 
For low-carbon steels in bead deposition on the edge, 
the width of the active zone is determined by the 
width of the isotherm, corresponding to 300 oc, and 
for the bead-on-plate depos it ion - to 200 °C . 

When welding with cool ing is used, the active 
zone width is reduced. Let us consider the limi t cases, 

Tee 

Desigrwtion Area, mm 
2 

T1 7.8 

T3 2.0 X 7.8 

T6 7.5 

T7 7.5 + 4.0 

Overlap 

De signa I ion 

01 

02 

' Area, mm~ 

7.8 

2.0 X 7.8 

when the active zone width is maximal (welding with­
out cooling) and minimal (heat removal completely 
blocks heat propagation into the base metal, and the 
active zone exists only in the weld). Other cases are 
intermediate. 

C02 consumable-arc welding can be selected as 
the main welding process to produce welded joints of 
low-carbon and low-alloy steel sheets. For compari ­
son, let us analyse limit sizes of the active zone of 
welded joints on St.3 steel 3 mm thick (in this case 
the largest range of typical welded joints can be an­
alysed) . 

Let us determine the maximal half-w idth of the 
isotherm, corresponding to 300 and 200 OC, for the 
case of complete penetration of the studied joints, 
applying a mathematical model for determination of 
the temperature field 181. Then, let us calculate the 
cross-sectional area of the weld, using its average geo­
metrical dimensions for each type of welded joint 
(Table 1 ), as the initial data. Welded joints of types 
B7, B12, FS, F10, T3, T7, 02 have two welds. For 
joints of types T3 and 02, let us consider the combined 
influence of these two welds, as the influence of one 

Table 2. Maximal and minimal cross-sectional area of the active zone for different types of joints 

}oint lljpe F max' /Jl1Jl 
2 

/."10 111 , nun 
2 

Kmax red ' % }oint type Fmax, mm 
2 

Fmin ' mm 
2 

Kmaxred '% 

Butt joints Fillet joints 

B1 51.1 13.3 74 F1 48.9 8.3 83 

B2 53.1 11.4 79 F2 40.8 14.0 66 

B4 57.7 20.5 64 F4 53.5 12.1 77 

B5 51.5 13.6 74 F5 52.4 10.0 81 

B7 64.3 18.0 72 F6 51.8 8.8 83 

B8 51.6 8.3 84 F9 51.7 8.6 83 

B9 53.5 12.2 77 F10 53.6 12.4 77 

BIO 49.2 8.8 82 Tee joints 

B12 53.8 12.8 76 T1 62.7 7.8 88 

B19 49.6 9.6 80 T3 76.7 15.6 80 

B28 46.7 15.0 68 T6 62.4 7.5 88 

Overlap joints T7 66.4 11.5 83 

01 62 .7 7.8 88 

02 76.7 15.6 80 
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weld with the coefficient of 1.1 5, and for B7 let us 
perform the calculation for one weld [9] . For welds 
with a back bead, the main weld area is larger, than 
that of the back weld, by approximately 2 times. Heat 
input for the main weld (the second one applied), is 
also much higher, than the heat input for the back 
weld. Therefore, the active zone ofthe main weld 19], 
will prevail, so we will usc it to perform calculations 
for joints of B12, F5, F1 0 and T7 type. 

For the majority of butt and fillet joints, made 
by deposition on the edges, we derive the maximal 
and minimal areas of the active zone cross-section 
Fmax =(Lis - bw)b + Fw, Fmin = Fw, where Lis is the 
maximal width of the isotherm, corresponding to 
300 oc, mm; bw is the weld width, mm; 8 is the welded 
metal thickness, mm; Fw is the weld area, mm. For 
tee and overlap joints of the lower sheet, bead-on­
plate deposition is used, and for the upper sheet -
deposition on the edge. Heating source power when 
joining the edges of equal thickness is uniformly dis­
tributed: 1/3 of its power is applied to the vertical 
sheet (upper sheet for the overlap joint) and 2/ 3 -
to the lower sheet. At the temperature of 200 oc, the 
maximal half-width of the isotherm is 15.3 mm, and 
at 300 Tit is 12.5 mm. 

For joints of types B5, B10, B19 and B28, made 
on a backing or having a complex geometry, calcula­
tion of the cross-sectional area of a zone, heated above 
300 oc, is more complicated, as the heat is applied to 
the backing or in a non-uniform fashion to one of the 
edges. The maximal half-width of the isotherm de­
pends on the joint type. 

Maximal degree of reduction of the active zone 
cross-sectional area was determined by coefficient 
Kmax red= 100- 100Fmin/ Fmax• %. The results of the 
performed calculations are given in Table 2. 

The conducted experiments confirmed the fact, 
that in welding with cooling, the dimensions of the 
active zone can be reduced by 70 % and more. Thus, 
it can be stated, that Kmax red values will be different 
for different types of welded joints. Shrinkage force 
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and residual stress level are directly proportional to 
the dimensions of the active zone cross-sectional area. 

Direct dependence of residual deformations, de­
pendent on residual stresses, on the active zone di­
mensions, is preserved only at the values of compres­
sive stresses that are smaller, than a certain critical 
value at which the stability is lost, and depend on 
wei dment geometry r 5]. In the case of the loss of 
stability deformations are increased many times. 

CONCLUSIONS 

1. Cross-sectional area of the active zone for standard 
welds, made in the optimal modes, can vary between 
the maximal and minimal value. 

2. The extent of reduction of the active zone cross­
sectional area, depends on the type of the welded 
joint: it is maximal (88 %) for joints of types T1, T6, 
01 and minimal (64 %) for butt joint B4. 

3. Lowering of residual deformations at compres­
sive residual stresses below the critical values, is di­
rectly proportional to reduction of the active zone 
cross-sectional area in welding. 
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BARRELS OF UNITS 
FOR DETONATION SPRAYING OF COATINGS 

Yu.A. KHARLAMOV 
East-Ukrainian National University, Lugansk, Ukraine 

ABSTRACT 

The paper deals with the advantages of technological application of detonation modes of gas mixture combustion, chiefly 
for thermal spraymg of coatmgs, as well as various design features of combustion chambers of the coating units. 
Feasibility of developmg the processes of spraying of coatings, using cylindrical detonation waves, and also using 
contmuous gas detonatwn, is noted. 

KeY words: thermal spraying, detonation in gases, deto­
natwn-gas spraymg, barrels, detonation guns 

Detonation spraying of coatings (DSC) was first pat­
ented in the USA (1952), and later independently 
developed in the USSR r1 - S ]. The high quality of 
the coatings produced by the above process, ensured 
its successful application and development for more 
than 40 years. DSC is one of the most effccti vc thermal 
spraying (TS) processes [6, 7 ]. DSC development 
allowed for the first time achieving a higher velocity 
of the sprayed particles. High-speed plasmatrons, as 
well as devices, using the mode of continuous high­
speed gas com bust ion (rocket com bust ion cham bcrs) 
were introduced much later 181. Units for high-speed 
flame spraying (HSFS) consume up to 10 m3 of gases 
for deposition of 1 kg of a tungsten-carbide based 
:oating. Gas consumption in such units can be up to 
30- 1 SO m3 / h. This method has lately become widely 
accepted in the developed countries. However, this 
system requires a higher consumption of gases to 
achieve equivalent pressure, comparable with the 
detonation process. The main disadvantages of HSFS 
(high specific flow rate of gases, overheating of the 
base-coating system, need for intensive cooling) arc 
associa~ed with this feature. Modern detonation guns 
(DG) for coating application, for instance, Super D­
Gun 11, 2, 9 I, provide acceleration of the powder 
particles movement up to 1000 m/ s with simultane­
ous heating up to the melting temperature. Moreover, 
they consume a much smaller amount of the combus­
tible mixture at the same efficiency, as that of HSFS. 

Detonation modes of gas combustion have a num­
ber of useful features (in terms of practical applica­
tion). This primarily is achievement of higher tem­
peratures, compared to usual combustion (up to 
4000 OC and more at normal pressure). An important 
thermodynamic feature of detonation is the fact that 
at the same heat evolution the increase of entropy is 
smaller, and, as a result, the greater part of chemical 
energy of the fuel can be used for mechanical work. 
This allows application of spraying modes with more 
intensive acceleration of the sprayed particle move-

© Yu.A. KIIARLAMOV. 2001 
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mcnt. In order to carry out com bust ion, it is necessary 
to spend a negligible amount of energy, just to initiate 
the process, as it proceeds entirely at the expense of 
the inherent energy capabilities of the system. In the 
case of plasma processes, the power consumption to 
achieve high temperatures, is extremely high. Deto­
nation units, similar to other combustion units, arc 
reliable and have a long operational life. These fea­
tures of detonation-gas processes allow them to com­
pete with electric-plasma processes. Energy concen­
tration in ten times compressed oxygen-hydrocarbon 
mixtures reaches 1.108 J/m3, this being two orders 
of magnitude higher, than in the oxyaccthylene flame. 

Despite a quite long history of development, DSC 
still remains to be the least studied of the modern TS 
processes. This primarily concerns detonation-gas equip­
ment for spraying of coatings. There arc practically no 
publications, devoted to designing DG components and 
assemblies, calculation and selection of its main char­
acteristics and parameters. Considering the broad range 
of physico-chemical properties of the deposited materi­
als, appropriate hard ware is required for flexible control 
of the parameters of pulsed heterogeneous flow, in order 
to form coatings with the required characteristics. The 
structure and main requirements to DG asscmbl ies were 
considered in 110, 111. 

This paper outlines the main ways to implement the 
above requirements for the major assembly of any 
DG - the barrel of detonation combustion chamber. 
The processes proceeding in the barrel primarily deter­
mine the parameters of the heterogeneous flow, that 
forms the sprayed coating. In the most general case, 
self-sustaining detonation in gases can be achieved, us­
ing plane, cylindrical and spherical waves [12J. The 
latter two can be both diverging and converging. 

Traditionally, modern DG mostly incorporate 
cylindrically-shaped barrels, in which the detonation 
phenomenon with plane detonation waves takes place. 
Adjustment of the sprayed particle flow parameters 
is performed by varying the barrel dimensions (di­
ameter, length), combustible mixture composition, 
degree of the barrel filling with the combustible mix­
ture and location of the initial dose of powder in the 
barrel. However, other barrel geometries can be also 
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used, allowing control of the parameters of the pulsed 
heterogeneous flow, forming the coating. As the main 
indices of barrel classification, let us consider the 
shape of the transverse and longitudinal sections, ge­
ometry of inner surfaces, cooling system, etc. 

Cross-sectional shape. In principle, barrels of a 
square, rectangular, oval and other cross-sectional 
shapes can be applied, if it is justified by a more 
rational usc of the sprayed powder, when processing 
small parts or local areas of the surfaces being treated. 
Application of longitudinal partitions allows creating 
barrels with greater cross-sectional dimensions. The 
formed longitudinal cells stabilize the initiation and 
propagation of detonation, yet increase the energy 
losses. To coat circular surfaces of a relative small 
size, the barrel can be made to have a circular cross­
section. Usc of this principle allows coating also other 
kinds of narrow, pcrimetrally located surface sections. 

Change of the cross-section along the barrel 
length. Distinction is made between barrels with the 
cross-section constant along the length, cross-sec­
tional area or shape changing (smoothly or abruptly) 
along its length, as well as those with the cross-sec­
tional shape and area changing simultaneously. One 
of such designs is a stepped barrel (Figure 1, a) with 
the cross-section decreasing in the direction of the 
detonation product outflow 1131. The specific energy 
of detonation product flow is increased at the expense 
of initiation of the reflected waves at transition from 
one step to another. In order to create better condi­
tions for the detonation product flow with suspended 
powder particles, it is recommended to use barrels 
with a smoothly decreasing cross-section, including 
conical cross-section (Figure 1, b). Such barrels allow 
producing ovcrcomprcsscd detonation waves and an 
enhanced energy impact on the sprayed powder par­
ticles [141. The outlet section of the barrel can be 
made to have a constant cross-section, as well as a 
cross-section, shaped as a nozzle (Figure 1, c, d), 
ensuring additional capability of controlling the ve­
locity , heat and chemical relaxation of the powder 
particles . As shown in [ 15], use of an expanding nozzle 
can provide up to 40 % acceleration of the particles. 
Application of narrowing nozzles reduces their veloc­
ity. At a high gradient of the step diameters, the 
barrel can have a bow shape 14 j. Such barrels arc 
especially advantageous, when using combustible 
gases - accty lcne substitutes. However, it is more 
difficult to ensure detonation initiation and localizing 
of the initial powder cloud in the specified zone. 

This problem is partially solved in the barrel de­
sign, shown in Figure 1, e. Here, initial section 1, 
going over smoothly or abruptly into expanded section 
2,. is made to have a small cross-sectional area. The 
nozzle for powder feeding 3 and igniter 4 arc mounted 
in the inlet section at the blind end face. This facili­
tates detonation initiation in the expanded outlet part 
of the barrel, and also promotes compacting the pow­
der cloud at the beginning of the expanded outlet 

-E-i ·-
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Figure 1. Barrels with the cross-section , variable along its length 
(for designations here and in Figures 2, 3 see the text) 

section. Barrel designs with the cross-section , 
smoothly expanding towards the direction of the deto­
nation product outflow, can be used. The schematic 
of the barrel with the cross-sectional shape, changing 
along its length, is shown in Figure 1, f. Transition 
from axially symmetrical section to a section symmet­
rical, relative to one of the axial planes, provides not 
only formation of the coating layer of an appropriate 
shape, but also additional turbul isation of the gaseous 
suspension flow, as well as its better mixing with the 
combustion products, and a certain extension of the 
time of the powder being in contact with the com ­
bustion product flow and improved energy exchange 
between them. 

Barrels with an adjustable open flow area arc used 
to control the movement velocity and temperature of 
powder particles. A design is developed, in which the 
barrel outlet section incorporates regulation elements, 
mobile in the lateral direction. However, lateral pow­
der feed through the regulation elements, hinders its 
uniform spraying over the cross-section. More suitable 
is a stepped barrel with a conical transition between 
the steps. A nozzle for feeding power and a conical 
head arc mounted from the side of the blind end face, 
coaxially with the barrel. Axial displacement of the 
nozzle is used to adjust the open flow area between 
the conical head and the barrel section. Varying the 
barrel cross-sectional area along its length, provides 
a uniform filling of the barrels, operated with cylin­
drical detonation, with the combustible mixture and 
powder, as well as formation of a cylindrical detona­
tion front. 

Some possible variants of barrel designs to process 
parts of the type of shafts with cylindrical waves, arc 
shown in Figure 2, a- c. Individual barrel sections 
can be conical or of some other shape. Therefore, 
detonation can develop and propagate as unidimen­
sional, with subsequent transition (conversion) into 
cylindrical (Figure 2, c). Figure 2, d shows a sche­
matic of a barrel for spraying of coatings. Inlet part 
1 is made as a cylindrical tube, changing into outlet 
section 2 in the form of a round hollow disc. Nozzle 
3 for powder feeding with sprayer 4 is introduced into 
the barrel through the blind end face. Barrels for 
spraying with cylindrical detonation waves, can be 
made with the axial section height, variable in the 
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a 

d 

Figure 2. Barrels for spraying of coatings with cylindrical detona­
tion waves 

radial direction. Barrel separation into individual sec­
tions can be applied also in the case of spraying with 
cylindrical detonation waves. This greatly simplifies 
the powder cloud localization and provides the deto­
nation mode of the combustible mixture burning. 

Geometry of barrel inner surfaces. Barrel inner 
surfaces can be smooth or rough. In a rough tube , the 
detonation rate looses the property of the mixture 
physico-chemical constant and depends on the hard­
ware condition (degree of roughness - the higher it 
is , the greater is the velocity decrease) 1161 . This 
phenomenon can be used to adjust the dynamic and 
thermal interaction of the powder particles with deto­
nation products. Intensive turbulence , caused by 
roughness, can promote not only intensification of 
heat exchange, but also more uniform mixing of the 
powder with the combustion products. Instead of the 
regular wire spirals, it is better to usc in the barrel 
walls threaded grooves of various profile , made along 
the entire length of the barrel, or in its individual 
sections . The grooves can be circular or helical. When 
the grooves arc located in the barrel in let section, the 
pre-detonation distance is shortened, whereas their 
location at its outlet improves powder mixing and 
intensifies heat exchange. 

Shape of the barrel longitudinal section. By the 
shape of the longitudinal section the barrels arc dis­
tinguished into straight, bent, branching, straight 

a 

c 

e 

. ....do:'. 
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f 
Figure 3. Multi-section barrels for spraying of coatings 

w ith both end faces open, loop- and U-shapcd, multi­
chamber with the common ignition chamber, circu lar, 
spiral [31 and multi-section. 

Analysis of the schematics of some of these designs, 
is given in 11 41. Various shields can be incorporated 
into the barrel. Varying their shape, allows contro l­
ling the shape and dimensions of the initial powder 
cloud in the barrel, conditions of gas exchange, when 
the barrel is filled with fresh combustible mixture, 
as well as conditions of formation and outflow of the 
pulsed two-phase jet. Thus, during exhaust of the 
pulsed two-phase jet, its shielding from the environ­
ment by a circular flow of the detonation products is 
provided, as well as a more uniform particle tempera­
ture and higher velocity of their movement over the 
flow cross-section. 

Multi-section barrels can be used to produce over­
compressed detonation waves and extend the time of 
the powder contact with the detonation products, in 
order to provide the appropriate energy exchange and 
degree of the required transformations in the initial 
material. The diagram of one of the designs of multi­
sectioned barrels is shown in Figure 3, a. The barrel 
is made of three co-centric sections, with the outlet 
of the enclosing section being shifted in the direction 
of the movement of the detonation product flow, with 
respect to the outlet of the enclosed section. Enclosing 
sections arc, as a rule, made with the cross-section, 
becoming smaller in the direction of the detonation 
product outflow . Powder is fed into the central (start­
ing) section, in which combustion and detonation of 
the combustible mixture are ini tiated. When combus­
tion reaches the section edge, two combustion (or 
detonation) fronts are formed in the enclosing section, 
one of them continuing its movement towards the 
open end face of the barrel, and the second moving 
through the circular part of the section in the reverse 
direction. Similar phenomena arc also observed in 
combustion transition to the next section. 

Usc of such barrel designs with two or more sec­
tions, ensures the time of the powder contact with 
the detonation products, required for the necessary 
transformations to proceed, and also provides over­
compressed detonation waves, at the expense of the 
main flow enhancement by the detonation products, 
flowing out of the enclosing sections. In order to 
adjust the degree of transformations in the sprayed 
powders , the barrel sections can be filled with differ­
ent kinds of combustible mixtures, and the powder 
can be fed directly into the outlet section. One of 
such variants is shown in Figure 3, b. To ensure the 
turbulence of the two-phase flow, in order to intensify 
energy exchange between the powder and the deto­
nation products , it is possible to apply tangential join-
ing of the sections (Figure 3, c). In order to produce 
ovcrcomprcssed detonation waves, it is possible to usc 
additional sections in the form of channels, connected 
to the side walls of the main barrel (Figure 3, e), as 
well as additional circular sections, enclosing the bar­
rel, in which the powder material is processed (Fi-
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gurc 3, f). Additional sections promote generation of 
overcompresscd detonation waves, extension of the 
time of the combustion products outflow from the 
barrel and appropriate intensification of the processes 
of their interaction with the powder particles. In the 
barrel with two co-centric combustion chambers (sec 
Figure 3, f) a pulsed two-phase jet is formed, that is 
divided into the central jet, carrying suspended par­
ticles of the powder, and a circular jet of combustion 
products, that encloses it. 

Gas-dynamics of gas mixture combustion in bar­
rels, fitted with different compartments and parti­
tions, has not been studied, either theoretically, or 
experimentally. On the other hand, availability of an 
adjacent, not gassy chamber, communicating with the 
main chamber through a pass hole , has a decisive 
influence on the nature of gas-air mixture combustion 
in both the chambers: it becomes highly turbulent. 
Pressure gradient is achieved between the chambers, 
that leads to alternate flowing of the mixture from 
one chamber into another. The pressure in the cham­
bers is 4- 15 times higher, than in the absence of an 
adjacent chamber and the main chamber connection 
to the atmosphere through a hole of the summary 
area. The nature of the process of pressure variation 
in the chambers, is dependent on the ratio of the hole 
areas, their location and ignition, as well as fuel con­
centration [171. All this is indicative of the need to 
widen the experimental investigations on optimizing 
the processes of heating and increasing the powder 
movement velocities by selection of the barrel geo­
metrical dimensions. 

Barrel cooling. Stabilisation of the barrel wall 
temperature has an important role in provision of 
reliable operation of DG. Water cooling is usually 
used and the barrel is enclosed completely to provide 
a forced flow of the coolant. Design of water-cooled 
barrels is described in sufficient detail in 13, 41. Prom­
ising is the application of evaporation cooling systems, 
not requiring the usc of forced water circulation and 
allowing its consumption to the reduced. With air 
cooling, special cooling fins are made on the barrel 
outer surfaces. Forced air flows can be used to cool 
U\c band ~alt , Thu.~ , the fu.nct~o.ll., o.f coutam.~uation 
removal and barrel cooling arc combined. Combined 
barrel cooling (air and water) can be also used. Self­
sufficient water cooling systems arc being developed 
for normal functioning of DG. 

An important task is utilization of heat removed 
through the barrel walls. One of the methods of such 
recovery consists in using it for preheating the combus­
tible mixture before its feeding into the barrel, as well 
as regasification of liquefied gases. However, applica­
tion of heat pipes, allowing the most precise maintenance 
of the required thermal mode of the barrel walls and 
utilization of heat (for preheating the gases - the deto­
nating mixture components, sprayed powder, etc.) 
should be regarded as the most promising. 

It is also possible to usc porous cooling, when the 
barrel is made to have gas-permeable walls and is 
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completely enclosed by the cooling cavity, connected 
to the cooling gas feeding system. Under the impact 
of the pressure gradient, the cooling gas (nitrogen, 
C02 , etc.) comes from the cooling cavity to the barrel 
inner surface and creates a near-wall zone of lower 
temperature. The porous wall temperature turns out 
to be lower, than the temperature of an impermeable 
wall , operating under similar conditions, for two rea­
sons: the heat flow from the working body to the wall 
is reduced due to lowering of gas temperature in the 
ncar-wall zone (outer thermal protection); part of the 
heat, coming to the porous wall, is absorbed by the 
cooling gas during its movement through the wall 
pores (inner thermal protection). In addition, during 
the barrel filling with fresh combustible mixture and 
the powder, the cooling gas, evolving through the 
porous walls into the barrel cavity, prevents the pow­
der particles deposition. 

Spatial position of the barrel. DG with the hori­
zontal, vertical and inclined position of the barrel arc 
distinguished. When complex-shaped (not-rectilin­
ear) barrels arc used, the spatial feature should refer 
to the outlet section, that is used directly for heating 
and acceleration of the powder movement by the com­
bustion product flow and should be recti 1 i near. The 
barrel position in space influences DG configuration 
and the processes of its filling with the fresh combus­
tible mixture, especially powder. In the case of a 
vertical position, the conditions of gas exchange dur­
ing the barrel filling arc improved, gravitation-in­
duced deposition of powder on the vertical walls is 
eliminated, although it can be used during the barrel 
filling. DG arc made to have an adjustable barrel 
inclination capability for a more convenient setting 
up of the DG-part system. Change of the barrel po­
sition in space is also used for transition from the 
modes of DG adjustment and reaching a stabilized 
condition, to the operating (steady-state) mode. 

Increase of shooting rate. Work is being currently 
performed to develop DG with an improved shooting 
rate. Gas-dynamic control systems are used for this 
purpose [9 j. A process of spraying of coatings by 
high-frequency pulsed detonation has been developed, 
that is. Qcrformcd by a unit , incorporating no mechani­
cally moving parts and using special aerodynamic 
valves for backfire protection L 181. This essentially 
simplifies the system design and enables DG operation 
in the broadest range of frequencies (shooting rates) 
of up to 100 Hz and higher, without applying any 
cyclically operating valves. It should be noted that 
development of such pulsed equipment has been going 
on since the start of XX century. When such equip­
ment is being developed and used, however, its real 
efficiency should be taken into account, as well as 
the change of the thermophysical and time conditions 
of the sprayed coating formation. Development of 
such equipment is rational for spraying very large 
parts and large enough production output. 

The tendency of improving DG efficiency through 
increasing their shooting rate, can be represented as 
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trying to provide a continuous process of the combus­
tible mixture. burni ng in the detonation mode. The 
so-called standing detonation waves [ 19], imple­
mented as a jet variant, can be of a certain interest 
for TS and other technologies . This paper demon­
strates such a possibi li ty and reveals the main physical 
regularities of continuous gas detonation in circular 
barrels. A continuous process is understood to be such 
a process, that is not interrupted, as long as the initial 
parameters of the combustible mixture, condition of 
the wal ls and of the detonation products outflow are 
maintained within certain limits in the barrel. In a 
circular barrel, continuous detonation combustion is 
achieved through multiple running of one or several 
detonation waves along a closed path, in which the 
reaction products behind the next wave, are driven 
back and replaced by fresh mixture, capable of deto­
nation combustion in the same wave during the next 
turn or in the next wave (if there are several of them) . 
The direction of wave propagation is lateral with re­
spect to the general direction of the reagent flow 
through the barrel r201. 

CONCLUSIONS 

1. Further improvement of the processes and equip­
ment for detonation spraying of coatings, requires 
optimizing barrel designs, based on a more profound 
study of the pulsed processes of combustible mixture 
burning and formation of pulsed heterogeneous flows. 

2. Change of barrel geometry in the units for spray­
ing of coatings , allows controlling the modes of burn­
ing-out of the combustible mixture of gases, formation 
and parameters of pulsed heterogeneous flow with the 
sprayed powder particles suspended in it, and , thus 
formation of the structure and properties of detona­
tion coatings . 

3. To achieve a more effective use of pulsed com­
bustion energy and control the processes of structure 
formation and properties of detonation coatings, it is 
necessary to study the laws and modes of pulsed com­
bustion of gas mixtures in non-cylindrical barrels and 
two-dimensional movement of the combustion prod­
ucts with suspended powder particles through them. 

4. It appears rational to conduct fundamental and 
applied work to develop detonation guns, using the 
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principles of cont inuous and cyli ndrical gas detona­
tion. 
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CALCULATION OF PLASMATRONS 
WITH A HIGH-CURRENT CATHODE 

FOR HEATING DISPERSED PARTICLES 

V .L. DzyUBA and K.A. KORSUNOV 
East-Ukrainian National University, Lugansk, Ukraine 

ABSTRACT 

Engineering method for calculation of electric, thermal and service characteristics of electric-arc plasmatrons with a 
high-performance high-current cathode for heating of dispersed particles is presented. 

Key words: calculation method, plasmatron, similarity cri­
teria, characteristic, high-current cathode, dispersed particles 

Commercial plasmatrons for spraying arc characterized 
by substantial drawbacks, such as insufficient length of 
the zone of interaction of the plasma jet with particles 
heated, low efficiency and productivity of spraying and 
a short service life of the cathode. In view of the demand 
of metallurgical and chcrnical industries for high-power 
plasmatrons for deposition of protective coatings, we 
developed a plasmatron with a high-performance cath­
ode (Figure 1 ). The plasmatron passed industrial tests 
by depositing protective coatings on refractory surfaces 
of steel casting ladles with a capacity of 300 t. It consists 
of a high-current cathode unit, main anode 4 and reaction 
chamber 5. 

Specifications of the plasmatron 
Power , kW .............. 560 
Arc current, A .. .. .. .. .. .. .. .. .. .. .. .. .. .. . 800 
Working gas (air) flow rate, kg s . 0.061 
Auxiliary gas (argon) flow rate , kg / s . (2.0- 2.4)·10-> 
Thermal efficiency . ................ 0.75-0.80 
Productivity of heating and spraying 
of powders (zirconia, tungsten, 
molybdenum , grog-type, magnesite, 
etc.), kg h .. . 
Service life, h .. . .. .................. . 
Erosion of cathode, kg/ C .......... . 

120- 150 
300-500 
1·10-9 - 1·10- 10 

Principle of operation of the high-current cathode 
is similar to that of the plasma cathode. It is an in­
dependent plasmatron which consists of additional 
anode 1, inter-electrode inserts 2 and cylindrical cop­
per cathode 3. Argon is fed through vortex rings 6 of 
the high-current cathode, and the working gas (air) 
is fed to the gap between the cathode unit and main 
anode 4. The main air arc is fixed to the pilot argon 
arc during operation of the plasmatron. Thus, the 
positive arc column has two characteristic regions in 
the discharge channel of t he plasmatron with a high­
current cathode (Figure 2): laminar (in t he high-cur­
rent cathode at a current of up to 250 A) and turbulent 
(in the main anode channel at a current of above 
250 A). Therefore, calcul ation of the electric arc in 
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the channel of such a plasmatron is reduced to calcu­
lation of its lami nar and turbulent regions . 

Extremely differing and complicated ph enomena 
occur in the discharge channel of the plasmatron. 
However, no comprehensive data on them arc avail­
able so far. Therefore, the main role in investigation 
of the arc and evaluation of characteri stics of the 
plasmatrons is given to experimental stud ies invol ving 
the similarity and dimensional theory methods. 

Dimensionless complexes, i.e. criteria, which can 
be used to generalize experimental results and derive 
empirical formulae, convenient for calculations, were 
developed in 11 , 2] on the basis of parameters deter­
mining t he arc burning process . For example, char­
acteristics of the arc discharge in a plasmatron arc 
described by dimensionless values TI, which arc fu nc­
tions of the similarity criteria: 

(
Ge · · . ·) TI = f Im ' Re, Kn, K 1, K2, K 3 , K, K 11 , 

(1) 

where G is the gas flow rate; e - is t he elementary 
electric charge; I - is the current; m is the mass of 
a particle; Rc and Kn are the Reinolds and Knudsen 
numbers, respectively; K'1, K2, K3, K and K~, arc the 
geometr ical similarity cr iteria. 

5 

Figure 1. Plasmatron for heating dispersed particles (see designa­
tions in the text) 

17 
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4 

II 

Figure 2. Schematic of the plasmatron with a high-current cathode: 
I and II - laminar and turbulent regions of the arc; 1 - additional 
anode; 2 - inter-electrode sections; 3 - cathode; 4 - main anode 
(see the rest of the designations in the text) 

Here the values of IT can be local or integral di­
mensionless characteristics of the arc. If the arc in 
plasmatrons burns in gas of the same chemical com­
position, and its temperature at the entrance to the 
discharge channel is constant, equation ( 1) can be 
simplified by omitting dimensional constants and 
written down as follows 11 ]: 

II =A(~ J (~ J (pd)Y, 
(2) 

where d is the diameter of the discharge channel; p 
is the pressure of the plasma jet at the plasmatron 
exit section; A, a, p and yare the constant dimensional 
values determined in processing of the investigation 
results. 

Turbulent region. Arc voltage in the plasmatrons 
with a step-type anode can be approximated by the 
following equation within the following ranges of 
variations of parameters: I I d 2 (0.5 -
4.0)·1 04 A m; l2 l d2 = 5.25- 14.50; l3 l d3 = 2.6 -
4.4; G d2 = 0.45 - 6.50 kg l (s-m); p(d2 + d3) 
= (5.8 - 18.3)·103 Pa·m 121: 

Ua = 4.55 (1 + 4.6·10-s -d I d J (d G d J0.22 x 
2+ 3 2+ :l 

\jl, V·cm ·1 

Chamber de, em 
Section o 56 0.7 o.a 

8.0 Section 2 1:>. o o 

4.0 

Section 3 "' • 
Section 4 v 11 
Cathode ,. Iii 

175 275 375 

Figure 3. Generalized dependence of 'If upon I d , 

(3) 

where d 2 , d3 and /2, /3 are the diameters and lengths 
of the discharge channel before and after a shoulder, 
respectively. 

The following formula was suggested in f 21 for 
the arc of the high-power plasmatrons within the fol­
lowing ranges of parameters: I = 300 - 1000 A, G = 
= (24 - 1 5)·10-3 kg l s and d 2 = (2 - 4)-10-2 m: 

u.dg 77 -2 I 
Go7s = 4.55-10 a· (4) 

Thermal efficiency (11) of such plasmatrons can be 
estimated from the following formula: 

1 - 11 = 5.85·10-5 _I_ G X 
[ 

2 J.27 ( J-Q.27 
11 Gd2 d2 

(5) 

Laminar region. Potentials of the sections were 
experimentally determined to evaluate voltage of the 
arc of the high-current cathode. The generalized de­
pendence of arc voltage and current Us upon I, de 
and z is shown in Figure 3, where the \jl = 

= ~s - d(43 value is plotted on the axis of ordinates 
c 

and I I de is plotted on the axis of abscissas. As it can 
be seen from the Figure, experimental points of the 
plot arc approximated by a straight line that rises 
with an increase in I I de. Experimental data within 
a range of I= 100- 575 A, de= (5.5- 9.5)·1 o-3 m 
and z = ( 10 - 50)·10-3 m arc satisfactorily dcscri bed 
with an error of 11 % by our formula 

(6) 

where M 1 = 3 Y.cm0·43 and M 2 = 0.019 V-A-1. 

Potentials of the sections of the high-current cath­
ode can be calculated from formula (6) over the above 
range of the de, I and z values. Voltage of the cathode 
region of the high-current cathode is determined as 
follows: 

I, 

Uh, = J Edz + (U, + u •. J, 
I. 

(7) 

where /1 is the length of the high-current cathode 
channel; L' is the length of the anode voltage drop 
region; E is the intensity of the electric field in the 
high-current cathode channel and Ue and Ua.a arc the 
cathode and additional anode potential drops, respec­
tively. 

To make usc of (7), it is necessary to find depend­
ence of E upon the de and z values. Analysis of the 
experimental data shows that the z dependence of E 
can be ignored. This is indicative of the fact that the 
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arc is rap idly deve loping in the high-current cathode 
chan nel, and its properties are determ ined mostly by 
ul timate characteristics. The following formu la was 
derived to calculate intensity of the electric field, E, 
in the high-current cathode channel: 

(8) 

It is valid for the same ranges of the of de, I and 
z values as in (6). 

Figure 4 shows the curves of losses of the energy 
through the additional anode Oa.a• section Q5 and 
cathode Oe of the high-current cathode unit for three 
values of de, plotted on the basis of dependence Q = 
= f(I I de). Experimental data arc described by for­
mulae (9) and ( 1 0) with an error of not more than 
14 %. Heat losses through the cathode can be deter­
mined using a formula similar to that used for Q5 

Q •• ~ N, (df,}wJ. (9) 

Qc = Qs = N2z
0 1

' (d{95 Jrw], ( 10) 

where N 1 = 1.09 Y.cml.95 ; N 2 = 0.3 Y.A-057-cm 142 

and z = 0.5- 5.5 em. 
Consider calculation of working parameters and 

geometry of the flow section of the plasmatron with 
a high-current cathode in accordance with the diagram 
shown in Figure 2. The mean mass enthalpy of gas at 
the exit section of the plasmatron is related to the 
values of Ua, 11 and T through the equation of con­
servation of energy 

- -
U. I 11 = G(ib- ibx), (11) 

- -
where ib and ibx arc the enthalpies of gas at the exit 
and entrance sections of the plasmatrons, respectively, 
determined from tables of thermodynamic properties 
of materials. 

The simplest calculation method is based on a uni­
dimensional approximation. In this case the gas flow 
rate is determined as 

(12) 

where Ph is the plasma jet density and vb is the velocity 
of the plasma jet flowing from the nozz le. 

Pressure and density of the p lasma jet arc related 
to temperature through the equation of state 

(13) 

Values of G, Tb and Pb depend upon the techno­
logical application of the plasmatron. Re is deter­
mined from the tables of thermodynamic functions by 
the preset value of h and pb, and Pb is determined 
using ( 13). The optimal values of vb depend upon the 
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Figure 4. Generalized losses of heat through the high-current cath­
ode 

purpose of the plasmatrons. For commercial plasma­
trans, the vb values should be lower than the velocity 
of sound, v 5 ; otherwise a considerable part of the heat 
input to the gas would be spent for acceleration of 
the flow, and a high pressure gradient would be re­
quired at the entrance and exit sections of the plas­
matron, which is high ly undesirable. Based on these 
considerations, we can recommend that vb = (0.3-
0.8)v5 • If a plasmatron is simultaneously used as a 
reactor, in selection of values of vb it is necessary to 
a llow for an optimal time of dwelling of reagents 
within the reaction zone. Upon selecting the vb values 
from (12), it is necessary to determine values of the 
diameter of the discharge channel , d 2, which range 
from 0.001 to 0.080 m for the most common plasma­
trans. Low (about 0.001 m) values of d2 are charac­
teristic of low-power plasmatrons employed for mi­
crowelding, spraying, etc., whereas high (about 
0.05 m) values are characteristic of the plasmatrons 
with a power of more t han 500 kW. The fo ll owing 
dependence [ 1] is recommended for calcu lation of d2: 

where K 2 = 1.2- 2.0 and der is the critical diameter 
of the discharge channel equal to 

In a case of operation in air within a pressure range 
of 0. 1 - 0.5 MPa at a mean mass temperature of the 
plasma jet equal to 3000 - 4000 K, it is advisable 
that the length of the discharge channel , /2 , be equal 
to about (5 .5 - 14.5 )d2. 

The fo llowing re lationsh ip between the internal 
diameter and length of the electrode after the shoulder 
is indicated: 

(14) 

where the ratio of the internal diameter of electrode 
after the shoulder to the diameter of the shoulder is 

(15) 
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The rest of the unknown values, i.e. I, Ua and ll, 
arc determined on the basis of technological require­
ments and tl1c selected design of the plasmatron using 
equations (3) to (5). 

We recommend that geometry of the high-current 
cathode be calculated using our experimental depend­
encies, allowing for formulae (6) to (10). The maxi­
mum diameter of the discharge channel of the high­
current cathode to provide diffusion fixation of the 
arc is determined by the following relationship : 

( 16) 

where c2 = 0.42 kg005·s-005
. As shown by the experi­

mental results, variations in values of the cathode 
diameter along axis z within the limits of de have no 
effect on diffusion fixation of the arc to the cathode. 

Length of the discharge channel of the high-cur­
rent cathode, !1 , is determined by the quantity and 
sizes of its intermediate sections, length of the cathode 

channel and geometry of an additional anode, which 
depend upon the values of de: 

(17) 

Experimental studies of the high-current cathode 
within a range of variations of the current from 100 
to 500 A show that flow rate of the auxiliary gas 
(argon) is not higher than 0.1 % of that of the main 
working gas and amounts to (13 - 26)-10-6 kg /s . 

Therefore, the method described above can be em­
ployed to calculate geometrical, electric and thermal 
characteristics of the plasmatron for heating dispersed 
particles over a wide range of variations in its pa­
rameters. 
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POWDERS FOR THERMAL SPRAYING 
MADE FROM WASTES OF MILL ROLL PRODUCTION 

Yu.A. KHARLAMOV, N.A. BUDAGIANTS, A.V. SHEVCHENKO and S.A. YUDITSKY 
East-Ukrainian National University, Lugansk, Ukraine 

ABS1RACT 
The prospects of use of wastes after machining of mill rolls for commercial manufacture of inexpensive powders for 
thermal spraying are shown. Peculiarities of the effect of plasma spraying on adhesion strength of coatings have been 
investigated. It is shown that plasma coatings produced from mixtures of cast iron powders and self-fluxing nickel alloys 
possess high tribological properties. 

Key words: fine-dispersed wastes, mechanical mixtures of 
pou·ders, plasma spraying, coatings, adhesion strength, chips, 
slime. cast iron powders 

One of the factors that limit application of thermal 
spraying (TS) under current conditions is a high cost 
of special materials, and powders in particular. Usc 
of fine-dispersed wastes of various productions as TS 
powders is a promising way of raising the efficiency 
of the TS processes and extension of their application 
fields 111. Reference [21 describes technologies for 
the manufacture of powders from chips of gray cast 
iron for air-plasma spraying. High tribological and 
strength properties of thermal spray coatings (TSC) 
of such materials arc achieved by reinforcing the mi­
crocrystalline £-phase, having an increased 
( 10,000 MPa) hardness. Wear resistance and adhe­
sion strength O'act of the coatings arc not inferior (and 
in some cases are even superior) to those of the ex­
tensively used TSC based on eutectic nickel alloys. 

Slimes are candidate raw materials for the manu­
facture of powders and powder compositions for TS 

[3, 4]. In this study the raw materials for the manu­
facture of cast iron powders and compositions on their 
base were products of rough grinding of cast iron 
two-layer mill rolls produced by centrifugal casting 
(LPKhNM-76, LPKhNM-73, LPKhNM-71, 
LPKh17NM-71) and chips of rolls (SPKhN-49, 
SShKhNMD-63, LPKhN-63, LPKh17NM-58). 

Chips and slimes resulted from treatment of dif­
ferent structural grades of cast iron. Chips are formed 
after turning, using no lubricating-cooling fluid 
(LCF), of roll barrels with hardness of HRC 36-
54, having the metal matrix with a pearlite and troos­
tite-pearlite structure (Table 1) [5, 6]. Slimes are 
based on products of grinding of the bleached layer 
of high-alloy cast irons with hardness of HRC 55 -
64, having a dispersed martensite and troostitc­
martcnsite metal base (Table 1) l5, 61. 

Microstructure of cast irons was investigated using 
the MIM-8 microscope on chips of the SPKhN-49, 
SShKhNMD-63, LPKhN-63 and LPKh17NM-58 types 
and specimens cut out from· working surfaces of mill 
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Table 1. Chemical composition of cast iron mill rolls 

·. Cast iron grade 
Con/en/ of elements, u•t. % 

c Si Mn Cr Ni Mo 1' Cu Ti s p 

LPKhN-71 2.9 0.5 0.6 1.0 3.10 0.08 0.20 
LPKhNM-73 3.0 0.6 0.7 1.1 3.72 0.30 0.05 0.21 
LPKhNM-76 3.0 0.6 0.7 1.4 4.20 0.34 0.05 0.12 
LPKh17NM-71 2.8 0.6 1.1 16.2 2.10 0.40 0.20 0.8 0.50 0.03 0.07 
SPKhN-49 3.0 0.7 0.6 0.7 1.20 0.08 0.29 
SShKhNMD-63 3.1 1.3 0.6 0.8 3.00 0.30 0.4 
LPKhN-63 2.8 0.5 0.6 0.8 2.80 0.07 0.40 
LPKh17NM-58 2.9 0.5 1.0 15.4 1.70 0.52 0.22 0.45 0.04 0.07 

rolls of the LGKhN-63 and LPKhNM-73 type. The 
sections were etched in 4 % HN03 solution of ethyl 
alcohol. Microhardness was measured using the PMT-3 
microhardness meter. Individual structural compo­
nents were identified on the basis of the available 
data [5, 61. Characteristics of microstructure of the 
LPKhNM-76, LPKhNM-71 and LPKh17NM-71 rolls 
were taken from the results of studies 15, 61. Mor­
phology of particles was studied using the MBS-9 
measurement microscope (x63). The objects of inves­
tigations were samples of powders (four samples of 
each particle size) about 1 g in weight. 

Chips formed by turning the rolls using the VK2 
alloy cutters without LCF had the form of plates from 
36 x 15 x 2 to 38 x 16 x 2 mm in size with multiple 
spalls and cracks. No significant differences were 
noted between microstructure of the chips and that 
of treated cast iron. Microhardness of individual struc­
tural components and degree of dispersion of the re­
inforcing phases in a bleached layer of the LPKhN-63 
roll and chips formed after its turning were almost 
identical. Investigation of sections of the SPKhN-49, 
SShKhNMD-63 and LPKh17NM-58 chips and com­
parison of the results obtained in [5, 61 showed no 

substantial differences in microstructure of the chips 
and rolls (Table 2). The content of the carbide phase 
in chrome-nickel cast irons was 25- 35 vol.%, micro­
hardness of alloyed carbides of iron was 9,000 -
11,000 MPa and that of chromium was 14,000 -
17,000 MPa [5, 61 (Table 2). 

Chips were milled in a two-section ball mill (BM), 
comprising a 600 mm diameter drum, at a frequency 
of 28, 33 and 42 rpm (the ratio of rotation frequency 
n of the work chamber to critical frequency ncr was 
0.51, 0.60 and 0.76, respectively [7], the volume load­
ing factor was about 0.3 and the ratio of the mass of 
balls (30 kg) to the mass of chips (6 kg) was 5:1). 
The chips were milled gradually: roughly - in BM 
with a diameter of 250 mm and finally - in disinte­
grator. To compare the efficiency of m i !ling of mate­
rials of different structural grades, extra investiga­
tions were conducted to study technological feasibil­
ity of processing the chips of gray cast iron SCh-20 
(plates 8.0 x 4.0 x 0.2 mm) formed after turning of 
casing parts into the powder for TS. 

Analysis of the dependence of yield of powders 
with a particle size of 63- 100 jlm upon the time of 
milling of the chips (Figures 1 and 2) allows a pre-

Table 2. Structure of the working layer of mill rolls after heat treatment 

Cast iron grade' 

LPKhN-71 

LPKhNM-76 

LPKhNM-73 
(section taken from the roll 
barrel) 

LPKh17NM-71 

LPKh17NM-58 
(section taken from chips) 

SShKhNMD-63 
(section taken from chips) 

SPKhN-49 (section taken 
from chips) 

LPKhN-63 
(section taken from chips) 

•Data are taken from [6, 7]. 
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Metal base 

Troostite, acicular martensite 
(HI' 7,500 - 8,200 MPa) 

Acicular martensite 
(HV 8,400 - 8,900 MPa) 

Same 

Acicular martensite 
(HF 8,600- 9,000 MPa) 

Sorbite-type pearlite 

Troostite 

Lamellar pearlite 

Granular pearlite, troostite 

Carbides and graphite 

Eutectic (HV 10,000- 10,900 MPa) and secondary 
(HV 9,000 - 9,800 MPa) carbides Fe3C 
Eutectic (HV 10,500 - 11,400 MPa) and secondary 
(HV 9,500- 10,000 MPa) carbides Fe3C 

Same 

Eutectic (HV 16,000- 17,200 MPa) and secondary 
(HV 13,700 - 14,200 MPa) carbides Ch7C3 and Fe3C 
(HV 10,000 MPa) 

Cementite (HV 9,100- 9,800 MPa) , globular 
graphite 
Cementite (HV 9,100-9,800 MPa), graphite 

Eutectic (HV 10,100- 10 ,800 MPa) and secondary 
(HV 9,200- 10,000 MPa) carbides of the cementite 
type 

Cast iron 
hardness, 

IIRC 

55-60 

55-63 

56-63 

60-64 

52-54 

47-51 

36-40 

50-53 
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Figure 1. Dependence of yield Q of powder with a particle size of 
63 - 100 !-liD upon time t of milling in BM of chips of gray cast 
iron SCh-20: 1 - 3 - diameter 600 rnrn at n/ n" = 0.76, 0.60 and 
0.51 , respectively ; 4 - diameter 250 rnrn at n/ n" = 0.76 

lim inary proof of the efficiency of using BM for mill ­
ing of materia ls of different structural grades. The 
gray cast iron chips are the easiest to mi ll. Produc­
t ivi ty of the process depends upon the frequency of 
rotation of the mill drum and reaches a maximum 
value at n = 42 rpm and n/ ncr = 0.76 (see F igure 1 ). 
In milling materials with an increased hardness of the 
metal base, containing a considerable amount of the 
carbide phase, the productivity of milling decreases to 
a considerable extent. Dramatic decrease in the produc­
t ivity of milling the chips of gray cast iron with a 
bl eached working layer is caused by an increase in the 
energy of their fracture . Chrome-nickel cast irons 
LPKh 17NM -58 and LPKhN-63 arc characterized by the 
highest fracture energy under impact loading conditions. 
Milling of the chips of high-chromium cast iron 
LPKh17NM-S8 (sec Figure 2) yields the small est 
amount of powder with particles 63 - 100 11m in size. 
This is indicative of the fact that energy parameters of 
milling of hard materials depend not only upon the 
st ructure of a metal base , but also upon the content, 
composition and morphology of carbides. The low yield 
of the TS powders of harder cast irons and dependence 
of the productivity of milling upon the structure and 
sizes of the chips make it possible to recommend mi lling 
in BM as a preliminary operation of the tech nological 
process of recycling of the chips. 

Candidate dispersing devices arc vibrating mi lls 
and disintegrators. Chips with a diameter of 250 mm, 
preliminarily milled in BM to a particle size of 

Table 3. Conditions of milling of chips in disintegrator 
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Figure 2. Dependence of yield Q of powder with a particle size of 
63 - 100 !-liD upon t imet of milling in BM of chips of rolls wit h 
a diameter of 600 rnrn at n/ n" = 0.76: 1 - SPKhN-49; 2 -
SShKhNMD-63; 3 - LPKhN-63; 4- LPKh17NM-58 

1 SOO 11m, were used as the source material for milling 
in disintegrator. Milling condit ions and partic le size 
composition of the products of milling arc given in 
Table 3. Comparatively large yield of the di spersed 
partic les (about 100 11m) is achieved only by high­
cycle dispersion (4 - S cycles ) . The investigations 
conducted revealed a substant ial growth of power 
consum pt ion when changing from milling of the cast 
iron chi ps to mi lling of t he roll chips (Table 3). This 
shows that usc of the disintegrating devices for com­
mercia l manufacture of powders with a part icle size 
of less than 100 11m is not cost effective. In thi s con­
nection, it seems more promising to manufacture pow­
ders from wastes of mill roll grin ding. 

Grin di ng of mi ll rolls is done using abrasive disks 
2SAS2K7 and LCF in the form of 1 %solut ion of soda 
ash . The result ing grin ding slime is a moist paste- like 
mixture consisting of fine-dispersed cast iron chips, 
abrasive grains and abras ive d isk b inding materi al 
with a particle size of O. OOS - 2.5 00 mm. The high 
degree of dispers ion of slim es is attributabl e mostly 
to grin d ing condi tions and , first of all , to a small 
(O.OS mm) cutting depth . 

Processing of slimes in to powders included t he 
following operations: dry ing of slimes in a dry ing 
cabinet at a temperature of 423 K for 3 h , short-time 
( 10 min) milling of the dried materi al in BM , cyclone 
clean ing of slimes from dust-like fractions, and screen­
ing fo ll owed by magnetic separation to remove abra­
sive inclusions. 

Circwnferenlial speed of rotors Composi tion of powders, wt. % 
Energy consumption of 

milling, kW·h/ kg 
( nt i s ) in milling cycles* 

Cast iron g rade Particle size, J.Lm 

2 3 - 50 
+50 - +63 - +100 - +200 -

- 50 
+50 - +63 -

- 63 - 100 - 200 - 400 - 63 - 100 

SCh-21 220 260 300 11 35 45 9 0.8 0.5 1 0.40 

SPKhN-49 170 200 280 6 20 35 30 9 1.4 0.72 0.54 

SShKhNMD-63 140 180 260 5 17 28 40 10 1.7 0.90 0.62 

LPKhN-63 130 150 240 5 15 20 45 15 2.1 1.60 1.00 

LPKh 17NM -58 120 150 240 5 12 19 44 20 2.4 1.80 1.20 

*In milling cycles 4 and 5 the circumferential speed of rotors was 300 m/ s. 

22 ------- 10/2001 

Figure 3. P 
LPKh17NM 

The cc 
in size in 
(weight < 

70 wt. % 
slime witl 
of 10- 1 ~ 
100 llm \\ 
Concentr< 
from the 
that of th 
of a resid 
estimated 
dcrs. In sl 
because of 
weight co 
croscopic 

Result 
clone clea 
Table S. 1 

amount (1 
disk bind1 
silicon is 1 
crease in t 
mium and 
the prescn 
A decrease 

Table 4. Cor 

Cast iron g 

LPKhN-71 

LPKhNM-7( 

LPKhNM-7: 

LPKh17NM 

Note . Here 

10/2001 . 



t, h 

particle size of 
s of rolls with 
KhN-49; 2 -
-58 

I fo r mill ing 
particle size 
are given in 
e dispersed 
ly by high­
vcstigations 
h of power 

of the cast 
blc 3). This 
ccs for com­
particle size 
In this con­
·acturc pow-

rasive disks 
tion of soda 
st paste-l ike 

iron ch ips, 
ng material 
. The high 

able mostly 
, to a small 

ncluded the 
in a dry ing 
, short-time 
M, cyclone 

, and screcn­
emove abra-

umplion of 
kW.h kg 

+63 -
3 -100 

11 0.40 

'2 0.54 

10 0.62 

10 1.00 

10 1.20 

- 10/2001 

-------------------EAST-UKRAINIAN NATIONAL UNIVERSITY IS 80 
W,% .---------------------------, 

0 5 
c 

Figure 3. Particle size composition W of slime after cyclone cleaning: a - LPKhNM-76; b - LPKhNM-71; c - LPKhNM-73; d -
LPKh1 7NM-7 1 (d is the size of slime part icles, J.lm) 

The content of particles SO - 63 and 63 - 100 ~m 
in size in ten batches of slime after cyclone clean ing 
(weight of each batch - S kg) was about 60 -
70 wt.% (F igure 3). The content of an abras ive in 
slime with a particle size of SO - 63 ~m was at a level 
of 10- 12 wt.% and that with a partic le size of 63 -
100 IJ.m was at a level of 22 - 26 wt.% (Table 4) . 
Concentration of the abras ive grains was dete rmined 
from the rat io of mass of a separated corund um to 
that of the investigated batch of sli me. The amount 
of a res idual abrasive afte r magnetic separation was 
estimated by standard microscopic analys is of pow­
ders. In slimes with partic les less than SO ~m in size, 
because of in efficiency of t heir magnetic cleaning, t he 
weight content of an abras ive was determined by mi­
croscopic analysis of samples . 

Resu lts of chem ical analys is of powders after cy­
clone cleaning and magnet ic separat ion arc g iven in 
TableS. A non-cleaned slime contains a substantial 
amount (19 .2- 22.0 %) of silicon from the abrasive 
disk binder. In a finished product, the content of 
si licon is lower, i.e. 2.1 -3.2 wt.% (TableS) . A de­
crease in the weight content of carbon, nicke l, chro­
mium and other all oying clements is attri butable to 
the presence of t he abras ive disk part icles in powders. 
A decrease in the content of carbon from 3.0 to 2.6-

Table 4. Content of abrasive in powders, wt. 0 o 

Cast iron grade 
- 50 +50 - - 63 +63 - - /00 

LPKhN-71 23.8 12.2 24.4 
2.7 2.1 

LPKhNM-76 26.4 12.0 27.8 
2.8 2.2 

LPKhNM-73 26.0 14.4 26.0 
3.0 2.3 

LPKh17NM-71 25.2 14.7 26.1 
3.1 2.6 

2.8 wt.% and chrom ium from 1.10 to 0. 76 - 0.81 wt.% 
can also be caused by spa lli ng of graph ite g lobules 
and carb ides in grind ing of the ro lls 16, 7 1. 

Results of investigations of techn ological proper­
tics of powders produced from the grinding sli mes 
(Table 6) show that they arc characte ri zed by suffi­
cient flowabil ity and can be t ransported us ing stand­
ard feed ing devices. 

The processes of heat exchange between a spray 
materi al and the plasma jet arc greatly affected by 
the morphology of part icles. Thi s facto r determines 
to a considerable degree t he difficulties whi ch arise 
in transportat ion of powders. Powder part icles up to 
63 and 100 ~m in size have mostly sp herical or oval 
shape, torn edges and scores. In addition, t hese pow­
ders also contain needle-shaped particles S - 1 S ~m 
t hi ck and 70 - 120 ~m long. 

Coati ngs of mechan ical mi xture of powders of 
LPKhNM-73 and self-flux ing nicke l a ll oy PG-SR3 
with a part icle size of 63 - 100 ~m were deposited by 
p lasma spray ing to determi ne the possibil ity of util ­
izing these powders fo r TS as components of powder 
mixtures or as an independent spray material. 

Prior to spray ing, the surface of sam pl es of nor­
mali zed stcc i 4S was subjected to abras ive-jet blasting 

Particle size, ).1111 

+100 - - 200 +200 - -.JOO +·100 - -800 +800 - -2500 

40 50-55 -60 70-80 

48 54-60 

48 54-60 -60 70-80 

50 52-57 

Note. Here and in Table 6 the numerator gives data after cyclone cleaning and denominator - after magnetic separation of slime. 
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Table 5. Chemical composition of powders of chips LPKhNM-73 
afler cyclone c:; leaning and magnetic separation of slime 

Particle Content of elements, wt. % • 
size campo 
silion, jlm c Si Mn Cr Ni p 

so- 63 2.60 3.2 0.61 0.76 3.05 0.32 
63- 100 2.76 2.1 0.63 0.79 3.45 0.37 

"In different particle size compositions, the content of molybdenum 
was 24. 0 and that of sulphur is 0.06 wt.%. 

using corundum with a particle size of 0.4 - 0.8 mm. 
The standard machine UPU-3D with the PP-25 plas­
matron (arc current I a = 300 A, arc voltage Ua = 35 -
SO V) was used for spraying of the samples. A mixture 
of argon and n itrogen was used as the plasma gas . 
Strength of adhesion of the coatings was determined 
by the method of pull ing out of a conical pin. Com­
pos ition of the plasma gas mixture was selected on 
t he bas is of t he following considerations. The quality 
of th e pl as ma coatings (PC) is determined by tem­
perat ure and velocity of particles at the moment of 
t heir collision with the substrate. A considerable in­
crease in the efficiency of heat transfer from plasma 
to powder is achieved in the case of using high-en­
t ha lpy gas jets characterized by a high heat capacity 
and la rge length at relatively low temperatures. 

However , in the case of an increased voltage of the 
constricted arc in molecular gases, it is necessary to use 
special power suppl ies with high operating and open­
circuit voltages. On ly the use of monoatomic plasma 
gases (e.g. argon) allows the use of conventional sources 
of electric current with an open-circuit voltage of 90 -
120 V to feed the constricted arc. The optimal combi­
nation of intensive heating of powders and plasma spray­
ing equipment , featuring a comparatively high cost ef­
fl·cti vcncss , is achieved by forming the plasma jets of 
mixtures of monoatomic (argon) and polyatomic high­
enthalpy gases (nitrogen and hydrogen). 

The basic effect on adhesion strength of TSC is 
exerted by the stressed state of the coating- substrate 
system and structure of the transition zone, wh ich 
can be regulated by thermal , chem ical and techno­
logical methods , such as surface preparation, preheat­
ing of substrate, spraying distance, composition and 
flow rate of pl asma gas and power input . Figures 4 
and 5 show dependencies of adhesion strength of the 

Table 6. Technological properties of powders 

Flowability, s 

plasma coatings upon spraying distance L and arc 
vo ltage Ua. 

Ad hesion strength of coatings (35 MPa) of t he 
same thi ckness (0.6- 0. 7 mm ) , produced from a 
cleaned slime, is 1. 7 - 1.8 t imes lower t han t hat of 
coatings produced from t he self-flu xing nickel a ll oy 
(60- 65 MPa) . Adhesion strength of coatings of cast 
iron powders with a particle size of SO - 63 !J,m is 
1.3 - 1.5 times lower t han that of coatings of powders 
with a particle size of 63- 100 !J,m . At t he same t ime, 
powders with a particle size of SO - 63 !J,m prov ide 
denser coatings . According to the data of 18, 9 1, coat­
ings of se lf-fluxing Fe-based powders have higher ad­
hesion strength <iad on structural steels t han coatings 
of nickel a] loys, which is caused to a substantial degree 
by better matching of their t hermal expansion coef­
fic ients (TEC) with those of the substrate mater ial. 
In th is case, adhes ion strength (40 MPa) of plasma 
coatings of powders with a particle size of SO- 63 !J,m 
is somewhat higher t han that of coatings of powders 
with a particle size of 63 - 100 !J,m ( crad = 34 -
36 MPa). Comparison of the results obtain ed is in­
dicative of quali tative and quant itative diffe rences in 
prin ciples of formation of adhesion bonds in PC of 
self-fluxi ng a ll oys and materials havi ng no self-fl ux­
ing effect. As TEC of the cast irons considered matches 
to a better degree TEC of t he substrate t han t hat of 
a se lf-f luxing Ni-based a ll oy, t he adhes ion strength 
depends not on ly upon the ki nd of a stressed state 
and residua l stresses, but a lso upon the peculiarit ies 
of formation of t he coat ing- substrate t ransition zone. 

Analysis of dependencies shown in Figures 4 and 
5 all owed the fo ll owing assumpt ions to be made on 
the effect of sprayi ng conditions on strength of ad he­
sion of PC to the substrate. An in crease in the spray ing 
distance from 100 to 160 mm , in the case of an insuf­
ficient thermal power of the p lasma jet at Ua = 40 V, 
is accompan ied by cooling of part icles, decrease in 
contact temperature and, thus, decrease in ad hes ion 
strength of coatings of t he PG-SR3 nickel alloy pow­
der from 65 to 47 MPa (Figure 4). An in crease in the 
arc voltage to 45 - SO V leads to an in crease in the 
size of the high-temperature zone of t he p lasma jet 
and intensification of heat exchange between part ic les 
and p lasma. This all ows the coatings with a high 
(57 - 65 MPa) adhesion strength to be deposited over 

Apparent density, g/cm
3 

Cast iron grade Particle size composition, jlm 

-50 +50 - - 63 

LPKhN-71 11 21 
26 

LPKhNM-76 12 19 
24 

LPKhNM-73 10 19 
24 

LPKh17NM-71 12 22 
26 

24 

+63- - 100 -50 

28 1.80 
31 

26 1.70 
29 

26 1.70 
29 

25 1.86 
28 

+50 - - 63 

2.0 
2.3 

2.0 
2.3 

2.0 
2.3 

2.1 
2.4 

+63- - 100 

1.90 
2.10 

1.80 
2.18 

1.80 
2.20 

1.80 
2.20 
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Figure 4. Dependence of adhesion strength of coatings of the PG­
SR3 powder with a particle size of less than 100 !lin upon the arc 
voltage at Ua = 40 ( 1) , 4S (2) and 40 (3) V and spraying distance 

a wide range of spraying distances (L = 100 -
160 mm). A comparatively low intensity of growth 
of adhesion strength for alloy PG-SR3 within the 
entire range of the spraying distances, L = 100 -
160 mm, at Ua = 45 - SO V is associated with struc­
tural features of the eutectic alloy, which transfers 
into the liquid state and solidifies at a temperature 
of about 1000 K under any spraying conditions. 

In spraying cast iron powders, a marked effect on 
adhesion strength is exerted by their particle size com­
position, spraying distance and arc vo ltage (curves 
3- 6 in Figure 5). A decrease in adhesion strength 
of coatings of powders with a particle size of SO -
63 11m is attributable to overheating and oxidation of 
the spray particles. Formation of non-dissolved oxides 
on the particle surfaces with a melting temperature 
which is in excess of that of the base metal limits the 
adhesion strength values . In self-fluxing Fc-bascd al­
loys , plasma spraying of coatings of powders with a 
particle size of SO- 63 11m is accompanied by a sub­
stantial (as compared to powders with a particle size 
of 63 - 100 and 1 00 - 160 11m) burning out of all oying 
clements, such as boron and carbon 18, 9 1. In the 
electric-arc, flame and plasma coatings of flux-cored 
wires and powders of the Fe-B, Fc- B- Cr and 40Kh13 
systems, the oxidation processes resu lt in a 1.5 - 2.2 
times decrease in strength characteristics of TSC 110 , 
11 ]. In the electric-arc coatings of flux-cored wire 
40Kh13 , an increase in the content of oxygen from 
1.5 to4.S wt. % leads to a decrease in adhesion strength 
from 45 - 47 to 28-30 MPa. According to 12 1, the 
content of oxygen in PC of gray cast iron powders 
can reach 7.0 - 7.2 wt. %. 

At the same degree of heating, the PG-SR3 par­
ticles remain in the liquid and ductile state for a 
longer time than the cast iron particles. Therefore, 
plastic deformation, processes of activation and physi­
cal-chemical interaction of particles with a substrate 
occur in the first case more intensive ly than in the 
second case, providing a higher strength of adhesion 
of the nickel alloy particles to the substrate. In spray­
ing coatings of mechanical mixtures of cast iron pow­
ders and PG-SR3 alloy, an increase in the content of 
the latter from 0 to 100 wt.% leads to a linear increase 
in adhes ion strength from 36 to 63 MPa. 

PC of mechan ical mixtures of cast iron and self­
fluxing a ll oy powders arc characterized by higher tri-
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Figure 5. Dependence of adhesion strength of coatings of cast iron 
LPKhNM-73 upon the arc voltage at Ua = 3S (1), 40 (2), 40 (3) 
(particle size SO - 63 11m) , 40 (4) , 4S (5) and SO (6) V (particle 
size 63 - 100 !lm) and spraying distance 

bological properties than coatings sprayed of PG-SR3 
alloy and cast iron powders separately. PC produced 
from mixtures of powders on crankshafts of cars and 
trucks passed the tests to advantage. 

CONCLUSIONS 

1. Slime is the most promising raw materia l for pro­
duction of powders from wastes of machining of mill 
ro lls. Processing of the slime provides a high (SO -
55 %) yield of materia ls wit h a particle size of SO -
100 !liD, which can be used for thermal spray ing. 

2. P lasma coatings of cast iron powders arc char­
acterized by a lower adhesion strength, as compared 
with self-fluxing all oys, and by a high porosity. There­
fore, they arc more efficient for deposition of wear­
resistant coatings if used as a component of powder 
mixtures. 
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SEMI-AUTOMATIC DEVICE FOR WELDING TUBES TO 
TUBE SHEETS FOR SMALL-SIZE HEAT EXCHANGERS 

M.I. CHERNOMOROV 
East-Ukrainian National University, Lugansk, Ukraine 

ABSTRACT 

To produce quality permanent joints of the tube-to-tube sheet type, a portable device has been developed, which makes 
it possible to perform gas-shielded welding of 3 - 5 mm diameter tubes with a preset penetration depth. 

Key words: argon-arc u:elding, tube sheets, semi-automa­
tic device, heat exchanger 

Modern engineering (chemical, power generation, 
etc.) requires new upgraded equipment and imposes 
stringent requirements on its strength, reliabi I ity and 
performance. As a rule, pieces of this type can be 
made only by fusion welding. These pieces of equip­
ment also include parts of Stirling engines or engines 
with an external heat supply. Heat exchangers 111 
comprising tubes and tube sheets are also regarded as 
the most critical structures. 

Small-size heat exchangers operate under severe 
conditions: high temperatures, high pressures and he­
lium gas as a working medium. This predetermines 

Figure 1. Semi-automatic welding device for making small-diame­
ter circumferential welds (designations here and in Figure 2 are 
given in the text) 
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requirements to the welds: they should be strong and 
tight with a guaranteed penetration depth. In manu­
facture of a heat exchanger comprising 1000 tubes, 
only 1 % of reject caused by welding leads to the 
necessity of caulking of 10 tubes, which decreases the 
efficiency of welding by 18 %. Heat exchanging de­
vices can be made from different materials, although 
the most extensively used materials arc high-alloy and 
stainless steels. This causes a lot of problems in de­
velopment of specific technological processes. Thus, 
welding of tubes to tube sheets may result in a non­
uniform penetration, formation of circular cracks, 
pores and other defects. These drawbacks become ap­
parent in welding small-diameter (3- 5 mm) tubes 
to thick (20- 60 mm) tube sheets. 

Choice of a welding method is based on a specific 
type of structure, quantity of welds to be made, their 
location, service conditions and test methods. The 
most extensive usc for such purposes is made of fusion 
welding, which is regarded as an independent tech­
nological operation. In the case of a large number of 
welds, it is necessary to have a speciali zed equipment 
to ensure their consistent geometry. The East-Ukrain­
ian National University developed a device for weld­
ing in the automatic mode of tubes with a diameter 
of more than 1 mm into tube sheets. The device pro­
vides a high quality of the welds l2]. The semi-auto­
matic device allows welds of a small cross section 
(Figure 1) to be made by the argon-arc tungsten-elec­
trode method. It consists of dielectric fixed casing 1, 
which houses electrode rotation mechanism 2 in mov­
able casing 3. Casings 1 and 3 are connected to each 
other via balls 4, which enter the casings by halves 
to form a combined bearing. Casing 3 has a central 
hole for aligner 5, whose lower end is fitted with 
replaceable extension piece 6 in the form of a cone 
made from a heat-resistant material (e.g. ceramics, 
steel). Its root diameter is larger by 0.2- 0.4 mm 
than the inside diameter of tube 7 welded into tube 
sheet 8. Casing 3 also has an eccentric hole for elec­
trode holder 9. The upper (bottom) part of the ec­
centric hole is conical , and the tailing part of the 
electrode holder has longitudinal slots 10. When it 
is installed in casing 3, the conical surface bends the 
slotted part of the electrode holder towards the centre. 
This induces elastic forces which cause its tailing part 
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to return back to the initial (cylindrical) position . 
Owing to this, electrode holder 9 is reliably fixed in 
tasing 3, which provides a good electric contact be­
tween them. In addition to improvement of reliability 
of operation of the device, this also leads to a decrease 
in requirements for accuracy of making of the internal 
surface of the eccentric hole and the external surface 
of the electrode holder. The latter also has an eccentric 
hole for installation of non-consumable electrode 2, 
allowing the position of electrode 2 to be varied 
(moved off) with respect to the main axis of the device 
by turning electrode holder 9 about its longitudinal 
axis. This provides a smooth variation of the diameter 
of rotation of the electrode within a wide range. The 
upper end of aligner 5 has tip 11 with radial rippling. 
Opposing spring 12 is installed under it to lift the 
aligner over tube 7 to be welded (in Figure 1 the 
spring 12 is shown in a free position). Rod 13, whose 
lower end also has tip 14 with radial rippling, is 
coaxially located over al igncr 5. Drive shell 15, half­
coupling 16 and opposing spring 17 of rod 13 arc 
located over casing 3. Half-coupling 16 is fitted with 
driven gear 18, which interacts through longitudinal 
riffling in the central hole with rod 13, also having 
longitudinal riffling 19. Driven gear 18 is set into 
rotation from drive 20, which can be moun ted d i recti y 
on dielectric casing 1 or outside it. Electromagnet 21 
secured to casing 1 is placed over driven gear 18 with 
no connection to it. 

The semi-automatic device operates as follows. 
Prior to use of the device, extension piece 6, matching 
the diameter of tube 7, is screwed on the lower end 
of aligner 5. Then electrode holder 9 is turned so that 
distance from electrode 2 to the longitudinal axis of 
the device corresponds to the outside diameter of tube 
7. The device is placed on tube sheet 8, and, after 
pressing rod 13 (manually or by switching on elec­
tromagnet 21), aligner 5 is moved until extension 
piece 6 contacts tube 7. In doing so, the axes of the 
device and the tube are aligned. In this position the 
device is fixed by a rack or held manually. After this 
rod 13 is released, springs 17 and 12 return back to 
the initial position to lift rod 13 and aligner 5, re­
spectively. Then rotation drive 20 is switched on, 
which transfers the torque to casing 3 through com­
ponents 18, 16and 15. Thcwcldingcurrentissupplicd 
through brushes 22, and the shielding gas is fed 
through hole 23. The gas is fed to the welding zone 
via the longitudinal slots on the surface of casing 3, 
washing this surface and cooling the cas ing. Upon 
completing the circumferential weld on the entire di­
ameter of tube 7 (for this electrode 2 is rotated at a 
high speed of about 900- 1200 rpm), the welding 
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Figure 2. Schematic of the effect exerted by the extension piece 
on the circumferential weld 

current is turned off, the rotation drive being left in 
the <<On» position. Then electromagnet 21 is switched 
on. Rod 13 is lowered under the effect of the longi­
tudinal magnetic field, while rotating due to interac­
tion of riffling 19 with a matching riffling in gear 18. 
Lowering of rotating rod 13 causes mutual engage­
ment of tips 11 and 14, which in turn causes rotation 
of aligner 5. Aligner 5, while lowering , enters inside 
welded tube 7 (Figure 2), and extension piece 6 exerts 
pressure on the weld in a radial direction. This leads 
to its plastic deformation in a direction of action of 
the shrinkage force, which results in a decrease in the 
level of tensile stresses 13J. Owing to rotation of ex­
tension piece 6, the efficiency of impact on the weld 
increases to cause closing (grinding) of microdefects 
(cracks, pores) , and the weld is sealed. After complete 
cooling of the weld rotation drive 20 and electromag­
net 21 are switched off, and the device is used again. 

The device developed has limitations as to welding 
conditions, which are caused by thickness of the tubes 
welded. As the tubes to be welded normally have a 
small thickness, the following welding parameters 
were set: 

Welding current, A ............................ . 
Arc voltage, V .... ...... . . 
Welding speed, m/ h 
Electrode diameter, m ...................... . 
Shielding gas flow rate, I/ min 

80- 150 
18-28 
16-30 
0.001 - 0.003 
9- 16 

Application of the semi-automatic device makes it 
possible to produce welds of the 100 % quality (in­
dependently of the quantity of the tubes) in the tube­
to-tube sheet joints welded in the flat position. The 
device has been industrially validated. 
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STATISTIC REGULATION 
OF WELDING TECHNOLOGICAL PROCESSES USING 

THE METHOD OF CONSTRUCTION OF CHARTS 
OF CONDITION CONTROL 

I.A. TARARYCHKIN 
East-Ukrainian National University, Lugansk , Ukraine 

ABSTRACT 
Method of construction of control charts of the condition of the technological process without use of graphs is suggested. 
Algorithm of estimation is simplified by using a complex criterion. The method capabilities are described on the example 
of the narrow-gap arc welding of a butt joint. 

Key words: statistic regulation, quality assurance, esti­
mation of process condition, procedure, control charts, narrow­
gap 1celding, corrective actions 

Statistic regulation of welding technological processes 
is connected with a need in a periodic estimation of 
their condition in the solution of problems of the 
quality assurance of products f1 - 4]. This kind of 
estimation should envisage the definition of the cur­
rent process condition and tendency of its changing 
with time (development of prediction estimates); 
timely action on the process condition with a next 
estimation of efficiency of the corrective actions; 
documenting of the process condition to form the data 
of its history that corresponds to the requirements of 
objectivity and conclusiveness, including those in 
definite situations when the representatives of the 
customer or body on certification have an opportunity 
to get fam i I iar with an inspection documentation char­
acterizing the progress in the order fulfilment. 

Among the statistic methods al lowing inspection 
and prediction of the quality of products and, conse­
quently, the process condition at different stages of 
manufacturing, a method of construction of control 
charts is most widely spread fS]. The traditional 
scheme of usc of the method of control charts (She­
\\'hart's charts) is associated with the necessity of a 
periodic sampling from the arrival of products and 
statistic processing of results of fulfilment of the 
check-out operations. It means that the regulation of 
processes using the Shewhart's charts corresponds to 
the greatest extent to the conditions of large-batch 
or mass production, where there is possibi lity of a 
periodic inspection of separate batches or a group of 
products. However, with respect to the conditions of 
a single- or small-batch production t h is method can 
be not acceptable or low-efficient. If the single-batch 
production is characterized by a high cost of the pro­
duction unit, complication in check-out operations, 
high labour intensity in works for the elimination of 
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defects, then it is rational to inspect d irectly the con­
d ition of t he techno logical process. 

Thus, the development of effective methods of in­
spection, regulation and document ing of t he condi t ion 
of the technological processes in the condit ions of a 
sing le- and small -batch production is an actua l prob­
lem, which appears, for examp le, in using such proc­
esses as narrow-gap welding, electros lag, electron 
beam weld ing of large-sized structures. Under t hese 
conditions the deve lopment of t he procedure of con­
struction of charts of the process condit ion cont rol, 
from the appearance of which it would be poss ible to 
estimate its current condit ion and to pred ict the ten ­
dency of progress, presents interest. 

To solve t he above-formulated probl ems it is nec­
essary to define prelimi nary t he process parameter to 
be checked-out X, which in fluences sign ificantly its 
condition and, as a consequence, t he qua li ty of prod­
ucts. Then , t he requirements to an all owabl e range 
of X variation shoul d be fo rmulated (des ign all owance 
shou ld be ind icated). Th e number of check-out meas­
urements nand periodicity of t heir fu lfilment should 
be set in accordance with t he technological documen­
tation. 

The procedure of process ing data is conn ected wit h 
defining of the fo ll owing characteri stics: 

• mean value of t he check-out parameter x an d 
standard dev iation S 

:X= L x;/n, (1) 

S = ..J! (x;- x)2j (n- 1); (2) 

• value of a real range of changing t he check-out 
parameter of the process (technological field of al­
lowance) t:..U 

(3) 

where P is the probabi li ty with whi ch a random value 
X enters the boundaries of t he technological field of 
a ll owance; <I>- 1(P) is t he function , Lapl ace's inverse 
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Requirements to the technological process accuracy 

Parameter Accuracy 

of process Moderate and 
accurac.lJ Increased High 

mean 

p 0.940 - 0.970 0.970 - 0.990 0.990 - 0.999 

<1>-t(P) 1.33 - 1.54 1.54 - 1.82 1.82 - 2.35 

function 161. Values <l>-1(P) can be determined from 
the Table data depending on the requirements speci­
fied to the accuracy of the technological process; 

• coefficient of dissipation TJ, characterizing the 
relation between fields of technological and design 
allowances 

(4) 

where Wu, W 1 are, respectively, upper and lower 
boundaries of design field of allowance, established 
at the stage of the technology development coming 
from the need of providing preset conditions of the 
process proceeding. These can be, for example , re­
quirements to the accuracy of the process, whose ful­
filment guarantees the absence of the shape defects 
in the formation of the weld; 

• coefficient of deviation of setting 8 characterizing 
the deviation of the center of distribution of the 
checked-out characteristics X with respect to the mid­
dle of the design allowance field 

(5) 

where W 0 = (Wu + W1) / 2 is the middle of the design 
allowance field. 

The current condition of the technological process 
can be characterized by a position of point Z (8, Tj) 

in the system of coordinates 80T]. It is seen that if the 
condition of the process is satisfactory, then the point 
Z(8, Tj) enters the region D (Figure 1) [7] . Otherwise, 
the process docs not correspond to the specified re­
quirements and requires correction. As the charac­
teristics of accuracy of the process 8 and TJ can change 
with time, then the condition of the process can be 
described by a sequential system of points Z 1 , Z2, ... , 
Zc on the plane 80T] determined for the time moments 
t1, t2, ... , tc. If the process condition satisfies the 
requirements to the accuracy, then all the points Z 1, 

Z2, ... , Zc will locate within the region D (Figure 2, 
scheme 1). If from the moment of time t1 the corre­
sponding pointZ1comes beyond the region D, it means 
that the process does not correspond to the specified 
requirements to the accuracy and the correction is 
required (Figure 2, scheme 2). 

Thus, the analysis of the condition of the techno­
logical process is reduced to the determination of the 
current position of point Z(8, Tj) relative to region D 
on plane 80T]. To obtain more detailed information 
about the process condition it is rational to divide the 
region D into three areas of a smaller size D 1, D 2, D 3 

(sec Figure 1 ). Their boundaries can be defined com­
ing from the considerations of a practical nature , if 
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Figure 1. Scheme of mutual arrangement of regions D, D,, D 2, D:. 

to take such process condition optimum at which the 
condition 0.50 < e + Tj < 0.85 is fulfilled, which 
defines the boundaries of region D 2 and, thus, the 
position of regions D 1 and D3 (see Figure 1). The 
presence of field D 3 provides some accuracy margin 
before the process approaches the limiting condition 
(Figure 1, length AB) that makes it possible to obtain 
a definite spare time for taking decisions and fulfil­
ment of appropriate corrective actions. The process, 
for which the position of point Z(8, Tj) corresponds 
to region D 1 is excessively accurate and the use in 
this case of a high-precision equipment is not, prob­
ably, justified rs1 . The use of the graphs on plane 
80T] makes it possible to perform the periodic estima­
tion of the process condition in accordance with a 
suggested algorithm. The process condition can be 
recognized satisfactory if the current position of point 
Z; corresponds to the region D 1 or D2. If the point Z; 
is transferred to the region D 3, then it is necessary to 
clarify the causes of accuracy violation and to make 
corrections. In that case when the point Z; comes 
beyond the region D, then the process of manufac­
turing should be interrupted for revealing and elimi­
nating causes of the accuracy violation. 

The presented scheme can estimate the condition 
of the process using the graphs on the plane SOT]. 
However, it should be noted, that in the conditions 
of a real production the fulfilment of these graphs 
encounters certain difficulties. At the same time the 
algorithm of estimation can be simplified greatly if 
to use an integrated criterion of accuracy 9s of the 
following kind: 

e .---------------------------. 

1.0 

0 1.0 TJ 

Figure 2. Schematic presentation of different versions of changing 
the accuracy of technological process with time 
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0 .85 

0 .50 
o, 

Figure 3. Appearance of control charts of technological process 
condition with plotted control lines and limiting condition bounda­
ries 

2 I x- W 0 I+ tiU (6) 
9s = e + T] = Wu - WI ' 

which makes it possib le to determine the position of 
point Z(8, 11) with respect to regions D, D 1, D 2 , D 3 

and to estimate the process condition not using the 
graphs. 

Thus, if g, < 0.50, then the process ana lyzed meets 
the specified requirements, being here excessively ac­
curate (Figure 1, region D 1). If 0.50 < 9s < 0.85, 
then the process is proceeding under the optimum 
condition (Figure 1, region D2). If 0.85 < 9s < 1, 
then the process is characterized by an acceptable 
condition, however, requ ires correction as it is pro­
ceeding ncar the boundary of the lim iting condition 
(Figure 1, region D3). If 9s > 1, then the point Z(8, 
11) is located beyond the region D and, consequently, 
the process analyzed docs not meet the specified re­
quirements of accuracy . 

Thus , the suggested procedure of construction of 
control charts of the process is reduced to the con­
struction of the system of values g/t;) determined for 
the set moments of time f;, in accordance with the 
described approach. The presence of control l ines of 
a kind g, = 0.85 and 0.50, and also boundaries of the 
limiting condition 9s = 1.00 at the chart of process 
condition control simplifies the procedure of estima­
tion and makes it more il lustrative. 

The construction of control charts is suggested to 
perform as follows: 

• to estimate the process condition periodicall y for 
moments of timet;, i = 1, 2, ... , m with a defin ition 
of appropriate values X; and Si; 

• to determine the value of parameter g/t;) by 
formula (6) for the current moment of timet;; 

0 t, t2 t3 t4 t5 t6 t 7 

Figure 4. Appearance of control charts of condition depending on 
the scheme of technological process proceeding 
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• to p ut t he est im ated values g5( t ;) on t he chart 
of control of t he process con di t ion, shown in F igure 3. 

The process cond it ion should be estimated as fo l­
lows: 

• if t he nature of chang ing t he pos it ion of control 
poin ts g/t;) corresponds to scheme 1 ( F ig ure 4 ) , t hen 
the process should be corrected after s ixth check-out 
measurement; 

• if the process is p roceeding accord ing to scheme 2 
(Figure 4), t hen , starting from t he second check-out 
measurement, it docs not correspond t he specified re­
quirement and t he quali ty of t he products will not be 
p robab ly prov ided; 

• if the process is proceeding according to sche­
me 3, t hen t he accuracy is contin uously increased and 
fro m t he moment of t ime t3 it becomes excess ive ly 
accurate. 

The acceptable properties arc typical for t he proc­
esses for which the position of contro l points corre­
sponds to the region D2 (sec F igure 3). 

It should be noted t hat the developed p roced ure 
of construction of t he control charts of t he process 
cond it ion cannot be considered as t he generali zat ion 
or alternative to Shcwhart's charts. The suggested 
method of statistic regu lation of tech nological proc­
esses represents a se lf-s ustain ing too l whi ch has its 
own fie ld of a rational app li cation conn ected, first of 
a ll , with d irect control and documenting of t he process 
condition under the cond itions of a single- or small­
batch production . 

Let us cons ider t he fcas ibi l ity of t he suggested 
method of estim ation of t he process cond ition on t he 
example of the narrow-gap weldi ng of butt joint of 
60 mm thick metal. The groove is fi ll ed by a scheme 
of one layer per a pass (Figure 5), therefore, the 
electrode dev iation from t he gap ax is can lead to the 
format ion of defects of t he layer shape in t he form of 
undercuts or lack of fus ion . In accordance wit h t he 
requirements of the technology t he dev iation of t he 
electrode ax is from the gap middle shoul d not exceed 
12 % of the current w idth of gap 2B. T he accuracy 
control of e lectrode positioning in t he gap was made 
in t h ree po ints along t he joint length (n = 3) . The 
corresponding values of parameter g/m) for seven 

Figure 5. Diagram of appearance of electrode deviation from the 
gap axis in welding 
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1.20 ,.-.,-----,---,.---.---,---.----,----, 
Scheme 2 (m5 = 1- 5) 

·. 1.00 
0.85 

0 2 3 4 5 6 7 m, ms 

Figure 6. Nature of changing the process condition from layer to 
layer (scheme 1) and from product to product (scheme 2) 

passes (m = 1, 2, ... , 7) arc plotted on the control 
chart (Figure 6, scheme 1). 

The obtained data show that the process accuracy 
is growing with time. This is explained by the fact 
that during the gap filling the current width of gap 
2B is increased and, respectively, the allowable value 
of the electrode deviation from the gap axis is in­
creased. 

At the same chart the data of the process condition 
arc plotted in welding of first passes for five successive 
welded joints (m, = 1 - 5). It is evident (Figure 6, 
scheme 2), that the process accuracy is decreased 
gradually. This is, probably, due to the effect of a 
gradual wear of a contact tip of the torch. As a result 
the first layer of the fifth joint (ms = S) is made under 
the conditions, which do not meet the requirements 
specified for the process. At a proper organizing of 
works within the scope of the functioning system of 
quality at the enterprise the search for causes of ac­
curacy violation in this case should be made after 
welding of the third or fourth joint. In this case the 
procedure of performance of the works should envis­
age the finding of causes of appearance of deviations, 
taking measures for their elimination with a sub­
sequent estimation of effectiveness of the corrective 
actions 19]. 

The above-considered example is connected with an 
analysis of a unidimensional process, when its condition 
is estimated using one controllable parameter. The real 
welding processes are, as a rule, multidimensional and 
these are the processes for which the problem of the 
condition control and quality assurance is actual. 

The estimation of condition of the multidimen­
sional processes with usc of suggested control charts 
is performed similar to the unidimensional processes. 
The difference consists in that the construction of 
several charts for each of preset controllable parame­
ters of the process X 1, X 2 , ... , Xr is realized simulta­
neously . The process condition is recognized satisfac­
tory if all the corresponding criteria gs1• g,2, ... , gsr 
do not exceed unity in their values. 

After analyzing the case of the narrow-gap welding 
of 60 mm thick metal it should be noted that the 
feasibility of formation of the shape defects in welding 
is due not only to the deviation of the electrode from 
the gap axis, but also with possible change in the 
width of gap 2B, as a result of development of angular 
deformations, with a change in electrode stickout he, 

gs1 Control by electrode position in gap 03 

0.85 
.._ 

/ ~ 

~ v ~ ~ 02 

0.50 t 1 t2 t3 t4 ts t6 t7 01 

gs2 Control by gap width in butt 03 

0.85 

~ ~ - 02 

0.50 t1 t2 t3 t4 ts t6 h 01 

gs3 Control by electrode stickout 03 

0.85 
~ ~ ~ 02 

0.50 t t2 t3 t4 ts t6 t7 0 

gs4 Control by welding speed 03 

0.85 __... 
~ 02 

0.50 t1 t2 t3 t4 ts t6 t7 01 

gs5 Control by welding current 03 

0.85 

r--.. ...... ~ 02 

0.50 t t? h t to tfi h01 

gs6 Control by arc voltage 03 

0.85 

~ 02 

0.50 t 1 t2 t 3 t4 t 5 t6 h 01 

Figure 7. Type of control of condition of multidimensional process 
of welding 

welding speed Vw, welding current lw, arc voltage 
Ua. If to perform the control and documenting of the 
process condition using all the above-listed parame­
ters, then the six-dimensional system will be control­
led, for the description of which the simultaneous 
construction of six control charts of condition is re­
quired. The appearance of the control charts of the 
process condition for the considered six-dimensional 
system, which meets all requirements of accuracy is 
given in Figure 7. 
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CHEMICAL MICROHETEROGENEITY 
AT THE GRAIN BOUNDARIES OF HAZ METAL 

OF MARTENSITIC-BAINITIC STEEL 14KhGN2MDAFB 

L.I. MIKHODUJ, O.D. SMIYAN, M.B. MOVCHAN, V.D. POZNYAKOV and S.O. ANTONOV 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABSTRACT 

The process of a delayed fracture of HAZ in implant samples made from steel 14KhGN2MDAFB at the pre-fracture 
stage was examined using the method of electron Auger-spectrometry. It was established that during the delayed fracture 
of the welded joints the HAZ metal is subjected to redistribution of alloying and impurity elements inside the grains, 
enrichment of their boundaries by a number of embrittling impurity atoms that is an additional (except hydrogen) 
factor, predetermining the metal fracture at this type of tests . 

Key words: high strength steel, welded joint, heat-af­
fected zone, Auger-spectrometry, tensile stresses, segregation of 
alloying and impurity elements, inhomogeneity, delayed frac­
ture 

ln most investigations devoted to a delayed fracture 
(DF) of welded joints made of the al loyed steels the 
effect of either indirect parameters, characterizing the 
metal structure (temperature of austenite transforma­
tion, amount of martensite, microhardness, etc.) or 
inhomogeneities of this structure arc considered [1, 
2 1. At the same time the insufficient attention is paid 
to the study of development of a chemical microhet­
crogcneity in the DF process. Hydrogen, being one 
of main causes of co ld cracking in DF, is an exception 
13 - 6]. However, the behaviour of the rest chemical 
clements, availab le in steel, is not known in many 
cases. 

As a result of action of the welding thermal cycle 
lhe intensive growth of grains occurs, as rule, in the 
ncar-weld regions of the alloyed steels. This leads to 
lhc widening of the boundaries and accumulation of 
different kinds of defects and impurities along them . 
In HAZ metal, both compressive and tensile stresses 
arc acting. The compressive stresses hinder, and the 
tens ile stresses promote the development of segrega­
tion processes and metal fracture. The degree of this 
influence and also a possible nature of processes of 
mass transfer and redistribution of alloying and im­
purity clements in these microvolumes arc not c lear. 

Over the recent years the problems connected with 
the fracture of metals due to microchemical inhomo­
geneity are studied comprehensively in metallurgy. 
To perform these investigations , the method of elec­
tron Auger-spectrometry (EAS) is used mainly, as its 
information depth (2- 3 nm) is commensurable with 
a thickness of the intcrgranular layers, equal to 20-
30 nm 171 . These investigations were made, as a rule, 
on fractures which were subjected to the action of 
the surrounding medium. Therefore, each time the 
purity of the experiment was under the question as 

the samples entered for investigation were covered 
with a relatively th ick layer of oxides or adsorbates. 
After removal of these surface impuri t ies using ion 
etching in the chamber of analysis of t he Auger-spec­
trometer, it was possible eas il y «to remove>> a lso a 
part of the useful information about t he real compo­
sition of the fracture surface proper. If, by any reasons, 
the metal, adjacent to the grain boundary ( GB) was 
enriched with impurities, then there were no problems 
and all the changes were taken into consideration 18, 
91. From their results much real information w·as ob­
tained about the composition of GB and effect of 
separate chemical elements on t he fracture of metals 
[8- 13]. When thecausesofhotcrackinginaustcnitic 
steels of 1 0Kh23N18 type, and also in Fc-34Ni alloy 
were analyzed the metal was subj ected to deforming 
at SSO - 8SO oc temperature using different rates. 

The investigations showed that GB of these steels 
arc enriched with oxygen and sulphur, which cause 
the metal em brittlcmcnt at the above-mentioned tem­
peratures 19] . In case of fracture in vacuum S-1 o-7 Pa 
of R6MS type tool steel samples, which passed the 
heat treatment at a subsequent examination of the 
surface fracture using the EAS it was shown that 
phosphorous is a harmful impurity for these steels 
1131. The clusters of impurity atoms can be formed 
in the cond itions of low temperatures not only under 
the action of the deformation, but also at the presence 
of thermal stresses, cyclic stresses in particular. For 
example, the t hermal cycling at temperature from 
- 1 SO to +1 SO oc causes not only destroying of higher 
ox ides of metals and metal saturation with hydrogen , 
but also the redistribution of impurity and alloying 
clements in steel 12Kh18N10T [101 . In all t hese ex­
aminations the «freely arranged~ metal was subjected 
to t hermal and deformational action, i.e . meta l , which 
is capable to change its form and structure freely. At 
a DF in the conditions of a confined deformation the 
process of initi ation and propagation of cold cracks 
in the welded joints occurs mostly at loads which are 
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Table 1. Conditions of preparation of 14KhGN2MDAFB steel 
samples for tests 

No. of se 
ries of 
sample 

2 

3 

4 

5 

Conditions of preparation 
and sample region to be 

analyzed 

Parent (initial) metal 

Parent metal is annealed 
at 800 ·c for 2 h 

HAZ after welding 

Same 

~ 

Conditions of loading of 
implant samples 

cr4 = 610 MPa, 5 min 

cr5 = 255 MPa, 30 min 

lower than the yield strength of the parent metal. 
Therefore, some specific features can be expected in 
proceeding of processes of migration, redistribution 
of impurity atoms in the near-weld zone metal and 
the nature of its fracture. The aim of the present work 
is to analyze the chemical composition of GB of the 
HAZ metal, being the pre-fracture state, under the 
action of the static load. 

The most unfavourable conditions of testing im­
plant samples (Table 1), made from high-strength 
steel 14KhGN2MDAFB, were selected as basic for 
investigations. The required complex of properties in 
this steel (cr0.2 ~ 690 MPa, O't ~ 790 MPa, Os ~ 14 % 
and KCl/40 ~ 39 J I cm 2

) is reached at a mass fraction 
of carbon up to 0.17 %, complex alloying, microal­
loying, and also after refining and heat treatment 
(quenching and tempering). For manufacture of im­
plant samples the steel of cro.2 = 815 MPa, O't = 
= 928 MPa and the following mass fraction of chemi­
cal elements, %: C - 0.14; Si - 0.37; Mn - 1.36; 
Cr - 1.23; Ni - 2.2; Mo - 0.22; V - 0.15; Al -
0.03; Nb - 0.07; Cu - 0.45; N - 0.014; Si -
0.008, were used. The implant samples were manu­
factured by a manual arc welding with electrodes 
ANP-9 (C - 0.08; Si - 0.3; Mn - 0.96; Cr - 0.4; 
Ni - 2.5; Mo - 0.3; S - 0.017; P - 0.02 wt.%) 
of 4 mm diameter without preheating. Here, the con­
ditions of preparation of electrodes and welding con­
ditions Uw = 170 - 180 A, Ua = 24- 25 V, Vw = 9.0-
9.5 m/ h) remained unchanged. This made it possible 
to maintain constant rate of HAZ metal cooling within 
the interval of 600 - 500 ·c temperatures (w6 s = 
= 25- 26 · c ; s) and limited content of diffusive hy­
drogen in the deposited metal (at the level of 3.5 -
4.5 ml / 100 g). Under these conditions of welding 
and cooling the structure of HAZ metal of steel 
14KhGN2MDAFB contains about 85 % martensite, 
the rest - bainite 1141. 

In the process of cooling to temperatures 100 -
150 ·c the implant sample was loaded for 1 min to reach 
the constant preset force, then it was subjected to the 
selected load during a time to cause the fracture. The 
graph of relationship between the metal stress, cr, oc­
curred under the action of this load, and the loading 
time, 't, for the above-mentioned technological condition 
of welding is given in Figure 1. Maximum tensile stress 
O'er caused by external load at which the implant samples 
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cr, MPa 
aoo~---------------------------------, 

400 

crs 
O'er 

200 

0 10 

Figure 1. Curves 
14KhGN2MDAFB) 

20 30 40 1, min 

of DF of implant samples (steel 

are not fractured during 20 h is assumed as a charac­
teristic of crack resistance of a definite technological 
variant in the process of which the HAZ metal is 
resistant to the cold crack formation [ 1]. 

With a study of fractures of specimens, being cut 
from the implant samples after their loading at re­
corded conditions of tension, it is possible to investi­
gate the separate stages of the process of initiation 
and growth of cracks under the conditions of a DF 
at definite loads using an interruption of the tension 
process for some time until the moment of fracture. 
This procedure makes it possible to study the processes 
associated with a change in chemical composition of 
GB metal of the samp le in the pre-fracture state. 
Therefore, the implant samples were subjected to such 
action of the load (sec Table 1) which was removed 
1 - 2 min before the expected moment of fracture. 
Then, the specimen was cut from the sample central 
part in the form of 3.9 mm diameter bar with a boring­
notch (Figure 2) which was made in the ncar-weld zone. 
The specimens were subjected to the final fracture inside 
the installation LAS -2000 in vacuum 1·10-8 Pa during 
cooling with liquid nitrogen vapours to the tempera­
ture -160 ·c. This made it possible to produce the 
brittle intercrystallinc fractures and to examine di­
rectly the intcrgranular surfaces, GB, their chemical 
and clement composition, distribution of clements 
from GB into the depths of its body. In these condi­
tions (p = 1·10-8 Pa) a single-layer of adsorbates is 

Figure 2. Diagram of cutting specimens from the implant sample: 
1 - deposit; 2 - support plate; 3 - test specimen; 4 - implant 
sample 
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Figure 3. Distribution of oxygen (a) , sulphur (b) , carbon (c) at 
t he GB and adj acent grain body in metal of specimens of series 
No.1 - 3 after thermal action (Table 1 ) ; here and further the num­
ber of curves corresponds to the numbers of series of specimens 
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Figure 4. Distribution of oxygen (a), sulphur (b), manganese (c) 
at t he GB and adjacent grain body in near-weld zone metal of 
specimens of series No.3 - S (Table 1) at the pre-fracture stage 
during DF 

formed at the metal surface for 17 h. This time is 
sufficient for examination. The fracture surface was 
examined by using the EAS method. The layer-by­
layer etching was made by an ion gun CI-40 with ions 
Ar+ of energy E = 4 keY and 5 nm / min rate of ion 
etching . 

As a rule, the fracture of the implant samples oc­
curs in the ncar-weld zone from the artificial notch 
apex. Therefore, all next investigations were made at 
this region of the welded joint. 

According to the type of action of external factors 
the test specimens (sec Table 1) can be divided into two 
groups . The first group includes specimens, manufac­
tured from the parent metal (series No.1) and those 
subjected to the thermal action as a result of annealing 
(series No.2) and also in the process of welding (series 
No.3). Here, the surface of fracture of the <1frecly ar­
ranged>> metal was investigated. The second group in­
cludes the specimens of series No.4 and 5, cut from the 
implant samples , which were subjected to intensive dis­
turbances, but not to state of the natural fracture (pre­
fracture state was stud icd) . 

In the specimens of the first group the carbon, 
phosphorous and chromium are forced out from the 
GB with manganese and also oxygen and sulphur 
(Figure 3 , a, b, curve 2). Here, the significant en­
richment of GB with oxygen (,12 times), sulphur 
(,1 0 times) and manganese to a less extent(, 2 times) 
occurs as compared with the content of impurities in 
the body of the initial metal grain. Heating and cool­
ing of metal in the process of welding is performed 
more intensively than in annealing. Therefore, the 
thermal cycle of welding leads only to a partial re­
placement of carbon by oxygen at the GB, to decrease 
in manganese content on them and to the complete 
transfer of sulphur into the grain body (Figure 3, b, 
curve 3). 

Complex processes are proceeding near the GB in 
specimens of the second group (series No.4 and 5), 
being , respectively, under stress cr4 and crs which cause 
the deformation and fracture of metal. In this case a 
large amount of sulphur and oxygen is accumulated 
at the ncar-weld metal GB, and carbon is forced out 
inside the grain and to the periphery of the specimen 
(Figures 4 and 5). The zone of enrichment with im­
purities is rather large, i.e. more than 500 nm. The 
largest enrichment of the GB and adjacent regions 
with oxygen is observed in specimens of series No.5. 
Its content at the GB as compared with that in HAZ 
metal which was not subjected to loading, increased 
by 8 times, and in the volume of grain - by 33 times 
(Figure 4, a). The oxygen content increased to a less 
degree at the GB and in the grain in specimens No .4 -
by 4 and 18 times, respectively. At the same time, a 
mass fraction of sulphur increased greatly in these 
regions of HAZ metal of specimens (series No.4): by 
19.4 times at the GB and by 52 times at the distance 
l = 60 nm from it (Figure 4, b). The enrichment of 
GB with sulphur in specimens of series No.5 was not 
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Figure 5. Maps of Auger-distribution of oxygen (a, b), sulphur (c, d), carbon (e, () in near-weld zone metal of specimens after their 
loading according to the condition given in Table 1: a, c, e - series No.4; b, d, f - No .5; GB is located in the frame center horizontally; 
light spots indicate lhe presence of element (x200) (reduced by 3 5) 

so significant, however, in this case its content is by 
8.6 times higher than that in the HAZ initial metal. 

The changes in chemical composition of metal at 
the GB are remarkable at the pre-fracture state for 
such alloying clements as manganese and chromium. 
Independently of values of the applied load and time 
of its action in the specimens of series No.4 and 5 the 
transfer of these chemical elements from the bounda­
ries into the grain body was observed (Figure 6, b, 
c). Here, in specimens of series No.5 and 4 the region 
of maximum concentration is located at the distance, 
respectively, l = 15 and 60 nm for manganese, 10 and 
100 nm for chromium. As compared with the ncar­
weld zone metal the content of manganese in the men­
tioned zone is increased, respectively, by 6 and 3 times 
(Figure 4, c). For the majority of alloying clements 
the thickness of the <<disturbance>> layer of chemical 
composition is SO - 100 nm. The less remarkable 
changes in the chemical composition were observed 
for other impurity and alloying clements. The pecu­
liarities of distribution of some of them in the ncar­
boundary zone arc given in Table 2. 

Thus, it was established that at the GB and adja­
cent regions of ncar-weld zone metal of the welded 
joints made from the steel considered the enrichment 
with impurity and alloying elements occurs mainly 
under the action· of static tensile load. As it causes 
the deforming and fracture of metal, then this process 
can be, probably, regarded as a dislocation creep pro­
ceeding at room temperature. Two types of creep arc 
distinguished: diffusion (vacancy) creep, proceeding , 
as a rule, at elevated temperatures and lower loads, 
and dislocation creep, which is observed at not-high, 
including room, temperatures under the action of in­
creased loads. It was established that the contribution 
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made by the vacancy creep into the transportation of 
the impurity and alloying clements is comparable with 
the contribution of the dislocation creep only at tem­
peratures T > O.STmelt• where T melt is the temperature 
of melting, and stress cr < 9.6 MPa 115 1. Here , the 
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Figure 6. Content of impurity (a) and alloying (b) chemical ele­
ments at GB and near-weld zone of specimens at the pre-fracture 
stage: 1 - 5 - numbers of specimens from Table 1 
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Table 2. Effect of load condition at DF on content ( wt.%) and distribution of elements from GB into the near-boundary of grain 
body 

l, mu c N p Ni Cr Cu Nb v Ca Cl 

Specimens of series No.3 

0 1.54 0.31 0.27 1.65 1.11 2.38 1.35 1.09 0 0.15 

2.5 1.51 0.24 0.40 2.06 0.68 2.84 2.13 1.11 0 0.15 

25.0 1.45 0.28 0.48 1.71 1.50 1.82 1.32 0.46 0 0 

40.0 1.30 0.32 0.44 2.97 1.33 4.09 2.00 1.01 0.50 0 

60.0 1.22 0.25 0.54 2.44 1.11 2.09 2.01 1.27 0.40 0 

250.0 1.28 0.28 0.41 2.63 1.19 2.01 1.74 0.43 0.61 0 

Specimens of series No.4 

0 1.23 0.56 0.57 3.44 0 1.70 2.32 1.40 0.59 0 

2.50 1.35 0.39 0 2.42 0.69 3.94 1.68 0.82 0 0.15 

25.0 0.88 0.24 0.35 2.35 0.94 2.46 1.10 0.61 0.39 0.13 

40.0 0.89 0.52 0.36 3.35 0 4.25 2.52 1.01 0.64 0.21 

60 .0 1.17 0.48 0.54 3.13 1.57 5.33 3.45 1.59 0.37 0 

250.0 1.29 0.44 0.49 3.75 1.67 2.21 2.19 0.64 0.21 0 

500.0 2.08 0.21 0.24 3.44 1.92 2.37 1.41 1.08 0.33 0 

Specimens of series No.5 

0 1.33 0.54 0.32 2.50 0 1.64 2.03 0 0 0.22 

2.5 1.57 0. 46 0.34 2.61 0.65 1.58 1.51 0.87 0 0.17 

25.0 1.33 0.35 0.59 2.28 0.85 2.28 1.75 1.39 0 0.23 

40.0 1.39 0.35 0.49 4.07 1.13 3.17 1.83 1.37 0 0 

60.0 1.11 0.37 0.30 2.57 0.47 3.45 2.08 1.25 0.76 0 

250.0 1.19 0.19 0.36 2.58 1.33 1.95 1.47 0.95 0.39 0 

450 .0 1.38 0.38 0.48 2.33 1.18 2.10 1.30 0.78 0.23 0 

amount of vacancies in the metal is in the exponential 
dependence on the temperature. In addition, the dis­
locations thcmsel vcs at the elevated temperature be­
come generators of vacancies, while at lower and room 
temperatures they become sites of their drain [151. 
llowcvcr , in service of the welded structures, the met­
al of their separate sub-assemblies is in a stressed state 
during a long time. In this case even at climatic tem­
peratures the processes of vacancy redistribution of 
impurity and alloying clements can proceed if the 
metal is subjected to alternating loads. 

In the course of present investigations the condi­
tions of loading and heating (cr > 220 MPa, T = 20 -
150 oc) differed greatly from those at which the trans­
fer of impurity and alloying elements occurs by the 
mcchan ism of the vacancy creep. Consequently, there 
arc grounds to assume that dislocation creep was ob­
served under the conditions of the experiment, be­
cause the diffusion creep has no time (5- 30 min) to 
influence significantly the processes of mass transfer 
and redistribution of chemical elements in metal. In 
this case the diffusion in metal of almost all chemical 
clements (except hydrogen) is very small and cannot 
hinder the process of movement of dislocations as was 
observed at temperatures 550 - 850 oc [81. It is 
known, that in plastically-deformed medium at the 
temperature below 250 oc almost all mass transfer of 
oxygen and carbon is realized by a dislocation trans-
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port 1161. This occurs in those cases when the rate of 
deforming does not exceed the critical rate, and the 
Suzuki atmospheres, appearing around the nuclei of 
edge dislocations, docs not begin to detach from them. 
But even then the impurity atoms rush the moving 
dislocation and, having no time to precipitate on it 
with the formation of the equilibrium atmosphere, 
they form tails from the atoms of diffusate (impuri­
ties) in the region of plane of the dislocation slipping. 
It is also known that the contribution of the disloca­
tion transport to a total mass transfer in metal de­
forming is larger with the lower temperature and 
smaller coefficient of diffusion. 

At the same time the atoms of the impurity should 
have a sufficient mobility not to block its movement 
in segregating on the slipping dislocation. Conse­
quently, there arc all grounds to assume that in case 
of DF proceeding at room temperatures the decisive 
role in transportation of the impurity atoms is played 
by the edge dislocations. Probably, these dislocations, 
sorbing the impurity atoms, promote their movement 
from the body to the GB, changing the free energy 
of the latter. 

At a relatively small, but long-term loading (speci­
mens of series No.5) the development of the plastic 
deformation occurs more intensively than in specimens 
of the series No.4. It is possible, that this explains 
the different nature of distribution of sulphur and 
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oxygen at the same loading and also different degree 
of sorption of these impurities by the moving dislo­
cations. The sulphur content near the GB is higher 
in the specimens of series No.4 than in specimens of 
series No.5 (Figure 6, a). This, probably, is due to a 
different rate of detachment of moving dislocation 
from the impurity atmospheres of sulphur and oxygen. 
This is also proved by different nature of distribution 
of sulphur near GB: in specimens of series No.5 the 
processes od dislocation transporting of sulphur arc 
clearly developed and in series No.4 the active drain 
of the condensed atoms of this impurity is observed. 
Behaviour of oxygen in both cases is adequate. 

Almost all the clements have 1 - 2 concentration 
peaks from the side of the grain body in front of the 
GB. This can be explained as follows. 

First version. The final fracture occurs not accu­
rately along the GB, but along the intcrgrain layer. 
Therefore, the maximum of a local concentration of the 
clement, which should correspond to the GB, is located 
at some distance from the surface of a final fracture. 
This variant is possible, but then the position of GB for 
the same region , marked by such peaks, should coincide 
for different chemical clements, first of all, for oxygen 
and sulphur. However, the data given in Figures 3, 4 
and in Table 2 do not confirm this. 

Second version. It is known that during fracture 
the stresses arc relaxed in metal after formation of 
two new planes, and at the surface itself the compres­
sion forces arc appeared which arc stipulated by the 
state of energetic non-saturation of the surface atoms. 
The latter circumstance should lead to some reduction 
in content of impurities adsorbed by metal earlier 
during the action of the tensile load. The more inten­
sive the load, leading to the formation of moving 
dislocations, entrapping and transporting of impurity 
atoms from the atom depth to their boundaries and 
shorter the time of this action, the smaller zone of 
the plastic deforming and higher share of the clastic 
deformation and so the region of its consequences, 
i.e. relaxation and desorption associated with it 117, 
18] . Therefore at high load and shorter time of its 
action (specimens of series No.4) the zone of desorp­
tion caused by a final fracture will be wider than that 
in case of usc of the lower load and longer time of its 
action (specimens of-series No.5). It is this phenome­
non that was stated in the experiment. 

Substitutional impurities arc reacting on the 
change in compressive and tensile stresses not so 
strong as the interstitial impurities . However, even 
in this case the plastic deformation leads to the re­
distribution of atoms of such impurities in volume 
and at the GB (Table 2 and Figure 5, c). 

There is such a conception in physics of surface as 
a factor of enrichment (F) which means the ratio of 
element concentration at the surface of a solid body, 
grain, phase to its content in volume of this _body, 
grain and phase. Depending on the compos1tion of 
matrix and the nature of a impurity element this value 
can vary within the very wide ranges (from units to 
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Figure 7. Effect of impurity atoms adsorbed at the GB on the 
ductility and embrittlement of iron alloys [11]; E - adheswn 
strength 

hundreds of thousands). In the steel investigated in 
the pre-fracture state the maximum values were ob­
served: F = 1503 for sulphur and 200 for oxygen. It 
is natural, that this high enrichment of the GB with 
the mentioned impurities can weaken the interatomic 
bonds and make metal fracture much easier. This is 
proved by data given in 111, 12] . Thus, M. Scach 1111 
showed that carbon, molybdenum, boron and niobium 
promote the increase in strength of adhesion of the 
GB in iron alloys, and phosphorous, oxygen, sulphur 
and manganese increase the cmbrittlcmcnt (Fi­
gure 7). 

There are several models which explain the effect 
of impurity atoms absorbed at the GB on the nature 
of the metal fracture 112]. In our opinion, the ap­
proach according to which a segregating atom in per­
fect solutions substitutes for matrix metal, thus 
changing the metal-metal bond by the weaker met­
al-segregating atom bond is most acceptable and has 
a good correlation with a thermodynamic theory 1111. 

It should be noted that these data arc given for 
the perfect solid solution. However, in the real steel 
the interaction of separate chemical elements between 
themselves is possible with a formation of a new phase 
which can influence the size and number of grains 
and also the strength properties of metal as a whole 
(for example, at steel deoxidation with aluminium, 
titanium and so on). In the given case we mean not 
the metal as a whole, but the GB, therefore, the for­
mation of different compounds, for example, oxides 
or hydrides leads , as a rule , to an additional weakening 
of the intergranular bonds. 

Thus, as the investigation showed, an additional 
cause of cmbrittlcmcnt of welded joints at a delayed 
fracture of HAZ metal of high-strength alloyed steel 
of 14KhGN2MDAFB type is, except hydrogen , the 
process of a dislocation creep leading to the adsorption 
of several chemical clements, including cmbrittling, 
at the GB. 

CONCLUSIONS 

1. The change in chemical composition of grain 
boundaries and ncar-boundary region of grain of the 
near-weld zone of specimens made from implant sam-
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pies of steel 14KhGN2MDAFB in a pre-fracture state 
at a separate action of thermal and force factors was 
examined using the electron Auger-spectrometry. 

2. Thermal cycle of welding of 14KhGN2MDAFB 
steel implant samples, not subjected to loading, docs 
not cause a noticeable change in carbon concentration 
at the GB, but, as compared with the initial metal it 
leads to the GB enrichment with oxygen and nitrogen. 

At different conditions of loading in the process 
of a delayed fracture the HAZ metal of high-strength 
stcci14KhGN2MDAFB is subjected to the dislocation 
creep. Here, a dislocation transport is a main method 
of a mass transfer of impurity and alloying clements. 

3. Change in value and time of action of loading 
at DF influence the content and distribution of im­
purity atoms in the GB and in the near-boundary 
region. The short-time action of the tensile loading 
of a high level promotes the increase in an clastic 
component of deformation and initiates the increase 
in content of sulphur, nitrogen, niobium, nickel and 
vanadium at the GB. The decrease in the tensile load 
and increase in time of its action lead to the increase 
in a plastic component of deformation and significant 
growth of oxygen content at the GB. 

t1. At a delayed fracture of welded joints an addi­
tional cause of metal cmbrittlement is, probably, ex­
cept hydrogen, the process of a dislocation creep, lead­
ing to change in chemical composition of micro­
volumes of metal in the GB zone, their mechanical 
properties and adsorption of several chemical cle­
ments, including cmbrittling, at the GB. 
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DETERMINISTIC-STATISTICAL MODEL 
OF WELD SHAPE IN ARC WELDING 

I.F. KORINETS and JI CHENG CHUN 
NTUU <<Kyiv Polytechnic InstituteS>, Kyiv, Ukraine 

ABSTRACT 
The paper gives theoretical substantiation of the rationality of construction of deterministic-statistical models in the 
form of a product of exponential functions. The adequacy of the constructed mathematical models, combining the 
advantages of determuusbc (representation of physical processes and versatility) and statistical (simplicity and high 
accuracy) models, was checked for the case of C02 arc welding. Model applications are described .. 

Key words: arc welding, mathematical simulation, weld 
shape, weld dimensions, deterministic model, statistical model 

Arc welding, despite its complexity, is a predominant 
process in welding fabrication. This welding process 
is the subject of many systems of CAD for design of 
welded joints and technologies, and CAM for con­
trolling the technological processes and robotic work 
stations, diagnostics of quality, for research and train­
ing. This sphere of activity is unthinkable without 
applying computer systems and the appropriate soft­
ware and hardware [11. Therefore, the need for mathe­
matical simulation grows steadily. 

Experience of simulating various arc welding proc­
esses, in particular weld formation, has been gained 
by now, as indicated by numerous publications. So 
this study is aimed at selection of a prototype of the 
model of weld shape for arc welding , that furtheron 
could be us'ed in the system of technological adapta­
tion of the robot. This model should be simple, so as 
to support the control system operation in real time, 
and also sufficiently sensitive to technological distur­
bances (gap deviation and edge geometry, edge de­
formation during welding, etc.). 

Analysis of weld formation models. The final re­
sult of the arc welding process is the weld, its quality 
depending primarily on the shape (shape ratios of 
penetration \jfp and bead \jib) and dimensions of its 
cross-section (depth h and width e of penetration, 
bead height g) (Figure 1). The model should correlate 
these weld parameters with the arc welding mode 
(electrode diameter d, welding current I, arc voltage 
U, welding speed v and wire melting rate Vm, etc.). 

All the mathematical descriptions arc divided into 
two kinds, namely deterministic and statistical [2] . 
The most versatile is the deterministic description, 
that is based on fundamental laws. 

A widely accepted deterministic model of penetra­
tion of the metal being welded (N.N. Rykalin) was 
developed on the basis of the theory of thermal proc­
esses of welding [3]. It allows calculation of the pene­
tration area and ensures satisfactory accuracy with 
correction factors [ 4]. However, the penetration shape 
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and dimensions according to this model, do not cor­
respond to the actual process, and the calculation 
provides poor accuracy. 

The non-linear nature of heat conduction process 
and the dependence of the metal properties on tem­
perature, do not always permit simple analytical so­
lutions to be obtained. Modern computer systems, 
however, allow more accurate computation of weld 
shape to be performed, using complex deterministic 
mathematical models, that are based on a system of 
differential equations and are solved by the numerical 
methods [5, 6]. Interrelation of the concurrent proc­
esses of different physical nature in arc welding, 
makes the researchers separate the model into a num­
ber of partial models and solve simpler problems. 

Study [7] presents a deterministic model of for­
mation of the crater surface and the weld in arc weld­
ing, constructed on the basis of a balance of forces of 
surface tension, gravity and mechanical pressure of 
the arc. However, the main parameters of the weld, 
(h, e, g) are not determined, but arc the input pa­
rameters of this model. 

Works [8, 9] suggest a relatively simple determi­
nistic model of weld formation in C02 arc welding, 
that allows for the balance of forces of arc pressure 
and metal-static pressure of liquid metal of the pool, 
and the penetration area is determined on the basis 
of the above-mentioned study [3]. This model provides 
a dependence of weld dimensions not on the individual 
welding parameters, but on an integrated parameter, 
namely the welding heat input 

qh=!Uj v. (1) 

Figure 1. Butt weld parameters 
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It is known 141 that at the same heat input, weld 
dimensions can vary considerably. Therefore, it docs 
not scctn possible to obtain a highly accurate estimate 
of the significance of the individual welding parame­
ters from this model. A good correlation of the design 
and experimental data is found in a narrow range of 
welding speeds. 

When more complex deterministic models arc 
used, the better and more accurately arc the input 
parameters taken into account, the longer is the com­
puting time, required for weld shape calculation and 
its optimisation, thus limiting their application in 
adaptive systems of arc welding control. 

Statistical models of weld shape, systematised in 
[ 10 I, have become widely accepted over the last years. 
These models cover all the major welding processes, 
namely coated electrode 1111, submerged-arc welding 
and surfacing 112 - 161, gas-shielded consumable 117 -
191 and non-consumable 120, 211 arc welding with elec­
trodes of various steels and alloys. These models usc 
mathematical dependencies in the form of polynomials 
111 , 13 - 15 , 17-191, product of exponents 112,20, 
211 and of a mixed kind [16]. Statistical models are 
comparatively simple and have a sufficient accuracy. 
However, their application is restricted by the limits of 
the parameters, varied in the model. In addition, they 
have an implicit deterministic dependence between the 
input, control and output parameters. 

Mixed deterministic-statistical models arc also 
finding an application 122 - 251. In the mathematical 
description of 1221 prevalent is an empirical approach, 
using equations in the form of a product of exponential 
functions. It, however, lacks a theoretical substantia­
tion of the derived system of equations. 

The known model [23, 241, allowing calculation 
of the mode and dimensions of a weld in automatic 
submerged-arc welding, is based on the earlier men­
tioned clcpcndencc of penetration area on welding heat 
input 131 . V.I. Dyatlov suggested representing the 
penetration shape as a semi-ellipse, with an area 

lle , llti------------------, Wp 
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Figure 2. Evaluation of the influence of welding current on the 
complex index of 11., 11 , and \jiP characteristics 
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equivalent to the theoretically found area of a semi­
circle, while the penetration shape ratio is chosen 
from experimental data 1221. These data were further 
used to derive an equation for calculation of the pene­
tration shape ratio 1241. This de term in istic-statistical 
model allows weld dimensions and welding mode to 
be calculated in an iteration mode. 

Development of a deterministic-statistical 
model. The above analysis indicates, that in order to 
sol vc the problem posed in the study, it is rational to 
select a method of deterministic-statistical simulation 
and develop a model, combining the advantages of 
dctcrm in istic (representation of the physical processes 
and versatility) and statistical (simplicity and high 
accuracy) models. 

It is obvious that any deterministic model of a 
weld in fusion welding, should primarily allow for 
the dependence of penetration on the energy input 
parameters, i.e. for arc welding these are/, U and v. 
In the further derived dependencies of depth h and 
width e of penetration on the main parameters of arc 
welding I, U and v, let us single out, as individual 
multipliers , the physical properties (first multiplier), 
efficiency with the penetration shape ratio (second 
multiplier) and welding mode parameters (third mul­
tiplier): 

(2) 

(3) 

where cP, p, Tm arc the specific heat, density and 
melting temperature of the metal being welded; 11., 
11 1 arc the effective and thermal efficiency, respec­
tively; \j/p is the penetration shape ratio, equal toe / h. 

In expressions (2) and (3) hand e arc not assigned 
explicitly, as they arc incorporated in 'l'p· Further­
more, lle and llt essentially depend on the welding 
mode. Therefore, in such a form, these expressions 
are unfit for practical application. If the spcci fie heat 
is assumed to be constant and equal to the mean value 
in the temperature range To-T m• the first multiplier 
can be taken to be constant. 

Characteristics, included into the first multiplier, 
depend in a different way on the welding mode. The 
penetration shape ratio \j/p and effective efficiency lle 
depend less on welding speed v. Optimal welding volt­
age U in arc welding usually increases in proportion to 
the rise of welding current /, and its value varies in 
narrow ranges. Therefore, it is rational to consider the 
second multiplier as a function of welding current (Fi­
gure 2). The nature of this multiplier dependence on 
current is different in (2) and (3). So, the second mul­
tiplier in expression (2) grows monotonically with the 
increase of current, while in expression (3) it is a curve 
with a maximum. Therefore, different shapes of depend­
ence (3) arc anticipated at current variation in a broad 
range. Indeed, based on experimental data, obtained in 
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Table 1. Range of C02 arc welding modes 

Welding parameters 
1.2 

Welding current, I, A 100- 350 

Welding voltage, U, V 20-33 

Welding speed, u, mm / s 4.4- 14.9 

C02 arc welding 125], the dependence of weld width 
on current has a maximum. 

This analysis gives grounds to present the second 
multiplier as a function of welding current and the 
expressions for penetration depth and width, on the 
whole, as products of exponential functions 1261: 

rub 
h=K"d' 

I'"U" 
e=Ke-k-. 

v 

(4) 

(5) 

In this connection, a considerable increase of the 
exponent of welding current in expression (4) is an­
ticipated, compared to the theoretical value, i.e. a> 
> 0.5. The model can be simplified further, if voltage 
is expressed through welding current: 

(6) 

and excluded from (4) and (5). Then, the expressions 
for calculation of weld dimensions, have the following 
form [261: 

JP 
h =K11 --q. 

v 

I' 
e = Ke t· v · 

(7) 

(8) 

In welding butt joints without a gap, the height 
of bead reinforcement can be determined, using the 
bead fullness coefficient Jlb [24]: 

(9) 

Let us determine the deposited metal area from 
the balance of the molten and deposited metal: 

( 10) 

where Fd, Fw arc the cross-sectional areas of the de­
posited bead and wire; vr is the wire feed rate; 'Vsr -
is the coefficient of spatter. 

Substituting into expression (9) the values of 
penetration width e (3), deposited metal area F d ( 1 0) 
and wire melting rate Vm [27], we get the dependence 
of g on the welding mode parameters. 

( 11) 

where the constant values are combined in coefficients 
K1 and K2. 
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Electrode wire diameter, d, mm 

1.4 1.6 2.0 

150 - 350 140-410 180 - 465 

22-35 20-35 21 -38 

4.4- 14.9 4.4-22.9 4.4- 14.9 

Simplifying the polynomial in the numerator of 
expression ( 11), and substituting it in the form of an 
exponential function of current, we have the expres­
sion to determine the weld convexity 

or 

-K I' 
g- 9 v" 'U" 

( 12) 

( 13) 

Exponents r,w, u, i, j should be determined more 
precisely by experimental data. 

The penetration shape ratio \jlp can be presented 
as the ratio of expressions (4) and (5), (7) and (8), 
or it can be determined directly as a result of statistical 
processing of the experimental data: 

ux 
'l'r = KVI JY v' , (14) 

d 
'l'p = KVI Jf· (15) 

Verification of the model adequacy. The ade­
quacy of the developed simulation procedure has been 
verified in C02 consumable-arc welding. Table 1 gives 
the range of welding parameters. Welding (surfacing) 
was performed with Sv-08G2S (C - 0.11; Si - 0.5; 
Mn - 1.4; Cr - up to 0.1 wt.%) wire on VSt.3 
killed steel plates (C - 0.14- 0.22; Cr- up to 0.3; 
Si - 0.12- 0.3; Mn - 0.4- 0.65; Ni - up to 0.3; 
Cu - up to 0.3; S - up to 0.05; P - up to 0.4; 
As - up to 0.08 wt.%) 10 mm thick in ADG-602 
automatic machine, using VDU-601 power source. 

Table 2 gives the data on the modes of welding 
with 1.6 mm diameter wire, experimental, as well as 
design parameters of welds, derived from models M1, 
M2 and M3 (Table 3) after statistical processing of 
experimental data by the regression analysis method. 

The best agreement of the experimental and design 
weld dimensions is provided by all the models across 
the penetration depth. Mean value of relative error 
does not exceed 10 % (Table 4). 

Deviations by weld width in different models arc 
greater, than those by penetration depth. A satisfac­
tory accuracy is provided by model M2 (10.0 %), 
covering the three main welding parameters (I, U, 
v), as well as model M3 ( 1 0.4%), allowing for two 
mode parameters (U, v), that have the strongest in­
fluence on weld width. If a model docs not allow for 
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Table 2. Comparison of experimental and design dimensions of the weld 

N 

2 

3 

4 

5 

6 
7 

8 

9 
10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

/ ,A 

150 

152 

140 

210 

210 

205 

204 

220 

218 

197 

250 

255 

255 

255 

270 

260 

255 

230 

294 

292 

338 

330 

328 

300 

250 

355 

302 

390 

410 

390 

380 

325 

Welding mode 

U, I ' 

20.2 

25.7 

25.8 

20.5 

20.5 

23.0 

23.0 

28.1 

28.2 

28.6 

22.0 

21.7 

25.6 

25.6 

28.0 

29.0 

30.0 

30.3 

26.4 

26.3 

30.3 

30.4 

30.4 

30.8 

31 .5 

28.9 

29.1 

33.8 

33.6 

33.8 

33.9 

34.7 

u, mm/ s 

6.4 

4.4 

6.4 

4.4 

6.4 

4.4 

6.4 

4.4 

6.4 

10.7 

4.4 

6.4 

4.4 

6.4 

4.4 

6.4 

10.7 

14.9 

6.4 

10.7 

4.4 

6.4 

10.7 

14.9 

22.9 

14.9 

22.9 

4.4 

6.4 

10.7 

14.9 

22.9 

exp. 

2.0 

2.0 

2.0 

2.8 

2.5 

3.0 

2.6 

2.2 

3.4 

1.6 

4.6 

3.5 

3.9 

3.3 

4.6 

3.6 

2.5 

2.2 

4.3 

3.6 

5.5 
5.3 

4.4 

3.1 

2.2 

4.4 

2.6 

6.5 

6.2 

5.4 

4.1 

2.7 

~elding voltage, the error rises up to 20.5 %. In in­
dividual experiments the error across the weld width 
is essentially higher, than the mean values, this being 
due to formation of rolls or undercuts in welding at 
high currents at low or high welding speeds. In such 
cases difficulties were encountered in determination 
of the penetration boundary in the weld upper part 
and measurement of weld width. In addition, as noted 
earlier, the dependence of weld width on current, has 
a maximum, thus lowering the accuracy of the model, 
which is a monotonic function. Model M3 with a 
selective combination of two significant parameters 
I, U, l ' also provides satisfactory accuracy. 

Analysis of the derived models in the form of ex­
ponential expressions (Table 3) shows that they quan­
titatively and qualitatively represent deterministic 
dependencies of weld dimensions on the main parame­
ters of arc welding. Note the ambiguous influence of 
arc voltage on penetration depth (sec Table 3, model 
M2). It is obvious that in case of C02 arc welding 
with thin wire (d ~ 1.2 mm) electrode metal transfer 
proceeds through short-circuiting at a short arc, and 
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des. Ml 

1.8 

1.9 

1.5 

3.2 

2.9 

3.0 

2.7 

3.1 

2.8 

2.1 

4.0 

3.7 

4.0 

3.6 

4.2 

3.5 

2.9 

2.3 

4.3 

3.7 

5.7 

4.9 

4.2 

3.3 

2.3 

4.3 

3.0 

6.7 

6.5 

5.2 

4.6 

3.2 

des. M2 

1.8 

1.9 

1.5 

3.2 

2.9 

3.0 

2.6 

3.1 

2.7 

2.0 

4.1 

3.7 

4.0 

3.5 

4.2 

3.5 

2.8 

2.2 

4.3 

3.6 

5.6 

4.8 

4.0 

3.2 

2.1 

4.1 

2.8 

6.7 

6.4 

5.0 

4.3 

3.0 

des. M3 

1.8 

2.0 

1.6 

3.1 

2.7 

3.0 

2.6 

3.3 

2.8 

2.1 

3.8 

3.5 

3.9 

3.5 

4.2 

3.6 

2.9 

2.3 

4.2 

3.5 

5.7 

4.8 

4.0 

3.2 

2.2 

4.0 

2.8 

6.8 

6.4 

5.0 

4.3 

3.1 

exp. 

6.5 

11.8 

6.5 

8.1 

6.2 

10.4 

7.6 

16.1 

10.0 

7.9 

7.1 

6.4 

10.5 

8.3 

15.1 

12.2 

8.4 

6.7 

8.5 

7.0 

20.0 

11.7 

8.0 

7.0 

6.3 

7.7 

6.2 

23.4 

14.0 

11.4 

9.0 

7.2 

Weld 

des. Ml 

5.9 

11.6 

8.4 

9.1 

6.7 

10.7 

7.9 

14.8 

11.0 

7.2 

10.6 

7.7 

13.4 

9.9 

15.7 

12.0 

8.3 

6.3 

10.8 

7.1 

18.9 

13.9 

9.1 

p.9 
4.8 

6.6 
4.5 

23.2 

17.2 

11.3 

8.6 

6.0 

e 

the influence of voltage on penetration depth is de­
termined by its energy input (voltage is in the nu­
merator of the fraction), this corresponding to the 
initial theoretical prerequisite (2). In welding with 
wires of larger diameters (d ~ 1.4 mm) at higher 
current and voltage, electrode metal transfer pro­
ceeds, as a rule, without short-circuiting with a long 
arc, thus increasing the amplitude of the arc erratic 
oscillations, lowering the density of the applied en­
ergy and decreasing the penetration depth, respec­
tively (voltage is in the denominator of the fraction). 

Comparison of the exponents of welding parame­
ters (J, U, v) in the theoretically derived expressions 
(2) and (3) with the exponents (sec Table 3, model 
M2) after statistical processing of experimental data, 
reveals a significant difference, this being related to 
the assumed idealisation of penetration 13]. The clos­
est to the theoretical value (0.5) arc the exponents 
of welding speed in the equations for h (0.22- 0.34) 
and e (0.74- 0.88), this being attributable to the 
influence of welding speed on weld dimensions, as a 
mechanical parameter. The situation is different with 
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M1 

M2 

M3 
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Weld 

des. /111 

5.9 
11.6 

8.4 

9.1 

6.7 
10.7 

7.9 

14.8 

11.0 

7.2 

10.6 

7.7 

13.4 

9.9 

15.7 

12.0 

8.3 

6.3 

10.8 

7.1 

18.9 

13.9 

9.1 

p.9 
4.8 

6.6 
4.5 

23.2 

17.2 

11.3 

8.6 

6.0 

e 
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dimensions, mm 

des. M2 

5.3 

11.8 

8.8 

7.4 

5.6 

9.5 
7.1 

14.6 

11 .0 

7.6 

8.7 

6.4 

12.1 

9.0 

14.7 

11.8 

8.5 

6.7 

9.8 

6.5 

17.6 

13.3 

8.9 

7.1 

5.3 

6.3 

4.5 

22.4 

16.7 

11.3 

8.8 
6.6 

des. MJ 

5.3 

12.1 

9.1 

7.3 

5.5 

9.4 

7.1 

14.8 

11.2 

7.7 

8.5 

6.2 

12.0 

9.0 

14.7 

11.9 

8.6 

6.8 

9.6 

6.4 

17.5 

13.2 

8.9 

7.1 

5.3 

6. 1 

4.5 

22.4 

16.5 

11.3 

8.8 

6.6 

exp. 

2.3 

2.5 

1.6 

4.1 

3.1 

3.5 

2.7 

3.3 

2.3 

1.7 
4.8 

4.8 

4.2 

3.6 

3.0 

2.4 

1.5 

1.7 

4.8 

3.8 

4.6 

3.9 

2.9 

2.5 

2.3 

2.4 

1.8 

5.0 

3.2 

2.6 

2.1 

2.0 

Table 3. Weld shape models 

Model 

M1 

M2 

M3 
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Il.41 5 

h = 0.007 do337iji262vo28'' 

Il.389 [/' 172 

h = 0.002 0.3<0 
v 

J"«;oul.2s4 
e = 0.054 0 741 v· 

I' 2s. 
g = 0.290 I 109 0.392 u v 

J"SSG 
h=0.201 ~ 

v· 

ut.938 
e = 0.058 --o:;m­

v· 

J"817 

g = 0.089 -o:m 
v· 

des. Ml 

2.4 

2.1 

1 '7 
4.1 

3 .5 

3 .4 

2.9 

2.9 

2.5 

1.7 

4.5 

4.1 

3.8 

3.3 

3.7 

2.9 

2.2 

1.7 

3.7 

3.0 

4.3 

3.6 

2.9 

2.3 

1.5 

3 .0 

2.1 

4 .4 

4.0 

3.1 

2.6 

1.8 

g 

des. M2 

2.5 

2.1 

1.6 

4.3 

3.7 

3.6 

3 .0 

2.9 

2.4 

1.7 

4.8 

4.3 

4.0 

3.4 

3.8 

2.9 

2.1 

1.6 

3.8 

3.0 

4.4 

3.6 

2.8 

2.2 

1.4 

2.9 

2.0 

4.5 

4.1 

3.0 

2.5 

1.7 

des. MJ 

2.4 

2.9 

2.3 

3.5 

2.9 

3.5 

2.8 

3.6 

2.9 

2.1 

3.9 

3.2 

3 .9 

3.2 

4.1 

3.3 

2.4 

1.9 

3.5 

2.6 

4.6 

3.7 

2.8 

2.2 

1.6 

2.5 

1.8 

5.0 

4.2 

3.1 

2.6 

1.9 

exp. 

3.3 

5.9 

3.3 

2.9 

2.5 

3.5 

2.9 

7.3 

2.9 

4.9 

1.5 

1.8 

2.7 

2.5 

3.3 

3.4 

3.4 

3.0 

2.0 

1.9 

3.6 

2.2 

1.8 

2.3 

2.9 

1.8 

2.4 

3.6 

2.3 

2.1 

2.2 

2.7 
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Penetration shape ratio 

des. Ml 

3.1 

5.7 

5.1 

2.6 

2.2 

3.3 

2.8 

4.4 

3.7 

3 .2 

2.5 

1.9 

3 .2 

2.6 

3.5 

3.2 

2.6 

2.5 

2.3 

1.8 

3.1 

2.6 

2.0 

1.9 

2.0 

1.4 

1.4 

3.2 

2.5 

2.0 

1.8 

1.7 

des. M2 

3.0 

6 .4 

6.1 

2.3 

2.0 

3.2 

2.7 

4.8 

4.1 

3.9 

2.2 

1.7 

3.1 

2.6 

3.5 

3.5 

3.1 

3.1 

2.3 

1.8 

3.2 

2.8 

2.2 

2.3 

2.5 

1.5 

1.6 

3 .4 

2.6 

2.3 

2.1 

2.2 

des. MJ 

3 .1 

6.2 

5.9 

2.5 

2.1 

3.3 

2.8 

4.7 

4.1 

3.9 

2.3 

1.9 

3.2 

2.7 

3.6 

3.5 

3.1 

3.1 

2.4 

1.9 

3.2 

2.8 

2.3 

2.3 

2.5 

1.6 

1 '7 
3 .4 

2.7 

2.3 

2.1 

2.3 

Electrode 'lr'ire diameter, d, mm 

I' o98 
g = 1.253 I 323 0410 u v 

Il.249 

h = 0' 006 --o25!i 
v 

ut.8o• 
e=0.146~ 
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v· 

u2.24s 
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v· 

1".559 

g = 0.391 -::T535 
v· 

2.0 

Il.444 

h = 0 .007 iji 339 0.342 . v 

I"os2u1.4s3 
e = 0.313 0886 v· 

!".792 

g = 0.609 iji &19 0 401 . v' 

I l.308 
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v· 

ut.ss. 
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V"·~' 

f"499 
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v· 
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Table 4. Relative error, %, of weld shape models in C02 arc 
welding with 1.6 mm wire 

\Veld dimensions, mm 
Model 'l'p 

" e g 

M1 9.9 12.6 13.5 18.7 

M2 8.7 10.0 13.2 16.8 

M3 8.8 10.4 17.4 16.2 

respect to welding current and voltage. In the equa­
tion for h calculation, the exponent is much higher, 
than the theoretical value (0.5), and is equal to 1.4-
1.5, this being indicative of a high significance of this 
parameter. The equation for e calculation demon­
strates, that in terms of weld width, voltage with 
1.3- 2.0 exponent is a more significant parameter. 

Analysis of the models shows that they do not 
contradict the existing concepts. Combining the weld­
ing parameters in the models and varying the coeffi­
cients, it is possible to derive dependencies, giving 
the most accurate representation of the essence of 
physical processes with satisfactory accuracy. 

The simulation method can find application when 
studying the influence of the process parameters (ma­
terial composition, type of joint and weld, welding 
position, accuracy of assembly, etc.) on the weld 
shape in arc welding. 

Such models can be used in development of systems 
of automated control of the arc welding process, pro­
cedures of design and optimisation of the welding 
mode parameters, systems of automated training, 
CAM modules, technologist workstations and expert 
systems. 

CONCLUSIONS 

1. The known theory of thermal processes of welding 
was used as a basis to demonstrate the rationality of 
representing a mathematical model of weld shape in 
arc welding as a product of exponential functions. 

2. The simulation procedure incorporates determi­
nistic dependencies between the weld shape and di­
mensions and the main parameters of arc welding 
mode. 

3. Comparison between the experimental and de­
sign weld dimensions for the case of C02 consumable­
arc welding (surfacing) demonstrated a satisfactory 
level of adequacy of the developed models. Relative 
error by the main weld parameters does not exceed 
10-15%. 

4. The models can be used for further studies of 
the process of penetration and weld formation in arc 
welding. The model simplicity (two control parame­
ters) and satisfactory accuracy allow them to be used 
in the automatic control systems with technological 
adaptation. 

44 

REFERENCES 

1. Makhnenko, V.I. (1986) Mathematical methods and scien­
tific-technical progress in welding production. In: Mathe­
matical methods in welding. Kyiv: PWI. 

2. Skurykhin, V.I., Shafran, V.B., Dubrovsky, V.V. (1983) 
Mathematical modelling. Kyiv: Tekhnika. 

3. Rykalin, N.N. (1951) Calculation of thermal processes in 
welding. Moscow: Mashgiz. 

4 . Erokhin, A.A. (1973) Principles of fusion welding. 
Physico-chemical laws. Moscow: Mashinostroyeniye. 

5. Sudnik, V.A. (1986) Mathematical methods of deterministic 
evaluation of welded joint formation. In: Mathematical 
methods in welding. Kyiv: PWI. 

6. Denisov, V.M., Nesterov, A.F., Sudnik, V.A. et al. (1994) 
Mathematical modelling of weld formation in argon-arc 
welding of butt joints of sheet fiber-reinforced composite 
material of aluminium-boron system. Svarochnoye Proiz­
vodstvo, 11, 14- 17. 

7. Berezovsky, V.M. (1986) Mathematical modelling of weld 
formation in arc welding in different spatial positions. In: 
Mathematical methods in welding. Kyiv: PWI. 

8. Popkov, A.M. (1986) Calculation of weld parameters in 
C02 welding of square-butt joints. Svarochnoye Proizvod­
stvo, 9, 21 - 22. 

9. Popkov, A.M., Khudyakov, V.I. (1988) Calculation of fil­
let weld parameters in C02 welding. Ibid., 10, 21 - 22. 

10. Lebedev, B.D., Peremitko, V.V. (1998) Calculation meth­
ods in fusion welding. Dneprodzerzhinsk: DGTU. 

11. Dudko, D.A., Zatserkovny, S.A., Sidoruk, V.S. et al. 
( 1987) Influence of parameters of the mode of manual arc 
welding at modulated current on weld shape. Avto­
maticheskaya Svarka, 6, 19 - 22. 

12. Turyk, E., Lyasovsky, E. (1981) Development of a mathe­
matical model for determination of the geometry of a layer 
deposited by submerged-arc welding. In: Mathematical 
methods in welding. Kyiv: Naukova Dumka. 

13. Korenyuk, Yu.M., Mishina, L.N. (1989) Optimization of 
the mode of submerged-arc welding of 70 mm thick alu­
minium. Svarochnoye Proizvodstvo, 7, 16- 17. 

14. Varenchuk, P.A., Privalov, N.T., Galinich, V.I. et al. 
(1991) Influence of overhead submerged-arc welding pa­
rameters on weld shape and dimensions. Avtomaticheskaya 
Svarka, 3, 38 - 41. 

15. Ryzhov, F.N., Vu Guy Lan (1994) Optimization of restora­
tion technology for cranckshafts made of hardening steels. 
Svarochnoye Proizvodstvo, 1, 4- 6. 

16. Vasiliev, N.G. (1994) Optimisation of the technology of 
hardfacing worn parts. Ibid., 7, 4- 7. 

17. Dubovetsky, S.V., Sergatsky, G.!., Kasatkin, O.G. (1980) 
Optimization of C02 welding mode. Avtomaticheskaya 
Svarka, 12, 30 - 34. 

18. Dubovetsky, S.V., Sergatsky, G.I., Kasatkin, O.G. (1982) 
Optimization of the mode of C02 welding of fillet welds in 
different spatial positions. Ibid., 5, 34 - 38. 

19. Dubovetsky, S.V., Kasatkin, O.G. (1986) Optimization of 
welding mode, using regression models of weld formation. 
In: Mathematical methods in welding. Kyiv: PWI. 

20. Nerodenko, M.M., Kovalenko, R.I., Vasilenko, T.N. (1979) 
Calculation of pool parameters in automatic helium-arc 
welding of sheet niobium and molybdenum alloys. Avto­
maticheskaya Svarka, 12, 13- 15. 

21. Nerodenko, M.M., Demchenko, A.D., Kundik, V.V. (1982) 
Calculation of pool geometry in mechanised arc welding of 
vanadium and tungsten alloy sheets. Ibid ., 6, 17- 20. 

22. Babkin, A.S., Krivosheya, V.E. (1985) Development of anal­
gorithm for calculation of C02 welding mode parameters, us­
ing a micro-computer. Svarochnoye Proizvodstvo, 4, 3 - 5. 

23. Dyatlov, V.I. (1959) Calculation of automatic welding 
modes. Kyiv: KPI. 

24. Akulov, A.I., Belchuk, G.A., Demyantsevich, V.P. (1977) 
Technology and equipment of fusion welding. Manual. 
Moscow: Mashinostroyeniye. 

25. Potapievsky, A.G. (1974) Gas-shielded metal-arc welding. 
Moscow: Mashinostroyeniye. 

26. Korinets, I. F. ( 1988) Development of engineering methods 
for calculation of the arc welding mode. In: Application of 
mathematical methods in welding. Kyiv: PWI. 

27. Korinets, I. F. ( 1995) Mathematical model of electrode wire 
melting in arc welding. Avtomaticheskaya Svarka, 10, 39 - 43. 

10/2001 

c 

[ 

v 

p 
p 

Key u 
electrode, 

Recent! 
voltage 
square c 
tion. If 
circuit i ~ 

at activ 
changed 
has a sq 
widens t 
welding 
adjust sc 
rent pub 
their am 
«pulses~ 

here due 
Based 

from sud 
its power 
prove the 

ing currer 
to realize 
clarify its 
erties and 
Data abo 
use of thi 
method ol 
arc at cha 
considerec 

The pr 
gat ion oft 
AC arc. 

As an 
tungsten n 
a hemisph 
moved unc 
the second 
trode gap 
source dcvc 
source con1 

© V.A. KOSOVII 

10/2001 -



.nd scien­
: Mathe-

/. (1983) 

ocesses in 

welding. 
•e. 
:erministic 
~hematical 

al. (1994) 
argon-arc 
composite 

Jye Proiz-

tg of weld 
;itions. In: 

ameters in 
Proizvod-

tion of fil­
. - 22. 
1tion meth-

'.S. et al. 
manual arc 
ape. Avto-

Jf a mathe­
r of a layer 
athematical 

mization of 
t thick alu-

V.I. et al. 
.velding pa­
taticheskaya 

n of restora­
~ning steels. 

chnology of 

::J.G. (1980) 
naticheskaya 

O.G. ( 1982) 
llet welds in 

imization of 
d formation. 

I. 
T.N. (1979) 

helium-arc 
lloys. Auto-

V.V. (1982) 
c welding of 
7-20. 
ent of an al-

V.P. (1977) 
'ng. Manual. 

-arc welding. 

ring methods 
pplication of 

electrode wire 
'10, 39-43. 

10/2001 

SCIENTIFIC AND TECHNICAL 

STATIC AND DYNAMIC VOLT-AMPERE 
CHARACTERISTICS OF TUNGSTEN-ALUMINIUM ARC 

OF SQUARE ALTERNATING CURRENT 

V.A. KOSOVICH, I.E. LAPIN, A.N. POTAPOV, A.V. SAVINOV and V.I. LYSAK 
Volgograd State Technical University, Volgograd, Russia 

ABSTRACT 
Dependence of the arc gap voltage in pulses of current at straight (SP) and reverse polarity (RP) and also effective 
values of voltage on current and duration of current pulses at reverse polarity is considered. The decrease in voltage in 
pulses of current at straight polarity down to anomalously low values at increase in duration of current pulses at reverse 
polarity is outlined. 

Key words: volt-ampere characteristics, non-consumable 
electrode, argon arc welding, AC arc, square shape voltage 

Recently, the AC arc power sources, in which the 
voltage at the output terminals is changed along the 
square curve, have been developed and find applica­
tion. If in this case the inductance of the welding 
circuit is close to zero, then the power source operates 
at active load, i.e. at arc, and the arc current is 
changed by the same law (curve of changing pulses 
has a square shape). The usc of these power sources 
widens the technological feasibility of the argon arc 
welding of aluminium alloys, making it possible to 
adjust separately the frequency and duration of cur­
rent pulses at straight and reverse polarity and also 
their amplitude. It should be noted that the term 
~pulses1> instead of a traditional ~half-cyclcs1> is used 
here due to possible inequality in their durations. 

Based on the investigations of the arc supplied 
from such power sources, the data were obtained about 
its power and technological properties 11 - 4] which 
prove the prospects of application of square alternat­
ing current in welding aluminium alloys. However, 
to realize this it is necessary to investigate arc to 
clarify its technological features and electrical prop­
erties and, first of all, the vol t-amperc characteristics. 
Data about the latter arc required for the effective 
usc of this arc for welding, as the usc of the known 
method of estimation of the power parameters of the 
arc at changing current close to sinusoidal in the case 
considered is hardly possible. 

The present work presents the results of investi­
gation of the volt-ampere characteristics of the square 
AC arc. 

As a non-consumable electrode, the lanthanized 
tungsten rods, whose working edge was sharpened for 
a hemisphere, were used. Plates from alloy AMg5, 
moved under the fastened torch at 12 m/ h rate were 
the second electrode. The set length of the intcrclec­
trodc gap was 2 mm. During experiments the power 
source developed by the authors was used. This power 
source consisted of a single-phase thyristor bridge in-

vertcr of voltage with a forced parallel commutation 
and also main and auxiliary adjustable DC power 
sources. The power source is capable to change the 
ratio of amplitudes of current pulses within the range 
of 0.25 - 40.00 and separate adjustment of current 
pulse duration from 2 to 20 ms at straight 'tsp and 
reverse 'tRP polarity. Here, the stable arc burning with­
out usc of a pulsed stabilizer is provided within the 
6 - 350 A current range. The argon consumption was 
81 / min. The current, arc voltage, duration of current 
pulses were measured and controlled using double­
beam memory oscillograph SS-14. Oscillograms of 
current and voltage of the arc considered are given 
in Figure 1. 

Figure 1. Oscillograms of current (a) and arc voltage (b) at / a = 
= 200 A, 'tsp = 12.5 and 1:RP = 7.5 ms (scale in voltage is 5 V div.) 
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u •. v 

~ ~~AP / ~sp /~ RP /~ SP I a, A 

Figure 2. Effect of drop steepness of external volt-ampere charac­
teristics of power source on I ,, sP - I , KP 

As is seen, after changing polarity the exciting of 
the arc d ischargc occurs almost i nstantancously, with­
oul a pause, and the values of arc voltage and current 
during the pulse duration can be taken constant only 
al certain assumptions. The values of arc voltage dur­
ing pulse both at straight and also reverse polarity 
do not always remain unchanged. Thus, at compara­
tively high values of current some increase in arc 
voltage values is observed. Their increase during the 
pulse duration at a SP can be explained presumably 
by the reduction in temperature of the cathode spot 
at t he electrode, as its heating is higher in current 
pulses at the RP. The growth of voltage in pulses at 
RP is due, probably, to the increase in « wandering~ 
(wilh t im e) of the active spot at the aluminium cath­
ode. Such change in voltage is correlated with data 
of IS 1. Its authors consider that the intcnsi vc movc­
mcnl of t he active spot at the aluminium cathode is 
a result of a high emissivity of oxides of this metal. 
The destroying of oxides in the process of arc burning 
under the action of the cathode sputtering leads to a 
continuous shifting of the active spot to the side of 
the oxidized regions and, as consequence, to the 
growth of the zone of the cathode cleaning. By the 
absolute value the voltage in arc gap in current pulses 
at reverse polarity (UaRP) is higher significantly than 
the similar value at straight polarity (UasP) This is 
exp lained by differences in cathode processes occur­
ring at the tungsten electrode and aluminium plate. 

The value of arc current in pulses of current at 
straight polarity I a.SP and reverse polarity I a.RP arc 
close and can be assumed equal. The allowable error, 
here, is equal to the difference la.SP - Ia.RP and de­
pends on the steepness of external volt-ampere char­
acteristics of the power source, i .c. the large steepness 
the lower error (Figure 2). Power source which was 
used in the experiments had the external volt-ampere 
characteristics with a steepness 0.25 - 1.50 VI A in 
the opcrati ng region , that made it possi blc to consider 
I a.SP = I a.RP =I a. In those cases when the current val-
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ues in pulses at straight and reverse polarity arc dif­
ferent initially Ua.SP =!: Ia.RP) the effective current 
value should be determined from expression 

(1) 

where i. is the instantaneous value of arc current· T 
is the period duration. ' 

Due to complexity of the processes occurring in 
the are oischargc, the static o\t-ampcrc charac­
teristics of the arc are presented usually graphically . 
In the case considered two variants of the graphical 
presentation of characteristics are possible. The first 
variant suggests the plotting of two volt-ampere char­
acteristics (for arc gap of the same value): the first -
for current pulses at reverse polarity (cathode-alu­
minium plate); the second - at straight polarity 
(cathode- tungsten electrode). The first volt-ampere 
characteristic is actually characteristic of arc of 
DCRP, while the second - at SP. Such approach is 
quite lawful, as 'tsp and 'tRP exceed many times the 
time of setting the arc discharge [6] . Some increase 
in voltage, observed above at separate conditions dur­
ing the duration of pulses occurs under the conditions 
of a stationary burning of the arc [71. 

The second variant suggests the plotting of the 
volt-ampere characteristics in which the effective 
value of voltage will serve a function. In a general 
case its value is determined by expression 

I.= ...) IT 2 , 
1/T u.dt 

(2) 

where u. is the instantaneous value of voltage. 
If to assume the values of voltages in current pulses 

at straight Ua.SP and reverse Ua.RP polarity constant, 
then the expression (2) for the AC arc is transformed 
as follows : 

U. = -ff/ T(U;sp tsp + u;RP tRP)· (3) 

Strictly speaking, only at the second variant the 
volt-ampere characteristics of AC arc are provided, 
because, as was above-mentioned, the volt-ampere 
characteristics plotted by the first variant arc actually 
characteristics of arc of the direct current at straight 
and reverse polarity. However, to analyze the arc 
processes both variants of these characteristics arc 
necessary. 

The volt-ampere characteristics, obtained with the 
usc of two variants, arc presented in Figure 3. In both 
cases the frequency of AC pulses was SO Hz, 3 mm 
electrode diameter, the duration of current pulse at 
the reverse polarity 'tRP was 1.25 ms, i.e. 0.062ST 
(Figure 3, a) and 6.25 ms, i.e. 0.312ST (Figure 3, 
b) . It should be taken into consideration that values 
Ua.SP and Ua.RP arc opposite in sign, though in Fi­
gure 3 they arc shown similar for making the analysis 
more convenient. As is seen, characteristics Ua = {(!a), 
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U a, lfa.SP,:..'-------------------, 
Pa.RP • V 

22 
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60 100 140 180 220 260 300 50 100 150 200 250 300 I a, A 

a b 
Figure 3. Volt-ampere characteristics of tungsten-aluminium arc at frequency of AC pulses SO Hz and 'tRP = 1.2S (a) and 6.2S ms (b): 
1 - u a. RI'; 2 - Ua; 3 - U .. sp 

Ua.SP = f(Ia) and Ua.RP = f(Ia) have a rising nature. 
The curves of volt-ampere characteristics shown in 
Figure 3, a, having the falling region within the 70 -
120 A current range, are an exception. 

The more steep rising of curves of volt-ampere 
characteristics at current above 200 A is explained, 
probably, by increasing (with current increase) arc 
deepening into aluminium plate and, as consequence, 
by the arc elongation. It is known that with the in­
crease in the arc length the curves of its volt-ampere 
characteristics are shifted to the side of the higher 
values of voltages. Consequently, the curves in Fi­
gure 3 arc the volt-ampere characteristics only in the 
range of current values, not exceeding 200 A, when 
the arc deepening into the metal is absent or negli­
gible; at the higher values of current these curves 
represent trajectories of transition from one volt-am­
perc characteristics to another characteristics corre­
sponding to the larger length of the arc. As this deep­
ening of the arc in welding is inevitable it is rational 
to make the appropriate corrections for producing the 
physically accurate volt-ampcr<:: characteristics. 

The comparison of data presented in Figure 3 
shows that with increase in 'tRP the volt-ampere char­
acteristic Ua = f(Ia) is shifted to the side of the higher 
voltages . As the results of experiments show the du-

Ua, Ua.SP, 
lfa.RP, V 

16 

14 

12 

10 

8 

6 

4 

2 
0 4 8 12 16 

a 

ration of 'tRP influence not only the effective values 
of voltage Ua that is quite evident, but also the values 
Ua.SP and Ua.RP· Figure 4 presents relationships Ua = 
= f('tRp), Ua.SP = f('tRp) and Ua.RP = f('tRp). It should 
be noted that the value 'tRP is not occasionally selected 
as an argument. It is this parameter on which the 
most important characteristics of the arc in AC weld­
ing of aluminium and its alloys such as: life of the 
non-consumable electrodes, quality of the cathode 
cleaning of the surface welded, penetrability, depend 
121. As is seen the value of voltage Ua with a growth 
of 'tRP is first decreased a little (the arc power is also 
decreased here), and then it begins to grow, approach­
ing the value Ua.RP· The voltage Ua.RP at arc current 
SO A is first increased to 17 V ( with growth of 'tRp) 

and then remains unchanged (Figure 4, a). At current 
100 A (Figure 4, b) the voltage Ua.RP has almost 
constant (16.5 - 17.0 V) value within the whole 
range of changes 'tRP· 

The relation Ua.SP = f( 'tRp) presents a great inter­
est. With the increase in duration 'tRP the value of 
voltage of the current pulse at straight polarity U a.SP 

is decreased monotonically, approaching 3.0 - 4.5 V 
when 'tRP constitutes a prevailing part of the period. 
Earlier, we did not meet such low value of the arc 
voltage in our experiments, as well as in the works 

18 
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14 

12 

10 
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6 
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b 

Figure 4. Effect of duration of current pulse at reverse polarity on voltage of tungsten-aluminium arc at /a= SO (a) and 100 A (b) 
(for designations 1 - 3 see Figure 3) 
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Figure 5. Dynamic volt-ampere characteristic of arc of square al­
ternating current at 100 A, tsp = 16.25 and tRP = 3. 75 ms (scale 
in voltage is 10 V / div.) 

of other authors. It can be assumed that the decrease 
in Ua.SP is caused to some extent by increase in the 
temperature of the working region of the tungsten 
electrode simultaneously with 'tRP· As a result the 
density of thcrmocmission current is increased and 
the voltage drop in the cathode region in pulses of 
current at straight polarity is decreased. However, 
this circumstance hardly explains such anomalously 
low value of the arc voltage. Probably, this problem 
requires a separate study. 

The dynamic volt-ampere characteristics of the 
tungsten-aluminium arcs of square alternating cur­
rent have also some peculiar features as compared 
with the arc of sinusoidal alternating current. These 
features arc associated, first of all, with a high rate 
of changing the voltage in the arc gap at the moments 
of changing polarity and constancy of the current (if 
to neglect its negligible pulsating) during the dura­
tion of pulses of current at straight and reverse po­
larity. 

Figure S presents the typical volt-ampere charac­
teristic of such arc. It should be noted that to preserve 
the scale factor at taking characteristics, a shunt with 
a linear volt-ampere characteristic was used as a cur­
rent sensor. In this connection some regions of the 
volt-ampere characteristic of the arc corresponding to 
the quickly proceeding processes arc not seen in the 
oscillogram. A special i ntcrcst is attracted by the proc­
esses connected with a repeated excitings of the arc 
at reverse polarity using an aluminium cathode which, 
as is known, play a great role for the stability of the 
arc burning IS, 61. As is seen from the given dynamic 
characteristic, the arc voltage reaches jumpy the value 
close to the voltage of arc burning in the steady con­
dition after changing polarity from straight to reverse 
due to a high rate of this process and, consequently, 
low level of the plasma deionizing (point 1 in Fi­
gure S). However, there is no arc discharge at this 
moment, and in the intcrclcctrode gap pre-arc proc­
esses arc proceeding which arc characterized by the 
growth of voltage at some decrease of the current 
values (region between 1 and 2). 

The data obtained in the oscillograph showed that 
the initial value of the pre-arc current is varied in the 

range from S to 30 A, and time of its proceeding is 
20- 80 l..lS. 

After completion of formation of the cathode proc­
esses on aluminium the mechanisms typical of an elec­
tric arc arc put into action and begin to be developed 
that is accompanied by an abrupt increase in current 
value and arc voltage decrease (regions 2- 5). The 
region between 5 and 6 is characterized by the arc 
burning in the steady condition during the duration 
of the pulse of current at reverse polarity and its 
length is determined by pulsating of the output volt­
age of the power source. 

In case of exciting the arc of current at straight 
polarity the development of the arc processes begins 
only when the arc gap voltage after the polarity 
change exceeds the arc voltage due to a significant 
thermoelectron emission from the surface of the tung­
sten electrode and provided by its high conductivity 
of the cathode zone. The time of pause on the current 
curve in this case docs not exceed 3 - S l..lS and deter­
mined, probably, by the rate of voltage increment in 
the arc gap. It should be noted that the time of tran­
sition processes at the moment of changing polarity 
in welding at sinusoidal alternating current can reach 
4 - 6 ms. In this connection at current value of less 
than 70 A the arc is not steady in spite of usc of the 
stabilizer of pulses [81. 

By the above-mentioned peculiarities of the pro­
ceeding of the transition processes in changing polar­
ity of square alternating current of tungsten-alu­
minium arc, this discharge is characterized by the 
higher elasticity and stability at tension as compared 
with the arc of the sinusoidal alternating current. As 
the practice showed the usc of this arc for aluminium 
welding is possible at current of SA and more. More­
over, the auxiliary stabilizing devices arc not required. 
To provide the stable arc burning the pulses of excess 
voltages, occurring in the arc gap as a result of com­
mutation of power thyristors of inverters, are suffi­
cient. Probably, the formation of these pulses explains 
the presence of the oscillogram region (see FigureS) 
located ncar the zero mark, which is typical for all 
the conditions of the arc burning. 
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PECULIARITIES OF OPERATION OF HOT TUBULAR 
CATHODE HEATED BY LASER RADIATION 

I. V. KRIVTSUN 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABSTRACT 

Model of cathode processes for a hot tubular cathode of the laser-arc plasmatron, which takes into account additional 
heating of the working surface of the cathode by a passing laser beam, is suggested. Detailed computer modelling of 
cathode processes for the cathode under consideration was made. It is shown that additional laser heating can provide 
an efficient control of the cathode processes and, therefore, characteristics of plasma in the near-cathode region. The 
results obtained were used as the basis to design the cathode assembly for the laser-arc plasmatron intended for powder 
cladding. Experimental investigations of the plasmatron demonstrated a high operational stability and strength of the 
developed tubular cathode. 

Key words: hot tubular cathode, cathode processes, ther­
moemission, electric arc, laser beam, laser-arc plasmatron, in­
vestigations 

It is a known fact that interaction of the laser beam 
with the arc plasma may lead to formation of a special 
type of gas discharge, i.e . combined laser-arc dis­
charge [1 J, which serves as the base for a new class 
of plasmatrons applied for hybrid laser-plasma weld­
ing and treatment of materials 12 - 41. These devices 
differ from other known arc or optical (laser) plas­
matrons in that they have extra capabi I ities for control 
of characteristics of the plasma (through varying pa­
rameters of the laser beam) and laser beam (through 
varying the arc burning mode). In addition, the la­
ser-arc plasmatrons allow a substantial increase in a 
space-time stability of parameters of the generated 
plasma and decrease in the risk of arc twinning, which 
makes them highly promising for implementation of 
various technological processes IS]. 

Main pccul iarity of the axisymmetric-type laser-arc 
plasmatrons 12- S I is a design of the cathode assembly. 
For example, it may be a refractory tubular cathode 
(Figure 1) or a system of the pin-like cathodes located 
on the circumference, which enables the laser beam to 
be introduced into the arc plasma along the axis of the 
plasma-shaping channel. The use of the hot tubular cath­
ode also allows peripheral rays of the laser beam that 
passes through the cathode (Figure 1) to be employed 
for additional heating (in addition to arc heating) of 
the internal surface of the cathode tip. In this case, on· 
the one hand, the cathode surface may be laser heated 
up to temperatures which ensure a minimum starting 
erosion of its material during initiation of the arc . On 
the other hand, this opens up a new way for controlling 
the cathode processes and, therefore, characteristics of 
the plasma in the ncar-cathode region of the combined 
discharge. In this connection, investigation into pecu­
liarities of operation of the hot tubular cathode under 
atmospheric pressure of a surrounding gas, associated 
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with laser heating of the tip of such a cathode, is a 
topical problem. 

The purpose of the work described in this article 
consisted in development of a mathematical model 
and detailed numerical investigation of the cathode 
processes for the case of a hot tubular cathode heated 
up by laser radiation. In modelling these processes, 
for the cathode type under consideration we will usc 
the most general approach which consists in a self­
adjusting account for the entire set of interrelated 
physical phenomena occurring in the bulk of the cath-

Figure 1. Schematic of the hot tubular cathode for the laser-arc 
plasmatron: 1 - refractory tubular cathode; 2 - plasma-shaping 
nozzle; 3 - laser beam; 4 - combined laser-arc discharge; G, and 
G2 - flows of internal and external plasma gases, respectively; 
R 1, ... , R 4 and Z 1, ... , Z3 - coordinates of points that determine 
the cathode surface shape; R, and Z, - coordinates of points that 
determine size of cathode fixation of the arc 
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ode, on its surface and in the ncar-cathode layer of 
the plasma 161. 

The ncar-cathode layer of the plasma can be condi­
tionally subdivided into two zones: quasi-neutral ioni­
zation region in which charged particles arc generated, 
and layer of the space charge where the major part of 
the cathode potential drop occurs. The layer of the space 
charge, which directly adjoins the cathode surface, has 
thickness which is approximately equal to the Dcbyc 
radius. It can be considered collisionless, as under a 
pressure of the surrounding gas close to the atmospheric 
one the length of a free path of particles is much larger 
than the Dcbyc radius 171. Electrons emitted by the 
cathode arc accelerated by the electric field of the space 
charge and acquire the energy sufficient for ionization 
of atoms of the plasma gas in a collision ionization layer. 
The formed ions and high-energy electrons of the plasma, 
which arc capable of overcoming the cathode potential 
drop (so-called reverse electrons), get onto the surface 
of the cathode and give it their energy required for 
heating the cathode and generating the thcrmocmission 
current. 

As it has been noted above, in addition to input 
of the energy through the arc spot, design of the hot 
tubular cathode under consideration makes it possible 
to usc part of the power of the laser beam that passes 
though a opening in the cathode for heating the in­
ternal surface of the cathode. For this purpose, geo­
metrical parameters of this surface should be selected 
so that peripheral rays of the beam, upon reflection 
from the internal conical surface of the cathode, get 
into its cylindrical discharge opening and have a suf­
ficient amount of reflections to be fully absorbed by 
the cathode material. 

To calculate the resulting temperature field in the 
bulk of the cathode, which is assumed to be axisym­
metric, we will usc the stationary quasi-linear equa­
tion of thermal conductivity with allowance for Joule 
heat release: 

where T .. (r, z) is the distribution of temperature in 
the bulk of the cathode; Xc(TJ is the coefficient of 
thermal conductivity; p/Tc) is the specific electrical 
resistance of the cathode material and fc(r, z) = 
= - V<D.- 1 p .. is the current density in the cathode. 

Here distribution of the electric potential, <Dc(r, 
z), can be found using the equation of continuity of 
the electric current in metal 

(2) 

Boundary conditions on the cathode surface for 
equations ( 1) and (2) arc set on the basis of the 
following assumptions. It is assumed that the refrac­
tory cathode investigated is pressed-in into a copper 
water-cooled yoke. Then, at 
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where L. is the length of the cathode extension, it 
can be considered that 

Tc = T w> <De = 0, (3) 

where Tw is the cooling water temperature. It is as­
sumed that conditions on the external surface of the 
cathode, outs ide the arc fixation zone, involve the 
presence of convection-radiation heat exchange with 
the surrounding gas and absence of a component of 
the electric current density, normal to this surface. 
Therefore, at r = R 4 , -L, ::;; z < Z3, r = R 2 + 
(R~- R2)z 

+ z , Z3::;; z < 0 and R .. < r::;; R 2, z = 0 (sec 
3 

Figure 1), the boundary conditions have the fo ll owing 
form: 

- Xc V'n Tc = a .. ,(Tc- T2) + c.-Oo (T;. - Ti), 

V' n<l>c = 0, 
(4) 

where Y'n is the temperature gradient component, nor­
mal to the cathode surface; ac, is the coefficient of 

heat exchange of the cathode surface with an external 
flow of the plasma gas; T2 is the temperature of this 
gas; Er is the emissivity factor of the cathode material 
and o0 is the Stefan-Boltzmann constant. Boundary 
conditions on the internal surface of the cathode, out­
side the zone of contact with the plasma, i.e .. at r = 

(R3 - R1)(z - Z 1) 
= R 3 , - L,::;; z < Z2, r = R 1 + z

2 
_ z

1 
, Z2::;; 

::;; z < Z 1 and r = R 1, Z 1 ::;; z < z .. (sec Figure 1), arc 
selected in a similar way (4) 

(5) 

where a .. , is the coefficient of heat exchange of the 

cathode surface with an internal flow of the plasma 
gas and T1 is its temperature·. 

Boundary conditions in a region of the cathode 
fixation of the discharge (see Figure 1) arc set as 
follows: 

z=O 
(6) 

and 

Values of ac1 and ac2, as well as the corresponding values of 
temperatures T1(z) and T2(z), are determined depending on the 
G1 and G2 flows of the plasma gas used, and on its feed conditions 
and thermal-physical properties. 
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where q~ is the density of the heat flow introduced 
into the cathode by the arc; fr is the current density 
on the cathode surface (q~ and ir arc assumed to be 
distributed over the cathode fixation region). 

Distribution of the heat flow of the arc, q~(r5, z) 
over the surface of the cathode fixation of the dis­
charge (here rs and z, arc the point coordinates on 
this surface) can be found using the system of cqua­
tionsgiven in 131. To allow for additional laser heating 
of the internal cathode surface, boundary conditions 
(S) and (7) for the equation of thermal conductivity 

should be corrected by adding term q~ to the right 
parts of the above conditions to describe distribution 
of the power of laser radiation absorbed by the internal 
conical surface of the cathode and the surface of its 
discharge opening. 

Prior to determination of distribution of the ra­
diation power absorbed by the internal surface of the 
cathode, consider condition at which all rays of the 
laser beam reflected from the conical part of this sur­
face get into the discharge opening of the cathode. If 

F2 » [A./(n; ~ ~)]2 

(here 'A is the laser radiation wave length and 1'}b is 
the angle of focusing of the laser beam), in the z < 
< 0 range this beam can be assumed to be a set of 
straight-line rays, spherically converging to the point 
of intersection of the focal plane with the beam axis, 
where each ray is characterized by its peculiar value 
of angle 1'} (sec Figure 1). By defining 1'}b as the angle 
within which 99 % of the laser radiation power is 
distributed, and by assuming it to be small (tg 1'}b"' 

"'1'}b), the unknown condition for the rays which get 
onto the internal conical surface of the cathode can 
be written as follows: 

R 1 [(tg a- 2~) tg ~ + 1] + 

+ (F- 2 1) (tg a tg ~- 1) ~ ~ 0, 

[F ~ 1Z1 5 ~ 5 ~b) 
(8) 

In this case, location of the conjugate points for the 
reflected rays in the discharge opening of the cathode 
(see Figure 1) can be determined using recurrent re­
lationships 

1 R1[(tga-2~)tg~+1] 
z(i})=Z1+ t ~ + ga-

(F- Z1) (tg a tg ~- 1) 1'} (9) 
+ tg a -1'} ' 

zi+ \1'}) = z;(i}) + 2R1tg ~ (i = 1, 2, 3, ... ), 

1t 
where ~(1'}) = 2 - 2a + 1'} is the angle of inclination of 

the reflected rays with respect to the horizontal plane. 
These rays have no less than n reflections in the dis­
charge channel of the cathode, provided that 

10/2001 

SCIENTIFIC AND TECHNICAL 

z"(~) :5 o, [F ~1z 1 :5 ~ :5 ~b) (10) 

and the required num bcr n of T'cflcctions of the rays 
within the discharge channel for their efficient (no 
less than 90 %) absorption by the cathode surface can 
be estimated using the following relationship: 

( 1 - r)" + 1 :5 0. 1, (11) 

where r is the coefficient of absorption of laser radia­
tion with a given wave length by the cathode surface 
materiar. 

Condition (8) being met, distribution of the laser 
radiation induced heat flow, q~ (R 1, z), along the 
length of the cathode discharge channel (Z1 :5 z :50) 
can be written as follows: 

q~=f L 8[z -z;(1'}) ]8[-z;(1'})]x 
R1 i= 1 

F - z, 

X Si(i}) cos ~ r;(~) di}. 

Here 8(x) is the delta function; 

S(x) = {1 at x ~ 0, 
0 at x < 0; 

(12) 

S(1'}) is the intensity of incident laser radiation for 
the corresponding conjugate points of the discharge 
channel surface; r;(1'}) = {TciR 1, z;(1'})]} arc the values 
of the coefficient of absorption of laser radiation by 
the cathode material at the same points. Absorption 
of the reflected rays in plasma at z :5 Zc being ignored, 
values of the intensity of incident radiation for all 
conjugate points, z;(1'}), can be found using the fol­
lowing recurrent relationships: 

si+ 1 (1'})=S;(~)[1-r;c1'})] ~: 1 (i=1,2,3, ... ), 
zo 

( 13) 

which use the following designations: z~ = ~~· 5°(1'}) 

is the intensity of radiation of the initial laser beam 
S 0(r, z) at a point of incidence of a ray at angle 1'} on 
the internal conical surface of the cathode, i .c. at 

[(F- 2 1) tg a- R 1]1'} 
r= tg a -1'} 

R(1'}) is the coefficient of reflection of laser radiation 
at the same point on the surface. Using the accepted 

As the angle of incidence of the reflected rays onto the surface of 
the discharge opening of the cathode is small, here and below r 
will stand for the value of the absorption coefficient at a normal 
incidence of the rays, which is independent of the radiation pola­
rization and corresponds to a local value of the surface temperature. 
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Figure 2. Part of power of the laser beam falling on the internal 
surface of a tubular cathode as function of its position with respect 
to the focal plane of the initial beam (see designations in the text) 

designations for the density of heat flow q~ introduced 
by laser radiation through the conical part of the 
internal surface of the cathode (z < Z 1) at the point 
of incidence of a ray, -6, yields 

(14) 

Note that distributions of the heat flow ( 12) and 
( 14) arc assumed to be axisymmetric. Therefore, for 
laser beams with azimuth variations in the intensity 
of radiation, to determine dependence 5°(-6) it is nec­
essary to usc the azimuth-averaged distribution of the 
initial beam intensity. As far as the reflection coeffi­
cient R(-6) is concerned, since the angle of incidence 
of the rays onto the internal conical surface (it is 
approximately equal to n / 2- a) is not small, this 
coefficient will depend not only upon the temperature 
of the surface at the point of incidence of a corre­
sponding ray, but also upon the polarization of radia­
tion in the initial laser beam. To avoid the azimuth 
dependence of q~. which arise in this case, the ap­
proximate corresponding value of the reflection coef­
ficient can be used as R( -6) in ( 13) and ( 14) for a 
non-polarized radiation that has an incidence angle 
of n / 2 - a. 

Numerical investigations of cathode processes for 
a hot tubular cathode used in the laser-arc plasmatron 
were conducted on the basis of assumptions of the 
suggested mathematical model [5]. This plasmatron 
was designed for operation at arc currents of 100 ~ 
~ I~ 300 A using the radiation beam of a C02 laser 
with the TEM20 mode, power Q 0 ~ 5 kW and focusing 
angle -61> = 0.053 determined as indicated above. The 
following external sizes of the tubular cathode (sec 
Figure 1) were selected for design of the cathode 
assembly: R2 = 2.0 mm, R 4 = 4.5 mm, Z3 = -5.0 mm 
and Le = 20 mm. At the same time, the provision was 
made to enable regulation of laser heating of the cath­
ode tip. For this purpose, radius of the cylindrical 
discharge opening of the cathode, R 1, was assumed 
to be equal to 1 mm and distance from plane z = z1 
to the focus of the initial beam, f = F - Zl> was 
supposed to he varied within a range of 16 ~ f ~ 
~ 24 mm. For the above values of R 1 and '6b, the 
noticeable heating of the cathode by laser radiation 

will be observed at f ~ 19 mm. Dependence of the 
power of laser radiation falling on the internal surface 
of the cathode, ~Q0 , upon its position with respect 
to the focal plane of the beam with the TEM2o mode 
is shown in Figure 2. It should be noted at this point 
that further increase in distance from the initial beam 
focus to the cathode (f > 24 mm) is unreasonable, as 
this, in addition to growth of ~Q0 , leads to a sub­
stantial diffraction distortion of the beam passing 
through the cathode opening. 

Flare angle a of the internal conical surface of the 
cathode and length of its discharge opening, -Z1 (sec 
Figure 1) were selected on the basis of optimal utili­
zation of the power of laser radiation consumed for 
heating of the surface of the cathode discharge open­
ing. Conditions (8), (10) and (11) were used for this 
purpose. They mean that peripheral rays of the laser 
beam reflected from the conical part of the internal 
surface of the cathode get into the discharge opening 
of the cathode and have there the sufficient number 
of reflections for their efficient absorption. As the 
coefficient of absorption of laser radiation with a wave 
length of A,= 10.6 ~-tm by the surface of the tungsten 
cathode at a temperature of 2000 to 3000 K and normal 
incidence is equal tor"" 0.1 [8], the required number 
of reflections within the discharge channel of the cath­
ode for condition ( 11) to be met should be not less 
than 20. On this basis, the optimal values (for the 
entire range of variations in values of f) of geometrical 
parameters of the internal surface of the cathode were 
determined as follows: a= 42.5 deg, Z1 = -2 mm and 
R 3 = 3 mm. 

Activated tungsten (W + 1 % Y203), having a 
work function equal to <pc = 3.3 eV f91. was selected 
as the cathode material. Temperature dependencies of 
thermal conductivity coefficient Xc· specific electrical 
resistance Pc· emissivity factor Ec and coefficients of 
absorption, r (at normal incidence), and reflection, 
R (at an incidence angle of 47.5 deg), of a non-po­
larized radiation of the C02 laser for tungsten were 
derived on the basis of data in [ 1 0, 111. 

Flow rate of the plasma gas (argon) fed through 
the cathode opening was selected to be equal to 
0.5 l/min (under standard conditions), while that of 
the gas fed through the gap between the cathode and 
the plasma-shaping nozzle was varied from 1.5 to 
3.5 1/ min. Values of temperatures of the internal, 
T1(z), and external , T2(z), argon flows, averaged over 
the channel sections, were determined with allowance 
for heating of the gas from the cathode surface. Here 
the initial temperature of the plasma gas was assumed 
to be equal to the temperature of water that cools the 
cathode: T1( -Le) = T2( -Le) = T w = 300 K. The fol­
lowing criteria! dependencies [12] were used to cal­
culate heat exchange coefficients <Xc, and <Xc

2 
that arc 

included into (4) and (5): 

-- Nu· X(T) [T\(T)J.14 
rv at j = 1, 2, 
""'; ' Di T\(Tc) 

( 15) 
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Figure 3. Distribution of temperature (a) , current density (b) and 
density of the heat flow introduced by the arc (c ) over the surface 
of the hot tubular cathode operating at different currents ( G2 = 
= 2.51/min, Q0 = 0 or F < 17 mm): 1 - I= 100; 2 - I= 200; 
3 - I= 300 A 

where Nu1 = 4, Nu2 = S are the Nussclt numbers for 
the internal and external gas flows, respectively; D 1 

and D 2 arc the internal and external diameters of the 
cathode, respectively; X and 11 arc the temperature 
dependencies of the heat exchange coefficients for 
argon [ 1]. 

Results of numerical modelling of operation of the 
investigated hot tubular cathode both in the conven-
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Figure 4. Mean cathode potential drop as function of the arc current 
for the hot tubular cathode (see the rest of the cathode operation 
parameters in Figure 3) 

tiona! arc mode and in the mode involving an addi­
tional laser heating of the cathode tip are shown in 
Figures 3- 7. In particular, Figure 3 shows distribu­
tion of temperature, current density and heat flow 
introduced by the arc at the absence of laser heating 
of the cathode over the working surface of the cathode. 
As it follows from Figure 3, a and b, an increase in 
current is accompanied by an increase in temperature 
of the cathode surface and area of the cathode fixation 
of the arc, this area at I > 200 A being increased 
mostly due to the cathode tip. This is associated with 
the fact that further immersion of the arc into the 
discharge opening of the cathode becomes unfavour­
able in terms of energy, as it is accompanied by a 
substantial growth of voltage in the plasma region 
inside this opening. 

As the arc current increases from 100 .to 300 A, 
the mean current density at the cathode 

<jc> = J / Sc, 

where Sc = rc( R~ + 2R 1Zc - R~) is the area of the cath­
ode fixation of the discharge (sec Figure 1), increases 
from 19.2 to 29.2 A/ mm 2

• As to the mean density of 
the heat flow directed to the cathode 

w~cre Q~ is the total heat flow from the arc, calculated 
by integration of q~ with respect to the area of the 
cathode fixation of the arc, it, on the contrary , de­
creases from 70.9 (at I= 100 A) to 37.8 W / mm 2 (at 
I= 300 A) . In addition, unlike distributions Tc and 
Jc, having maximum values at points r = R 1, z = 0 
(Figure 3, a, b), maximum values of heat flow q~ arc 
observed at the periphery of the arc fixation region 
(Figure 3, c). It should be noted that this distribution 
of the heat flow at the cathode takes place also for 
solid (not tubular) hot cathodes [131 . 

Figure 4 shows the arc current dependence of mean 
cathode potential drop <Vc>, calculated using values 
of components of the current density at the cathode, 
its surface temperature that ensurs the corresponding 
mean density of the emission current, and mean tem­
perature of the plasma in the ionization layer, aver-
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Figure 5. Distribution of temperature (a), density of the electric 
current (b), density of the heat flows introduced by the arc (c) 
and laser beam (d) over the surface of the hot tubular cathode 
additionally heated by laser radiation (I= 300 A, Q0 

= 5 kW , G2 = 
= 2.5 I min) at a different distance from the cathode exit section 
to the focal plane of the initial laser beam: 1 - F = 19 mm (Q; = 
= 166 W); 2 - 21 mm (Q; = 325 W) ; dashed lines - F < 17 mm 
(Q: = 0) 
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Figure 6. Components of the total heat flow introduced into the 
cathode operating in the laser-arc mode as function of the distance 
from the cathode to the focal plane of the laser beam: 1 - Q;; 
2 - Q;; 3 - Q:ot (the rest of the parameters of the cathode 
operation are the same as in Figure 5) 

aged over the cathode fixation region. The mean tem­
perature of the plasma in the ionization layer was 
found using the equation of energy balance of the 
ncar-cathode plasma 131. written down with respect 
to the corresponding averaged values. As it follows 
from the given calculated dependence, for the hot 
tubu lar cathode under considerat ion <Vc> decreases 
with an increase in current, which is characteristic in 
general of the hot cathodes [61. 

The effect of additional laser heating of the tip of 
the cathode investigated on the character of occur­
rence of the cathode processes is illustrated in Fi­
gures 5-7. For example, Figure 5 shows distribution 
of temperature, current density and density of the 
heat flows introduced by the arc and laser beam, re­
spectively, over the working surface of the cathode 
at different values of the power of laser radiation 
absorbed by the cathode, Q~, determined as integral 

of q~ with respect to the internal surface of the cath­

ode. Growth of Q~ (curve 2 in Figure 6), occurring 
with an increase in distance F, causes some increase 
in temperature of the surface of the cathode, which 
is especially noticeable inside its discharge opening 
(Figure 5, a). Distribution of temperature, as well as 
ic and q~ (Figure 5, b, c), along the length of the 
discharge channel of the cathode, which non-monoto­
nous in this case, is associated with a non-uniformity 
of heating of the cathode surface by laser radiation 
(Figure 5, d), increasing with a growth ofF (compare 
curves 1 and 2 in Figure 5, d). 

Important peculiarity of the cathode processes for 
the cathode under consideration is a decrease in den­
sity of the heat flow introduced into the cathode by 
the arc, at an in crease in Q~ and constant current 
(Figure 5, c). In this case, the mean density of the 
heat flow at the cathode, <q~>, varies from 37.8 
(F < 17 mm) to 13.4 W / mm 2 (F = 22 mm), and 
~ decreases so that the total heat input into the 

cathode, Q~ot = ~ + Q~ + Qb, increases with growth 
in F very insignificantly (curve 3 in Figure 6). It 
should be noted here that power released in the bulk 
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of the cathode due to the current flow, <){,, is not in 

e(CCCSS of 10 % of Q~0t. 
As far as the mean density of the current at the 

cathode is concerned, since the area of the cathode 
fixation at an increase in Q~ and constant arc current 
(I= 300 A) decreases to some extent, the mean current 
density <fc> rises from 29.2 (F < 17 mm) to 
37 .4 A/ mm2 (F = 22 mm). In this case, the region 
of the cathode fixation of the discharge shifts from 
the tip of the cathode to its internal, more heated 
surface (Figure 5, b). This immersion of the discharge 
into the cathode opening becomes possible owing to 
a local decrease in the cathode potential drop that 
occurs here (sec, e.g. dependence of the mean cathode 
potential drop upon the values ofF and, thus, upon 
Q~ as shown in Figure 7). This leads to a substantial 
growth of that part of the total discharge current 
which flows to the cathode within the limits of its 
discharge opening. For example, at I = 300 A, Q0 = 

= 5 kW and F = 21 mm (Q~ = 325 W), this part of 
the current is about 230 A, and density of the current 
in the plasma at the exit section of the discharge 
opening of the cathode is about 100 A/ mm 2

, which 
is much higher than at the cathode surface. Therefore, 
the usc of additional laser heating of the internal 
surface of the hot tubular cathode allows an efficient 
control of distribution of the current density and, 
thus, the concentration of energy in the plasma ncar 
such a cathode. This enables density of the energy 
introduced by the arc into a workpiece to be funda­
mentally increased not only in laser-plasma treatment 
of materials (by using the plasma arc in the combined 
process), but also in combined laser-arc welding using 
a short free-burning arc and a refractory tubular cath­
ode heated up by laser radiation. In the latter case 
the role of the plasma-shaping channel is played by 
the discharge channel of such a cathode. 

In general, results of numerical modelling of the 
cathode phenomena for a hot tubular cathode arc in­
dicative of the possibility of increasing the tempera­
ture of the cathode surface and current density in a 
region of the cathode fixation of the arc, changing 
location of this region and, therefore, redistributing 
the current density in the near-cathode plasma due to 
additional regulated heating of the working surface 
of the cathode by a passing laser beam. The calculation 
results were used as the basis for design of the cathode 
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Figure 7. Mean cathode potential drop for the hot tubular cathode 
additionally heated by laser radiation as function of the distance 
of the cathode from the focal plane of the laser beam (parameters 
are the same as in Figure 5) 

assembly of the integrated laser-arc plasmatron in­
tended for powder cladding [5] . Experimental studies 
of the plasmatron developed proved the results of 
modelling of the cathode processes, and demonstrated 
a high stability of operation of the hot tubular cathode 
heated up by laser radiation and the absence of a 
marked erosion of its material after more than eight­
hour operation with multiple arc ignitions. 
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IMPROVEMENT OF ARCING STABILITY 
IN THE TWO-LOOP RESONANCE DEVICES 

A.E. KOROTYNSKY 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABS1RACT 
A resonance welding source, made as a two-loop circuit, is described. It is shown that a high stability of the welding 
arc is achieved by using a high-voltage complementary loop of not more than 400 W power. An example of the 
complementary loop calculation is given, as well as the results of testing the unit with different types of stick electrodes. 

Key words: arc welding, voltage resonance, arc elasticity 

Arcing stabi I ity is one of the major process parame­
ters, determining the quality of welded joint forma­
tion. It depends not only on the composition and 
properties of the arc column plasma, but to a greater 
extent, on the static and dynamic characteristics of 
arc power sources 11 1. 

Voltage increase across the arc gap at polarity 
reversal, is a traditional method of improvement of 
the welding arc stability. It is usually achieved by 
increasing the open-circuit voltage of the welding 
transformer 121. this, however, leading to a higher 
cost of the source, lowering of its efficiency and power 
factor, as well as lower electrical safety. 

Such technical solutions should be regarded as 
more suitable, which usc pulsed arc stabilizers [3], 
allowing a 20- 30% decrease of open-circuit voltage. 
The range of suitable types of electrodes is also wid­
ened. In some units l41. arcing stabi lization is 
achieved by applying a complementary high-fre­
quency converter of ::; 20 kHz frequency, connected 
parallel to the arc gap. Superposition of high-fre­
quency oscillations of a small amplitude provides 
1.5 - 1.8 times increase of the arc breaking length. 
rhc main drawback of this equipment class is a sig­
nificant widening of the spectrum of noise, penetrat­
ing into the mains and the environment. In a number 

A 

Figure 1. Block-diagram of a welding source 
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of cases, when these units do not meet the electro­
magnetic compatibility requirements, their applica­
tion is inadm issible. 

Resonance we lding sources, mostly made by a sin­
gle-loop circuit for usc with rutile electrodes 15, 61, 
do not have the above short-comings. Circuits with 
voltage resonance in the secondary loop arc often used. 
The voltage present on the capacitive reactor, is lim­
ited at the level of U2 ::; 42 V, th is being related to 
the reliabi lity of function ing of electrolytic capaci­
tors, making up the reactor. This voltage, however, 
is not sufficient for a stable operation of this type of 
units, in welding with electrodes with the basic and 
ruti le coating. Even at increase of secondary voltage 
up to 48 V, it is difficult to provide reliab le conditions 
of the arc rcignition. 

This problem can be solved by using a two-loop 
circuit for supply ing power to the welding arc. The 
essence of this suggestion is as fo ll ows. A complemen­
tary loop is co-phased with the main loop with the 
current load of 90 - 95 %. The voltage at the reactor 
of t his additional loop is equal to 75- 80 V. Consid­
ering the small current ( 10 - 20 A), flowing through 
the complementary reactor, it is rather simple to en-

Figure 2. Time diagrams of currents in the summation point 
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a 
Figure 3. Welding source, made by a two-loop circuit with a changing structure (a) and its external characteristic (b): 1 - external 
characteristic of the main loop; 2 - the same for the complementary loop; 3 - dependence of U2 on welding current ( U2 = 18 + 
+ 0.04/2); VR - voltage regulator 

sure its reliable operation. A high arcing stability in 
welding with basic and rutile electrodes is guaranteed 
exactly due to increase of voltage in the complemen­
tary loop. 

As an example, let us calculate the complimentary 
loop parameters with the following initial data: 
U2com = 80 V; I2com = 20 A. As the loop Q-factor is 
not more than a unity, the voltage present at the 
complementary reactor, can be taken to be Uc.com = 
= 80 V. Therefore, the magnitude of capacitive im­
pedance with be equal to Xc = 4 Ohm / r. Let us 
determine the capacitance of complimentary reactor 
Ccom = 1 / 2n:fXc = 800 11F. At resonance setting up, 
let us calculate the leakage inductance of the compli­
mentary loop by the following equation: L 5 = 

= 1 I 4n:2f2Ccom = s mH. 
As follows from the above calculation, welding 

transformer (WT) should be made so that one of its 
secondary windings had a very strong leakage. In 
terms of design (Figure 1 ), this is achievable by mak­
ing the complementary winding w2.2 in a narrow sec­
tion of the main secondary winding w2.1. Now, when 
it is impossible to provide this condition by design 
methods, it is necessary to mount a complementary 
choke between key Kf and main reactor Cm. 

Block diagram of a two-loop welding unit, imple­
menting the above approach, is given in Figure 1. 
Winding w2.1> thyristor block (TB) and reactor Cm 
form the main secondary loop, and winding w2.2, key 
Kf, complementary reactor Ccom form the complemen-

RWS 

tary secondary circuit. In open-circuit mode the phase 
regulator of welding current (PRWC), the operation 
of which is synchronized with the mains voltage, is 
brought into a condition, in which a not more than 
12 V voltage is present at TB output. During welding, 
a signal, used for switching on key Kf, appears at 
the output of former (Former), that is connected in 
parallel to Cm. Key Kf is required for switching off 
the difference current, that should have been gener­
ated in the open-circuit mode, because of the voltage 
difference between windings w2.1 and w 2.2 . So, in the 
stand-by mode, preceding the start of welding, key 
Kt is open, and TB is in the cutoff mode, in which 
effective voltage of 12 Vis present at reactor Cm. The 
main loop circuit is open, and no current flows through 
Cm, and, therefore, the voltage on its plates is close 
to zero. When the electrode touches the item, voltage 
is induced in Cm, that is used to switch on Former . 
A signal appears at its output, that simultaneously 
closes key Kt and switches PRWC into the mode of 
smooth adjustment of PRWC welding current. To 
prevent thermal overload of the main capacitive re­
actor, the unit incorporates a thermosensor (T S), that 
uses key K2 to interrupt the signal controlling the 
thyristor block. Thus, the main welding current is 
interrupted, voltage on Ccom drops, and the channel 
of complementary current formation, is switched off 
by a signal from Former output. 

The stage of the welding process termination 
should be described in somewhat greater detail. When 

D 
= = 

Figure 4. Experimental set up for studying the welding arc elasticity 
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the welding circuit is opened, vo ltage on Cm drops 
by an exponent, the time constant of which is preset 
in the former block so that sw itching off time did not 
exceed 1 s. Key Kf should go off somewhat earlier, 
depending on the output voltage of Former discrimi­
nator. 

Time diagrams, illustrating the unit operation, arc 
given in Figure 2. In point A (sec Figure 1) summation 
of the main Im and complementary learn current, 
formed by the high-voltage loop, is performed. Thus, 
the welding current is lsum = Im + Icom· 

The above approach was implemented in practice 
in a source, the circuit of which is shown in Figure 3, 
a. This unit is a two-loop circuit of a changeable 
structure, as the electromagnetic clement (EM£) has 
different functions, depending on the operational 
mode. In the open-circuit mode EME is a choke, con­
nected in series with complementary reactor Ccom· 
Complementary current, generated by the comple­
mentary series resonance loop, facilitates the condi­
tions for initial arc excitation. Going over to the weld­
ing mode, when electronic key (Key) is closed, EME 
becomes a step-up transformer. Its output voltage, 
exceeding u2 2.0 - 2.5 times as to its level' provides 
a high stability of the welding arc, even when elec­
tJ·odcs with a basic coating arc used. Figure 3, b gives 
the curves, describing the external characteristic of 
the welding unit. 

Experimental evaluation of the arc breaking 
length Lb for the above electrodes was conducted in 
a facility, the block diagram of which is shown in 
Figure 4. A unit, described in [7 J was used as arc 
process analyser. This unit is a computer system on 
Apple platform, fitted with appropriate sensors of 
current (CS) and voltage VSf and VS2, as wel l as 
system interface MacLab-4s. 

The elasticity of a welding arc running between 
two horizontal electrodes, was studied by a procedure, 
suggested in [8]. The arc was excited using a carbon 
electrode , closing the arc gap, the length of which 
was preset to be 0.5 mm. After the arc extinction, 
slide callipers were used to measure length Lb. All 
the measurements were taken for four values of open­
circuit voltage of the main circuit in the resonance 
welding source (RWS), namely 30, 33, 36 and 39 V 
and electrodes of the same diameter of 3 mm. 
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Figure 5. Dependence Lb = f(U0, .J for different electrodes of 
3 mm diameter: 1 - 3 - two-loop circuit; 4 - single- loop circuit 

The results of testing in the form of a functional 
dependence Lb = f(Uop.-c) are given in Figure 5. The 
obtained data indicate that the arc breaking length 
is significantly increased with the two- loop circuit. 
Comparison of curves also shows that for basic elec­
trodes (curves 1 and 4), Lb increases by 70- 80 %. 
The rutile electrodes (curves 2 and 3), that practicall y 
do not excite the welding arc with t he single- loop 
circuit, have a rather high stabi li ty in the two- loop 
circuit. For instance, for Uop.-c = 36 V the arc breaking 
length was 11.0 and 7.5 mm, respectively. At Uop -c 
~ 33 V, with basic electrodes, however, it was not 
poss ible to ensure a stable process even with the two­
loop circuit. 

REFERENCES 
1. ( 1978) Technology and equipment for fusion welding. Ed. 

by G.D. Nikiforov . Moscow: Mashinostroyeniye. 
2. Paton, B.E., Lebedev, V.K. (1966) Electrical equipment 

for arc and slag weldmg. Moscow: Mashinostroyeniye . 
3 . Paton, B.E., Zavadsky, V.A . (1954) Pulsed arc ignition 

with the aim of a significant lowering of open-circuit volt­
age of the welding transformer. Avtomaticheskaya Svarka, 
4, 7- 10. 

4. Chernov, A.V., Poletaev, Yu.V., Kavrishvili, Z.O. et al. 
(2000) Improvement of arcing stability in coated-electrode 
welding. Svarochnoye Proizvodstvo, 2, 7 - 9. 

5. Lebedev, V.K., Korotynsky, A.E. (1994) AC arc in a circuit 
with inductance and capacitance, connected in series. Avto­
maticheskaya Svarka, 12, 47 - 48. 

6. Lebedev, W.K., Korotynskij, A.E., Zuk, G.W. (1997) 0 
niektorych wlasnosciacli procesu spawania lukowego z wyk­
orzystaniem zrodel zasilania z obwodem resonansowym LC. 
Biuletyn Instytutu Spawalnictwa, 3, 34 - 36. 

7. Paton, B.E., Korotinskij, A.E., Skopjuk, M.]. (1997) Pro­
gramowalny interfejs MacLab do tworzenia systemow infor­
macyjno-pomiarowych w spawalnictwe. Ibid., 3, 27-30. 

8. Arlauskas, V.Yu., Narushkevichyus, I. R., Dubashinsky, 
V.M. et al. (1974) Investigation of elastic_ity of the welding 
arc wtth power supply from a source wtth an inductance 
and capacitance. Svarochnoye Proizvodstvo, 10, 14- 16. 

10/2001 

I 

M< 

Alt 
(A 
Cc 
w~ 

AI 


