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SCIENTIFIC AND TECHNICAL 

COMPUTER CONTROL OF ELECTRON BEAM WELDING 
WITH MULTI-COORDINATE DISPLACEMENTS 

OF THE GUN AND WORKPIECE 

B.E. PATON1
, O.K. NAZARENK01

, V.M. NESTERENKOV1
, A.A. MOROZOV2

, V.V. LITVINOV2 and V.V. KAZIMIR2 

1£.0. Paton Electric Welding Institute, NASU, Kiev , Ukraine 
2Institute of Problems of Mathematical Machines and Systems, NASU, Kiev , Ukraine 

A new approach is considered to construction of control systems of EBW machines with a multi-coordinate displacement 
system. Its main feature is implementation of a visual method of development of welding programs for complex 
three-dimensional structures. 

Keywords: electron beam welding, computer control, 
welding displacements, virtual representation, visual design, 
automatic training, butt follo wing 

Aerospace industry, nuclear and power engineering, 
electronics and precision electromechanics are the best 
developed fields of EBW application in production [ 1]. 
This is exactly the welding process which the designers 
have in mind when designing complex-shaped work­
pieces. Over the last years the need for a simultaneous 
multi-coordinate displacement of the electron gun and 
workpiece being welded has become obvious, which can­
not be implemented without computer control. 

Modern EBW machines have distributed computer 
systems, which incorporate interconnected by inter­
face buses, but separately functioning devices of CNC 
type, which is the modern analog of numerical pro­
gram control, and programmable logic controller 
(PLC) type. Welding programs proper are executed 
by CNC processor, and programs of control of the 
support equipment - by PLC processor. 

It is known [2] that CNC programs are written in 
G-eodes (Figure 1), and are a sequence of blocks (code 
lines), in which the coordinates of the point, to which 
it is necessary to move , as well as the method and 
parameters of interpolation during this displacement, 
are assigned for each section of the trajectory. 

In EBW programs the following is assigned in the 
block: values of welding current CW, focusing current 
CF, process scan and deflection set when the final 
point of the programmed section of the trajectory has 
been reached, and displacement speed in this section. 
Additional tasks, related to axes synchronizing, main­
taining a stable speed, etc., are assigned by special 
commands , which are also stored as separate code 
blocks . With simultaneous use of several coordinates, 
when the final trajectory is a complex spatial curve, 
the traditional procedure envisages development of a 
displacement program, using the drawing of the work­
piece to be welded, and CAD / CAM system with a 
special postprocessor, capable of converting the tra­
jectory designed in the CAD / CAM system into its 
machine representation in the form of G-eodes for a 
specific CNC. Depending on the complexity of the 
trajectory, duration of preparation of such a program 
can be from several hours up to several days or weeks. 

It should be further taken into account that the 
operator will also spend some time directly at the 
machine, in order to adapt the earlier designed pro­
gram to the actual workpiece, allowing for inaccura­
cies of its fabrication and placing into the welding 
position. And while such a correction is simple 
enough, when using just linear coordinates (X, Y, 

---------------- ;;:;:;;;;;;;;;=~=---

G codes program - - .t""Y.;'-:t:; .. ~ 

Save as 

Refresh 

G94 
FGROUP(X,Y,Z,OG ,VG,W.V) 
M54 
G4 F=0.5 
GO X=O.OO Y=O.OO Z=25 ,00 QG=O,OO VG=O ,OO W=O.OO V=O.OO 
M54 
PRESETON(CF ,4,0000) 
PRESETON(CW ,O ,OOOO) 
N2 G93 
~J3 G1 F=20,00 Z= 1 9,20 W=20,89 CF=B,OOOO CW=0.2000 
N 12 G I F=6,05 Z=O,OO W=BO,OO CW=0 ,5000 
N22 G I F=4,64 Z=25,00 W=180,00 
N32 G1 Z=50,00 W=270,00 CF=5,0000 CW=0.2000 
N42 G1 F=6.00 Z=30,66 W=339,64 
N52 G1 F=20 ,52 Z=25,00 W=360,00 CW =O.OOOO 
G54 
M30 

~~----~~------- ----------------------------------------~~ 
Figure 1. Fragment of EBW program written in G-eodes 
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Z), adaptation becomes extremely complicated at for­
mation of the trajectory by simultaneous linear and 
.angular displacements. Therefore, with preservation 
of the tendency for use of highly accurate CNC sys­
tems, the goal was to create the development software 
built into these systems, which would allow the op­
erator himself to develop programs of welding com­
plex structures in a short time and without involving 
any additional resources. This problem required a new 
approach to construction of the system of EBW proc­
ess control. The main feature of this approach is ap­
plication of a high-level operator interface with ad­
vanced development software, providing a visual 
method of EBW program design. 

The paper gives the main results of application of 
such an approach. 

Architecture of the computer control system. Let 
us consider some complex-shaped 3D structures and 
programmed displacement of the gun and workpiece, 
required for their welding. The Table (see inset be­
tween pp. 2 and 3) gives illustrations of complex­
shaped structures, where welding requires having at 
least four simultaneously controlled axes, taking into 
account the need to ensure beam perpendicularity to 
workpiece surface. Figure 2 gives designations of co­
ordinate axes and welding displacements, the set of 
which allows such workpieces to be welded. Hardware 
architecture of the computer control system, which 
allows implementation of these welding displace­
ments, is shown in Figure 3. As is seen from the 
Figure, in addition to the traditional [3] computing 
system, combining CNC and PLC, we also use: 

• higher level of human machine interface (HMI), 
which is operator interface for visual design of work­
ing programs and welding process monitoring; 

CNC axes 

0 0 
0 0 
0 0 

0 

JIM! 

Figure 3. Hardware architecture of the computer control system 
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v z 90 z 
Figure 2. System of coordinate axes and welding displacements: 
X, Y, Z - linear axes of gun displacement; Q - angle of gun 
displacement; V - angle of inclination; W - angle of displace­
ment of the table faceplate; U - angle of table inclination 

• additional computer, which independently of 
other microprocessor units, performs butt recognition 
by workpiece surface image, received from RASTR 
following system, and together with HMI computer 
supports the functions of automatic teaching, correc­
tion and following of the butt. 

Principle of operation of RASTR following system 
[ 4] is based on measurement of current of secondary 
emission electrons, formed at cyclic (with 300 ms 
period) scanning of the working zone of the workpiece 
by a sharply-focused low power beam during short 
moments (up to 5 ms) of welding process interruption. 
Image of workpiece surface is formed by signals from 
the sensor of secondary emission electrons, mounted 
on the electron gun in the direct vicinity of the weld­
ing site. Brightness levels of the scanned surface sec­
tions, measured and digitized by the following system, 
are stored in the computer as an image frame (matrix), 
and after a special program processing are reproduced 
in a separate window of RASTR monitor. Today the 
following system allows only flat images to be pro­
duced. Interface modules (IM) provide exchange of 
control signals with the machine equipment. In par­
ticular, current control and synchronizing of interac-

fasl IM 

Vacuum 
subsystem 

RliiAL 

H.ASTR 

Following 
instrumentation 

3 
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tion with RASTR following system are performed 
through fast 'lM with CNC operation rate, with up 
to 75 ).ls delay. 

Proposed architecture allows eliminating the tra­
ditional programming of welding in G-eodes and im­
plementing EBW program control by a sequential 
performance of the following processes: construction 
of a 3D virtual representation of the situation inside 
the vacuum chamber; selection of the initial point of 
butt trajectory using the developed virtual repre­
sentation; teaching the displacement system to follow 
the butt trajectory; automatic following of the butt 
during performance of welding to compensate the aris­
ing welding deformations. 

Virtual representation of the item and welding 
trajectory. The operator needs the virtual 3D repre­
sentation of the workpiece inside the vacuum chamber 
to select the characteristic points and assign the cor­
rect angular orientation of the gun during visual de­
sign of the trajectory. 

Developed software for virtual representation al­
lows, in particular: 

• developing 3D images of workpieces (see the 
Table in the inset); 

• represent the actual arrangement of the work­
piece and gun inside the vacuum chamber; 

• change the scale and angle of observation of the 
formed image for its more convenient and complete 
presentation; 

• represent the location of the programmed weld­
ing trajectory on the workpiece surface; 

• assign admissible areas of gun displacement and 
perform automatic monitoring of its displacements to 
avoid damaging the workpiece or in-chamber equip­
ment; 

• follow on the workpiece surface the position of 
the electron beam relative to the assigned trajectory 
during performance of welding. 

Workpiece images are formed by the machine op­
erator himself from a basic set of autofigures and are 
represented in HMI monitor in a 3D space (x, y, z). 
However, representation of beam trajectory on work­
piece surface in this space in the reality produced as 
a result of welding displacement in a multi-dimen­
sional space (X, Y, Z, V, Q, W, U) requires trans­
forming seven-coordinate vectors describing the tra­
jectory points, into 3D vectors. 

With this purpose, in order to allow for the angles 
of rotation and inclination of the gun, let us find 
additional vector A= (-rX, 0, rZ +D), where rX is 
the distance along coordinate X from beam axis to 
axis of gun inclination; rZ is the distance from the 
axis of gun rotation to its edge; Dis the distance from 
gun edge to the workpiece surface. Further on for 
each point we will rotate vector A around the axis of 
gun rotation in plane YZ through angle Q, and then 
around the axis of gun inclination in planeXZ through 
angle V. As a result, we obtain coordinates of a point 
relative to the center of rotation and inclination of 
the gun (xJ, y1, ZJ). 

4 

In order to allow for angles of rotation and incli­
nation of the table, let us find additional vector B = 

= (Xrot' Yrot, Zrot + dZrot), where Xrot, Yrot' Zrot are 
the coordinates of the table center in the basic system 
of coordinates; dZ rot is the distance from the axis of 
table inclination to its surface. Further on by moving 
the coordinate center to the end of vector B and ro­
tating the vector (X, Y, Z) of each point around the 
axis of table rotation in plane XY through angle W, 
we obtain point (x2, Y2, z2), and then by rotation 
around the axis of the table inclination in plane XZ 
through angle U, we obtain point (x3, y3, z3). 

As a result, the basic coordinates of points, ac­
cording to which the points will be represented inside 
the vacuum chamber, are recalculated by the follow­
ing expression: 

(x, y, z) = (X+ Xrat + Xt + X2 + X3, Y + 

+ Yrot + Yt + Y2 + Y3> z + Zrot + Zt + Z2 + z3). 
(1) 

Visual design of the welding program. At design 
of simple, for instance, one-dimensional welds, the 
operator may assign the coordinates of welding dis­
placement points in the form of a table. Automatic 
teaching procedure is envisaged to write the program 
of making a weld of a complex 3D shape. This pro­
cedure uses the image of the butt of edges to be welded 
(Figure 4, a, see inset between pp. 2 and 3). The butt 
in this image is shown as a dark line against a lighter 
surface of the workpiece. The cross shows the point 
of location of the electron beam center. By manually 
moving the gun, the operator combines the electron 
beam with the initial point of the butt of edges to be 
welded, and issues a command for automatic teaching, 
which is implemented as a result of joint operation 
of RASTR and HMI computers. During motion in the 
direction initially specified by the operator, the rec­
ognition program finds the butt (blue line) in each 
new frame, and determines the vector of displacement 
(yellow line, coming out of the cross) to a new point 
of the trajectory located in the middle of the butt. 

Algorithm of recognition implements the segmen­
tation method with incremental marking of butt 
points [5]. To increase the efficiency of the method, 
it was modified by considering not the individual 
pixels, but whole groups of them. After continuity 
testing, the first pixel, belonging to a direction with 
average brightness level closest to that of the butt, 
is recorded in the butt area. The entire set of image 
frame points belonging to the butt, is found in such 
a way. The linear displacement vector is calculated, 
proceeding from the condition of provision of the re­
quired accuracy of the beam hitting the butt middle 
of not less that 0.1 mm. CNC executes displacement 
to a new point with linear interpolation, and issues 
a signal for determination of the coordinates of the 
next point to the RASTR computer. As a result, the 
cross is again located on the butt line. Automatic 
teaching will be completed, if the next found point 
coincides with the previous point (butt end has been 
reached) or initial point (for a closed trajectory). 

5/2004 

a 

BH.Z:.bl H3 

Kinds of 

Pile. 4. BH 
o6y'!eHim ( 

Fig. 4. Vie• 
f .. \ .. _ .J _ L 



nand incli-
1 vector B = 
Yrat• Zrat are 
basic system 

the axis of 
n by moving 
or B and ro­
t around the 
gh angle W, 
by rotation 
in plane XZ 

Y3· Z3). 
f points, ac­
sented inside 
y the follow-

3• y + 
z2 + z3). 

(1) 

m. At design 
al welds, the 
welding dis­

le. Automatic 
e the program 
ape. This pro-
s to be welded 
d 3). The butt 
ainst a lighter 
ows the point 
. By manually 
s the electron 
of edges to be 
atic teaching, 

·oint operation 
motion in the 

rator, the rec­
e line) in each 
f displacement 
to a new point 
e of the butt. 
ts the segmen­
rking of butt 
of the method, 
the individual 
fter continuity 
direction with 
at of the butt, 

ire set of image 
s found in such 
r is calculated, 

vision of the re­
the butt middle 
es displacement 
tion, and issues 
rdinates of the 
As a result, the 
line. Automatic 
ext found point 
utt end has been 
d trajectory). 

5/2004 

Bu.z.bi u1.z.e.rmu u TpeoyeMbie nepeMe111enuH 
Kinds of products and required displacements 

Bu.z. H3.Z.e.IIHH 

Kinds of products 

Onucauue CTbiKa 

Description of the butt 

11aTpy6oK OBa.TlbHOH cpop­
Mbi BBapHBaerc5! B npOT5!­
)I(eHHbiH TOJICTOCTeHHbiH 

Oval-shaped branchpipe is 
welded into an extended 
thick-walled cylinder 

BBapHBamre np5~MoyroJib­
Horo cerMeHTa c 3aKpyr­
JieHHbiMH yr Ji aMH B TIO­
BepXHOCTb mapa 

Welding-in of a rectan­
gular segm e nt wi t h 
rounded-off corners into a 
spherical surface 

11 pHBapHBaHHe rocppHpO­
BaHHOfO JIHCTa K Tpane­
UeH,ll;a.TlbHOMY OCHOBaHHIO 

Welding a corrugated 
sheet to a trapezoidal base 

TpeoyeMbie nepeMellleHuH 

Required welding 
displacements 

11oBopoT H3,n;eJIH5!, nepeMe­
rn:eHHe nyWKH no ,ll;BYM JIH­
HeHHbiM OC5IM H ee HaKJIOH 

Rotation of the products, 
gun displacement along 
two linear axes and its 
inclination 

HaKJIOH HJIH noBopoT nyw­
KH , nepeMern:eHHe nyrnKH 
ITO TpeM JIHHeih-IbiM OCHM 

Gun tilting or rotat ion , 
gun displacement along 
t hree 1 in ear axes 

11oBopoT 11 nepeMern:eHHe 
nylllKH no TpeM JIHHeHHbiM 
OC5IM 

Gun rotation and displa­
cement along t hree linear 
axes 

a 
b _ ____ _ 

Ptrc. 4. Bn11 OKRa c H :m6pa/l<emte~t nonepxuocTtt ti3.c'lC -~ttH ua ~totunope PACTP npn aBTOMaTitLfCCKO~t 
o6y'-!CIIIIII (a) II nptt CJie)Kettllll 3a CTblKO~I (b) 

Fig. 4. View of a window with the image of product surface in RASTR monitor at automatic training 
{ /1) O> nrl ·>t h,tl fnlln" •;nrt ( h \ 



TraJectory Currents/speed 

Point 1 Segment Patn 

F.mrn1srooo 

Oirecbon~~ 
Plane jXY plane Teacnln I 

I 

From~~Tor~~ ~ 
Precision, mm p.1 

Arc precision, mm .-~_-, ---

Aprox1mate I 

·~,~, . ,~~,~, 
I~ <ll<l I ~It> 1:1>! 

Manual Move .J?I•fi§iiM 
r Hold ~r:;;;-;:;n ..:..J w 10% X 110.00 ..:..J mm/s 

Y [10]iO ::J mm/s 

110.00 ::J mm/s 

100 .50 ::J deg/s 

roo:sog· deg/s 
lto.oo deg/s 

rTM I 104.71 : ~ 
___:_:_:_j 0 I 458.59 mm 

L j1440.70 mm 

I Return 

,. 
150 100 ' ' ' 50 0 

El - 325 -£! 
- 300-

- 275-

r- 250-

- 225-

- 200-

c 175-

c 150-

- 125-

- 100-

- 75 -

- 50 -

- 25 -

- 0 -
m 

' ~ ~ 

Open 

Save 

Save as 

·!jll ,J,_ __ 
ri 

Table 

G-eodes 

Master 

P11c. 5. BII.L\ ::lKpaHa MOJil!Topa HMI B pe)i{Jfj\]e Bff3ya.rJbiJOro upoeKn ipoBaHIUI nporpaMMbJ 3JIC 

Fig. 5. View of HMI monitor screen in Lbe mode of visual design of Lhe EBW program 

PIIC·. 6. YcTaJJOBKa KJI-115 iVLH 3JIC c pea.T!JJ30BaJJJroii cel\JJJKOOp.L\lJJTaTHOrr CHCTeMorr nepeMeuteJJHH 

J:;";" ,:; KT - 11 c:; m:.:~rhinf' for EBW with implemented 7 axes displacement system 

The tr 
teaching, 
(Figure 5, 
of perform 
on a cylin 
of the gun 
linear axe 
they are C< 
lines. The 
actual but 
features a1 
greater tht 
for its pie( 
reduced b) 
operator's 

A feat 
tiona! app 
the line m 
method, a 
initial anc 
checking ( 
selected s 
points, co 
are given 

where 

n- 1 

i=O 

If the 1 
required a1 
of a circle 
trajectory 
are used fc 
R=~ 
of equatio 

where 

n- 1 

i = 0 

Consid 
interpolati 
of the cifCI 
If the calc1 
the requin 

5/2004 -



Tacks 

Master 
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The trajectory which is formed during automatic 
teaching, is represented in the basis coordinate planes 
(Figure 5, see inset between pp. 2 and 3) for the case 

, of performance of an inclined semi-circumferential weld 
on a cylindrical body by four-coordinate displacement 
of the gun, namely rotation and displacement by three 
linear axes. As new points of the trajectory are found, 
they are connected with the previous section of straight 
lines. The thus produced piecewise-linear model of the 
actual butt does not take into account its geometrical 
features and contains an excess amount of points (the 
greater the butt curvature, the more points are required 
for its piecewise-linear approximation), which may be 
reduced by conducting additional approximation by the 
operator's command. 

A feature of the implemented algorithm of addi­
tional approximation is the fact that the equations of 
the line or circular arc, produced by the least squares 
method, are corrected so that the coordinates of the 
initial and final points remained unchanged. When 
checking the possibility of linear approximation of a 
selected section of the trajectory , consisting of n 
points, coefficients of a section of the straight line 
are given by the following formula: 

where 

n- I 

Sx =LX;; 
i = 0 

a= SxlJ- SxSy 
Sx' - s,sx ' 

"- 1 

Sx' = L XT; 
i = 0 

b = S/Sy - SrSxy 
S/ - s,s x ' 

11- 1 II - 1 

Sy = Ly;; Sxy = L X;y; . 
i = 0 i = 0 

(2) 

If the plotted regression line does not provide the 
required accuracy, an attempt is made to select an arc 
of a circle, approximating the selected section of the 
trajectory. Unknown coefficients a, b and c, which 
are used for calculation of the radius of circumference 
R = -/c + a2 + b2, are given by the following system 
of equations: 

where 

n- 1 

l
sy'b + Sxya + SyC = Sy' + S/y, 
Sxyb + S,.'a + SxC = Sxy' + Sx' , 
syb + sxa + nc = sy' + Sx', 

n- 1 n-t 

S "" x · s 2 = ~ x 2
• X = L,_; i1 X .L..J J I s; = L x1; 

i = 0 i = 0 i = 0 

n - 1 1l- 1 

i = 0 i = 0 

n - 1 1Z- t n- 1 

(3) 

, - 1 

Considering that the initial and final points of the 
interpolation section are taken to be fixed, coordinates 
of the circumference center are additionally corrected. 
If the calculated circular approximation does not meet 
the required accuracy, either, it is automatically re-
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jected, and the length of the analyzed section of the 
trajectory is reduced by one point. Furtheron the ap­
proximation process is repeated. 

In addition to performance of the above additional 
approximation, the operator can correct the obtained 
trajectory manually by varying the point coordinates, 
methods of interpolation (linear or circular) in the 
selected sections of the trajectory, adding new points 
to the already existing trajectory or eliminating some 
points in the already obtained trajectory. The operator 
also assigns and corrects all the process parameters 
of welding as point parameters, including the beam 
and focusing currents, speed of welding displacement 
from point to points, etc. 

The visually designed welding program, when it 
is started in the automatic mode, without operator 
participation , is converted into a sequence of G-eodes 
executed by CNC. This program can be viewed in a 
separate window of HMI monitor (see Figure 1). 

A mode of automatic following of the butt directly 
during the process of welding by the composed pro­
gram, is envisaged, in view of the possible welding 
distortions of the workpiece. The frame of the image 
of the butt formed during butt following (Figure 4, 
b, see inset between pp. 2 and 3) shows the zone of 
butt detection, as well as the actual and calculated 
point of location of the center of the electron beam. 
The zone of butt detection is moved forward relative 
to the current welding area, where the weld pool 
forms . The found deviations of the trajectory from 
the butt are compensated by beam deflections, which 
are stored by the program and may be memorized at 
repeated (for instance, cosmetic) passes. 

The above architecture of construction of the con­
trol system and method of visual design of programs 
of control of multi-coordinate displacements have al­
ready been implemented in production machines (Fi­
gure 6, see inset between pp. 2 and 3). 

In conclusion it should be noted that in the con­
sidered paper the approach to construction of EBW 
machines of a new generation, based on application 
of distributed computer architecture with a developed 
human-machine interface allowed solving the entire 
range of problems of control of multi-coordinate dis­
placements. Developed methods and algorithms have 
ensured automatic teaching of complex trajectories 
and butt following during welding, have greatly ex­
panded the capabilities of visual design of welding 
programs, and thus have improved the quality and 
effectiveness of EBW application in fabrication of 
complex 3D structures. 
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CALCULATION-EXPERIMENTAL METHOD FOR 
EVALUATION OF RESIDUAL LIFE OF WELDED JOINTS 

IN STEAM PIPELINES 

F.A. KHROMCHENKO and R.N. KALUGIN 
OJSC «VTh, Moscow, Russian Federation 

Calculation-experimental methodological approach to evaluation of residual life of steam pipelines on the basis of 
lon&_-tJme strength and structural state (microdamage) of metal of welded joints under creep conditions is considered. 

Keywords: power plants, welded steam pipelines, long­
time strength, creep, residual life, safety factor for strength 

Calculation-experimental method based on long­
time strength. The method has a number of versions, 
which are chosen depending upon the availability of 
information on heat resistance of metal: standardised 
(according to [5]) rated values of long-time strength 
of the base metal, i.e. steel, [ crfsm] = 1. 5 [ cr], where 
[cr] are the permissible stresses for steel (deviation is 
± 20 % of the rated values); reference long-time 
strength of welded joints cr)"5i (deviation is ± 10 %) , 

The methodology developed and applied by the Open 
Joint Stock Company <i VTI» to address problems as­
sociated with residual life of welded joints in steam 
pipelines [ 1-4] is based on a combination of calcula­
tion-experimental methods employed to estimate re­
sidual life on the basis of long-time strength of metal 
and structural state (microdamage) of welded joints 
under creep conditions (Figures 1 and 2). 

Analysis of documents on design 
of welded joints, technology used to make 

them, their damageability, inspection 
results, and steam pipeline service 

conditions 

I 
I I 

Evaluation of residual life from Evaluation of residual life from 
long-time strength by structural factor (microdamage 

calculation-experimental of metal) by calculation-
methods experimental methods 

I I 
Selection of a kind of service life Estimation of structural strength 
of metal (steel, welded joints), parameters, selection of 

as well as initial and zones for diagnostics 
residual crl.s 

I I 
Calculation of equivalent Metallographic analysis using 

stresses due to the effect of all replicas (on metal sections or 
types of loads using portable microscope) 
(stresses O'cq) 

I I 
Estimation of residual life of Estimation of residual life of 

welded joints from crl.s ----- welded joints from 
and O'eq microdamage of metal 

I I 
Estimation of safety factor for Estimation of hazard rating of 

strength and hazard rating ---- welded joints from 
of welded joints microdamage of metal 

I I 
Recommendations on welding - heat treatment 

technology for reconditioning and improvement of 
performance of welded joints, field inspection 

schedule and improvement of service conditions 

Figure 1. General algorithm for evaluation of residual life of welded joints in 
steam pipelines by calculation-experimental methods 
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established from the data of long-term re­
search conducted by <<VTI» [ 4]; and actual 
residual life of welded joints crfsia rl)• found 
from the results of long-time strength tests 
of specimens of welded joints cut from an 
active steam pipeline. Permissible stresses 
[ cr] are stresses assigned for a given steel 
grade to be operated at a given temperature 
during a design lifetime of the steam pipe­
line. The [cr] values are specified by strength 
design standards [ 5]. 

Calculated equivalent stresses O'cq are de­
termined as total stresses caused by all types 
of loads (internal pressure, weight loads, 
self-compensation due to thermal expan­
sion) using a simplified [ 1-4] and / or re­
fined approach [5], but necessarily withal­
lowance for design of welded joints and tech­
nology used to make them. The design and 
technology peculiarities include decrease in 
wall thickness due to boring of the internal 
surface of pipe elements to place a jar 
washer, probable extra weakening of the 
weld metal in creep cr~·m = 0.95-1.00 or 
concentration of stresses caused by shape of 
the weld and welded part. Stresses O'cq are 
calculated from the actual loads or by a con­
servative method from the O'cq ~ 1.5[cr] con­
dition. 

With the simplified approach, where 
equivalent stresses are estimated by the con­
servative method from the O'eq ~ 1.5[ cr] con­
dition, the resulting values of O'cq are as­
sumed to be identical for welded joints of 
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a b 

c 

e 

Figure 2. Calculation models of welded joints in steam pipelines [6] : a - butt welded joint between pipe e lements with the same wall 
thickness (BWJ); b, c - butt welded joints between pipe elements of a different wall thickness (BWJ,u), including to a thick-wall 
branch pipe (e) and conical transition piece (c); d - T- (or nipple) welded joint (TWJ or NWJ); e - butt welded joint between 
pipe and bottom (BWJb); f - nipple welded joint between branch pipe and bottom (NWJb); A, B - points of maximal stresses 

Table 1. Recommended periodicity and scopes of field inspection depending upon the safety factor for strength of welded joints in 
steam pipelines of Cr-Mo-V steels at T ;:>: S10 'C 

Periodicity of inspection of butt Scope of inspection of welded joi11ts (%) by methods 

Safety factor for welded joints by MPI, US/ and 
HR 

strength MAR methods, tlwus. II MPI , US/ MAR 

Type I Type 2 Type I Type 2 Type I Type 2 

nd ;:>: 1.S so so 20 100 0 10 

2-3 1.S ;:>: nd ;:>: 1.3 40-SO 20-30 20 100 10-1S 20-30 

4-5 1.3<':nd<':1.2 30-40 1S-20 40-SO 100 20-25 40-50 

6-7 1.2 ;:>: lld ;:>: 1.0 20-30 10-15 100 100 40-SO 100 

Notes. 1. Scopes and periodicity of subsequent inspection should be refined proceeding from the results of verification calculations of 
strength based on actual sizes and types of welded joints and from the diagnostics results. 2. Inspection within the specified scope and with 
the specified periodicity should be done to welded joints of each size and type. Welded joints in regions of steam pipelines adjoining the 
boiler or located near the fixed supports or starting-regulating equipment, as well as joints in pipe elements with thinned walls and / or con­
taining repair (backing) beads shou ld be subjected to inspection within the specified scope and with the specified periodicity in the first 
place. 3. Type 1 - BWJ according to [6] (Figure 2, a); type 2 - BWJd .t [6] (Figure 2, b-f); MPI - magnetic powder inspec­
tion; US! - ultrasonic inspection; MAR - metallographic analysis using replicas. 
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cr, MPa 

. -?:.t"L.- ·- ·- ·-.-.-.-.- ·- !_.-.-.-.-. -·-.-. -·-.-
I 

-cu 

I II ! III 
a ------• I_. 
r-------------~------------~----~ 

nd ---1.5 

1.3 

1.1 ... -.-.-.-.-.-. -·-.-.-.-.-.- ·-.-. -· -·-.-.-.-.-. 
0.9 L_ ________________________________ _J 

b "C, h 

Figure 3. Diagram for determination of life (a) and safety factor 
for strength (b) of welded joints on the basis of rated durability 
of base metal cr~~m under creep conditions: -c1 - limiting life, 
thous. h, nd = 1; 'tu - individual life, thous. h, nd 2: 1; cr;~J -
calculated equivalent stresses due to all types of loads, allowing 
for <Jlw and <Jlbw, MPa (<pw - safety factor for strength of welded 
joint with a transverse weld for tensile loading conditions; <Jlbw -
same for bending loading conditions); I - period of reliable op­
eration (condition nd 2: 1.5 is met); I I - period of possible further 
operation, 1 s; nd < 1.5 (welded joints require more stringent in­
spection); II I - period of risky (hazardous) operation 

the same type in terms of design, size and steel grade 
of the parts used in a given steam pipeline. With the 
refined approach, stresses creq are determined on the 
basis of actual loads evaluated from the results of 
examination of the support-overhead system and 
changes in shape and route of a steam pipeline. In 
this case the values of crcq will differ for welded joints 

cr, MPa 

I 

O'eq ! 
. -.-.-.-.- ·-·-.""'.-.-.-.-.-.-'-.-.-'-.-.- ·-· 

I 

't;.J ~ 
I II ! III 

a --------------+ 
nd 

1.5 -·-·-·-·-·-·-· 

1.3 

1.1 .. ·-.-. -· -·-.-. -· -· -·-.-. -· -·-. -·-.-.-. -·-.-
0.9 L,_ ______________________________ ____.J 

b "C, h 

Figure 4. Diagram for determination of life (a) and safety factor 
for strength (b) of welded joints on the basis of their long-time 
strength cr~/ (creq is calculated with no allowance for <Jlw and <Jlbw) 
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of the same type, depending upon their location in 
the steam pipeline route and, accordingly, loading 
conditions in different regions of this route. 

Residual life of welded joints is estimated on the 
basis of the following difference: 

"Cr.J = tu- ta.J (thous. h), 

where '<i.l is the individual life (or limiting life -.1 for 
the safety factor for strength nd = 1, Figures 3 and 
4), which is determined from the results of comparison 
of long-time strength cr1.s and creq of steel, allowing 
for the permissible acceptable values of nd; and '<o.l is 
the operating lifetime. 

This is a typical version of solution of the problem. 
Here the safety factor for strength of welded joints 
is determined from the nd = cr1.s/ creq relationship. The 
safety factor for strength is found from the diagrams 
shown in Figures 3 and 4, based on the periods of 
operating lifetime nd.o.l and residual life nd.r.J, fol­
lowed by evaluation of hazard rating (HR) of welded 
joints calculated from the linear dependence with 
boundary values HR = 1 (high-reliability welded 
joints) and HR = 7 (low-reliability welded joints), 
as derived by <-<VTh. The refined scopes and peri­
odicity of subsequent field inspection of welded joints 
are assigned on the basis of the HR values thus found 
(Table 1). 

When solving the problem on the basis of actual 
residual long-time strength of welded joints, residual 
life is found from the period of operating lifetime of 
a steam pipeline (period of cutting welded joints for 
testing) to that of limiting life 'tJ, characterising the 
limiting state of metal, nd = 1, i.e. residual life is 
estimated primarily from the 'tr.J = 'tJ- '<o.l relationship. 

The following conclusions can be made from com­
parative analysis of the efficiency of these methods: 

• method for determination of actual residual long­
time strength of welded joints, involving the calcu­
lation of crcq from the actual loads, is most correct 
(and, at the same time, most labour-consuming and 
expensive) for estimation of 'tr.J; this method is char­
acterised by confidence factor CF ~ 70 %; 

• methods for determination of life on the basis of 
standardised rated values of long-time strength of 
steel, involving the calculation of creq using the sim­
plified approach, are less accurate (conservative in 
terms of safety factor for strength); at the same time, 
they are more cost-effective and less time-consuming 
(CF ~ 20 %); 

• method based on using the reference value of 
durability of welded joints, involving crcq estimated 
by the simplified approach (where the data on actual 
loads are not available), takes an intermediate posi­
tion (CF ~ 40 %). 

Calculation-experimental method based on 
structural factor. This method is employed for express 
estimation of residual life of welded joints from the 
actual state of metal (microdamage) in zones with 
maximal stresses. For this purpose, structural strength 
of welded joints is estimated from the values of mar-
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Table 2. Classification of welded joints in steam pipelines of steels 12Kh 1 MF and 1 SKh 1M 1 F by structural strength parameters and 
recommended scopes of their inspection by the MAR method 

Type of welded 
joint 

(see Figure 2) 

TWJ (NWJ) 

Structural strength 
parameters (SSP) 

di/(D~"'- 2S~) 

sc; s(, 

S"/ So 

S / S0 

S / S0 

SSP for groups 

2 3 

>0.7S <0.7S <0.7S 

1.0-1.2 1.3-1.S ~1.6 

1.0-1.2 1.3-1 .S ~1.6 

1.0-1.2 1.3-LS ~1.6 

1.0-1.2 1.3-1.S ~1.6 

Inspection scope (%) 
Location of welded joint in steam for groups 

pipeline route 
2 3 

100 so 2S In any location (primarily in the 

100 50 2S 
region of bridges and starting-
regulating equipment) 

100 so 2S 

100 40 20 Same and near fixed supports 

100 20 10 Near fixed supports and at bridges 
in regions adjoining T-joints 

Notes. 1. The first to be inspected are welded joints of group 1, and then of groups 2 and 3. 2. In addition, the first to be inspected are 
also welded joints with the following characteristics: repaired , having backing beads; joints with revealed heterogeneity of hardness in 
zones, H Bw.n/ H Bb.m < 1; earlier estimated as having HR ~ 3. 3. Designations: D~ u t - outside diameter ofT-joint casing; S~ - actual 
wall thickness ofT-joint casing in fill et weld zone determined by US!; Sc and s" - nominal wall thickness ofT-joint casing and nipple, 
respectively; S0, S~ and 50 - calculated wall thickness of T-joint casing, nipple and pipe element in butt welded joints, respectively 
(determined in accordance with strength design standards); S - rated wall thickness of pipe elements; HBw .m and HBh.m - hardness of 
weld and base metals, respectively. 

gina! wall thickness of pipe elements in weld loca­
tions, S I So (So is the calculated wall thickness ac­
cording to [5]), relative equality of wall thickness of 
pipe elements in a welded joint, ~ = Dout l Din (Dout 

and Din are the outside and inside diameters, respec­
tively, of a pipe element in the weld location), and 
weakening of the T-joint casing due to a nipple hole, 
dh / (Dgut- 2Si) (dh is the hole diameter, D gut • D~ 
are the outside diameter and actual wall thickness of 
the T-joint casing in fillet weld location determined 
by the USI method) to identify the inspection zones 
by the calculation method. Classification of welded 
joints by structural strength parameters (Table 2) 
and justification of the inspection zones are done by 
the method described in [4]. 

Metallographic analysis of zones identified for di­
agnostics is performed using replicas (on sections of 
metal or by using a portable microscope). The analysis 
results serve as the basis for evaluation of the extent 
of exhaustion of life (Table 3), and residual life is 
found with allowance for operating lifetime 'to.l• i.e. 
'tr.l = 'tl - 'to.l· Limiting life 't1 is estimated from the 
't0 .1/ 't1 ratio (extent of exhaustion of life) for a given 
welded joint. Estimation of residual life by this 
method is done in compliance with the branch guide­
line document developed by ~VTh [7]. 

This method is characterised by a high reliability. 
It allows for the integrated effect of different factors 
(technology, design and operation) on the actual state 
of metal, i.e. degradation of structure and properties 

Table 3. Hazard rating and extent of exhaustion of life of welded joints depending upon microdamage of steam pipeline metal in 
creep 

Classification of 

HR Type of metal damage ace. to [7] 
metal damage ace. Exhaustion of life ~o . 1/t1 Terms of the next inspection, thous. h 

to [7] 

Stage Step Steel 12Kii1MF Steei15KhtMIF Type I Type 2 

1 Ip $0.50 $0.60 Ace. to [6] 

2 Individual pores with density Ilp O.S0-0.60 0.60-0. 7S 40-SO 20-2S 
p :5 100 / mm2 

3 Same, p :5 2SO/ mm2 IIlp III. I p 0.61-0.70 0.68-0.7S 1S-20 10-1S 

4 Same, p :5 1000/ mm2 III.2p 0.70-0.76 0.7S-0.80 10-tS 7-10 

s Same, p > 1000/ mm2 III.3p 0. 76-0.82 0.80-0.8S 7-8 7-8 

6 Chains of fine pores 1-2 j.lm IVp IV.tp 0.82-0.87 0.85-0.89 7-8 7-8 
in size 

Chains of coarser pores , IV.2p 0.87-0.92 0.89-0.93 S-7 S-7 
coalesced pores and / or 
clusters of pores, microcracks 

7 Micro- and macrocracks Vp V.tp 0.92-1.00 0.93-1.00 3-4 3-4 
V.2p 

Note. HR is estimated as follows: safe (HR; 1), insignificantly deteriorated (HR; 2), of low hazard (HR; 3), of increased hazard 
(HR; 4), very hazardous (HR; 5) , highly risky (HR; 6) , critical (HR; 7), where the probability of fracture of welded joints exists. 
Repair can be assigned at HR; 3, repair is mandatory at HR; 4+6, immediate repair or re-welding of a joint should be done at HR; 7. 
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C1rq 'tJp . ... . .. . 
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Figure 5. Schematic of the integrated approa~~ to es$~mation of 
limiting life 1:1 from long-time strength of welded JOints , cr~, , , followed 
by estimation of residual life 1:,.1 = 1:1 = 'to. l from 1:0 .t/ 'tt on the basis 
of structural factor; 1:1P - period estimated ace. to [7] ; stages I -I II -
stages of reliable, possible and risky (hazardous) operation , respec­
tively. Diagnostics ace. to [7] is required at stage II 

in the form of micro- and up to macrodamage of the 
weakest regions of welded joints. In addition, this 
method is sufficiently fast and mobile . Normally , it 
is employed at heat power plants. However, its ap­
plication involves certain labour expenditures associ­
ated with auxiliary and preparatory operations 
(grinding and polishing of inspection zones, removal 
and placement of heat insulation, installation of tem­
porary scaffolding, etc.), as well as accuracy of se­
lection of the inspection zones (without preliminary 
estimation of structural strength of welded joints from 
actual sizes of pipe elements in the weld locations) . 

Abroad, the scope of application of the MAR 
method for welded joints in steam pipelines of heat 
power plants is 50-100 % [ 4]. 

Integrated use of calculation-experimental meth­
ods based on long-time strength and structural fac-

Table 4. Comparative values of 'tr.J and HR found by the calcu­
lation-experimental methods for welded joints in steam pipeline 
of a pilot unit of steel15Kh1M1F (operating life is 185 ,000 hat 
a temperature of 545 'C and pressure of 25 .5 MPa) 

Type of 
welded 
joint D 0 u1xS, mm 

( see Fi-
gure 2) 

BWJ 32Sx60 

32Sx60 

BWh, 32Sx60 + 
+ D 0 200 

TWJ 32Sx60 
24Sx45 

R esidua/life, 
thous. h 

215 >123 

215 79 

so >123 

0 >123 

0 79 

0 43 

0 14 

4 

7 

7 

7 

7 

N umber of 
welded 
joint in 
steam 

pipeline 
diagram 

15, 18, 4 

2.1 7 

70 , 71 

76a, 78a 

2.1 77a 

4 68a 

6.1 31a , 7Sa 

N ot e s . 1. Tr. II and HR 1 were found by the calculat ion-experimen­
tal method on the basis of long-time strength of metal; Tr.I2 and 
HR2 were determined by the calculation method on the basis of 
structural factor (microdamage) of metal. 2. Welded joints BWJ 
belong to type 1, and BWJd.t and TWJ belong to type 2, ace. to 
(6]. 3. Pipe elements of BWJd.t are made from steel15Kh1M1FL. 
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tor (see Figure 1). This approach provides the most 
accurate results of estimation of residual life of welded 
joints. With this approach, the method based on long­
time strength is considered to be of a primary impor­
tance and imperative for determination of general per­
formance of welded joints for a period of operating 
lifetime (estimation of individual and residual life, 
safety factor for strength and HR, assignment of in­
spection). In this case the results of the calculation­
experimental studies cover similar (in steel grade, 
design and size) welded joints, independently of their 
location in the steam pipeline route, whereas in esti­
mation of crcq from actual loads the account is made 
of the location of joints in the steam pipeline route. 

The method for estimation of residual life from 
the structural factor makes it possible to determine 
'tr.I and HR of the joints allowing for their actual 
loading, proceeding from the location in the steam 
pipeline route. In this case, the first to be diagnosed 
are welded joints that cause doubts in terms of the 
results of the previous calculation-experimental stud­
ies . 

Here the confirmation is a comparative estimation 
of 'tr.I and HR of welded joints in a steam pipeline, 
such as that made for a pilot power unit with a ca­
pacity of 300 MW at station No.5 of the Kostroma 
hydroelectric plant. The estimation was made on the 
basis of the results of the calculation-experimental 
studies conducted by « VTI>> (Table 4). Thus, as de­
termined by the calculation-experimental method on 
the basis of long-time strength of metal, for TW J the 
residual life was classified as exhausted, i.e. 'tr.It = 0 
and HR1 = 7, independently of the location of TW J 
in the steam pipeline route. Then, the residual life 
was estimated, checked and characterised by the re­
sults of subsequent diagnostics of TWJ and calcula­
tion-experimental studies on the basis of structural 
factor for each type of the welded joints as 'tr.I2 = 
= 14,000-123,000 h with HR2 = 1.0-6.1. Operations 
on estimation of these parameters for other dimensions 
and types of BWJ and BWld.t (Table 4) were carried 
out in a similar way. 

Another example is the integrated approach de­
veloped by « VTb for evaluation of residual life from 
the reference durability of welded joints, combined 
with the method of diagnostics using replicas. Lim­
iting life -r1 is estimated at the first stage from long­
time strength of welded joints on the basis of the 
calculation-experimental studies. Then the values of 
residual life are checked on the basis of structural 
factor (Figure 5). Period -r1p is found from [7]. Diag­
nostics by the MAR method is assigned starting from 
this period to check residual life of welded joints. 

«VTb performs contract works on evaluation of 
life of welded joints in steam pipelines by developing 
schedules of inspections for many heat power stations, 
including the Kostroma, Ryazan and Novocherkassk 
hydroelectric power stations, as well as Surgut hy­
droelectric power station 2, Novogorkovsk heat and 
power plant, etc . 
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As shown by the results of the integrated calcu­
lation-experimental studies, allowing for the gained 
operating experience and results of statistical analysis 
'of the inspection data and data on damageability, the 
residual life of welded joints in steam pipelines of 
power units with a capacity of 300 MW and lower, 
after operation for 100,000 h at a temperature of 
545 ·c, is characterised by the following values: 
150,000-300,000 h for BWJ, 50,000-200,000 h for 
BWJd.t. and 50,000-100,000 h for TWJ (see Fi­
gure 2). 

Welded joints in steam pipelines of power units with 
a capacity of 800 MW have a shorter residual life. 
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COMPARATIVE ANALYSIS OF LASER, 
PLASMA AND COMBINED METHODS FOR HEATING 

FINELY DISPERSED CERAMIC PARTICLES 

A.I. BUSHMA, A.T. ZELNICHENKO and I.V. KRIVTSUN 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

Temperature fields in finely dispersed ceramic particles (Al
2
0

3 
and SiO) heated by the C0

2
-laser radiation, argon 

plasma flow and their combination, using volume, surface and combined heat sources, have been calculated through 
solving the non-stationary equation of heat conduction for a spherical particle, allowing for dependence of optical and 
thermal-physical properties of particle materials upon the temperature. Shown is the effect on space-time distribution 
of temperature of the above particles by a heating method, as well as optical and thermal-physical properties of the 
materials. 

Keywords: laser radiation, plasma flow, finely dispersed 
ceramic particles, heat source, temperature field, combined la ­
ser-plasma heating 

Along with the known technologies for thermal spray­
ing of coating, such as plasma spraying [ 1], the proc­
esses of laser spraying based on adding powder par­
ticles to the laser beam, heating (melting) and de­
positing them on the substrate material surface [2] 
are finding currently an increasingly wide application. 
The fundamental difference between these processes 
lies in different mechanisms of heating of finely dis­
persed materials. In one case the spray particles are 
heated by a flow of hot air or plasma (surface heat 
source), and in the other case the particles are heated 
by absorbing laser radiation. It should be noted that 
in the case of heating metallic particles by the C~­
laser radiation the heat released is concentrated in a 
very thin subsurface layer of their material [3], i.e. 
here the heat source can also be considered to the 
surface type. The situation with laser heating of finely 
dispersed dielectric, e.g. ceramic, particles is substan­
tially different. In contrast to metals, most ceramic 
materials are sufficiently transparent to the C~-laser 
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radiation with wavelength A.= 10.6~J.m, and at d/A = 
= 1 (where dis the particle size) they absorb its energy 
in the entire volume of a particle [ 4]. In this case the 
heat source is of the volume type. Moreover, in some 
instances it may be concentrated near the particle 
centre [3, 4]. 

Therefore, the processes of plasma and laser spray­
ing of finely dispersed ceramic materials may differ 
greatly not only in integrated characteristics of a heat 
source determining the particle heating rate, but, 
more importantly, also in distributed characteristics 
of the heat released in spray particles. As ceramic 
materials are characterised by a relatively low thermal 
conductivity, temperature fields in ceramic particles 
may be rather heterogeneous across a particle and 
greatly depend upon the method used to heat it. In 
view of the above-said, the objective of this study 
was to investigate peculiarities of laser, plasma and 
combined (laser-plasma) heating of finely dispersed 
ceramic particles. 

Consider the above peculiarities by an example of 
spherical Al20 3 and Si02 particles, assuming that ra­
dius of a particle is commensurable with the laser 
radiation wavelength. As non-uniformity of heating 
of such particles may lead to a substantial non-uni-

L 
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formity of distribution of optical and thermal-physical 
properties of a particle material depending upon the 
temperature , hereinafter we will consider the particles 
to be radially heterogeneous. 

Distributed and integrated characteristics of ab­
sorption of laser radiation by the particles under con­
sideration can be determined by using the approach 
suggested in [ 4]. Let a plane electromagnetic wave 
fall on a particle with radius a in a direction of axis 
Oz of the spherical coordinate system (r, <p, ~)with 
an origin at the particle centre. The electromagnetic 
energy absorbed per unit time in a unit volume of the 
particle can be determined from the known relation­
ship [5] : 

D = -div S, 

where S(r, <p, ~) is the time (for a wave field oscil­
lation period) averaged value of the Pointing vector 
of the electromagnetic field induced in the particle 
by incident radiation . Assuming that the particle ro­
tates about its own axis normal to axis Oz, and con­
sidering that the initial laser radiation is non-polar­
ised, it is possible to replace D(r, <p, ~)by the angle 
averaged power released in a unit volume of the par­
ticle material: 

2n " 

1f f· 10 2 D(r) =- -
4 

dq> sm f) 2 -a [r S,J.,r , q>, 'fi)]d'fi. 
7t o o r r 

If a period of complete revolution of the particle 
is much shorter than the characteristic time of change 
in its temperature, the thermal field of this particle 
can be considered spherically symmetric, and hetero­
geneity of its dielectric permittivity can be considered 
substantial only in a radial direction . 

Use the method of layered approximation [6] to 
find fields induced by the electromagnetic wave in a 
radially heterogeneous spherical particle having com­
plex dielectric permittivity E(r) and determine an ex­
plicit form of the D(r) value. Divide conditionally 
the particle into N spherical layers and assume that 
dielectric permittivity of its material, E, is constant 
within each layer: 

E(r) = £1 = E/ + iE/' ; a1- 1 < r $ a1 (l = 1, 2, ... , N), 

where £[ and £/' are the real and imaginary parts of 
dielectric permittivity, respectively; and a, and a,- 1 

are the outer and inner radii of the l-th layer (ao = 

= 0, aN = a) . It is obvious that by increasing the 
number of layers we can achieve an arbitrarily accu­
rate approximation of optical properties of a non-uni­
formly heated particle. It should be noted that this 
method also allows determination of distribution of 
the absorbed power in layered particles consisting of 
different materials. 

Using an analytical solution of the problem of the 
layered-heterogeneous sphere diffraction of a plane 
wave [7], we find that 

12 

SincE" Qo 

D(r) = ¥ L (2m+ 1) L x 
m=l Y=l,2 

x {1 d~'l 12 .Py'l(r) + 2Re [ d~'ld~l·H~'l(r)] + I d~f) 12 G~0(r)}, 
a1 _ 1 < r $ a1 (l = 1 , 2, ... , N). ( 1) 

Here sine is the intensity of an incident laser ra­
diation falling on the particle; k = 2n/ A. is its wave 
vector; functions F\1!2(r), H\1!2(r) and G\1!2(r), as 

well as values d\1! 2 and aq! 2> are given in study [ 4]. 
Here the asterisk marks the complex conjugate value. 

Solution of the diffraction problem [7] allows find­
ing the full sections of absorption Qd and dissipation 
Qs of electromagnetic waves by a radially heteroge­
neous spherical particle, along with the D(r) value. 
The final result of the calculations can be represented 
as follows: 

~ 

g• =- 7t2 L (2m+ 1) L Re(qy), 
k m=l y=l,2 

~ 

os = --; L <2m + 1) L 1 qy 1
2

• 

2k m=l y=l,2 

where Q e = Qd + Qs is the extinction section [ 8], and 
the values of q1, 2 were taken from [ 4]. Figure 1 shows 
the results of calculations of radial distributions of 
the COr laser radiation power absorbed by the homo­
geneous spherical Ah03 and Si02 particles of a dif­
fering diameter (optical constants of the above dielec­
tric materials for radiation with A. = 10.6 11m were 
taken from [9]). With the Al20 3 particles the laser 
radiation power dissipated in a unit volume of a spheri­
cal particle decreases in a direction from its surface 
to the centre, the non-uniformity of heating growing 
with increase in the a values (compare curves 1 and 
2 in Figure 1, a). The Si02 particles are characterised 
by an opposite situation. Maximum of the D(r) de­
pendence formed inside a particle decreases with in­
crease in its radius (Figure 1, b). As a result, heating 
of the Si02 particles by the C02-laser radiation occurs 
more uniformly with increase in the particle radius. 
Full radiation power Q1 absorbed by the particles 
considered can be determined as a product of the cor­
responding absorption section by the intensity of in­
cident laser radiation falling on a particle. At smc = 
= 1·109 W / m2, this yields Q1 = 0.92 W for the Al203 
particles and Q1 = 2.3 W for the Si02 particles. Radius 
of the particles in both cases was 30 11m. 

For the case of plasma heating of spherical parti­
cles, we will use a combined model of convection-ra­
diation heat transfer [10] to describe the exchange of 
energy between the plasma flow and a particle. Ac­
cording to this model, the heat flow through the par­
ticle surface can be written down as follows: 

q = a(Tp- T5 ) + ~cro(~- T~). (2) 

where a is the heat transfer coefficient; Tp is the 
temperature of the non-disturbed plasma flow falling 
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on the particle; Ts is the particle surface temperature; 
~ is the reduced emissitivity factor for the plasma-par­
ticle surface system; and cro is the Stefan-Boltzmann 
constant. The convective heat transfer coefficient for a 
spherical particle can be calculated from the criteria! 
dependence for a flow about a sphere [ 11]: 

( J
0.2 

Nu = 2 ~; + O.SRe0
·
5Pr04 ~:~; . (3) 

Here Nu = (a2a) / Xp is the Nusselt number; Re = 

= (ppup2a) I TJp is the Reynolds number; Pr = 
= (CpTJp) I Xp is the Prandtl number; Xp is the coeffi­
cient of thermal conductivity of the non-disturbed 
plasma; Pp is its density; Cp is the dynamic viscosity 
factor; TJp is the specific heat (index s designates cor­
responding properties of the plasma at temperature 
of the particle surface); and Up is the velocity of the 
plasma flow with respect to the particle. For example, 
when the particles considered are flown about by the 
argon plasma under the atmospheric pressure at tem­
perature Tp = 8000 K and velocity uP= 150 m/ s, the 
heat flow through the surface of the particle with 
radius 30 J..tm, as calculated according to (2) and (3), 
is q = 2.0·108 W / m2 (the full power input to the 
particle is QP = 2.3 W) for the Al20 3 particles and 
q = 1.2·108 W / m2 (QP = 1.4 W) for the Si02 parti­
cles, having a temperature of 300 K (the data on the 
required thermal-physical properties and transfer co­
efficients for the argon plasma were taken from [ 12]). 

Allowing for the probable non-uniformity of a 
space distribution of temperature, to calculate tem­
perature fields in ceramic particles heated by laser 
radiation, plasma flow or their combination, in a gen­
eral case we will use the non-stationary equation of 
heat conduction with a distributed heat source. As­
suming a spherical symmetry of the temperature field 
of a particle and dependence of its material properties 
upon the temperature, this equation can be written 
down as follows: 

-aT 1 a ( aTJ pC at= -;J or ?x at + D(r, t) , 0 :o; r :o; a(t). (4) 

_ Here p(T) is the density of the particle material; 
C(T) is its effective heat capacity calculated with 
allowance for the latent heat of melting W M and 
vapour formation W 8 ; T(r, t) is the space-time dis­
tribution of temperature in the particle; x<T) is the 
thermal conductivity coefficient; a(t) is the current 
value of its radius; and 

where c(T) is the specific heat of the material; TM 
and T 8 are the melting and boiling temperatures, re­
spectively; and 8(x) is the delta function. The D(r, 
t) value describing the energy released in the bulk of 
a particle in the case of laser and combined heating 
can be calculated from ( 1), allowing for time vari­
ations of both space distribution E[T(r, t)], associated 
with non-uniform heating of the particle, and radius 
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b 

Figure 1. Radial distributions of power of the C0 2-laser radiation 
absorbedby homo~eneous spherical Al 20 3 (a) and Si02 (b) parti­
cles at s"" = 1·10 W / m2

: a - c' = 0.490, c" = 0.028; b - c' = 
= 4.750, c" = 0.096; 1 - a= 10; 2 - 30 !Jm 

of this particle, e.g . in evaporation. In modelling of 
plasma heating of the particle, the volume heat source 
in equation (4) is assumed to be equal to zero. 

Initial and boundary conditions for equation (4) 
can be written down as follows: 

T( r) It = o = T
0

, a It = o = a
0

; - (X ~: }, = a = q, ~: I, = o = 0, 

where yO and a0 are the initial values of temperature 
and radius of the particle, respectively. In the case of 
plasma and combined heating, the value of q is calcu­
lated from (2) and (3). In modelling of laser heating, 
it is assumed that the particle heated is in the flow of 
a cold gas, having temperature Text and relative velocity 
Ucxt· In this case the heat transfer from its surface can 
also be described by relationships (2) and (3), assuming 
in them that Tp = Text and Up = Ucxt· 

The fully implicit difference scheme with time 
splitting of steps, providing a complete allowance for 
the latent heat of melting and vapour formation, was 
used to find numerical solution to equation (4). It 
was assumed that the evaporated material would im­
mediately leave the particle surface, causing no at­
tenuation of the incident radiation flow falling on it, 
and exerting no effect on the conditions of heat trans­
fer between the particle and environment. 

Figure 2 shows variations with time t of the cal­
culated values of temperature at the centre, Tc, and 
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T, K~--------------------------~ 

0~--------~--------~--------~ a 
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Figure 2. Time dependencies of temperature at the centre (solid 
curves) and on the surface (dashed curves) of spherical Al 20 3 (a) 
and Si02 (b) particles with radius a= 30 ~m heated by C02-laser 
radiation (1), argon plasma flow (2) and their combination (3) at 
a velocitv of the flow about the particles equal to uP= 150 m/ s: 
1 - S"'"' = 109 W / m2

, TP = 300 K; 2 - S"" = 0, TP = 8000 K; 
3 - Sine = 109 W / m2

, TP = 8000 K 

on the surface, T5 , of the Al203 and Si02 particles 
during heating by the C02-laser radiation, argon 
plasma flow and their combination (required tempera­
ture dependencies of thermal-physical parameters and 
optical properties of the materials considered were 
taken from [ 4]). As follows from Figure 2, the non­
uniform distribution of a volume heat source in par­
ticles heated by laser radiation (see Figure 1) leads 
to the fact that temperature on the Ab03 particle 
surface at the initial stages of heating grows faster 
than at the particle centre (compare dashed and solid 
curves 1 in Figure 2, a), whereas in the case of Si02 

14 

we see the opposite situation (see Figure 2, b). In 
plasma (surface) heating of the particles, temperature 
on the surface of a particle grows faster than at its 
centre for both materials (curves 2 in Figure 2). As 
far as the combined heating method is concerned, here 
the non-uniformity of heating markedly grows for the 
Al20 3 particles (curves 3 in Figure 2, a), and sub­
stantially decreases for the Si02 particles (curves 3 
in Figure 2, b). As a result, combined heating of the 
Si02 particles may be almost uniform. 

Therefore, the conducted numerical analysis of dif­
ferent methods used to heat finely dispersed ceramic 
materials under spraying conditions allows a conclu­
sion that the space-time distribution of temperature 
in spray particles can be controlled by employing the 
certain combination of plasma (surface) and laser 
(volume) heating. This combination of the heating 
methods is implemented in a new process, i.e. hybrid 
plasma-laser spraying. 
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DISTRIBUTION OF TEMPERATURE IN AIR JET 
AND SUBSTRATE DURING ELECTRIC ARC METALLISING 

N.M. VOROPAi, A.I. MAZHEJKA2 and S.I. MARKOVICH2 

1E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 
2Kirovograd State Technical University, Kirovograd, Ukraine 

Effect of the electric arc metallising process parameters on distribution of temperature in air jet and substrate is 
considered. The method for measurement of temperature in individual regions of the jet and substrate with variations 
in the arc current, air pressure and spraying distance is used. It is shown that temperature of the jet and substrate 
increases with increase in the arc current and air pressure. 

Keywords: electric arc metallising, process parameters, 
electrode wire, air jet, jet temperature, substrate temperature, 
coating thickness 

Quality of formation of coatings in electric arc met­
allising greatly depends upon the axial and radial 
distribution of temperature in air jet and thermal con­
ditions at the interface between the molten particles 
of a spray material and surface of the base metal 
(substrate) [ 1-3]. The energy source in electric arc 
metallising is the electric arc burning between two 
consumable electrodes in a compressed air jet. Main 
parameters of this process are arc current I a. arc volt­
age Ua, compressed air pressure P and spraying dis­
tance L 5 • 

The studies [ 4] were earlier conducted to investi­
gate the effect of some parameters of the plasma spray­
ing process on temperature of the jet of argon and its 
mixture with hydrogen. In this study the authors used 
the method of sounding some regions of the electric 
arc metallising zone to determine the distribution of 
temperature in air jet and substrate with variations 
in the process parameters. 

The experiments were conducted using the electric 
arc spraying machine KDM-4 [5] consisting of the 
metallising unit EM-14M with a central nozzle-type 
system for feeding the compressed air, DC power sup­
ply of the VS-632 type with a quietly drooping char­
acteristic, and a movable table to move the samples 
being sprayed. The use was made of two electrode 
wires: flux-cored wire NPP-5 with a core of the Fe­
C-Cr-Mn system (cathode) and all-drawn wire of 
the Sv-08A grade (anode) (0.08 wt.% C). Diameter 
of the wires was 2 mm, and their feed speed was 
360-540 m/ h. Like in study [ 4], temperature in the 
air jet was measured using the chromel-alumel ther­
mocouples with a diameter of 0.5 mm. The maximal 
width of the welded end of a thermocouple was 
1.2 mm. To avoid hitting the thermocouples by metal 
drops, their working regions were insulated by a heat­
resistant ceramic tube with an outside diameter of 
4 mm. Temperature of the fixed substrate was meas­
ured with the chromel-copel thermocouples with a 
diameter of 0.2 mm. The steel 09G2 (wt.%: 0.09C; 
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2.0Mn; Fe - balance) substrate samples measuring 
200x200 mm and 3 mm thick were made with upper 
holes 1.5 mm deep. The thermocouples were welded 
into the holes using a capacitor-discharge welding 
device. The thermoelectric effect induced by the ther­
mocouples immersed into the air jet and substrate was 
registered using an oscilloscope. 

The most typical parameters of spraying used in 
the experiments are given in the Table. Distance from 
the nozzle exit section to the point of measurement 
of the jet temperature was 30-90 mm. The arc current 
was varied from 150 to 250 A at Ua = 24-28 V. The 
compressed air pressure was 0.1, 0.3 and 0.4 MPa. 
The selected spraying distance ranged from 100 to 
200 mm. During the experiments the thermocouples 
were installed along the axis of the air jet and sub­
strate at a distance of 10, 20 and 40 mm from the 
axis. 

Temperature of the air jet grows with increase in 
the arc current in all the modes of the electric arc 

Parameters of the electric arc metallising process 

Mode 
number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Arc 
current 

I ., A 

150 

150 

. 150 

250 

250 

250 

150 

150 

250 

250 

150 

250 

150 

250 

RNA 

Arc 
voltage 
u •. v 

24 

24 

24 

28 

28 

28 

24 

24 

28 

28 

24 

28 

24 

28 

Air pressure 
P, MPa 

0.1 

0.3 

0.4 

0.1 

0.3 

0.4 

0.3 

0.3 

0.3 

0.3 

0.3 

0.3 

0.3 

0.3 

Spraying 
distance 
Ls• mm 

150 

150 

150 

150 

150 

150 

150 

150 

150 

100 

100 

100 

200 

200 

Distance 
from nozzle 

to 
temperature 
measurement 
point Ln, mm 

30 

30 

30 

30 

30 

30 

60 

90 

60 

90 

60 

60 

60 

60 

15 



SCIENTIFIC AND TECHNICAL 
T, °C 
,-----------~----------~ 

Ia = 150 A Ia = 250 A 

BOO 

600 

400 

200 

0 40 0 20 
a 

Ia = 150 A 

BOO 

600 

400 

200 

Ia = 150 A Ia = 250 A 

0 20 0 20 40 r, mm 

8, mrr 

0.6 

0.4 

0.2 

spraying p 
adhesions 
increased t 
of the arc p 
in the exte 
oxidation ' 

20 0 20 40 r, mm 

Figure 1. Effect of arc current I. on jet temperature T: a -
modes 1-6; b - 7-10; c - 11-14 (see the Table); r -
distance from the arc axis to the point of measurement of 
the jet temperature 
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Figure 2. Effect of spraying distance on distribution of temperature 
in metal substrate at I.= 200 A, U. = 26 V, P = 0.4 MPa and t = 
= 6 s: f - L, = 100; 2 - 150; 3 - 200 mm 
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metallising process (Figure 1). Air pressure also af­
fects the jet temperature. For instance, atP = 0.1 MPa 
and I a= 150 A the maximal temperature of the jet at 
the axis is somewhat higher than 600 °C. Diameter 
of the jet, having a temperature of 400 oc, amounted 
to 40 mm at I a= 150 A and 60 mm at I a= 250 A. As 
the air pressure is increased to 0.4 MPa, temperature 
of the jet at its axis grows to 900 oc at I a = 1 SO A 
and 1000 oc at Ia = 250 A. With such an increase in 
the air pressure the high-temperature region of the 
jet decreases 3-4 times. 

The distribution of temperature in metal substrate 
as a function of spraying distance Ls is shown in Figure 
2. At a relatively small ( 100 mm) spraying distance 
the substrate temperature amounts to 700 oc and con­
tinues growing with decrease in L 5 • At a spraying 
distance of 150-200 mm the substrate temperature 
decreases to 350-500 oc, which leads to increase in 
the heating zone temperature to 300 °C. Thickness of 
a coating within the heating spot varies in a similar 
way: the higher the arc current and spraying time, 
the thicker the coating at the heating spot centre 
(Figure 3). 

For the given diameter of the electrode wires 
(2 mm) the optimal values of the arc current and arc 
voltage in electric arc metallising are 250 A and 28 V, 
respectively. At lower values of the arc current (100-
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Figure 3. Effect of spraying time t on coating thickness 8 at the 
heating spot centre at different values of the arc current: 1 - I = 
= 100; 2 - 150; 3 - 200 A a 

150 A) there is a decrease in the productivity of the 
spraying process. In this case the coating to substrate 
adhesion strength is relatively low. As the current is 
increased to 350 A and more, the length and diameter 
of the arc plume grow. This is accompanied by increase 
in the extent of spattering of the electrode metal and 
oxidation of the sprayed material surface . 

Quality of the sprayed coating greatly depends 
also upon the air pressure and spraying distance. At 
low values of the air pressure (0.1-0.2 MPa) the 
resulting coatings have a coarse-grained metal struc­
ture (Figure 4, a). Increase in the air pressure to 
0.4 MPa leads to decrease in grain size (Figure 4, b). 
In both cases the matrix phase in metal structure of 
a coating is solid solution of chromium in a- or y-iron. 
A ca.rbide phase is formed in structure of the coating, 
leadmg to a marked increase in its hardness [3]. At 
a spraying distance of up to 150 mm, the molten 
electrode metal particles reach the substrate surface, 
thus providing dense coatings characterised by a 
strong adhesion to the substrate. At a spraying dis­
tance of more than 200 mm the spray material particles 
may be overcooled, and the coating to base metal 
adhesion strength may decrease. Specific parameters 
of the electric arc metallising process are required for 
each dimension and type of a part sprayed. A small 
amount of easily ionised compounds of alkali or al­
kali-earth metals should be added to a flux-cored wire 
to increase stability of the arc [ 6]. Such additions 
allow the electric arc metallising process to be carried 
out at an alternating current and with a pulsed arc. 

CONCLUSIONS 

1. Temperature of the air jet in electric arc metallising 
increases with increase in the arc current and air pres­
sure. The jet temperature along the axis decreases 
from 900-1000 to 500-600 'C with increase in the 
spraying distance from 100 to 200 mm. The high-tern-
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Figure 4. Microstructure of coating sprayed using the flux-cored 
and all-drawn wire at P = 0.1 (a) and 0.4 (b) MPa: 1 - substrate· 
2 - interface; 3 - coating (x200) ' 

perature region of the jet decreases 3-4 times almost 
along its entire length with the air pressure increased 
to 0.4 MPa. The closer to the nozzle, the more dra­
matic i~ the temperature gradient in peripheral layers 
of the jet under all conditions considered. 

2. As the spraying distance is increased from 100 
to 200 mm, the temperature of the steel 09G2 substrate 
3 mm thick decreases from 700 to 350 ·c. The largest 
thickness of a coating on the substrate is along the 
heating spot axis. The higher the arc current and t he 
longer the spraying time, the larger the coating thick­
ness. 
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INCREASE IN FATIGUE LIMIT OF WELD METAL 
IN APPLICATION OF REFINED COMPLEX ALLOY 

IN COATING OF ELECTRODES UONI-13/55 
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It is shown that a complex ferroalloy used instead of traditional ferroalloys, i.e.deoxidizers, in electrode coatings leads 
to decrease in the content of non-metallic inclusions in low-carbon weld metal, increase in its short-time mechanical 
properties and fatigue limit. 

Keywords: electric filters, mechanism of vibration, vibrat­
ing beam, striker, anvil, cracks, ferroalloys 

In thermal electric stations, metallurgical plants and 
cement plants the settling electric filters are used for 
purification of air flow, dusted with suspended par­
ticles. Effectiveness and duration of their service de­
pend greatly on the operation of a vibration mecha­
nism realizing the removal of particles precipitated 
on the electrode. Working organs of the vibrating 
mechanism are a striker and anvil. 

For welding of anvil to a beam of vibration the 
basic electrodes of UONI-13 / 55 type are used, pro­
viding the deposited metal with strength and ductile 
properties, maximum for non-alloyed steels. Never­
theless, cracks locating mainly in weld metal, were 
revealed in welds, joining the anvil with the beam of 
vibration (Figure 1). These cracks themselves do not 
cause the fractures of metal structures of an electric 
filter. However, as the beam of vibration plays a role 
of an elastic waveguide, their presence leads to the 
increase in dissipating properties of material and dis­
persion of impact impulse energy. 

According to work [ 1], the coefficient of energy 
absorption is 5 times increased at a fatigue crack em­
bracing up to 35 % of a console I-beam section. Con-

Figure 1. Cracks in weld metal made by electrodes UONI-13 / SS 
in spots of anvils welding to vibrating beam observed in the process 
of repair: a - cross-section of beam; b - the same, top view 

sequently, the occurring cracks increase the damping 
properties of weld metal, as a result of which the drop 
of particles, trapped on receiving electrode, is not 
efficient enough that reduces the degree of purifica­
tion of a dust-gas flow. The dust is sticked to elec­
trodes, the increase in mass leads to a sagging of 
load-carrying structures and premature failure of the 
whole filter. 

The aim of the present work is to study the causes 
of appearance of cracks in the spots of welding anvils 
to a beam of vibration and to develop the measures 
preventing their initiation and increasing the fatigue 
limit of the weld metal. 

During the period of vibrating beam operation 
(5-7 years) it should withstand from 2·105 to 1·106 

cycles of load, depending on vibration intensity [2]. 
Investigation of weld metal in spots of anvils joining 
with beam after the completion of service term showed 
that the initiation of microcracks is occurred in regions 
of clustering non-metallic inclusions (Figure 2). Un­
der the conditions of elastic deformation of weld met­
al, the initiation and further propagation of cracks is 
provoked by transfer of an impact impulse of inclusion 
of an arbitrary shape of 1-20 J..lm. Avalanche and 
branched cracks are passed more often along the in­
clusions of type of tialite (Al203xTi02), helinite 
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Figure 2. Series of cracks in the region of location of non-metallic 
inclusions in weld metal (x420) 

© V.S. POPOV, I.M . BILONIK, S.P. BEREZHNY, M .V. SIDORENKO, A.A. SELEZNYOV and V.V. POPOV, 2004 

(Ca0xAl20 
(Figures 3 a 

Number 
is much larg 
wire. Inclusi 
of deoxidati 
result of con 
particular fer 
trode coatin 
13 / 55 includ 
FMn-1.0 and 

It was sh 
ferroalloys of 
trodes DONI­
of electroslag 
non-metallic i 
and corundu 
The decrease 
reaches 36 %, 
eluding alumi 
formation of 
[ 4], that influ 
strength and 
metal. Howev 
acteristics of 
obtained at sho 
of the reliable 
jected to impa 
quired service 
fatigue fractur 
the strength a 

The positiv 
process on its 
described in we 
of metal deposi\ 
coating contair 
electroslag met] 
of weld metal ~ 
vestigations we1 
of steel St.3sp ( 
ness with a 7 m 
industrial elect 
adding of ferrol 
by experimenta 
complex ferroal 
ing. Specimens 1 
direction . Plate! 
in a jig using 4 1 
current and 24-
of non-heat-trea 
with a parent m 

Fatigue limit 
mined in a dynar 
Technical Unive 
ing. Frequency o 
of keeping the ar 
of a left branch 
method of the le< 
tion of fatigue !if 
with a separate a 

18 IIIAL 
5/2004 5/2004 



L 
f\L 

LOY 
5 
V. POPOV2 

l atings leads 
~ mechanical 

ase the damping 
f which the drop 

P]ectrode , is not 
gree of purifica­
sticked to eJec­

ta a sagging of 
ure failure of the 

study the causes 
pf welding anvils 
lop the measures 
asing the fatigue 

beam operation 
pm 2·105 to 1·106 

~on intensity [2] . 
of anvils joining 

~ice term showed 
jccurred in regions 
~ (Figure2) . Un-
tion of weld met­
ation of cracks is 
pulse of inclusion 
. Avalanche and 
ten along the in-
~xTi02 ) , helinite 

• 

. . ., 
-~ 
·.;;" . .. .. , . 

•• 

cation of non-meta llic 

5/2004 

(CaOxAI20 3xSi02) and perovskite (CaOxTi02) 
(Figures 3 and 4). 

Number of non-metallic inclusions in weld metal 
is much larger than in the parent metal and welding 
wire. Inclusions in weld metal are not only a product 
of deoxidation in the process of welding, but also a 
result of contamination of the charge materials, in 
particular ferroalloys in the composition of the elec­
trode coatings. The coating of electrodes UONI-
13/55 includes ferrosilicium FS-45, ferromanganese 
FMn-1.0 and ferrotitanium FTi30A. 

It was shown in work [3] that in replacement of 
ferroalloys of industrial production in coating of elec­
trodes UONI-13 / 55 by a complex refined ferroalloy 
of electroslag melting the content of impurities and 
non-metallic inclusions of tialite, helenite, perovskite 
and corundum types is reduced in t he deposited metal. 
The decrease in content of non-metallic inclusions 
reaches 36 %, while that of refractory impurities, in­
cluding aluminium oxide, reaches SO %. Here, the 
formation of globular inclusion is occurred mainly 
[ 4], that influences to a lower extent the decrease in 
strength and ductile characteristics of the deposited 
metal. However, even the comparatively high char­
acteristics of mechanical properties of weld metal, 
obtained at short-time static tests, are not a guarantee 
of the reliable performance of welds in structures sub­
jected to impact and alternating loads during the re­
quired service period. At intensive impact load the 
fatigue fracture resistance is a decisive factor defining 
the strength and reliability of the welded joint. 

The positive effect of metal refining in electroslag 
process on its ductile properties and fatigue limit is 
described in works [S-7] . To check the fatigue limit 
of metal deposited by electrodes UONI-13 / 55, whose 
coating contained a complex ferroalloy refined by 
electroslag method [3], the comparative fatigue tests 
of weld metal at symmetrical loading were made. In­
vestigations were performed on butt welded specimens 
of steel St.3sp (killed), 23x150 mm size, 5 mm thick­
ness with a 7 mm central hole. They were welded by 
industrial electrodes UONI-13 / 55 with a separate 
adding of ferroalloys into coating of electrodes and 
by experimental electrodes UONI-13 / 55, having a 
complex ferroalloy of electroslag melting in the coat­
ing. Specimens for welding were cut along the rolling 
direction. Plates were welded by a double-sided weld 
in a jig using 4 mm diameter electrodes at 160-180 A 
current and 24-26 V arc voltage. The reinforcement 
of non-heat-treated welded joints was machined flush 
with a parent metal . 

Fatigue limits of specimens (Figure 5) was deter­
mined in a dynamic laboratory of Zaporozhie National 
Technical University in the unit of axial cyclic load­
ing. Frequency of loading was 20-22Hz, and accuracy 
of keeping the amplitude of loading - 3 %. Plotting 
of a left branch fatigue curve was made using the 
method of the least squares. Root-mean-square devia­
tion of fatigue life for specimens welded by electrodes 
with a separate adding of ferroalloys and with a com-
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Figure 3. Crack passing through exogenous inclusions (x420) 

plex ferroalloy of electroslag melting, was 0.044 and 
0.040, respectively. 

Within the entire range of changing the loads t he 
fatigue resistance of metal deposited with electrodes 
having a complex ferroalloy of electroslag melt ing is 
higher than that with electrodes having a separate 
adding of ferroalloys. With increase in number of 
loading cycles this difference in values of fatigue limit 
is, as a rule, increased to the benefit of welds made 
by electrodes with a complex ferroalloy in the coating. 

The fatigue limits were determined using proce­
dure given in [8]. The load pitch was 4 MPa. Fatigue 
limit of metal 0'- t deposited with industrial electrodes 
at a separate adding of ferroalloys was (86 .9 ± 3. 1) 
MPa, and root-mean-square deviation 5 0 _

1 
was 3.36. 

For metal specimens deposited by experimental elec­
trodes with a complex ferroalloy of electroslag melt­
ing the fatigue limit reached (100.7 ± 3.4) MPa, and 
root-mean-square deviation was 3.25. The confidence 
intervals were obtained for probability of fracture 
equal to 95 %. Thus, the use of a complex fer roall oy 
of electroslag melting in the coating of electrodes 
UONI- 13/ 55 guarantees the increase in fatigue limit 
of deposited metal by 16 %. 

Stability of obtained properties was evaluated by 
the coefficient of variation of a mean value of fatigue 
limit Sa_/ Q'_1 characterizing the scattering of char-
acteristics which occurred to be equal to 0.04 for weld 
metal made by electrodes with a separate adding of 
ferroalloys into the coating of electrodes and 0.033 
for weld meta l made by electrodes with a complex 

-
• • • 

Figure 4. Branching of microcrack a long non-meta llic inclus ions 
in weld metal (x420) 
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Figure 5. Results of fatigue tests of weld metal made by electrodes 
UONI-13 / SS: 1 - welded joint made by electrodes with separate 
adding of ferromanganese, ferrosilicium and ferrotitanium into 
coating; 2 - welded joint made by electrodes with adding of a 
complex ferroalloy of electroslag melting into coating 

ferroalloy of electroslag melting. Thus, in use of a 
complex ferroalloy in the coating of electrodes UONI-
13 I 55 the scattering of characteristics of fatigue limit 
of deposited metal is 1.2 times reduced. 

The capability of metal of anvil-vibrating beam 
welds to withstand impact loads under the conditions 
of operation of vibrating devices of electric filters was 
evaluated from the results of testing full-scale com­
ponents mounted on a special impact stand designed 
in collaboration with the Chair of Welding Equip­
ment and Technology of Zaporozhie National Techni­
cal University and Open Joint Stock Company 
<< Yuzhtsvetgazoochistka~. Stand simulates the real 
energy parameters of impact load to which the vibrat­
ing beam of the electric filter is subjected. 

Tests on base of 1·1 06 cycles of full-scale models 
in impact stand showed that in 18 % of welds made 
by electrodes UONI-13 / 55 with a separate adding of 

20 

ferroalloys the crack were observed visually, which 
initiated in the root weld region and propagated in 
the deposited metal. In welds made by experimental 
electrodes with a complex ferroalloy in the coating 
the cracks were not observed visually after 1·106 cycles 
of tests. 

Thus, in replacement of all ferroalloys in the coat­
ing of electrodes UONI-13 / 55 by a complex ferroal­
loy of electroslag melting the increase is observed not 
only in short-time mechanical properties determined 
in metal testing deposited by these electrodes, but 
also in fatigue limit of weld metal in the process of 
a long-time service at cyclic and impact loading as a 
result of decrease in content of non-metallic inclusions 
in weld metal. 
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SCIENTIFIC AND TECHNICAL 

STRUCTURE AND MECHANICAL PROPERTIES 
OF WELDED JOINTS MADE UNDER THE WATER 

WITH FLUX-CORED WIRES 

V.Ya. KONONENKO and I A.O. KORSUNI 
<<Ekotekhnologiya», Kiev, Ukraine 

Effect of the content of nickel on mechanical properties of the joints produced by wet underwater welding using 
self-shielded flux-cored wires has been studied. It is found that nickel additives improve the mechanical properties of 
weld metal. Investigations of the composition of non-metallic inclusions proved the absence of adhesion between the 
inclusion and matrix in some of them. This is related to increase in the concentration of hydrogen accumulated at the 
non-metallic inclusion-matrix interface during the structure formation process. Presence of such «traps» may decrease 
the rate of hydrogen mass transfer in underwater welding. It has been found that a mixed ferrite structure of the weld 
metal characterized by chemical heterogeneity is formed at a nickel content above 1.2 wt.%. 

Keywords: wet welding, flux-cored wires, mechanical 
properties, non-metallic inclusions, weld metal structure 

It is known that during formation of welds made by 
consumable-electrode wet underwater welding, the 
metal is exposed to the following environmental im­
pacts: intensive cooling (2 to 9 times higher than in 
welding in air [ 1-5]), high concentration of oxygen 
and hydrogen in the vapour-gas bubble [6, 7], higher 
pressure, transition of salts dissolved in the water 
into the metal at water evaporation in the reaction 
zone. 

While intensive cooling promotes strengthening 
of the metal of welds made by wet underwater weld­
ing, high concentration of oxygen in the reaction zone 
leads to a practically complete burning out of the 
main alloying elements (carbon, silicon, manganese) 
[6-8]. Under such conditions increase of the mechani­
cal and ductile properties of the metal of the joints 
can be achieved by correct selection of the alloying 
system. 

Nickel is one of the elements successfully used for 
alloying of a number of steels [9]. Its addition in­
creases the strength of interatomic bonds in the crys­
talline lattice of iron. It also promotes weakening of 
the carbon bond in the austenite lattice and enhances 
its diffusion coefficient [9]. Steel alloying with nickel 
decreases its brittle fracture susceptibility [10]. 

Known are examples of weld metal alloying with 
nickel, when developing self-shielded flux-cored 
wires for wet underwater welding [ 11-13]. Nickel 
was used in the alloying system of PPS-AN5 flux­
cored wire [14]. However, a lowering of ductile prop­
erties of weld metal was found in welding steels 09G2 
and 09G2S with this wire. 

The purpose of this work is establishing nickel 
influence on the mechanical properties and structure 
of the metal of joints in low-alloyed steels, produced 
under the conditions of underwater welding with flux­
cored wires with Mn-Al-Ce-Ni alloying system. 

© V.Ya. KONONENKO and I A.O. KORSUNI. 2004 

When the experiment was conducted, it was in­
tended to perform welding with three flux-cored wires 
of rutile type (PPS-AN5 analog), to which 0.8, 1.2 
and 1.6 wt.% Ni were added successively by decreas­
ing the content of iron powder. Weight fraction of 
other slag-forming components was not changed. 
Flux-cored wires were made under the laboratory con­
ditions. Their filling coefficient was 31-33 %, diame­
ter being 1.6 mm. Butt joints were made with these 
wires in the downhand position at 0.6 m depth in 
fresh water in the recommended modes. ASUM-400 
arc power source with a flat external volt-ampere 
characteristic was used. Total length of welding cir­
cuit of 70 mm2 cross-section was 80 m. Base metal 
was 09G2 steel (0.093 % C; 1.48 % Mn; 0.27 % Si; 
0.025 % S; 0.027 % P) 12 mm thick. Eight longitu­
dinally arranged five-fold samples (their gauge di­
ameter being 3 mm) for rupture testing of weld metal, 
as well as transverse macrosections were cut out of 
each of the produced butt joints. 

Tensile testing of samples to fracture was per­
formed in rigid tensile-testing machines UMM-5 and 
Instron-1250 Onstron Company, Great Britain), fit­
ted with specially developed attachments, allowing 
thermostatting of the samples at the temperature from 
-196 up to+ 20 ·c. During tensile testing the diagrams 
are recorded in force-time coordinates. Processing of 
loading diagrams and measurement of sample sections 
before and after fracture allowed determination of 
proof stress, cr0.2, ultimate tensile strength crt, as well 
as relative reduction in area \jf. Analysis of the micro­
structure of weld metal and fractures was performed 
in JSM-840 raster electron microscope (REM) 
(JEOL, Japan) and JEM-200cx transmission electron 
microscope (TEM) (JEOL, Japan). Microanalysis 
was conducted in spectral and energy-dispersive spec­
trometers, incorporated in REM <<Superprobe-733~ 
(JEOL, Japan). Element distribution over the sample 
surface was analyzed using Digimap program. Hydro­
gen concentration was determined in XAS-2000 mass­
spectrometer (Riber, France). 
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Table 1. Alloying element content ( wt.%) in the weld metal de­
termined with local probe analysis 

Experi­
ment 
No. 

938 

939 

940 

Nickel 
weight 

fraction in 
the charge, 

% 

0.8 

1.2 

1.6 

Fe 

99.16 

98.70 

98.05 

Mn 

0.193 

0.173 

0.228 

Ni 

0.515 

0.913 

1.536 

s 

0.120 

0.210 

0.088 

Note. Weight fraction of silicon in weld metal is 0.01-0.02 %, 
with traces of aluminium and cerium. 

Results of local spectral analysis of weld metal 
are given in Table 1, and results of mechanical testing 
of samples - in Table 2. 

The data in Table 1 indicate that the total amount 
of nickel added to the wire goes into the weld metal. 

Analysis of the data given in Table 2 showed that 
increase of nickel content in the weld metal leads to 
improvement of the strength properties of weld metal 
with a certain deterioration of its ductile properties. 

Metallographic analysis of the structure of weld 
metals with different content of nickel was performed. 
It was established that addition of nickel, alongside 
with refinement of the ferrite grain (Figure 1, a, b 
and e, f) also leads to increase of volume fraction of 
the acicular structural component (Figure 1, e, f). 
Increase of nickel content in the welds promotes for­
mation of a certain structural inhomogeneity, namely 
regions of an acicular ferrite structure. 

Analysis of the nature and distribution of non-me­
tallic inclusions (NMI) in the weld metal showed that 
a large part of NMI is not connected to the ferrite 
matrix, but is separated from it by microcavities, 
which is readily seen in Figure 2. This is attributable 

Table 2. Influence of temperature on mechanical properties of 
weld metals produced by flux-cored wire underwater welding 
with different content of nickel 

T, °C 

+20 

-60 

-120 

-160 

-170 

-180 

-196 

+20 

-60 

-120 

-160 

-170 

-180 

-196 

+20 

-so 
-120 

-170 

-180 

-185 

cr0_2, MPa li,% 

Nickel weight fraction 0.8% 

373 

430 

572 

631 

634 

722 

713 

451 

521 

603 

634 

642 

724 

713 

14.2 

16.5 

11.1 

9.8 

7.4 

7.9 

0.2 

Nickel weight fraction 1.2% 

375 

416 

560 

639 

651 

722 

713 

458 

515 

606 

668 

656 

724 

723 

12.5 

15.5 

13.9 

9.3 

2.3 

5.8 

0.2 

Nickel weight fraction 1.6% 

378 

416 

475 

662 

682 

713 

464 

515 

557 

679 

693 

719 

7.2 

21.3 

15.4 

8.4 

4.3 

6.3 

\11,% 

46.2 

55.1 

60.3 

59.9 

40.2 

12.9 

0.7 

31 .1 

49.6 

61.6 

45.2 

11.6 

6.6 

0.7 

27.2 

41.7 

51 .5 

46.7 

24.3 

36.0 

Figure 2. r- x1700) 

to the fact 
is markedly 
NMI and 

Figure 3 . Nickel 
Figure 1. Microstructure of weld metal with different nickel content: a, b - 0.5; b, d - 1.0; d, f - 1.5 wt.% Ni (a, c, e - x200; cored wire with 1.5 
b, d, r- x1000) tration map (x4500 
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% 

% 

4.2 

1.1 

9.8 

7.4 

7.9 

0.2 

% 

2.5 

15 .5 

13 .9 

9.3 

2.3 

5.8 

0. 2 

% 

7.2 

21.3 

15.4 

8.4 

4.3 

6.3 

\jl,% 

46.2 

55. 1 

60.3 

59.9 

40.2 

12.9 

0. 7 

31.1 

49.6 

61.6 

45.2 

11.6 

6.6 

0.7 

27.2 

41.7 

51.5 

46. 7 

24.3 

36.0 

Figure 2. Fractograph of fracture surface of welds made under the water (a - x500; b - x1400; c - x5000; d - x900; e - x1500 ; r- x1700) 

to the fact that the concentration content of elements 
is markedly reduced in the boundary region between 
NMI and the matrix (Figure 3). 

This is confirmed by the results of investigations 
conducted in XAS-2000 mass-spectrometer. It is fur­
ther established that a greater content of hydrogen 
was found in the st ructural regions with higher NMI 
content than that in the structural regions with a 

Figure 3. Nickel distribut ion in t he weld metal produced by flux­
cored wire with 1. 5 wt.% Ni: a - studied structure; b - concen-

lower NMI content. Results of the conducted inves­
tigations lead to the conclusion that a significant 
amount of NMI is separated from the matrix by hy­
drogen-filled microcavities. Similar to welding in air 
with rutile type electrodes, such ~traps~ can change 
the hydrogen mass transfer rate in the weld metal 
[ 13]. Under the conditions of wet underwater welding 
mass transfer is slowed down with increase of the 
number of the ~traps~. 

Investigations of NMI at large magnifications al­
low establishing the presence of structural regions 
along their edge, differing in phase composition (Fi­
gures 4 and 5). Most probably, these are regions of 
sulphur precipitation. 

As follows from analysis results (Figures 6-8), 
the weld metal structure consists of a ferri te matrix 
and a phase with a higher content of carbon. 

The characteristic distribution of the main alloying 
element, namely nickel, across the grain body also 
has a significant influence on the shape of the ferrite 
grain. Figures 3, 9 and 10 give the analysis zone and 
nature of nickel distribution between ferrite grains of 
different shape. As follows from the experimental re­
sults, given in these Figures, ferrite grains of an acicu-

tration map (x4500 ) Figure 4. NMI in a ferrite grain matrix (x50000) 
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Figure 5. Light- (a) and dark-field (b, c) image of NMI in the meta l of welds made under t he water (x15000) 

Figure 6. Diffraction patterns of the matrix (a), carbide phase (b) and grain structure (c) of the meta l of welds made by underwater 
welding (x55000) 

Figure 7. Grain microstructure in the metal of welds made by 
underwater welding (a - x30000; b - x8000) 

Figure 8. Dark- field image of carbide phase in metal structure of 
welds made by underwate r welding (x55000) 

Figure 9. Nickel distribution between ferrite grains of d ifferent 
shape in the metal of welds made by underwater welding with 
1.5 wt.% Ni wire (a, b - see Figure 3) 
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lar shape form at nickel content in the welds above 
1.2 %. 

It may be assumed that presence of a mixed struc­
ture in this case is related to chemical inhomogeneity 
of nickel distribution . An increase of nickel content 
is found in acicular ferrite grains, and, contrarily, a 
lowering of its content in the polygonal ferrite grains. 

Therefore, in order to ensure higher mechanical 
properties of the joints produced by wet underwater 
welding, it is necessary to eliminate or minimize the 
concentration gradients of nickel in the weld metal 
structure. This can be achieved through a significant 
limitation of the content of the latter or increase of 
the weight fraction of manganese in the deposited 
metal. 

CONCLUSIONS 

1. Higher nickel content leads to higher strength prop­
erties of the metal of welds made by underwater weld­
ing, and somewhat lower ductile properties of the 
welds. 

2. In some NMI there is no adhesion between the 
inclusion and matrix, which is, probably, caused by 
a higher concentration of hydrogen, which accumu­
lates on NMI and matrix interface. Presence of such 
~traps~ for hydrogen may lower its mass transfer rate 
during formation of welded joints in underwater weld­
ing. 

3. At nickel content above 1.2 wt.% a mixed struc­
ture of weld metal forms with a chemical microinho­
mogeneity. Its level can be reduced by varying the 
proportion of alloying elements. 
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APPLICATION OF ELECTROSLAG WELDING 
IN REPAIR OF BLAST FURNACE BODY 

AT OJSC ~KGMK KRIVOROZHSTAL~ 

Yu.N. LANKIN 1
, V.G. TYUKALOV1

, A.A. MOSKALENK01
, A.M. GERASIMENK01

, V.A. KOVTUNENK01
, 

I O.P. BONDARENKOI 1
, D.Yu. KUZMENK02

, P.V. MARYSHEV2 and G.N. CHABAN2 

1E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 
20JSC ~KGMK Krivorozhstal», Krivoj Rog, Ukraine 

Mechanical properties of metal of 45 mm thick 06G2B steel welded joint made by high-speed electroslag welding with 
additional concurrent cooling are presented. Selection of method of electroslag welding for enlargement of blocks and 
erection of a girth of a non-cooled part of a self-bearing housing in repair of the first stage of blast furnace DP-9 at 
OJSC ~KGMK Krivorozhstal» was substantiated. The process flow diagram using the new machine AD-381 for site 
electroslag welding is described. 

Keywords: electroslag welding, housing of blast furnace, 
machine for site welding, sparsely-alloyed steel 06G2B of in­
creased strength 

The largest in Europe blast furnace DP-9 of 5 000 m3 

capacity at OJSC <1KGMK Krivorozhstah was put 
into service in 1974. A self-bearing housing of the 
furnace was manufactured from steel of 16G2AF grade 
( ChMTU 1-349-68) of 40 and 45 mm thick class 440 
of increased strength with a nitride strengthening. 

In the process of continuous service under the se­
vere specific conditions the deformations, defects and 
damages were accumulated in the furnace structures, 
requiring the replacement of some regions. To replace 
the areas of a non-cooled part of the housing, a plate 
rolled metal from the 06G2B quality sparsely-alloyed 
low-pearlitic steel of an increased strength (TS U 14-
16-150-99), alloyed with microadditions of molybde­
num, niobium, titanium, aluminium was selected. 
Steel of 45 mm thickness has yield strength of not 
lower than 440 MPa. 

In accordance with the project of a capital repair 
of the first stage of the DP-9 blast furnace a unique 
technology was used for a self-bearing housing, con­
sisting in replacement of the entire girth of 7 m height 
located at 30m height and consisting of nine enlarged 
erecting blocks joined by vertical welds. Each erecting 
block was assembled of three panels. Welds between 
blocks and panels in blocks were performed by the 
electroslag method, which is characterized by high 
stability of the process proceeding. This promotes the 
producing of welded joints of a stable repeated qual­
ity. In addition, the absence of strict requirements to 
edge preparation, feasibility of use of standard weld­
ing consumables, high efficiency and economy make 
this method most adaptable for the fulfillment of long 
vertical butt joints of 30-60 mm thick metal, in par­
ticular in site conditions. 

As steel 06G2B was used in construction for the 
first time, it was necessary to select such method of 

electroslag welding which could provide the required 
properties of welded joint under the site conditions. 
The successful experience of application of electroslag 
welding with additional concurrent cooling of 40 mm 
thick high-strength steels [ 1-4] gave an opportunity 
to recommend this method for producing welded 
joints of steel 06G2B of increased strength of 45 mm 
thick. To confirm this proper selection, the investi­
gations of properties of welded joint metal were per­
formed under the laboratory conditions at the 
E.O. Paton Electric Welding Institute. Wire Sv-
1 ONMA ( GOST 2246-70) of 3 mm diameter and weld­
ing flux AN-8 (GOST 9087-69) were used as welding 
consumables. 

The aim of investigations was to determine the 
mechanical properties of weld metal and HAZ (yield 
strength, ultimate strength, elongation after rupture, 
impact strength, capabiiity of welded joint to undergo 
a static bending, strength of the weakest region at 
static tension), as well as to study the macro- and 
microstructure of the welded joint metal. 

Mechanical properties of metal of 06G2B steel 
welded joint, made by electroslag welding with a 
concurrent cooling (Tables 1 and 2), are not almost 
inferior to the same properties of the parent metal. 

Macro- and microstructural analyses showed the 
absence of defects of structure, such as pores, cracks, 
lack of penetration, hazardous quenched structures 
and sufficiently uniform distribution of hardness in 
weld metal, HAZ and parent metal. 

There were no cracks in specimens of welded joint 
metal subjected to static bend test ( 145° angle of 
bending). 

Practical recommendations on technique and tech­
nology of high-speed electroslag welding with an aux­
iliary cooling of 45 mm thick 06G2B grade steel in 
repair of a self-bearing housing of blast furnace DP-9 
at «l(GMK Krivorozhstali> were worked out on the 
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Table 1. Results of tensile test of welded joint metal 

Sampling place Yield strength, MPa Ultimate rupture strength, M Pa Elongation, % Reduction in area, % 

Weld metal 499.9-506.2 
503.5 

642.3-649.3 
645.5 

23.3-24.7 
24.2 

78.1-78.2 
78.2 

Parent metal 428 .8-453.8 
436.2 

560.0-572.5 
565.9 

28.0-34.0 
30.9 

83.8-86.5 
84.7 

Welded joint 552.2-557.4 
554.8 

Note. Here and in Table 2 the numerator indicates the range of values, while the denominator indicates mean values. 

basis of investigations. Main condition parameters are 
as follows: 

number of electrodes, pes ............................................ 2 
welding gap, mm ................................................ 24 + 2 
welding current, A ........................................ 1200 ± 100 
welding speed, m/ h ........................................... 4 ± 0.5 

The developed process flow diagram of repair 
works envisaged the arrangement on erection platform 
next to a furnace house of a specialized stand, designed 
and manufactured at <<KGMK Krivorozhstal >> for elec­
troslag welding of enlarged erection blocks, equipped 
with replaceable racks and ladders for attending per­
sonnel. Three panels of 7000x2400 mm size were pre­
liminary rolled by a required radius, and then assem­
bled in the stand into an erecting block in a vertical 
position. An assembly gap was fixed by cramps, lo­
cated from the concave side, and welding machine 
was moved along the guide rail (angle bar) mounted 
from the convex side of as-assembled erecting block. 
Run-in and run-out straps in electroslag welding were 
technological tolerances on panels, removed in cutting 
of the enlarged erecting block up to the required sizes. 
Tolerances were cut by a das-oxygen machine cutter 
with use of the welding machine carriage. 

Check of assembly of all the enlarged blocks into 
an appropriate girth of the furnace housing was made 
on temporary stand located on the erection platform. 

Table 2. Impact strength of welded joint metal (specimens with 
Mesnager notch) 

Place of notch 

Weld 

2.5 mm from fusion line 

5 mm from fusion line 

KCU, ] /cm2, at T, °C 

+20 

215.1-266.8 
236.5 

272.6-360.0 
330.9 

360.0 
360.0 

-40 

90.5-161.1 
131.6 

63.7-261.6 
175.1 

360.0 
360.0 

Position of separate blocks and the whole as-assem­
bled girth both on stand and then on housing were 
checked using geodesic instruments. Then , a fragment 
was cut from the blast furnace housing girth, sub­
jected to replacement. The accuracy of cutting was 
provided using a mechanized cutting by the machine 
oxygen cutter, mounted on the welding machine car­
riage. 

Appropriate enlarged block was mounted on the 
place of the cut fragment and fastened by assembly 
devices and welding of upper and lower horizontal 
welds was made. Then, a next fragment was cut, 
another enlarged block was mounted, electroslag 
welding of vertical weld was made joining both 

Parent metal 360.0 360.0 Figure 1. Electroslag welding of vertical joint of erecting blocks 
360.0 
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360.0 (view from erection suspension platform arranged inside the blast 
furnace housing) 
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Figure 2. New two-electrode machine AD-381 for site electroslag 
welding of 30-60 mm thick metal 

mounted blocks. Further, the welding of upper and 
lower welds joining the second enlarged block with 
housing was made. Then, one more girth fragment 
was cut, the next enlarged block was mounted, elec­
troslag welding of weld, joining again the mounted 
block with previous one, and also the welding of joints 
between the block and housing were made. In such a 
sequence all nine enlarged blocks were erected and 
all nine vertical welds were welded by the electroslag 
method. 

Each enlarged erecting block and housing element 
being dismantled were transported by an erecting 
crane through a cupola part of the furnace. The process 
flow diagram envisaged the movement of the welding 
machine along the inner surface of the body. More­
over, the guiding rack (angle bar) of the machine was 
mounted on as-welded-in erection block. This made 
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it possible (in case of need to make a required assembly 
gap) to use the machine carriage as a base for gas­
oxygen cutter. The assembly gap for the electroslag 
welding between the erecting blocks was fixed by 
assembly cramps mounted from the external side of 
the body. Welding machine, power sources, cassettes 
with welding wire were arranged on a suspended plat­
form beside the weld inside the blast furnace body 
(Figure 1). 

To realize the developed process flow diagram with 
allowance for peculiarities of welding condition pa­
rameters (welding speed was increased up to 4 m/h), 
the new machine for the site electroslag welding AD-
381 was designed (Figure 2) [5]. Quality of all the 
welds was inspected by visual-optical and ultrasonic 
methods of control. Places of completion and inter­
section of welds were additionally controlled by gam­
magraphy. Before putting the furnace into operation, 
the tests of a self-bearing housing for strength and 
air-tightness were performed in accordance with re­
quirements of SNiP III-18-75. 

Thus, owing to the strict keeping the technology 
developed the unique operation of replacement of 
damaged metal of blast furnace housing girth by the 
new high-strength sparsely-alloyed steel of 06G2B 
grade was realized in the scheduled terms. 

All vertical enlarging and site joints were made 
by a high-speed electroslag welding with additional 
concurrent cooling. Total length of all these welds 
was 140m, i.e. "" 60 % of mass of metal deposited by 
different methods of welding in repair of the housing. 

Specialized machine of the new generation for the 
site electroslag welding of 30-60 mm thick metal was 
tested successfully under the industrial conditions. 

The application of electroslag welding in parallel 
with high process efficiency made it possible to pro­
duce the required properties of the joints. 
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12GN2MFAYu of 40 mm thickness. Ibid., 11, 58-59. 

4. Khakimov, A.N. (1984) Electroslag welding with control of 
thermal cycles. Moscow: Mashinostroenie. 
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electroslag welding with forced formation of vertical joints. 
Svarshchik, 4, 3. 
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FATIGUE DAMAGES OF WELDED CRANE BRIDGES 

O.A. EMELIANOV1
, V.P. SHEPOTK0 1

, Yu.V. PIKHOTA1
, S.V. LUBENETS1 and A.G. BURENK02 

1Donbass State Engineering Academy, Kramatorsk, Ukraine 
2Company «Novokramatorsk Machine-Building Plant», Novokramatorsk, Ukraine 

Results of analysis of fatigue damages in welded bridges at 1500 cranes covering a period of the last 25 years are 
presented. The need to revise approaches to methods and principles of design, fabrication and calculation of welded 
bridge structures is noted. 

Keywords: welded structures, welded bridges of cranes, 
concentration of stresses, alternating stresses, vibration, cyclic 
fatigue life 

Since the beginning of use of welding technologies in 
crane construction, they were constantly improved to 
increase the strength and cyclic fatigue life of welded 
joints. 

However, as the results of diagnostics showed, 
these works, made during SO years, did not always 
contribute to a significant increase in life of welded 
crane bridges. 

Welded joints on crane bridges during service have 
much lower and rather instable fatigue resistance, 
than that determined in lab conditions in testing full­
scale specimens for the same load conditions. 

Fatigue cracks are revealed usually on all the areas 
of welded bridges, in particular in those places where 
there are different design elements welded to beams 
or technological cuts made in elements for providing 
welds (Figures 1-4) . 

In riveted crane bridges the cracks can initiate 
after the long-term service. For example, at Company 
«Novokramatorsk Machine-Building Planti> 150 
cranes of «Skodai> company with riveted bridges of 
1933-1935 years of manufacture, are operating until 
now, in which the running wheels, bearing units, 
gearing in reduction gears of drives and different units 

Figure 1. Design stress concentrator formed by a non-welded butt 
of bars (rails): f - narrow gap between edges of bars 2; 3 -
beam chord; 4 - crack in chord 

in electric equipment were replaced, however, there 
were no damages in metal structures of bridges. 

Crane constructors state on the basis of the expe­
rience of service of riveted and welded bridges that 
the causes of observed reduction in cyclic fatigue life 
of welded bridges can be only the thermophysical and 
chemical-metallurgical actions on weldments, result­
ing in the formation of local differences in chemical 
composition, structure and geometry, leading to de­
terioration of mechanical properties and increase in 
concentrations of stresses, and also residual stresses 
and plastic deformations in a near-weld zone. There­
fore, the problem of increase in fatigue life of struc­
tures should be solved by specialists-welders. 

Fatigue damages of welded crane bridges, except 
corrosion ones, reach 100% of their premature failures 
and are a main factor defining the fatigue life of these 
structures [ 1 , 2]. 

Laboratory of technical diagnostics of Donbass 
State Engineering Academy (DSEA) carries out in-

3 

2 
Figure 2. Design stress concentrator formed by welding a longitu­
dinal stiffener t and elements to a lower chord 2 by diaphragm 3 
with a relatively small gap between them; 4 - cracks 
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a b 
Figure 3. Design stress concentrator formed by fastening of frame 
(a) or bracket (b) to plate of main beam wall: 1 - reduction gear; 
2 - frame; 3 - bracket; 4 - cracks 

vestigations since 1978 on the creation of rational 
welded structures of load-carrying constructions. 
During past 25 years 1500 overhead travelling cranes 
were diagnosed. It was established that up to 60 % 
of inspected machines have fatigue damages, forming, 
as a rule, in places where calculations, made using 
the generally-accepted procedures, and strain meas­
urements under service conditions show a low level 
of stresses from loads, caused by lifting-lowering of 
weights and their transporting along the main beams, 
i.e. in those places where their appearance was not 
predicted . 

Moreover, the damages of extended most loaded 
lower chord of main beams were revealed only in six 
cases and caused by a non-rational design of welded 
sub-assemblies and lamination of plate of chords (see 
Figures 1-3). 

The causes of damages of bridges, according to the 
results of analysis, were due to the presence of con­
centration of stresses in some welded joints, defects 
in welds and reduction in steel ductility, caused by 
a strain ageing [ 1 ] . 

The investigations showed that most welded sub­
assemblies in crane bridges, where the fatigue cracks 
were formed, were subjected to action of cyclic loads 
from lifting-lowering of weight and displacement of 
carriage with a weight, however, these loadings until 
the moment of crack formation were few and could 
not lead to fracture. 

Similar situation is observed in service of spans of 
railway bridges [3]. To clarify the causes of fatigue 

damages of welded crane bridges, it is necessary to 
take into account objectively the competence of as­
sumption, according to which a cyclic fatigue life of 
crane bridges can be defined only by loads occurring 
in the process of lifting-lowering of weight and its 
transportation by a carriage along the main beams of 
bridges, i.e. by loads only from change in level and 
place of applying forces of mass of load and carriage. 

During crane designing it is necessary to take into 
account the following two criteria: 

• the value of design deflection of main beams in 
the middle of span (rigidity of beams) at the action 
of dead weight and mass of loaded carriage; 

• allowable level of stresses in beam. 
Numerous calculations for strength confirm that 

stresses from alternating load on main beams of gen­
eral-purpose cranes of load capacity from 5 up to SOt 
and of a span from 10.5 up to 34.5 m have asymmet­
rical cycle with a coefficient of asymmetry r = 

= O'min i O'max = 0.2-0.4. Assurance of design rigidity 
of main beams of bridge [f] = L I k, where f is the 
allowable deflection of beam; L is the crane span; k = 

= 600-700 is the coefficient, depending on the opera­
tion condition of crane operation will cause the de­
crease in values of design stresses in a lower tension 
chord of beam to values cr = 110-120 MPa. Fatigue 
limit Ro.2s at loading by asymmetrical cycle with a 
coefficient of asymmetry r = 0.25 on the base of tests 
N = 2·106 cycles is equal to 126 MPa [ 4] at the con­
dition that the welded joint is butt, intersecting with 
a longitudinal weld. This joint is similar to butt joint 
of the chord, intersected by a weld that fastens the 
wall sheet to the chord, i.e. O'max < Ro.2s. where R 0.25 = 

= 126 MPa is the design fatigue resistance of low­
carbon steel. 

If to assume that crane is operating continuously 
all the year and each its cycle is equal to 10 min, then 
it will fulfill during a year T = 360·24·601 10 = 51840 
cycles and it should operate A = N I L = 

= 2·1061 51840 = 39 years before the appearance of 
the first crack. 

In practice, the high cyclic fatigue life of the most 
loaded middle cross-section of main beams of travel­
ling cranes in lifting-lowering and transportation of 

Figure 4. Design stress concentrators of different types (a-c) formed by welding-on of different elements and technological cuts (wavy 
hnes show cracks) 
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weights by the carriage, i.e. at the action of principal 
stresses, is confirmed. 

·. Then, the question is arisen how to explain the 
numerous fatigue damages of other low-loaded places 
of structure. 

The opinion is expressed in article [3] that the 
fatigue cracks can appear in welded different-purpose 
structures, corresponding to the requirements of pre­
sent effective standards of designing and manufacture, 
even at the early stage of the operation. Consequently, 
there are additional negative factors reducing the fa­
tigue resistance of welded structures which are not 
taken into account by the existing methods and stand­
ards of designing. 

These factors include, first of all, the loads causing 
the secondary stresses [ 1, 3], vibration of structures 
and their separate elements. Over the recent years, 
the new proofs of importance of allowances for vibra­
tions in designing of welded structures of crane 
bridges were obtained. Therefore, the radically new 
revision of approaches to the procedure and principles 
of designing, manufacture and calculations of welded 
structures of crane bridges as regards to their fatigue 
resistance is required. 

The importance of the soonest solution of these 
problems is confirmed by the results of investigations 
obtained by DSEA and other research organizations. 
Some new statements, established in DSEA [ 1], are 
given below: 

• place of initiation and configuration of main part 
of fatigue cracks prove that they are formed by the 
action of loads caused mainly by a force interaction 
of crane wheels with rails in its movement along the 
tracks; 

• damage of welded bridges occurs, as a rule , at 
intensive wear of wheel flanges caused by the action 
of transverse forces in wheel-rail contact in movement 
of cranes having an erecting misalignment of running 
wheels in a horizontal plane, i.e . when the force in­
teraction in wheel-rail contacts initiates the high-fre­
quency loads [1, 5]; 

• transverse loads are the sum of two (or several) 
alternating forces acting on the crane wheels both in 
horizontal and also in vertical planes, and produced by 
superposition on an alternating component (Figure 5) 
with a low frequency and high amplitude of high-fre­
quency components with lower amplitudes [6, 7]; 

• low-frequency component is energized during 
the crane movement along the rails mounted with 
deviations in height. Levels of amplitudes of low-fre­
quency components are directly proportional to tor­
sional rigidity of the bridge and difference of devia­
tions of rails in height in one transverse section of 
the span. High-frequency components, acting in hori­
zontal plane, are energized in rolling of wheels having 
an erecting misalignment in horizontal plane [ 6], 
while in vertical plane they are energized in crawling 
out the wheel flanges upward and subsequent drop 
downward along the lateral face of rails [ 1]; 
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Figure 5. Scheme of cycle shape at two-frequency load (cra1, aa2 -

amplitudes, respectively, of low- and high-frequency components 
of loads) 

• the cause of vibration appearance can be unproper 
alignment and balancing of rotating parts of drives, 
and also the contact of wheel pair gears in reduction 
gears; 

• the cyclic fatigue life of the welded bridge in 
action of two-frequency (or polyfrequency) load, pro­
duced by superposition on alternating component 
with a low frequency and high amplitude of high-fre­
quency components with lower amplitudes, can be 
significantly reduced, if the place of vibration source 
(wheel-rail, reduction gear contacts), located closely 
to weld, is subjected to the action of a low-frequency 
component (slipping parts of end beam, place of abut­
ting main beams to end beams, site welds of end 
beams). The formation of two-frequency loads on 
travelling cranes is described more in detail in work 
[ 1]. 

There is an opinion that the formation of cracks 
in above-described cases can be caused by secondary 
stresses which are taken into account in generally-ac­
cepted procedures of strength design in structures [ 8]. 
These stresses are formed often as a result of combined 
deformations of elements incorporated into welded 
sub-assembly or structure and having different rigid­
ity. As follows from article [3], the secondary stresses 
proper cannot lead to the decrease in the fatigue life, 
but this decrease is quite explainable if to take into 
attention that the higher high-frequency stresses from 
vibration of elements are superimposed on the secon­
dary low-frequency stresses (Figure 6). This total ac­
tion of two-frequency (or polyfrequency) loads is to 
be taken, as a whole, as «single type of external ac­
tion>>. 

The study of causes of fatigue damages of nuclear 
·reactors and submarine hulls showed also that two­
and polyfrequency (in general case) loads [8] decrease 
significantly the cyclic fatigue life of materials and 
joints . 

Methods of improvement of fatigue resistance of 
welded joints and structures can be divided into three 
distinguished groups, such as improvement of fatigue 
resistance by a local treatment of welds, rational de­
sign of welded sub-assemblies and rational schematic­
design solution of crane bridges as a whole. 

First group of methods. It is described compre­
hensively in works [3, 6] and widely used at present 
for improvement of fatigue resistance of welded joints. 
It is based on decrease in concentration of stresses in 
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Figure 6. Shape of cycle of polyfrequency loading of running wheels 
of travelling crane: a - scheme of misalignment of wheels; b -
oscillogram of wheels loading; 1-4 - numbers of wheels 

places of weld metal transition to the parent metal, 
where the fatigue cracks are more often formed, or 
on artificial inducing of residual compressive stresses 
in surface layers of weld and HAZ. 

The second group of methods. It is described com­
prehensively in war ks [ 1 , 9, 1 0]. The methods are 
based on rational design of welded sub-assemblies 
incorporated into the crane bridge. This makes it pos­
sible to provide the uniform transfer of force in design 
elements of the bridge, included into sub-assembly, 
i.e. to eliminate the concentration of stresses by a 
proper design within the limits of the welded sub-as­
sembly and elements, adjacent to it, to reduce the 
effect of residual stresses on fatigue resistance of welds 
and sub-assembly, as a whole, to prevent the strain 
ageing of steel in welded joints. Their rational and 
sufficient application in designing machines depend 
of qualification of the designer, i.e. an engineer-spe­
cialist on hoisting-transportation machinery who 
should have an appropriate education and training. 

The third group includes the methods of preven­
tion of factors [ 1, 9] causing the fatigue damages of 
welded bridge in its movement along the span, which 
are based on the improvement of schematic-arrange­
ment solution of the bridge and crane, as a whole, to 
eliminate and decrease significantly the range of re­
active forces in wheel-rail contacts, i.e. to prevent 
the change in forces and stresses in bridge design in 
movement of the crane along tracks having deviations 
from design sizes and also the feasibility of the vibra­
tion appearance. 

The investigations, made in DSEA, showed that 
the main factor allowing prevention of the appearance 
of alternating forces (and stresses) in the process of 
the crane movement is the travelling quality of the 
cranes. 

During the crane movement along the tracks the 
mass loads on the bridge are not changed in level and 
place of applying. The alternation of loading is oc­
curred due to the range of vertical reactive forces, 
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caused mainly by the crane movement along tracks 
having unevenness in height, and change in horizontal 
reactive forces in rolling of wheels mounted with a 
misalignment [ 1, 9]. Consequently, the bridge loading 
can be reduced by equalizing the vertical and decrease 
in horizontal reactive forces. All the methods, allow­
ing solution of this problem, can be named as <<im­
provement of travelling properties of cranes>>. 

Travelling properties of the crane (load carriage) 
mean its capability to fulfil the hoisting-transporta­
tion operations by moving along the tracks without 
contact of flanges with lateral faces of rails and slip­
ping of driving wheels, to have equal vertical loads 
on wheels within the limits of each end beam of the 
bridge, minimum lateral forces in wheel-rail contacts 
and minimum loads from units of drive for crane trav­
elling on metal structure of the bridge. 

The travelling properties of the crane are defined 
by adaptability of its design in moving the crane tres­
tle, by capability to preserve a stable straightlinear 
movement without contact of flanges, not to create 
(and not to receive) the lateral horizontal forces on 
wheels, bridge and crane track in the process of op­
eration and movement. 

The crane adaptability to track means its capabil­
ity to move freely along the rails of trestle, mounted 
with deviations from rated design sizes in horizontal 
and vertical planes, without contact of flanges with 
rails and redistribution of vertical loads on wheels. 

Analysis of damages of welded crane bridges 
showed the following cause, not depending on weld­
ing, but influencing the travelling properties and 
loading in the crane movement: 

• rationality of schematic-arrangement solution of 
the bridge, as a whole, design of welded sub-assem­
blies of the bridge, design of drives of the crane move­
ment; 

• rigidity of bridge plane displacement (plane dis­
placement is the off-plane deformation of the frame­
work); 

• accuracy of mounting of crane tracks, assembly 
of crane bridge and mounting of running wheels of 
crane (carriage) in horizontal plane; 

• friction forces in running wheel-rail contacts, 
i.e. non-holonomicity and non-stationarity of cou­
plings in kinematic pairs of wheel-rail due to effect 
of elastic slipping on their force interaction; 

• secondary stresses; 
• elasticity forces of separate sub-assemblies and 

bridge as a whole, influencing the energizing of vi­
bration in the crane, its frequency and amplitude; 

• quality of setting electrical circuits of drives. 
The above-mentioned factors contribute in move­

ment of cranes to the appearance of a low-frequency 
component with a high amplitude and vibration loads 
and, finally, to the fatigue damages in low-loaded 
places. Their elimination increases significantly the 
cyclic fatigue life of the bridge that proves the com­
paratively low effect of welding consequences on the 
fatigue resistance. In this situation the fatigue 
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Figure 7. Lateral loads P on retaining rollers of travelling crane: a - wheels wi t h misalignment; b - misa lignment of wheels is 
eliminated ; 1-4 - numbers of rollers; I - length of beam 

strength is defined only by the design drawbacks, the 
successful elimination of which, is the prerogative 
and wide field for the activity of specialists on hoist­
ing-transporting machinery. 

Three methods of improving the fatigue strength 
of welded structures were above-mentioned . The first 
one, the treatment of welds, increases the fatigue re­
sistance of metal of weld proper and HAZ . The second 
one, the method of design, increases the fatigue life 
of the welded sub-assembly by the more favourable 
transfer of force into its cross-sections. 

Both these methods are passive, as they do not 
effect on total loading of crane trestle, and also on 
non-efficient losses of energy consumed for the crane 
travelling . 

Design shapes of main beams 

The third method , also design one, reduces the 
loading of bridge and crane trestle in crane movement 
(Figure 7), and also non-efficient losses of energy, 
reduces or eliminates the range of amplitudes of forces 
and stresses in structure. Method is based on improv­
ing the travelling properties of the crane . 

Let us consider the loading of crane bridge in the 
process of operation. 

It was shown that assurance of standard rigidity 
of main beams of bridge [/1 = L I k , k = 600-700 by 
increasing the moment of resistance against bending 
will cause the decrease in level of normal stresses in 
beam up to values Cfmax < R, = 126-161 MPa. 

Thus, the highest stresses will not exceed the fa­
tigue limit, determined on the base of N = 2·1 06 cycles, 
here, only the low-frequency load with the highest 
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Figure 8. End beam with rolled-out wheels 

amplitude crmax is acting on bridge. The experience of 
service shows that the operation of mechanisms of 
hoisting and movement of the carriage does not en­
ergize vibration and does not lead to the appearance 
of two-frequency load. Consequently, there are no 
reasons for accelerating the appearance of fatigue 
damages caused by main loads, bending the main 
beams. 

The fatigue cracks can be formed only under the 
action of secondary stresses, i.e. by pressing through 
the plate of the upper chord by rail, breakaway of 
lugs connecting rail to beam, breakaway of blunt rests 
of the carriage, cracks in places of welding frame 
brackets to the beam walls for mounting drives and 
cabinets with electric equipment, in places of fasten­
ing main beams to end beams and so on. 

Causes of damages of main beams are described 
com prehensi vel y in manuscripts [ 1 , 9]. In some cases 
the cracks in elements of main beams (from action of 
secondary stresses) begin to propagate rapidly under 
the action of main stresses from main beam bending. 

It is evident that it is possible in these cases to 
prevent the fatigue damages of main beams, caused 
by loads in handling of weight by a hoisting winch 
and carriage, by eliminating factors which cause the 
occurrence of the secondary stresses. 

In crane movement along the span at a constant 
level and place of applying forces of load mass and 
carriage the low-frequency components can be formed 
only by changing the support reaction of the crane in 
its movement along the tracks having differences in 
height. 

Range of values on vertical support reactions can 
be within 0 ~ Pv ~ a2Pv (Pv - the highest vertical 
load on wheel at carriage position in the span middle; 
a - coefficient allowing for increase in this load in 
case of carriage approaching the end beam, difference 
of values P v in the limit of one end beam) and depends 
on torsional rigidity of the bridge frame. Table shows 
the cross-sections of basic types of main beams which 
greatly differ by a torsional rigidity. 

Bridges with a low rigidity of plane displacement 
or with articulated joints (<<pliable~) have more sta­
ble value of support reactions, which are not subjected 
to effect of deformability of structure in the process 
of movement, therefore, there are no reasons for the 
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formation of low-frequency load and, consequently, 
the two-frequency loads. 

Three methods were above-mentioned, providing 
the elimination of fatigue damages of welded crane 
bridges, from which the third one is most profitable, 
from the economic point of view, and promising. Its 
main advantage consists in the fact that it makes 
possible to eliminate the alternation of bridge load 
from changing the level of vertical reaction in crane 
movement along the tracks having differences in 
height, or sliding out the wheel flanges on lateral 
faces of rails and changing the horizontal support 
reactions in rolling of wheels mounted with a mis­
alignment [ 6]. 

Action of two-frequency load is rather undesirable 
for the structure, as it reduces greatly the fatigue 
limit. It is possible to attain the required fatigue life 
by eliminating the low-frequency component either 
of vibration or both by improving the travelling prop­
erties of the crane. 

After 1945, when the mass manufacture of crane 
bridges started in a welded version, their frequent 
damages showed that a simple copying of the shape 
of riveted sub-assemblies and structures for mating 
the components in them using welding is inadmissible. 

Framed structures of bridges, used widely earlier, 
began to be replaced by solid-walled structures with 
a closed cross-section of box-type beams, that was 
stipulated by a wide implementation of the automatic 
submerged arc welding. In the middle of the 1950s a 
standard design of slipping blocks of running wheels 
was widely used to apply the roller bearings, which 
deteriorated greatly the accuracy of mounting wheels 
and strength of load-carrying structures in places of 
slipping blocks fastening (Figure 8). Weakening of 
support blocks and increase in misalignment of wheels 
in horizontal plane contributed to different mass dam­
ages of bridge structures, intensive wear of flanges of 
running wheels and appearance of vibration which is 
generated in wheel-rail contacts if the wheel is 
mounted with a misalignment in the horizontal plane. 

Plate box structure made in the form of a flat 
frame [ 1] and composed of a beam with a closed profile 
of cross-section has a very high rigidity of plane dis­
placement, which is deteriorated additionally by the 
rigidity of joining elements proper made by welding. 

This structure promotes the free spreading of a 
running wave of high-frequency oscillations ( vibra­
tions) from the place of their formation (wheel-rail 
contacts) to different areas of bridge (slipping blocks 
and site welds of end beams, places of bending the 
chord plates of end beams and fastening the main 
beams to end beams), in which the kinetic energy of 
a running wave is absorbed in stress concentrators of 
these sub-assemblies, contributing to a gradual accu­
mulation of fatigue damages and formation of cracks. 

Similarly, these oscillations are transferred into 
an upper part of crane beams, causing the rapid dam­
ages of welded joints, fastening the chord plate and 
vertical stiffeners to the wall. 
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CONCLUSIONS 

l. It was established that up to 60 % of travelling 
cranes have fatigue damages of the span, which are 
formed, as a rule, in places, where, according to cal­
culations made using generally-accepted procedures, 
the low level of stresses from loads caused by lifting­
lowering the weights and their transportation by car­
riage along the main beams is formed that is explained 
by the action of a two-frequency load. 

2. The need was stated for a radical revision of 
approaches to the procedure and principles of design­
ing, manufacture and design of welded structures of 
crane bridges as regards to assurance of their fatigue 
resistance. 

3. It was found that the fatigue cracks are formed 
under the action of loads occurring in movement of 
travelling cranes in the span as a result of appearance 
of secondary stresses which are not taken in consid­
eration in generally-accepted procedures of strength 
design. 

4. It is most rational to increase the fatigue life 
of welded crane bridges by improving the travelling 
properties, i.e. stabilization of the load level, both in 
vertical and also in horizontal planes that will pro-
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mote the increase in cyclic fatigue life of the bridge 
structure. 
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DEVICE FOR SINGLE-BUTTON ADJUSTMENT 
OF OPERATING MODES 

OF A SEMI-AUTOMATIC WELDING MACHINE 

V.A. LEBEDEV, l.S. KUZMIN, V.G. NOVGORODSKY and V.A. TKACHENKO 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

The paper presents one of the methods of construction of operating modes controllers for mechanized arc welding 
equipment With arc voltage feedback. It is shown that semi-automatic welding machines, operated for a long time, can 
be upgraded at minimum engineering and hardware costs. This allows improving the welder's labour conditions and 
welded joint quality. 

Keywords: mechanized welding, modes, control, adjust­
ment, stability, electric drive, current, voltage 

Mechanized arc welding equipment can be upgraded 
by several methods. Primarily, through introduction 
of welding technology using, for instance, non-sta­
tionary processes [ 1], as well as development of equip­
ment, which allows facilitating for the welder the 
problem of selection of optimum welding modes [2]. 
There also exists a generalized approach to improve­
ment of mechanized arc welding equipment, namely 
organizing synergic control of the welding process, 
implemented by semi-automatic machines [3]. 

As shown by experience, all this is applicable 
mainly to new models of equipment, namely semi­
automatic machines with modern designs of welding 
current sources, systems of control and adjustment. 

On the other hand, the enterprises of Ukraine and 
CIS countries have a considerable fleet of welding 
equipment with welding current sources, which may 
be in service for a long time yet (semi-automatic ma­
chines of AS47Um type, A825 with VS300 (VS300B) 
sources, etc.). They can be upgraded to a certain ex­
tent at repair, replacement of inoperable components 
and elements (both mechanical elements of the feed 
system [ 4] and adjustment systems). 

The purpose of this work is development of engi­
neering solutions for adjustment systems of semi-auto­
matic welding machines, which may significantly in­
crease the effectiveness of their operation, simplify 
mode selection, and maintain optimum mode relation­
ship, thus facilitating the work of the welder and 
improving weld quality. 

One of the methods simplifying establishment of 
the modes of operation of welding equipment in the 
optimum range, is that of single-button control (co­
ordination), which may be implemented by several 
main methods: 

• coordination of welding current and voltage as 
a result of impact on the welding current source [5]; 

• coordination of welding current and voltage by 
acting on the electric drive of the mechanism of elec­
trode wire feed [ 6]. 

The first method requires a power source with 
smooth adjustment of open-circuit voltage. With the 
second method the welding current source can be of 
any design, but the mechanism of electrode wire feed 
should be fitted with a DC power source. Therefore, 
the second solution is preferable in view of such a 
diversity and number of semi-automatic machines, al­
ready available at the user's disposal, as is may be 
implemented with the welding current source of any 
design. 

Using any method, it is necessary to assign the 
level of welding voltage Uw. required for the welding 
process, and the adjustment system should establish 
the welding current lw (optimum) required for this 
voltage. Such an operation is usually performed 
through voltage feedback, acting on the adjustable 
electric drive of the feed mechanism and implementing 
lw = f( Uw) dependence. In the simplest case, required 
for a sound welding process, the above dependence is 
of a linear nature. It is further taken into account 
that the welding current and electrode wire feed rate 
ur are connected by a linear dependence. The two 
above conditions may serve as the assumptions taken 
during consideration of regulator operation by the 
principle of lw = f(Uw). Let us emphasize that the 
considered regulation is implemented due to positive 
welding voltage feedback. 

In work [7] we performed analysis of the regula­
tion system, which implements lw = f( Uw) depend­
ence. Conditions were determined of stable operation 
of such a system with minimizing of adjustment errors 
both by the signal of mode setting, and by the signal 
of disturbance (variation of voltage of welding current 
source). 

Conducted analysis allows engineering an adjust­
ment system of any complexity and using any element 
base, which was done at the E.O. Paton Electric 
Welding Institute. It was taken into account that for 
solid wire C02 welding with other conditions being 
equal, lw = f(Uw) dependence can be described by 
the following linear equation in a certain range of 
modes: 

© V.A. LEBEDEV, I.S. KUZMIN, V .G. NOVGORODSKY and V.A. TKACIIENKO, 2004 
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where kx is the coefficient of the slope of lw = f( U w) 
characteristics; Uwo = canst. 

From the studied range of welding modes it was 
found that U wo = 15 V, and this is the basis for a 
substantial simplification of the regulator design. The 
considered dependence is shown in Figure 1. It should 
be noted that the slope of lw = f( U w) dependence is 
determined by a number of factors, including elec­
trode wire diameter, kind of shielding gas used for 
the material being welded, weld position in space, 
etc . 

The problem of engineering implementation of the 
regulator in the form which is simplest, repeatable 
and repairable under any conditions, can be solved 
on the basis of the most readily available component 
base. This is exactly the original design which is 
shown in Figure 2. 

The regulator is based on an adjustable electric 
drive on VD1 thyristor [8] (encircled by a dashed 
line), powered by a full-wave rectifier with unfiltered 
output voltage . Negative feedback by voltage on ar­
mature of electric motor M 1 is applied to the electric 
drive. This feedback voltage is compared with the set 
voltage, established by R2 resistor. The difference of 
the above voltages is applied to the control emitter­
base junction of VT1 transistor, is amplified by it and 
controls thyristor VD 1 so as to maintain the frequency 
of rotation of the motor shaft (i.e. emf) close to that 
which is induced by the set voltage . It is obvious that 
welding current in the starting working point is set 
(adjusted) by the above resistor. Cutoff voltage 
( 15 V) is adjusted by R 1 resistor. It should be noted 
that the stabilization voltage of stabilitron DJ was 
set at 15 V level. Slope of I w = f( U w) characteristic 
is set by R3 resistor . Matching the relatively low-level 
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Figure 1. Dependence I w = f( U .. ) at U wo = 15 V 

set voltage to the armature voltage of the electric 
motor is performed by a divider, which consists of 
resistors R8 and R9. This divider is connected to 
thyristor V D 1 by bridge A . When the thyristor is 
unblanked, bridge A does not fulfill any functions, 
and during its blanked condition motor emf is tapped 
by bridge A through divider R8 and R9 into the feed­
back circuit for comparison with the set voltage. 

Diode D 1 enables the current of the unblanked 
thyristor to flow directly to the motor armature, by­
passing divider R8 and R9, i.e. is not weakened by 
the latter. 

Capacitor C1 together with resistor R4 to a certain 
extent eliminates the drawbacks inherent in the se­
lected simple thyristor circuit of the electric drive 
(i.e. at low frequencies of rotation of the motor shaft 
its jogging is eliminated, which could result from the 
mode of thyristor drive operation in the zone of in­
termittent currents). 

A structure consisting of resistors R5, R6, R7 and 
capacitor CJ corresponds to that of passive integrating 
circuit, namely a filter considered above. In addition, 
this filter further serves as a means of filtering voltage 
spikes, resulting from operation of a source of welding 
current and physical phenomena during the arc proc­
ess . 

Figure 2. Elementary diagram of the system of arc process regulat ion by the principle of single-button control using an adjustable 
thyristor electric drive: Kt, K2 - control relay ; Yl - gas val ve (ot her designations except for those given in the text are matching 
and decoupling elements) 
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Figure 3. Elementary diagram of a device, which eliminates electric 
drive operation at higher rates of electrode wire feed (other de­
signations except for those given in the text are matching and 
decoupling elements) 

The proposed regulator in its full circuit volume 
was tested with several models of semi-automatic 
welding machines, which have operated for a long 
time already under different conditions and performed 
various operations. These are semi-automatic ma­
chines AS47Um, A825, A1230 with 090, SLS70S, 
KPAS61 motors, respectively. Welding current 
sources of VS300, VS300B, VDG303 type were used. 
In all the cases the anticipated results were obtained, 
which were highly estimated by welders, who used 
only setting of open-circuit voltage of welding current 
sources, when changing the mode. The range of ad­
justment of the rotation frequency of driving motor 
shaft, generated by the thyristor electric drive in­
cluded into the mode regulator, is quite sufficient for 
supporting the welding modes, given in the certifi­
cates of the semi-automatic machines, and in a number 
of cases it is even 1.2-1.5 times higher than these 
parameters. 

Such an adjustment system in a somewhat trun­
cated form was tested, when incorporated into the 
semi-automatic machines, having their own electric 
drives. Semi-automatic machines of PDG312, 
PDGS16 types are fitted with welding current sources 
with a smooth adjustment of output voltage. This 
provides a solution of the problem of interfacing the 

adjustable electric drives of the semi-automatic ma­
chines (electric drives of BUSP-2 systems) with the 
device for isolation of a signal of positive feedback 
by welding voltage. Such upgrading of the semi-auto­
matic machine is effective. 

It can be further noted that in some cases the 
circuit of the semi-automatic machine has a feature, 
which not all of the welders regard as positive (Fi­
gure 2). It consists in that if the welding process does 
not reach the steady state for a long time (electrode 
wire edge is far from the point of electrode touching 
the metal, etc.), positive feedback voltage, propor­
tional to the open-circuit voltage of the welding cur­
rent source, allows the electric drive to feed electrode 
wire at a somewhat higher rate. The above problem 
is present in any engineering solution related to such 
an organization of feedbacks. It can be solved by vari­
ous methods, including application of welding current 
sensors. 

For this case, allowing for the principle of mini­
mum engineering and hardware costs, a device in Fig­
ure 3 was proposed, which provides a quite simple 
solution for eliminating the above drawback. Figure 
3 also shows a variant of connection of the device to 
the regulator (see Figure 2). Let us consider the op­
eration of this device. Here A2 denotes the regulator 
elements (see Figure 2). Welding voltage feedback 
circuit is connected to electric drive input through 
contact of relay KJ (connection to circuit of diode 
D4) at operation of relay KJ. When working cycle 
of the semi-automatic machine is switched on, voltage 
+Uf is applied through contact of relay Kt to the 
circuit of coil of relay K 1. The latter does not operate 
as the fed voltage +Uf is compensated by voltage +Uw 
present on the cathode of decoupling diode D6. When 
electrode wire touches the workpiece, the voltage of 
welding current source drops markedly, i.e. Uw --7 0, 
and potential difference in the winding of relay KJ 
is sufficient for its operation. While operating, relay 
KJ with its contacts goes into the self-holding mode 
and remains switched on during the entire welding 
cycle, thus providing the operation of welding voltage 
feedback circuit. Capacitor C4 is used for guaranteed 

Figure 4. Block diagram of an arc process regulator in consumable electrode mechanized arc welding: Wm(p) is the transfer function 
of DC motor; Wd,(p) is the transfer function of the regulator of rotation frequency of motor shaft (electric drive); Wp.r(p) is the 
transfer function of positive feedback by welding voltage; Wr(p) is the transfer function of electrode wire feed mechanism; W 1(p) is 
the transfer function of a link, determining I w =(Cur) dependence; Wn.r(p) is the transfer function of a negative feedback circuit, which 
stabilizes the rotation frequency of driving electric motor shaft; W,(p) is the transfer function of a link, determining lw = f(Uw) 
dependence; U, is the set voltage; Urb is the feedback voltage; Uc is the control voltage; U, is the regulator voltage; wm is the frequency 
of motor shaft rotation; vr is the electrode wire feed rate; Wrb.ch is the changed feedback transfer function 

38 5/2004 

SWi' 

sho: 
reli 
veri 
of 1 

chi1 
oh 

be] 
sys1 
req 
kee 

the 
inc 
qui 

of · 
rna 
titi 
ba~ 

for 

5, 



ic ma­
ith the 
dback 
·-auto-

es the 
ature, 
e (Fi­
s does 
trode 
ching 

such 
vari­
rrent 

mini-
Fig­

imple 
igure 
ce to 
e op­
lator 
back 
ough 
iode 

cycle 
ltage 

the 

~tion 
pthe 
p) is 
lhich 
Uw) 

ency 

004 

switching on of relay K3 at a short period of the initial 
short-circuiting of welding circuit. Effectiveness and 

' reliability of operation of the above circuit has been 
verified both when operating as part of a regulator 
of working modes of a semi-automatic welding ma­
chine, and various devices, controlling the moment 
of welding arc excitation. 

Selection of the regulator circuit parameters can 
be performed by studying the transfer function of the 
system of adjustment for stability, accuracy with the 
required correction links, etc., which is derived in 
keeping with the block diagram shown in Figure 4. 

It should be noted that it was exactly studying 
the regulator structure, which defined the need for 
incorporating a passive integrating filter with there­
quired parameters into the regulator circuit. 

One of the main problems defined for development 
of the regulator circuit, was that of provision of the 
maximum possible simplicity and accessibility at repe­
tition. The same engineering solutions can form the 
basis for developments using other sets of components 
for application in batch-produced welding equipment. 
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For new developments we recommend using one 

of the versions of ZELIO programmable controller as 
both the regulator and sequential control unit, which 
is relatively easily programmable and serviceable by 
the staff of practically any modern enterprise. 
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THESIS FOR SCIENTIFIC DEGREE 

Ryabtsev A.D. <<Elec­
troslag Remelting of Met­
als and Alloys in Cham­
ber-type Furnaces using 
Fluxes with Active Addi­
tions >>. Thesis for scien­
tific degree of Dr. of Tech­
nical Sciences on specialty 
<<Metallurgy of high-pu­
rity metals and special al­
loys>>. The E.O. Paton 
Electric Welding Institute 
of the NAS of Ukraine, 

Kiev, 2004. Date of defence is 17 March, 2004 . The 
work was carried out at Donetsk National Technical 
University. 

Thesis is devoted to the development of theoretical 
fundamentals of chamber electroslag remelting 
(CESR), study of its main laws, creation and reali­
zation of technologies of producing high-quality in­
gots from different metals and alloys. 

In the work, the physical-chemical, electrical and 
heat peculiarities of CESR using fluxes of CaFrCa 
system were investigated. 

It was established that additions of metal calcium 
to the flux leads to the ESR transition to the instable 
arc region at a level of a coefficient of harmonics 
within 25-30 %. Data were obtained about the elec­
troconductivity of fluxes of CaF2-Ca srstein und~r 
the CESR conditions (19-23 Ohm-1·cm- at tempera­
tures of the process from 1920 to 2170 K and 3-
15 wt. % Ca content) . 

For the CESR conditions the optimum contents 
of metal calcium, from the point of view of adapt­
ability and depth of metal refining, were determined 
using slags of CaF2-Ca system, which depend on proc­
ess temperature and are in the range from 2 to 6 wt.% . 
The feasibility of refining , modifying and microal\oy-

40 

ing with metal calcium of steels of different classes 
in CESR using flux of CaF2-Ca system is shown. 

Mechanisms af removing inclusions of titanium 
nitride from titanium and titanium alloys in CESR 
are theoretically grounded and confirmed experimen­
tally. Technology of refining titanium and its alloys 
from nitride inclusions has been developed, providing 
the damage of inclusions at 0.7-1.1 mm/ s rate. 

Using the given technology, the batch of ingots 
from titanium alloy VT6-4 was melted for company 
~General Electric>> (USA). Results of metal tests con­
firmed the high efficiency of the technology that al­
lowed company ~General Electric>> to recommend it 
for industrial testing at some enterprises of the USA 
and West Europe. 

The feasibility of alloying steel and titanium with 
nitrogen is shown in electroslag remelting in a cham­
ber furnace in argon atmosphere at 101 kPa pressure 
using the Ca-containing flux. 

Challenging directions in use of the developed 
technology for the production of ingots of titanium 
y-aluminide and alloys of Fe-Nd-B system are con­
sidered. 

Design solutions without high investments are of­
fered for re-equipping of existing ESR installations 
into chamber-type electroslag furnace, providing the 
controllable furnace atmosphere . The industrial shop 
bay of chamber-type ESR furnaces has been firstly 
created at NPO ~Tulachermeb> in the former USSR. 

The new technological process of producing metals 
and alloys on the base of a chamber electroslag re­
melting and use of reactive metal-containing fluxes 
became the basis on an innovation project involved 
into «Program od scientific-technical progress of 
Donetsk region for the period till 2020~, approved 
by the Decree of the President of Ukraine of 
25.05.2001 . 
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