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SCIENTIFIC AND TECHNICAL 

STABILIZATION OF TIIE PROCESS OF CONSUMABLE 
ELECTRODE PULSE-ARC WELDING 

B.E. PATON, P.P. SHEJKO, A.M. ZHERNOSEKOV and Yu.O. SHIMANOVSKY 
E.O. Paton Electric Welding Institute , NASU, Kyiv, Ukraine 

Developed systems of automatic stabilization of the process of consumable electrode pulse-arc welding (CEPAW) arc 
described , allowing stabilization of mean values of arc voltage and welding current , under the impact of disturbances. 
This leads to lowering of the probability of porosity and lack-of-fusion in AI - Mg alloys, decrease in spattering and 
sputtering, as well as stabilization of the width of welds in CEPAW of carbon steels. · 

Keywords: consumable electrode pulse-arc welding, auto­
mation, process stabilization, disturbing factors, feedback, weld 
appearance, pores 

Gas-shielded consumable-electrode arc welding is still 
leading against the other arc welding process in the 
overall scope of welded structure fabrication. Con­
sumable electrode pulse-arc welding ( CEPA W) has 
a special place here. After its development in 1963-
1965, this process has been further enhanced and is 
widely accepted in many industrial sectors. It provides 
effective solutions for many technological tasks. The 
main advantages of the process include effective con­
trol of metal transfer, which permits welding to be 
performed in different positions in space; reducing 
critical welding current, which provides an expansion 
of the technological range of working currents, re­
duces spatter , loss of alloying elements in the elec­
trode and base metal, improves the performance of 
welded structures; ability to weld various steels (all 
types of carbon structural , alloyed steels), many non­
'ferrous metals (AI-, Cu-, Ti-based alloys). CEPAW 
is widely used now in aerospace engineering, ship­
building, chemical and oil and gas engineering, pipe­
line transportation instead of a low-efficient and ex­
pensive non-consumable electrode welding. Welding 
stresses and strains are greatly reduced, thus increas­
ing the accuracy of item fabrication. 

Under production conditions the CEPA W process 
is subject to various disturbances, which violate its 
steady progress (systematic nature of metal transfer, 
stability of arc length, welding voltage and current), 
which leads to deviations of the indices of the welded 
joint quality from the necessary values, i.e. non-uni­
formity of the geometrical dimensions of welds, ap­
pearance of defects in them, and, consequently, de­
terioration of the mechanical properties of welded 
joints as a whole. The sources of power and kinematic 
disturbances are voltage ripple in the industrial mains, 
unstable feed of welding wire and speed of welding, 
variation of electrode extension. Technological dis­
turbances are due to disturbances in the technology 
of preparation and assembly, or running against tacks. 
Edges misalignment may lead to appearance of rolls 
or lack of root penetration, and a greater gap in butt 

welded joints often is the cause for weld metal sagging 
and burn-through. In addition, in semi-automatic 
CEPA W it is also necessary to take into account the 
subjective influence of the welder, his skill and fatigue 
during the working day. 

The power sources for CEP A W are the sources 
with many control parameters, namely pulse fre­
quency, pulse current duration and amplitudes, base 
current, etc. Therefore, the task of automatic stabili­
zation of CEPA W process with inevitable appearance 
of various disturbance factors (single and concurrent) 
is urgent and quite complicated. It is necessary to 
perform a thorough analysis of the most significant 
disturbing factors, evaluate their influence on the 
welding process, determine the controlled parameters, 
which are the most responsible for the CEPA W qual­
ity, select the most effective regulation impacts and 
construct automatic regulation systems, which allow 
compensating the disturbance impact on the quality 
of joints, made by CEPAW. 

Work on automation of the CEPA W process is 
conducted in several areas. The first is related pri­
marily to development of the programmable, so-called 
synergetic power sources, when the current pulse pa­
rameters are first set in the processor program and 
during welding are rigidly coupled to the wire feed 
rate. Presetting the current pulse parameters and their 
variation are performed at the change of the type of 
material being welded, diameter and composition of 
electrode wire, and shielding gas composition [1-3]. 
Other more complex adaptive systems are available, 
which allow for the geometry of material preparation 
for welding and its thickness, based on mathematical 
relationships, established using a bank of experimen­
tally derived data [ 4, 5]. 

The second direction consists in development of 
systems with arc voltage feedback for automatic sta­
bilization of arc length by making an impact on the 
power source. The latter approach has been actively 
developed by specialists of the Canadian Institute ~f 
Welding, who are using the ~patented function of 
closed-loop control with arc following to compensate 
for variation of arc length>> and are applying such a 
process for pipeline welding [6, 7]. 

© B.E. PATON, P.P. SHEJKO , A . ~l. ZHERNOSEKOV and Yu.O. SHII'IANOVSKY, 2003 
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Figure 1. Block-diagram of the system of stabi I ization of U,, '" (I) and f .. "' (I I) 

The above methods of development of CEP A W 
automation are not optimal, as they do not allow for 
the entire diverse spectrum of disturbing factors and 
require numerous experiments (data bank). 

This paper describes approaches to CEP A W au ta­
rnation, based on theoretical work of the staff of the 
E.O. Paton Electric Welding Institute [8-10]. The 
impact of any disturbing factors during welding leads 
to changes of both metal transfer and average valu es 
of arc voltage and welding current. It is known that 
average values of arc voltage and welding current in 
CEPA W determine the main parameters of the weld, 
namely the width and depth of penetration [ 11-15]. 
Variations of average arc vo ltage, alongside the de­
viations of weld width from the set technological val­
ues, may also cause (due to the arising variations of 
arc length) appearance of defects of the type of pores, 
undercuts, Jacks-of-fusion, rolls in the welds and de­
terioration of their appearance. Deviation of the av­
erage value of welding current from the preset value 
may lead to lacks-of-penetration or burns-through, 
which is inadmissible. An integrated impact of the 
above defects and deviations impairs the mechanical 
properties of weld metal and performance of the 
welded joint as a whole. 

A fundamental difference of the developed method 
of automatic stabilization of the CEPA W process from 
the synergetic and other known methods is use of both 
voltage feedback and current feedback with app lying 
impact on various links, involved in the above process. 
Current feedback is applied to the power source and 
voltage feedback - to the drive of welding wire feed. 
The rationality of such an approach is substantiated 
by several reasons. First, the probability of appear­
ance of defects in welds at variations of wire feed rate 

Table 1. Modes of bead deposition on a plate of steel St.3 under 
the impact of a linear disturbance 

Mode No. /", A U,, \1 Conditio11s 

140-110 23-25.5 Without stabilization systems 

2 140-130 23 + 0.8 U,," stabilization 

is reduced. Secondly, unlike the synergetic method, 
which essentially consists in maintenance of equal 
amounts of the melted and fed wires, when a constant 
value of welding current is not provided, in this case 
a rigid stabilization of welding current and soft sta­
bilization of the arc length (arc voltage) is performed. 
This process may be regarded as an analog of self­
regulation of the arc parameters, where one of the 
parameters remains practically unchanged. Thirdly, 
use of just the current feedback with applying impact 
to the pulsed power source leads to instability of arc 
length, namely increasing elongations and shortening 
[ 16], which was also established in our experiments 
on CEPAW of aluminium alloys. 

The block-diagram of one of the variants of con­
struction of the systems of automatic stabilization of 
Ua.av and Iw.av• developed at the E.O. Paton Electric 
Welding Institute, is given in Figure 1. The systems 
of Ua.av and Iw.av stabilization are designed as an at­
tachment-block to the pulsed power source of the arc. 
A possibility of operation of the system of Ua.av sta­
bi I ization and joint operation of the systems of Ua av 

and I w av stabilization are provided. Automatic stabi­
lization of U a.av is performed using feedback signals 
by the current values of ua(t) by automatic correction 
of welding wire feed rate, and that of Iw av by the 
impact on the welding current parameters, generated 
by the pulsed power source of the arc, respectively. 

L 1 = 15; /.2 = 25 mm 

Welding direction 

Figure 2. Schematic of bead deposition under the impact of linear 
disturbance along electrode wire extension 

a 
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Table 2. Modes of bead deposition on a pla te of alloy AMg6 un­
der the action of I in ear di sturbances 

Mode No. ' I W' Jl U.,, v Conditions 

3 130-110 22-24.5 Without stabilization 
systems 

4 130-120 22 + 0.5 U., "' stabi I ization 

5 130 22-23 U., _.,_. and I ~ ... v stabilization 

Power source I-169, developed at the E.O. Paton 
Electric Welding Institute was selected as the pulsed 
power source of the arc for CEP A W. It has passed 
multiple pilot-production verification in many plants, 
which are manufacturing advanced critical pieces of 
equipment of various aluminum and steel alloys . 

The influence of the process of bead deposition at 
linear disturbances by the length of the electrode wire 
by a schematic, given in Figure 2, was studied. De­
posits were made of steel St.3 in shielding gases Ar + 
20 % C02 with Sv-08G2S wire of 1.2 mm diameter 
at welding speed of 23 m/ h. Modes of depos ition in 
the downward direction at linear change of electrode 
extension are given in Table 1. 

Electric parameters of the process were recorded 
with light-beam oscillograph N-117. Figure 3 gives 
oscillograms of average values of arc voltage in sur­
facing steel St.3 by a schematic, given in Figure 2. 
As is seen, in CEPAW with a system of automatic 
stabilization of the process with arc voltage feedback 
variations of U a.av during the action of the disturbing 
factor are reduced (Figure 3) , and random short-cir­
cuits are also eliminated, i.e. the length of the welding 
arc and arc voltage are stabi lized. This leads to re­
duction of spattering by 50% and production of sound, 
fine-rippled weld of a stable width. Figure 4 shows 

Figure 3. Oscillograms of average values of arc voltage in bead 
deposition by CEPAW process (d = 1. 2 mm; Ar + 20 % COl ; 
Sv-08G2S wire) without the stabilization systems (a) and with 
voltage stabi lization (b) 

4 

Figure 4. Appearance of we lds in bead deposition by CEPAW 
process (d = 1.2 mm; Ar + 20 % COl; Sv-08G2S wire) without the 
stabilization systems (a) and with voltage stabilization (b) 

t he appearance of welds, made under the impact of 
disturbances by a schematic, given in Figure 2. 

Operation of the systems of Ua.av and I w av stabi­
lization was also experimentally studied in CEPA W 
of Al-Mg alloys of AMg6 type. Figure 5 gives the 
appearance of welds, made in argon with Sv-AMg6 
wire of 1.6 mm diameter on a plate of alloy AMg6 
10 mm thick, under the impact of a linear disturbance 
on the process by the schematic, shown in Figure 2. 
The welding speed was 20 m/ h. Bead deposition 
modes are given in Table 2. Figure 6 gives the trans­
verse macrosections of welds, deposited in modes 
No.3-5 in Table 2. 

Mode No.5, when the systems of stabilization of 
both the current and voltage are operating, deviations 
of arc vo ltage turn out to be higher than in operation 
of just the system of stabil ization by voltage. This is 
accounted for by differences in the operating princi­
ples of both the systems and in the parameters of 
equipment , generating the regulating impact. The ac-

a 

Figure 5. Appearance of welds in bead deposition by CEPA W 
process on plates of alloy AMg6 in argon with Sv-AMg6 wire under 
the action of linear disturbance by t he schematic in Figure 2: a -
without stabi lization systems; b- with voltage stabilization; c -
with current and voltage stabilization 

II / II II . 
Figure 6. Longitudinal macrosections of welds (closer to weld end) 
without stabi lization systems (a), with vo ltage stabilization (b) 
and with current and voltage stabilization (c) 
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tuator link of the system of current stabilization is 
the electronic circuit of power source I-169, which is 

· a sufficiently quick-acting and stable link. The actua­
tor link of the system of voltage stabilization is the 
mechanism of welding wire feed, which is exposed to 
the impact of many additional disturbing factors (rub­
bing in or end play of bearings, reduction gear, slip­
ping or clamping of rollers, causing an unstable or 
non-uniform rate of the electrode wire feed, reel, over­
lapping or non-uniform winding of the wire on the 
reel, etc.), which significantly lowers its response and 
accuracy. 

Thus, at joint operation of both the systems, the 
system of current stabilization prevails over the volt­
age stabilization system in terms of its response, which 
is exactly indicated by the welding parameters for 
sample No.5. 

As is seen from Figures 5 and 6, application of 
systems of Ua.av and Iw.av stabilization significantly 
reduces porosity under the impact of linear distur­
bances by electrode extension on the CEPA W process, 
which is confirmed by the data of X-ray examination. 
In addition, application of the systems results in sta­
bilization of weld width, better fusion of weld metal 
with base metal along the entire length, and improve­
ment of penetration shape. 

CONCLUSIONS 

1. A variant of CEPA W process automation is prcr 
posed by stabilization of average values of welding 
current and arc voltage. 

2. Application of systems of automatic stabiliza­
tion of voltage and current significantly lowers the 
porosity of weld metals in CEPA W of Al-Mg alloys 
with linear disturbances along the electrode wire ex­
tension, stabilizes weld width, improves the penetra-

8/2003 
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tion shape and provides a guaranteed fusion of weld 
metal with base metal. 

3. Application of the systems of automatic stabi­
lization of average values of arc voltage in deposition 
of welds on carbon steels reduces the number of short­
circuits during the action of linear disturbances, which 
allows improving weld appearance and reducing the 
spatter. 
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ESTIMATION OF PERMISSIBLE SIZES OF WELDS 
FOR MOUNTING T-JOINTS AND SLEEVES 

ON ACTIVE MAIN PIPELINES 

V.I. MAKHNENKO, V.S. BUT, E.A. VELIKOIVANENKO, G.F. ROZYNKAand N.I. PIVTORAK 
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

Considered is the effect of geometric sizes of pipelines, T-joints and sleeves on permissible sizes of the welds, allowing 
for variations in the working pressure in a pipeline, as well as variants of a technology for mounting of sleeves (T-joints) 
without interruption of operation of the pipeline. 

Keywords: mathematical modelling, ultimate load, tough 
fracture, two-parameter criterion, sharp cavity, main pipelines, 
T-joints, sleeve, circumferential welds, weld sizes, working 
pressure 

The use of special design solutions for making full­
strength branch pipes in the form of T-joints (Fi­
gure 1) or mounting of circular safety sleeves in a 
zone of detected defects in the wall of a pipeline 
without interruption of operation of the latter [ 1, 2 
etc.] is a generally accepted practice. 

Circumferential connection welds are made by us­
ing different variants of the solutions, among which 
the most common ones are joints with fillet welds 
(Figure 2, a) and lap-butt joints connecting three 
elements, i.e. pipeline wall and two elements of a 
sleeve or T-joint (Figure 2, b). 

a 
+j 

2 

The issue of determination of sufficient sizes of a 
load-bearing portion of the weld in both variants, 
depending upon different input parameters and con­
ditions, has received almost no discussion in the lit­
erature, which makes a substantiated approach to its 
handling more difficult. In this study the authors 
made an attempt to address this issue on the basis of 
their experience gained from strength design of 
welded joints with adjoining sharp cavities [3-5 etc.], 
which is characteristic of the joints shown in Figure 2. 

Main principles of the suggested calculation pro­
cedure. Static (quasi-static) loading of welded joints 
(Figure 2) with an adjoining sharp cavity is consid­
ered. A critical condition of metal at the apex of the 
above sharp cavity is determined by the two-parame­
ter criterion of the following type: 
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b 
Figure 1. Split T-joint of type! (a) and !! with technological rings (b): I - pipeline; 2 - sleeve (T-joinl); 3 - branch pipe; 4 -
fillet weld; 5 - lap-butt joint; 6 - additional part of lhe split sleeve 

I1J V.I. ~IAKIINENKO, V.S. !3UT, E.A. VEUKOIVANENKO, G. F. ROZYNKA and N.l. PIVTORAK, 2003 
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(1) 

where Kw is the stress intensity coefficient at the apex 
of the sharp cavity under load P considered within 
the framework of the maximum normal tear hypothe­
sis [6]; K 1c is the fracture toughness of a material at 

the sharp cavity apex (Figure 2), i.e . in the weld 
material; 11 is the coefficient allowing for the fact that 
the adjoining sharp cavity apex has a root face that 
is approximately equal to gap width 2p, and that the 
conditions of deformation of the weld metal differ 
from those of plane deformation [3-S]; and Pr is the 
ultimate load on a weld section based on the condi­
tions of tough behaviour of the material. 

The type of function in ( 1) is set from the data of 
studies [3, 7 etc.]. The most popular dependence now 
is that taken from study [ 7]: 

2 6 K , = (1 - 0.14L,) [0.3 + 0.7exp (-O.OSL,.)j (2) 

at L,. ~ L,. max; 

K ,. = 0 at L , >L' """' 

where K,. = Kw/ K 1,.11; L,. = P / Pp. 
As shown in study [7], function (2) provides a 

sufficiently good approximation of experimental data 
(Figure 3) for many structural steels. 

For the diagrams of loading of welded joints shown 
in Figure 2 using [3-S], the following can be written 
down for a fillet weld: 

1 - 3x~ 
Kw(CJ!) = Jqq>) 2 3 2• 

(1 + X ) 
(3) 

where x = ----;2=~==:;:;::;:: 
1+ .Y1+8(/ 

KII(<P) . . . 
~ = KI(<P) 1s the rat10 of 

the stress intensity factor of transverse shear K 11 to 
that of normal tear K 1 for loads acting on the weld 
section of q> =canst (Figure 2, a) . 

Loads in this section can be expressed in terms of 
moment M = M2 - M 1 induced by axial stresses Gzz 

in their non-uniform distribution through thickness 
of the walls , 81 and 82, respectively , in the vicinity 
of the weld, i.e. 

8, 2 

M 2 = f aJ1 + ~) s2ds2; 
-8, ; 2 '\.. 

o, 2 

M1 = f aJ1 + ~) stdst . 
- 8, 2 '\.. 

and in terms of a shearing force: 

h(<p ; 0) ; (/ 

Q,=f a,.,dz, 
' o 

where cr,.,. are the radial stresses on surface q> 
(Figure 2) . 
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(4) 

(5) 
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SCIENTIFIC AND TECHNICAL 

a 

R 

Q, 

Figure 2. Schematics of loading of the joints: a - joints with 
fill et \\'elds; b - lap-butt joints 

M = M2 - M 1 and Q,. being known , determine 
K 1(q>) and K 11 (q>) for a fillet weld (Figure 2, a) from 
dependencies [3-S]: 

K 1(q>) = 0.5369 [Q~q> + 8 M 31 2]; 
h(q>) (h(q>)) 

K 11 (q>) = -~ Q, sin q>. 
vnh(q>) 

(6) 

Those for a butt-lap joint (Figure 2, b) are deter­
mined as follows: 

Q,. 2M 
K1 = r=- + _ r-->r~; K 11 = 0. 

vna 'Ina- -
(7) 

In estimation of an ultimate tough fracture load 
for the weld sections, it is necessary to add to moment 

K, 

0.75 

0.50 

0.25 

A 8 c 0 

0 0.25 0 .50 0.75 1.00 1.25 1.50 1.75 £.. 
Figure 3. Limiting state diagrams K, = f(L ,) for different types of 
structural steels: A - high-strength steel EN408; B - pressure 
vessel steel A533B; C - low-carbon steel containing manganese; 
D - austenitic steel; E - corresponding to formula (2) 

7 



SCIENTIFIC AND TECHNICAL 

M and force Q, circumferential stresses cr~~ which, 
like M and Q,, are also a function of geometry of the 
joint and applied pressure. 

Accordingly, P I Pr can be represented in the fol­
lowing form: 

p a;(P) 
----

0; p J 
(8) 

where cri(P) = .Ycr~<p + ~~ - cr~~cr<p<p + 3cr~11 is the in­
tensity of stresses in a weld section of <p = const; 

4M Q, cos <p Q, sin <p. 
(J =--+ . (J = 

'fl'll h2(<p) h(<p) ' 'lln h(<p) ' 

Gy + Gt 
r:J;p = --2-. 

(9) 

where cry is the yield stress of a material and crt is its 
tensile strength. 

For a variant of a butt-lap joint relationships (8) 
and (9) are valid at <p = 0 and h = a. 

Results of numerical studies. It follows from the 
above-said that the limiting state can be estimated 
provided that the tool is available for determination 
of load functions M, Q, and cr~~ at preset geometric 
sizes and a scenario of mounting aT-joint or sleeve, 
as well as conditions of filling the sharp cavity ad­
joining the weld with gas. Consider three main load­
ing scenarios. 

Scenario I. Mounting and welding of a structure 
are done at a zero excessive pressure in a pipeline, 
and then the pipeline and the sharp cavity are loaded 
with a working pressure of P 1 = 5.5 MPa and P2 = 

= 7.5 MPa. 
Scenario II. Mounting and welding of a structure 

are done at loading a pipeline with a working pressure 
of P 1 = 5.5 MPa or P2 = 7.5 MPa, and then the same 
pressure is generated in the sharp cavity. 

Scenario III. Mounting and welding of a sleeve 
are done at a loaded pipeline (P1 = 5.5 MPa or P2 = 
= 7.5 MPa), and then the pipeline is unloaded to a 
zero excessive pressure. 

An additional scenario was also considered, where 
mounting and welding of a structure were done under 
a pressure of Po = KP 1 (0 ::; K ::; 1), and then the 
pressure in the pipe and sharp cavity was raised to 
P1 = 5.5 MPa. 

Results of each specific calculation is an estimate 
of the required values of legs Kn = Kz = K, or an. at 
which the non-fracture condition is met according to 
criterion ( 1). 

Generation of the required data on values M, Q, 
and cr~~ for the above loading scenarios involved so­
lution of a respective elasto-plastic problem under the 
following assumptions: the axisymmetric case was 
considered, which was sufficiently close to the variant 
of a circular sleeve located outside the defect, and 
determined the state outside the hole for the case of 

Variations in minimum values of a0 and K 0 depending upon the geometric sizes of a pipeline, pressure and material mechanical prop-
erties 

Scenario 
\'arion! 

P, MPa 61, 111111 81, mm "~ · MPa K 1c' ,\fPa·mm 1 L 
.Vo. [/ III 

an K., a., K., a., K., 

5.5 12 7-14 360 1000 6 4 7 7 5 5 

2 1500 6 4 7 7 5 5 

3 440 1000 5 6 8 6 5 5 

4 1500 5 6 5 6 5 5 

5 7.5 14 7-14 360 1000 7 5 9 10 6 6 

6 1500 7 5 9 9 6 6 

7 4tl0 1000 7 4 8 14 6 6 

8 1500 7 4 7 8 6 6 

9 5.5 28 11-26 360 1000 17 18 28 17 26 

10 1500 13 9 18 13 16 

11 9-26 tl40 1000 17 20 26 17 23 

12 1500 12 9 20 12 16 

13 7.5 47 15-26 360 1000 22 30 38 23 39 

14 1500 18 4 29 15 27 

15 12-26 440 1000 22 30 36 23 39 

16 1500 18 4 28 16 31 

Nate. In variants Nos.1-8 2R = 520 mm; Nos.9-16 - 2R = 1420 mm. 
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a T-joint; the effect of plastic strains at the sharp 
cavity apex on the required values of M, Q, and cr1313 
was ignored; and stresses associated with the thermal 
cycle of welding of elements considered in Figure 1 
were also neglected. It was also assumed in this case 
that welding under loading led partially to decrease 
in a longitudinal shrinkage and, accordingly, residual 
welding stresses, the effect of which shows up pri­
marily in variations in values of cr1313· Contribution of 
these stresses to the mechanism of a possib le brittle 
fracture of the welds under consideration is insignifi­
cant (they were ignored in calculations of Kw). and 
the more so to the tough fracture under static loading. 

The problem was solved by the finite elements 
method using software developed by the E.O. Paton 
Electric Welding Institute [8 etc.]. 

The following input data were used for the calcu­
lations the results of which are given below: pipeline 
material pipe steel; elasticity modulus 
2·106 MPa; Poisson's ratio v = 0.3. Three variants of 
strength characteristics were considered: 1't - cry = 
= 270 MPa and crt= 412 MPa; 211

" - cry= 360 MPa 
Kn1 an1 mm 

39 

37 

35 

33 

31 

29 

27 I 
I 

I 
25 I 

I 

23 
I 

I 
I 

21 

19 

17 

15 

11 

9 

7L_~ __ _L __ _L __ ~--L-~L_~ __ _L __ _L~ 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 P0 /P 

Figure 4. Effect of excessive pressure in a pipeline, P0 , in mounting 
of a sleeve (T-joint) on minimum sizes of t he weld at P = 5.5 MPa: 
dashed lines - K,, solid lines - a, (scenario JJ); 1, I' - 2R = 
= 1420 mm (81 = 26 111111, 8, = 28 m111); 2, 2' - 2R = 1220 111111 
(81 = 21 mm , 8, = 25 mm); 3, 3' - 2R = 1020 mm (8, = 16 111m, 
8, = 21 mm) 
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and crt = 550 MPa; 3'ci - crv = 440 MPa and crt = 
= 588 MPa. Material of welded joints was close in 
its properties to the base metal, except for the K 1, 

values. For deriving conservat ive estimates of permis­
sib le sizes of the weld and allowing for a very wide 
scatter of experimental data obtained for the weld 
metal with respect to K 1, , based on the experience 

[3-5] the K 1 value for the weld was assumed to be 

equal to 1500-1000 MPa·mm 11 2. The value of coef­
ficient 11 in ( 1) and (2) was calculated in accordance 
with [3-5] in the following form: 

( 1 0) 

rt{e 11t(p) = 1, if p <Po= 0.1 mm; 
llt(P) = '>)pfpo, if P;:::: Po; 

112(/z) = 1, if h(q>) >hill"" 1.7,;;J; 

112(/z) = '>)hn/ lz, if h(q>) < h111 • 

Here h = /z(q>) is used for the fillet weld and the 
a value is used for the butt-lap joint. 

Results of the calculations made to determine a 11 

or K 11 for specific geometric sizes of a pipeline , such 
as 2R, 81 and 82 at p < 0.1 mm, and length of the 
sleeve (T-joint) along axis z equal to 2L ;:::: 2R, are 
given in the Table. In a case of small diameters of a 
pipeline, i.e. 2R ~ 426 mm, variations in values of 

Figure 5. Effect of the ratio of pressures Po~ ! P on sizes a, for 
scenarios J-JJJ at P = S.S MP~, pv = 440 MPa, 81 = 18 mm, 8, = 
= 25 mm, K 1 = 1000 MPa·mm : 1, 3, 4 - 2R = 1420; 2, 5 -
1220 mm ' 
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24 

20 

16 

12 

8 

4 

0 0.25 0.50 0.75 

Figure 6. Effect of the ratio of pressures Pd / P on sizes K,. for 
scenarios I-III (see input data in Figure 5): 1, 3, 5 - 2R = 1420; 
2, 4, 6 - 1220 mm 

81 > 7 mm and K1, in a range of 1000 < K 1, < 
< 1500 MPa·mm 11 2 have no effect on a11 and K 11 with 
all the scenarios considered, which is attributable to 
relatively small radial displacements the values of 
which are proportional to R 2. 

With a diameter of the pipeline equal to 2R ;:::: 
2:: 720 mm, there are cases where the size of the leg of 
a fillet weld, K (without reinforcement) does not fit 
thickness 82 of the sleeve. Increase in strength of a 
material (variant with cry= 440 MPa) does notal ways 
lead to decrease in the required sizes of the weld, 
which is especially noticeable in the case of fillet 
welds. This is associated with increase in the role of 
the brittle fracture mechanism with increase in the h 
values at h < hm. 

35 

30 2 

25 3 
4 

20 
5 

15L-_______ L ________ _L ________ J_ ______ ~ 

10 15 20 25 81 , mm 

Figure 7. Effect of thickness 81 of the pipeline with a diameter of 
2R = 1420 mm on a,. (2, 5) and K, ( 1-3) at P = 5.~ )'1Pa, o, = 
= 28 mm, cry = 440 MPa and K 1, = 1000 MPa·mm : I, 2 -
scenario II; 3 - III; 4 - I; 5 - I and III 

10 

an, mm 

14 

10 

Figure 8. Effect of sleeve thickness o, at a fixed value of 81 of the 
pipeline with a diameter of 2R = 1020

1
ll),m on a, at P = 5.5 MPa, 

crY= 440 MPa and K 1, = 1000 MPa·mm (scenario II/): I - 81 = 
= 18; 2 - 14; 3 - 11 mm 

Scenarios I and II I (see the Table) require smaller 
sizes of the welds. Thus, scenario II, where a structure 
(see Figure 1) is mounted and welded under a working 
pressure that fills the sharp cavity, is most dangerous, 
especially for larger-diameter pipelines. 

Therefore, a special study was completed to inves­
tigate a quantitative effect of pressure Po in welding 
a structure on the required sizes of the weld in pipe­
lines of large diameters 2R = 1020-1420 mm. Such 
results for scenario II are shown in Figure 4. The 
Figure also shows ranges of applicability of Po / P 
that ensure meeting of the 82 2:: K condition for the 
cases of using a fillet equal-leg weld without rein­
forcement (curves 1-3). 

Considered also were the variants of mounting of 
a sleeve (T-joint) under a decreased pressure Pd and 
subsequent operation of this region of the pipeline 
under this pressure. 

Examples of calculation of sizes a 11 (Figure 5) and 
Kn (Figure 6) are given for specific pipelines. It fol­
lows from the Figures that decrease in the working 
pressure leads to a substantial decrease in the required 
sizes of the welds, whereas this is undesirable for 
operation of the pipeline, although may be permitted 
under certain conditions. 

0~-----L------L------L----~L-----~ 
a 

20r---------------------------------, 

2 

5L------L----~L------L----~L-----~ 
1000 1100 1200 1300 

b 
Figure 9. Effect of K 1, on sizes of the weld, a,. (I) and If,

2 
(2) at 

P = 5.5 MPa, cr, = 440 MPa and K1 = 1000 MPa·mm : a -
2R = 1420 mm; S, = 28 mm (scenario J); b - 2R = 720 mm, o, = 
= 16 m m (scenario I I) 
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The Table gives limits of thickness 81 for the main 
pipe. However, the effect of the 81 values on the final 

. result is not shown. At fixed values of 82 given in the 
Table and ranges of variations in values of 81 (ibid.) 
the effect of the latter on an and Kn is very insignifi­
cant, which is demonstrated in Figure 7. It can be well 
seen here that at 82 = 28 mm, 2R = 1420 mm and P = 
= 5.5 MPa the 81 values ranging from 11 < 81 < 26 mm 
have an insignificant effect on an and Kn. 

Considered also was the effect of 82 at a fixed 
value of 81 on the required sizes of the weld. Figure 8 
shows this for a pipeline with 2R = 1020 mm at P = 

= 5.5 MPa and 81 = 11-18 mm (scenario III). It can 
be seen from the Figure that increase in the ratio of 
82/81 ~ 1 is accompanied by increase in the an pa­
rameter. In this case the growth of an occurs more in­
tensively at 82/81 = 1 and slows down at 82 / 81 > 2. 

The effect of variations in the K 1 values in a range 

of 1000:::; K 1 :::; 1500 MPa·mm 11 2 o; Kn and an shown 
( 

in Figure 9 is indicative of the fact that the an values 
are more sensitive to this variations. It should be 
noted in conclusion that the calculated values of an 
and Kn are conservative enough both with a tough 
and brittle mechanism of the limiting state, and that 
the Pp values corresponding to a tough fracture at 
maximum stresses of about 1 / 2(ay + CYt), as follows 
from [3-5 etc.], are underrated. Actual stresses are 
within a range of O't:::; O'max:::; sk (here skis the stress 
in a rupture test), i.e. the safety factor for tough 
fracture is not less than 1.3-1.5. 

As far as the brittle fracture is concerned, the 
selected values of K 1 at a level of 1000-

1500 MPa·mm 1 2 = (31.6,-47.4) MPa·mm 11 2 provide 
the safety factor for the brittle fracture mechanism 
which is not less than the 2-2.5 times as high, the 
weld metal being sufficiently sound. 
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The above conservative character of the calcula­
tions is justifiable for such critical structures as main 
pipelines, and agrees with a standard design practice 
accepted in many countries. 

CONCLUSIONS 

1. The joints under consideration experience the high­
est loads with scenario I I, where welding is performed 
at a working pressure and then the same pressure is 
formed in the adjoining sharp cavity. 

2. Decrease in pressure in mounting of a sleeve 
(T-joint) to Po < P leads to decrease in loading of 
the welds. 

3. Decrease in pressure used for mounting of a 
sleeve (T-joint) and a working pressure to Pc1 <Pis 
a cardinal method providing decrease in loading of 
the welded joints. 
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STRUCTURE AND TRIBOTECHNICAL CHARACTERISTICS 
OF COATINGS PRODUCED BY ELECTRIC ARC 

METALLIZING USING FLUX-CORED WIRES 

V.I. POKHMURSKY1
, M.M. STUDENT1

, V.M. DOVGUNYK1
, 1.1. SIDORAK1

, Yu.M. KUSKOV2 and 1.1. RYABTSEV2 

1G. V. Karpenko Physical-Mechanical Institute, NASU, Lviv, Ukraine 
2E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

Effectiveness of application of electric arc metallizing for restoration of worn-out parts of the machines is outlined. 
Adding of different components, ferrophosphorus in particular, into the charge of flux-cored wires, can decrease sig­
nificantly the coefficient of friction and wear of coatings in metallizing and increase the service life of the as-restored 
parts. 

Keywords: electric arc metallizing, (lux-cored wire, ther­
mal coating, wear, wear resistance, coefficient of friction, phase 
transformations, lubricant, graphite, (errophosphorus, calcium 
fluoride 

To restore and strengthen the parts of different ma­
chines, in particular shafts and axles, operating under 
the conditions of sliding friction, the electric arc met­
allizing using flux-cored wires as spraying materials 
is widely used [ 1]. The important characteristics of 
the coatings operating under these conditions are the 
coefficient of friction, and also wear of parts of a 
friction pair and its nature. 

The aim of this work is to investigate the feasibility 
of development of flux-cored wires providing coatings 
which are characterized by high values of tribotech­
nical characteristics. To decrease the coefficient of 
friction and wear of parts being restored, the compo­
nents were added to the flux-cored wire charge, which 
can affect actively the mentioned characteristics of 
the coatings produced by the method of electric arc 
metallizing. Graphite, ferrophosphorus F~P and 
fluorspar CaF2 were used as such components. 

Procedure of experiments. Experimental flux­
cored wires of 1.8 mm diameter were manufactured 
for electric arc metallizing. Powders of ferrochrome­
boron FKhB-2, ferrochrome FKh800, iron powder 
PShO, aluminium PA4, crucible graphite GT-1, fluor­
spar CaF2 and ferrophosphorus Fe3P were used as 
charge materials. For a sheath, a cold-rolled 
0.4x10.0 mm strip of steel 08kp (rimmed) was used. 
Coefficient of filling of flux-cored wires was 22-23 %. 
Metallizer ME-2, developed by enterprise «Gazoter­
mih at G.V. Karpenko PMI of NASU, was used for 
electric arc metallizing. The conditions of arc metal­
lizing were as follows: arc current 150 A; voltage 
32-33 V; spraying with compressed air at 0.6 MPa 
pressure, distance from metallizer to sample -
100 mm. 

Tribotechnical properties of coatings were studied 
in unit SMTs-2 by disc-block scheme at boundary 
sliding friction using procedure, described in [21, at 
contact pressure 5 MPa. Oil M14V2 was used as lu-

bricant. Temperature in the friction zone was meas­
ured by a C-A thermocouple, whose junction was lo­
cated at 0.5 mm distance from the working surface of 
a mating body. Coatings were deposited on a cy lin­
drical surface of samples in the form of a 40 mm 
diameter 10 mm thick disc, made from steel 45 of 
hardness HRCc 30-32. Coatings were ground to 1 mm 
thickness and roughness Ra = 0.63. Mating bodies in 
the form of blocks were made from bronze Br.S-30. 
During investigations the coefficient of friction, wear 
of sample and mating body, temperature of heating 
in the friction zone were determined. 

Phase composition of coatings in initial state, its 
changes in near-surface layers after grinding and tests 
in sliding friction were examined in diffractometer 
<<Dron-3~.> (radiation CuKa, U = 32 kV, I= 13 mA) 
with 0.05° scanning pitch and subsequent computer 
processing. Rate of scanning was 1 o / min, angle of 
sample inclination to radiation was 1°. 

Metallographic examinations of coatings were re­
alized in microscope <<Neophot-2>>. In examination of 
microstructure of coatings the colour etching was 
used. Mixture of nitric and picric acids was used as 
an etching agent [3]. 

Experimental data and their discussion. Tri­
botechnical characteristics of coatings deposited by 
flux-cored wires, whose charge components and esti­
mated chemical composition of coatings are given in 
Table 1, were investigated. Flux-cored wire FMI-2 
[ 1], which is used for restoration of crankshafts of 
internal combustion engines by the method of electric 
arc metallizing, was selected as basic (Table 1, wire 
No.1). Charge of flux-cored wire FMI-2 consists of a 
mixture of master alloy of ferrochromeboron (FKhB-
2) and aluminium. Ferrophosphorus was added, ex­
cept aluminium and ferrochromeboron, to the compo­
sition of charge of flux-cored wire No.2. Unlike two 
first flux-cored wires, ferrochrome FKh800 was se­
lected as a base of charge of wires Nos.3-5. As a 
reference, samples of steel 45 of hardnessHRCc 51-53 
were tested. 

© V.I. POKII~1URSKY, ~I.M. STUDENT, V.tvl. DOVGUNYK, 1.1. SIDORAK. Yu .M. KUSKOV and 1.1. RYAIJTSEV, 2ffi:J 
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Table 1. Composition of charge of experimental flux-cored wires and chemical composition of coatings 

No. of flux-
cored wire Composition of charge of flux-cored wire 

and coating Cr B 

1 FKhB-2 (base) + Al 5.6 3.0 

2 FKhB-2 (base) + Fe3P + Al 4.7 2.5 

3 FKh800 (base) + C + Al + Fe 8.5 

4 FKh800 (base) + Fe:.P + Al 7.2 

5 FKh800 (base) + CaF, + Al 7.2 

It was established as a result of investigations, 
that coefficient of friction 1-1. is negligibly increased 
with time for reference friction pair: steel 45-bronze 
Br. S-30 and stabilized at the 0. 09 level (Figure 1, a). 
Similar relationship is observed also for the tempera­
ture in the friction zone (set temperature is equal to 
45 oc) (Figure 1, b). 

Coefficient of friction is somewhat lower, 0.07, 
for the pair of friction: coating No.1-bronze Br.S-30, 
and the temperature is stabilized at the 60 oc level. 
Adding of master alloy FKhB-2 and ferrophosphorus 
to the charge of flux-cored wire No.2 leads to a little 
increase in coefficient of friction and temperature of 
friction pair. 

The most interesting results were obtained for 
coatings sprayed by flux-cored wires, whose charge 
was based on ferrochrome FKh800. Flux-cored wires 
with additions of graphite and ferrophosphorus (Nos.3 
and 4) produce coatings with coefficients of friction 
equal to 0.018-0 .023 that is 4-5 times lower than in 
pair : steel 45-bronze Br.S-30, and 3-4 times lower 
than in pair: coating No.1-bronze Br.S-30 (Figure 1, 
a). Here, the set temperature in the zone of friction of 
coating No.4-bronze Br.S-30 is 25 oc, and the similar 
characteristic for pair of friction: coating No.3-bronze 
Br.S-30 somewhat exceeds 40 oc (Figure 1, b). 

In coating, produced in spraying of flux-cored wire 
No.5, whose charge contains calcium fluoride CaF2, 

firstly the abrupt increase in coefficient of friction up 
to 0.12, and then its decrease to 0.025 is observed. 
The same nature is typical of curve of changing the 
temperature of samples. With increase in friction co­
efficient to maximum value the temperature is in­
creased up to 90 oc, and then it is decreased to about 
45 oc and stabilized. 

According to test results (friction path is 10000 m) 
the lowest wear was observed in coatings Nos.1, 3 
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and 4, and the highest - in coating No.5 (Figure 2, 
a). Test sample of bronze is subjected to wear to a 
less extent in the pair with coating from flux-cored 
wire No.4, containing ferrophosphorus (Figure 2, b). 
The lowest total wear in pair with bronze was observed 
for coatings Nos.3 and 4. 

Structure and phase composition of coatings. 
Formation of primary structure in the coating depends 
mainly on composition of components of charge of 
the flux-cored wires. The presence of carbon in the 
flux-cored wire both in the form of graphite and bound 
in carbides in ferrochrome leads to the appearance of 
residual austenite in the coating. It is shown in [ 4] 
that increase in a mass share of carbon in the coating 
from 0.3 to 1.3 % leads to the increase in amount of 
residual austenite from 10 to 80 %. 

Graphite contained in charge of wires is dissolved 
partially in drops in wire melting, blown away par­
tially by a compressed air or burnt out [5]. In coating 
formation the remained graphite is available in a free 
state in lamellas in the form of inclusions of a spherical 
shape (Figure 3, c). 

Ferrophosphorus, reacting actively with a melt of 
flux-cored wire sheath, forms eutectics, distributed 
uniformly in lamellas which compose coating. In ad­
dition, ferrophosphorus stabilizes cx-Fe and with in­
crease in its content in the flux-cored wire charge, 
the amount of ferritic component in the coating is 
increased. Combined action of phosphorus and alu­
minium (also ferrite stabilizer) leads to the fact that 
the alloyed ferrite becomes a matrix phase of the coat­
ing (Table 2). 

In melting with flux-cored wire No.5, CaF2 is not 
dissolved in a metal matrix of the coating, but it is 
arranged along the boundaries of crystallized drops 
(Figure 3, e), thus deteriorating drastically the 
strength of coating (90 MPa). Calcium fluoride does 

T, °C 
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40 

30 

20 
0 20 40 60 80 100 -r, min 

b 
Figure 1. Change in coefficient of friction (a) and temperature in friction zone (b) of coatings Nos.l-5; 6 - reference sample 
of steel 45 
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not interact with a metal matrix of the coating and 
does not change its phase composition. 

As is known [6, 7], in materials, the structure of 
which is far from equilibrium, a part of energy released 
in friction is dissipated in the form of heat into en vi­
ronment, and another part is used for the formation 
of new structures in a near-surface layer, i.e. a self­
organizing of the near-surface layer is occurred. In 
other words, the phenomenon of structure adaptation 
of surface layer in the process of friction is realized. 

In electric arc metallizing the temperature of molten 
drops reaches 2200-2500 ·c, and their crystallization is 
occurred during a short period of time ( 1·1 o-3 s). This 

Figure 3. Microstructure of examined coatings: a -
C +AI + Fe; d - FKh800 (base) + fc:1P +AI; e -

14 

results in the formation of a heterogeneous coating at 
the surface, consisting of an oversaturated solid sol u­
ti on and metastable phases, being far from structural 
and phase equilibrium. In our opinion, the structural 
and phase self-organizing of electric arc coatings at 
the boundary friction occurs as follows. 

According to results of phase X-ray diffraction 
ana lysis (Table 2), the matrix phase in coating 
sprayed with flux-cored wire No.1 consists of alloyed 
solid solution on a-Fe base, there is a negligible 
amount of borides Fe2B and FeB, and also nitrides 
and oxides (Figure 3, a). 
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Table 2. Phase composition of coatings 

No. of Composition of charge of flux-cored 
Initial state 

coating wire 
After friction 

FKhB-2 (base) + AI a-Fc Main phase a-Fe Main phase 

Fe,B, FeB Negligible amount FeB Large amount 

CrB Traces CrB Traces 

CrN CrN 

FeO FeO 

Fe,O:~ Fe10 3 

2 FKhB-2 (base) + Fe:~P + AI a-Fe Main phase a-Fc Main phase 

FeB Traces Fe:~A I Large amount 

Fc,P AI , O:~ Traces 

FeP Fe, P 

AI,03 FeB 

Fe,O:J 

3 FKh800 (base) + C + AI + Fe y-Fe Main phases y-Fe Main phases 

a-Fc a-Fe/y-Fe = 3/ 2 a-Fe a-Fe /y-Fe = 1/ 1 

Me,:~ Co Traces Me,3C0 Large amount 

CrN CrN Traces 

Fe,03 Fe,03 

Cr10 3 Cr,O:~ 

c c 

4 FKh800 (base ) + Fe:~P + AI a-Fc Main phase a-Fe Main phases 

Fe, P Traces c 
CrN Fe AI Large amount 

AI,03 Me7C3 Traces 

Fe,03 AI,O:~ 

Cr,O:J Fe,O:~ 

Cr,03 

Me,O:~ 

S FKh800 (base)+ CaF, +AI a-Fe 

y-Fe 

Main phases 

a-Fe/y-Fe = 3/ 2 

a-Fe Main phases 

c 
Me3C Traces 

CaF, 

CrN 

AI,03 

Cr,O:~ 

Proceeding of diffusion process becomes possible 
in the process of friction in a surface layer of up to 
20 ~m thickness due to a local temperature burst. A 
large amount of the new phase, FeB, is formed, lead­
ing to the increase in wear-resistance of the coating. 
Thus, the part of heat energy is used for self-organizing 
of the surface layer in a friction interaction. Coeffi­
cient of friction is high enough (0.075). 

Coating No.3 contains graphite, which can be used 
as a lubricant. Matrix of this coating consists of a 
solid solution on y- and a-Fe base at ratio ofy-Fe / a­
Fe = 3/2, the traces of carbides, nitrides, graphite 
and oxides are observed (Table 2, Figure 3, c). At 
friction interaction, the processes are proceeding in a 
surface layer of up to 10 ~m thickness which are 
similar to those occurring in tempering of alloy steels, 

8/2003 

y-Fe Large amount 

FeAI 

CaF, Traces 

CrN 

AI,03 

in particular carbides Me23C6 are precipitated from a 
solid solution on y-Fe base, austenite is depleted with 
alloying elements and transformed into a temper 
martensite. More hard phases with a higher wear re­
sistance than in initial state are formed in the surface 
layer due to a phenomenon of structural adaptation 
during friction. The presence of graphite in this com­
position leads to the reduction in coefficient of friction 
to 0.018-0.020. 

A significant difference in tribotechnical charac­
teristics of coatings produced in spraying wires Nos.2 
and 4, whose charge contains ferrophosphorus, can 
be explained as follows. There are elements in both 
types of coatings, which stabilize ferrite, in particular 
phosphorus and aluminium. Due to this, the matrix 
phase of coatings consists of an alloyed solid solution 
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on a-Fe base. However, there is a difference in com­
position and amount of a strengthening phase of the 
coating. The strengthening phase in the coating No.2 
consists of FeB and Fe2P (Figure 3, b), while in 
coating No.4 it consists mainly of F~P (Figure 3, d). 

In the presence of a limited amount of isolated 
strengthening phosphide inclusions in coating No.4, 
having higher hardness than that of a ductile matrix, 
the coefficient of friction and wear have the lower 
values. At a contact loading in this case the load is 
distributed on hard inclusions, providing a low coef­
ficient of friction and high resistance of adhesion. 
Relatively ductile base allows system to take the ge­
ometry of contact in the shortest period that decreases 
the feasibility of appearance of local sources of high 
pressure, leading to the occurrence of a spalling or 
adhesion [8]. A certain effect on decrease in friction 
coefficient can be exerted by the fact the large amount 
of graphite is formed in coating No.4 after friction 
that can be used as a lubricant. Probably, this coating 
by these reasons has the best tribotechnical charac­
teristics. 

In coating No.2, whose composition of strength­
ening phase includes FeB and F e2P, the increase in 
amount of a hard strengthening phase reduces 
abruptly the ductility of the working layer that leads 
to the formation of spallings in wear, playing the role 
of an abrasive, and increasing also the coefficient of 
friction, wear of sample and mating body. 

Coating, containing CaF2, was produced using 
flux-cored wire No.5. Phase composition of this coat­
ing is a solid solution on a- and y-Fe base, inclusions 
of carbides Me3C, calcium fluoride CaF2 and oxides 
(Table 2). As the coating contains a large amount of 
aluminium (ferritizer), then the structure of coating 
consists of an alloyed ferrite. Calcium fluoride in the 
coating structure is presented in the form of black 
inclusions located at the boundaries of lamellas (Fi­
gure 3, e). 

Process of self-organizing of the coating surface 
layer in friction is realized as follows. At the initial 
moment of friction a thin film CaF2 is formed at the 
surface. Here, at the first 40 min of friction the co­
efficient of friction and temperature are increased, 
respectively from 0.06 to 0.12, and from room tem­
perature to 90 °C. At next testing the decrease in 
coefficient of friction to 0.02, and the temperature to 
45 oc and their stabilizing at this level are observed. 
Phase analysis of surface layer after tests shows that 
it contains a large amount of a free graphite and FeAI. 
It is evident that firstly a free graphite is precipitated 
from alloyed ferrite in heating during the process of 
friction, then aluminium is precipitated, forming FeAl 
in interaction with iron. 

Thus, the use of CaF2 in electric arc coatings is 
not effective as the thin film of CaF2, formed at the 
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surface at the initial moment of friction, leads to the 
increase in coefficient of friction and temperature, 
and only after some time, when a sufficient amount 
of free graphite is appeared in the surface layer, the 
coefficient of friction and temperature are decreased. 
Besides, such coating is produced more coarse-dis­
persed (Figure 3, e) and has a low strength. 

As is seen from experimental data, the high wear 
resistance and low coefficient of friction are stipulated 
by the phenomenon of structural adaptation of surface 
layers of the coatings. 

CONCLUSIONS 

1. In electric arc metallizing the coatings are formed 
with a non-equilibrium structure. As a result, a part 
of heat, generated in the process of friction, is used 
for the formation of new structures in the near-surface 
layer, i.e. self-organizing of the surface layer is oc­
curred, in other words the phenomenon of structural 
adaptation of surface layer in the process of friction 
is realized. 

2. It was established in investigation of tribotech­
nical coatings that wear resistance and coefficient of 
friction of the latter depend on phenomenon of struc­
tural adaptation of their surfaces. In case, when the 
self-organizing of surface layer leads only to the for­
mation of strengthening and more wear-resistant 
phases, the wear resistance is increased, but the coeffi­
cient of friction remains high enough. In case of simul­
taneous precipitation of strengthening phases and lubri­
cant, for example graphite, the high wear resistance is 
combined with a low coefficient of friction. 

3. The investigations showed the challenging use 
of ferrophosphorus in charge of flux-cored wires for 
electric arc metallizing to increase the tribotechnical 
characteristics of the sprayed coatings. 
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ANALYSIS OF STRUCTURAL STATE 
OF WELD METAL PRODUCED BY USING WELDING 

WIRES OF THE FERRITIC-PEARLITIC GRADE 

V.F. GRABIN, V.V. GOLOVKO, T.G. SOLOMIJCHUK, E.l. GONCHARENKO and V.A. KOSTIN 
E.O. Paton Electric Welding Institute, Kyiv, Ukraine 

It is shown that alloying of low-carbon weld metal with manganese leads to formation of a small amount of pearlite 
and up to 40-50 vol. % of acicular ferrite in it. Owing to a high acicular ferrite content, weld metal of the Fe-Mn-Mo-Ni 
alloying system is characterised by a higher level of mechanical properties than weld metal of the Fe-C-Mn alloying 
system. 

Keywords: low-alloy steels, alloying elements, structural com­
ponents, non-metallic inclusions, carbon equivalent 

Low-alloy steels are among the most extensively used 
structural materials. The problem of welding this 
grade of steels is remaining topical starting from the 
middle of the 1950s. As shown by results of numerous 
studies completed in this field, acicular ferrite (AF) 
is the main structural component that ensures an op­
timal combination of strength and ductility of weld 
metal of the ferritic-pearlitic grade. The weld metal 
with a content of manganese equal to 1. 7 wt.% is 
reported to contain 55-60 vol. %of AF [ 1] . To increase 
the share of AF (to more than 60 vo 1. %) , it is necessary 
to alloy the weld metal with nickel and molybdenum 
[2]. A technology developed in the middle of the 
1960s on the basis of the studies provided for the use 
of filler metal in the form of welding wires alloyed 
with manganese, molybdenum and nickel. This tech­
nology resulted in the weld metal with high mechani­
cal properties. At the same time, it had a substantial 
drawback consisting in the fact that it could not ensure 
a sufficient brittle fracture resistance of welded joints. 
To eliminate this drawback, welding of high-strength 
steels is performed using pre- and concurrent heating 
or wires of the austenitic grade. 

The advancement of industry and the associated 
increase of requirements to the base metal of welded 
structures led to emergence early in the 1970s of low­
alloy steels with a low carbon content. Decrease in 
the carbon content to 0.080-0.150 wt.% made it pos­
sible to substantially raise toughness and brittle frac­
ture resistance of low-alloy steels. 

Modern low-alloy steels are sophisticated high­
technology products. As such, during the manufac­
turing process they are subjected to integrated met­
allurgical and thermal effects. Figure 1 [3] gives the 
list of the strengthening mechanisms used currently 
to produce high-strength low-alloy steels of the fer­
ritic-pearlitic grade. As seen from the Figure, it is 
enough to provide strengthening of solid solution with 
manganese and silicon to produce steels with a yield 
stress of up to 275 MPa. At the same time, to produce 

metal with a higher level of strength properties, it is 
necessary to subject rolled products to ther­
momechanical treatment and harden a structure by 
microalloying; and to provide cr0.2 > 400 MPa it is 
necessary to use dispersion strengthening or even dis­
location hardening. These are the processes that occur 
at a sub-microscopic level, and the common practice 
to control them consists in using inclusions 10-100 nm 
in size. It should be noted that results of the studies 
and practice proved the expediency of adding small 
inclusions also to the weld metal [ 4]. At present, there 
are the cases where it is difficult to discriminate dis­
location hardening caused by inclusions of about 
10 nm in size from strengthening of solid solution due 
to deformation of ferrite lattice by interstitial atoms. 

Welding steels with such a complicated system of 
alloying, modifying and refining requires a corre­
sponding increase in mechanical properties of the weld 
metal. Therefore, to provide toughness and ductility 
of the weld metal at a level of high-strength low-alloy 
steels, it is necessary to know whether it is possible 
to use simultaneous alloying with manganese, molyb­
denum and nickel. As the main factor determining 
mechanical properties of the weld metal is structure 
to solve this problem it is reasonable to focus on th~ 
composition of structural components of the weld al­
loyed with manganese, molybdenum and nickel. 

cro. 2 • MPa 

600 
Dislocation hardening through alloying with 

molybdenum, manganese, niobium, titanium and boron 

500 Dispersion strengthening through alloying with 
niobium, titanium or vanadium + nitrogen 

400 
Refining of structural grains through 

300 thermomechanical treatment or alloying with niobium 

Strengthening of solid solution through 
alloying with manganese and silicon 200 

100 
Base strength of low-carbon steel 

0 

Figure f. Dependence of yield stress cr0.2 of low-alloy steels upon 
the method of their technological metallurgical treatment 
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Table 1. Chemical composition of weld metal 

Weld Content of elements, wt.% 

No. c Si Mn Mo Ni 

0.090 0.38 0.50 

2 0.087 0.39 0.75 

3 0.090 0.41 0.97 

4 0.076 0.49 1.00 

5 0.082 0.33 1.47 

6 0.079 0.32 1.75 

7 0.092 0.33 1.95 

8 0.084 0.37 2.23 

9 0.080 0.45 1.68 0.31 0.05 

10 0.076 0.28 1.02 0.23 0.09 

11 0.099 0.39 1.53 0.29 0.38 

12 0.068 0.48 1.28 0.22 0.67 

13 0.068 0.47 1.42 0.24 0.75 

14 0.100 0.37 1.21 0.20 0.75 

The purpose of this study was to investigate the 
possibility of increasing the content of tough struc­
tural components in metal of the low-alloy steel 
welds. Investigated were specimens of metal of multi­
pass welds (deposited metal) made by automatic sub­
merged-arc welding using low-alloy welding wires 
with a diameter of 4 and 5 mm at a heat input of 
37-43 kJ I em. The investigations were conducted by 
the IIW procedure [5], which included comparative 
evaluation of phase and structural composition, meas­
urement of hardness and evaluation of mechanical 
properties of the weld metal. The content of such 
structural components as pearlite, bainite and differ­
ent morphological forms of ferrite, the presence of 
V, wt.% d, ~~m 

60 140 

40 100 

20 60 

~--~----~------~-------L--~~~20 
0 0.5 1.0 1.5 2.0 Mn, wt.% 

Figure 2. Effect of weight fraction of manganese in weld metal on 
austen ite grain size d (5) and content of structural components: 
1 - MAC-phase; 2 - P; 3 - PF; 4 - AF 
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which in the weld metal exerts a marked effect on its 
performance, was estimated. Welded joints were 
made by using wires containing carbon, manganese, 
molybdenum and nickel (Sv-08GA, Sv-10G2, Sv-
08GM, Sv-10GNM), combined with alloying agglom­
erated fluxes of an increased basicity (BI = 1.2-2.3). 
Welds with metal containing carbon in a range of 
0.076-0.100 wt.% were selected for the investiga­
tions. Two series of experimental welds were made. 
Weld metal of the first series of experiments (No. 1-8) 
differed only in a level of alloying with manganese 
(0.50-2.23 wt.%). Weld metal of the second series 
of experiments (No.9-14) contained also nickel and 
molybdenum, in addition to manganese (Table 1). 

As shown by the metallography results, structure 
of the weld metal of the above two series consisted 
of polygonal ferrite (PF), Widmanstaetten ferrite 
(WF), AF, pearlite (P) and the so-called laminated 
forms of ferrite (LF). According to the IIW classifi­
cation, the latter included ferrite with an ordered and 
unordered secondary phase and a martensite­
austenite-carbide phase (MAC-phase). 

Quantitative analysis of structural composition of 
the first series of the welds, the results of which are 
shown in Figure 2, allows a conclusion that alloying 
of the weld metal with manganese causes decomposi­
tion of the major part of austenite during the cooling 
process to occur in high-temperature and intermediate 
ranges, this leading to formation of a considerable 
amount of P, PF and AF. Depending upon the level 
of alloying with manganese, the WF content of the 
weld metal may amount to 5 vol.%. The volume frac­
tion of AF is maximal in the welds alloyed with 
1. 75 wt.% Mn. Increase in the manganese alloying 
level is accompanied by increase in the bainite (B) 
content and hardening of ferrite, whereas in the case 
of decrease in the manganese content the volume frac­
tion of AF decreases as a result of an increased content 
of PF and WF. The latter structural component is 
usually formed in the regions that adjoin boundaries 
of initial austenite grains, while polygonal ferrite pre­
cipitating along the boundaries serves as a sort of a 
substrate on which the WF component forms and 
grows. Alloying the weld metal with manganese is 
accompanied by refining of austenite grain and some 
change of proportion of the secondary structure com­
ponents. 

It is reported [ 6] that manganese has a non -uniform 
distribution in structure of the weld metal. As a rule, 
part of it is in a fixed form (carbides and sulphides) 
and part is in iron solid solution, this leading to its 
hardening. Manganese is distributed between carbides 
and solid solution in a ratio of about 1 to 4, i.e. its 
content in solid solution is approximately 4 times as 
high as in carbides. In Fe-Mn alloys with a low carbon 
content, manganese often forms not pure carbides but 
complex compounds of the (FeMnhC type, where 
iron and manganese atoms partially replace each 
other. Mechanical properties of such a metal are de­
termined not only by the structural factors, but also 
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Table 2. Structural composition of metal of the second series of 
experimental welds 

Weld Content of structurol components, val. % 

No. 
PF WF p LF AF B M;tC-plwse 

9 20 8 2 22 32 3 13 

10 19 6 19 41 2 13 

11 10 2 12 60 18 

12 6 10 68 15 

13 13 10 62 2 12 

14 16 8 64 12 

by the degree of hardening of solid solution with 
manganese. Increase in the manganese content of solid 
solution leads to decrease in toughness of the weld 
metal. In the course of our investigations this conclu­
sion was confirmed by the hardness measurement re­
sults shown in Figure 3. It can be seen from the Figure 
that hardness of the weld metal steadily grows with 
increase in the mass fraction of manganese. In addi­
tion, this also causes increase in the content of stronger 
structural components and refining of grains in struc­
ture of the weld metal (see Figure 2). 

As follows from [7], a substantial improvement of 
toughness of the weld metal can be achieved through 
alloying it with elements that affect kinetics of de­
composition of austenite during the process of con­
tinuous cooling of a welded joint. These elements 
include manganese, chromium, molybdenum and 
nickel. Moreover, combinations of welding consu­
mables and parameters should be selected so that the 
weld metal has a minimum content and a high degree 
of dispersion of non-metallic inclusions (NMI). 

Like manganese, molybdenum also favours refin­
ing of austenite grains and shift of the temperature 
range of austenite decomposition to an intermediate 
region. This is accompanied by decrease in the volume 
fraction of PF interlayers and their thickness along 
the crystalline grain boundaries. An insignificant ad­
dition of molybdenum leads to decrease in the cold 
shortness threshold of iron and causes almost no de­
crease in toughness of ferrite. Chromium has a similar 

HV 5 r-----------------------------, 

150~------~------~------~--~ 
0.5 1.0 1.5 2.0 Mn, wt.% 

Figure 3. Effect of manganese content on weld metal hardness 
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10 20 40 60 V, wt.o/o 

Figure 4. Effect of total content of PF and WF in structure of the 
weld metal on the level of its impact toughness KCV at different 
test temperatures: 1 - T"''' = +20; 2 - -20; 3 - -40 'C 

effect. Nickel leads to formation of AF in the weld 
metal. Unlike the majority of alloying elements, it 
increases a cleavage fracture resistance of metal [8]. 
However, it should be noted that at a high nickel 
content the martensite component of the MAC-phase 
may be partially replaced by austenite, this resulting 

cro.2. MPa 

500 r . 
400 ~-·m~-....·------~--300~-~----~-------L-------L---·~·~ 

a 

KCV, Jjcm 2 

• 
120 

90 • 

60 

30 

0 
b 

10 30 LF, vol.% 

Figure 5. Effect of LF content of the weld metal on its yield stress 
cr02 (a) and impact toughness KCV (b): 1-3 - see Figure 4 

19 • 



SCIENTIFIC AND TECHNICAL 
Go2. MPa 

600 

500 

400 

a 
HVs 

250.----------------------------------

225 

b 
KCV.2o. Jjcm 2 
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c 

28 

• • 

• 

46 64 82 AF, vol.% 

Figure 6. Effect of AF content of weld metal on its mechanical 
properties: a - yield stress a 02 ; b - hardness HV5 ; c - impact 
toughness KCV_20 

in growth of toughness of the weld metal and a si­
multaneous decrease it its strength. 

As shown by the results of metallography (Ta­
ble 2) of metal of the second series of the welds con­
taining manganese, its alloying with minor additions 
of nickel and molybdenum leads to a change in the 
amount of structural components. Compared with 
metal of the first series of the welds, metal of the 
second series of the welds is characterised by an in­
creased volume fraction of AF and MAC-phase, a 
decreased content of LF (with both ordered and un­
ordered second phase), PF and WF. In this case the 
process of formation of pearlite is fully suppressed. 

Mechanical properties of metal of these welds de­
pend upon the relative volume content of structural 
components. The data shown in Figure 4 prove the 
known fact of a negative effect of structural campo-

70 

50 

30 

10 
1090 1333 2265 K, pcjmm 2 

Figure 7. Effect of the content of NMI in weld metal on impact 
toughness KCV 20 

nents of PF and WF on impact toughness of the weld 
metal under low temperature conditions. Variation in 
strength properties of the weld metal also takes place 
in this case (FigureS). It should be noted that increase 
in the LF content does not have such a marked effect 
on strength characteristics as the PF and WF contents 
do. Most probably that this is associated with a lower 
temperature of formation of LF. 

Therefore, as shown by the investigation results, 
alloying of the weld metal with the Mn-Mo-Ni sys­
tem allows some mitigation of the negative effect ex­
erted by the PF and WF structures on its mechanical 
properties. At the same time, this provides increase 
in the AF content and a corresponding improvement 
of metal toughness. Analysis of the data given in Ta­
ble 2 and Figure 6 indicates that increase in the AF 
content of the weld metal to more than 60 vol.% has 
a substantial effect on mechanical properties of the 

Table 3. Oxygen content and size distribution of NMI in weld metal 

\l!e/d 
NMI, val. % 

!\mount of inclu>ions of the following >ize>, !-'Ill, in 1 111111
2 

No. 
[Of, w t. % 

2: /.0 /./-1.5 /.6-2.0 2.1-2.5 2.6-3.0 3.1-4.9 > 5.0 

9 0.445 1478 1081 235 105 36 23 0.057 

10 0.382 1256 931 203 76 22 21 3 0.089 

11 0.473 1553 1149 244 100 36 22 2 0.051 

12 0.445 1500 1124 210 106 27 31 2 0.082 

13 0.419 1412 1043 234 93 25 15 2 0.075 

14 0 .424 1256 931 203 76 22 21 3 0.060 

Nate. Conlcnl of hydrogen and nitrogen in weld metal of specimens investigated was 0.00004 and 0.01500 wt.%. 
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cr0.2 , MPa KCV.40 , Jjcm 2 
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Figure 8. Effect of the MAC-phase content of weld metal on impact 
toughness KCV_40 ( 1) and yield stress cr0.2 (2) 

latter, whereas at a lower AF content other structural 
components have a competing effect. 

The NMI content affects impact toughness of the 
weld metal (Figure 7). As shown by metallography, 
NMI with a size of 1.0-1.5 J..lm dominate in the weld 
metal (Table 3). Their type and composition were not 
considered in this study. It should be noted, however, 
that the extent of the effect of a structural factor can 
hardly be distinguished from that of NMI, although 
there is the evidence [9-11] that the role of the latter 
during the structure formation process and their effect 
on toughness of the weld metal may be very high. 

It follows from the data obtained that AF is the 
most favourable structure for increase in impact 
toughness of the weld metal. Temperature of its for­
mation is relatively low and close to a lower branch 
of the intermediate region of y-HJ_ transformation. 
This process is inevitably accompanied by dispersed 
precipitation of the MAC-phase. 

Researchers have very contradictory opinions con­
cerning the effect of the MAC-phase on mechanical 
properties of the weld metal. Some of them consider 
this effect to be positive [ 10], and others - negative 
[12]. As a result of the investigations, we found that 
increase in the AF content of the weld metal is ac­
companied by a simultaneous increase in volume frac­
tion of the MAC-phase (Figure 8). Also, this causes 
increase in such mechanical properties of the weld 
metal as strength and ductility (Figure 9). Because 
metal contained also AF and PF, in addition to the 
MAC-phase, the investigation results shown in Fi­
gures 8 and 9 cover the total effect of the entire set 
of structural components of the weld metal. 

Weld metal with such an alloying system is known 
to have increased susceptibility to brittle fracture. 
Therefore, welding in this case should be performed 
with pre- and concurrent heating. Susceptibility of 
the welds under consideration to brittle fracture was 
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Figure 9. Relationship between the AF and MAC-phase contents 
of the weld metal structure 

estimated using the Seferian formula [13]. This for­
mula can be used to calculate temperature of preheat­
ing of a welded joint, at which it is possible to avoid 
cold cracking. 

T = 350~[C]- 0.25 [OC], 

where [ C] is the total carbon equivalent, 

[C] = [Clc + [C], 

(here [C]c and [C)s are the carbon equivalents de­
pending upon chemical composition and thickness of 
the metal, respectively), and 

[Cl, = O.OOS[Clc· 

By substituting data given in Table 1 to the above 
formula, we find that temperature of preheating of 
the parts welded should be not lower than 80 °C. The 
preheating temperature grows to 110-120 oc under 
the effect of such an important factor as a hydrogen 
content of the weld metal [ 12]. However, it is impos­
sible to perform welding of hull structures, drilling 
platform foundations, large-diameter pipes and other 
large-size parts at this preheating temperature, while 
increase in power and labour consumption in manu­
facture of smaller parts by the above technology may 
amount to about 40 %. 

The investigation results obtained are indicative 
of the fact that further improvement of the weld metal 
structure can be achieved by decreasing the total carb­
on equivalent through using steels and welding con­
sumables with a super low carbon content. 

It should be noted in conclusion that the IIW 
procedure employed for the investigations, consisting 
in calculation of volume fraction of structural com­
ponents using optical microscopes, is correct, except 
for the case when bainite formations are oriented 
across the austenite grain and look like one of the 
laminated forms of ferrite, i.e. with the ordered second 
phase. If bainite has a typical acicular (laminated) 
structure characteristic of upper bainite, no problems 
with its identification using the above procedure oc­
cur. 
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CONCLUSIONS 

1. Alloying' with manganese was found to lead to 
formation of a substantial amount (5-18 vol.%) of 
pearlite. This is not favourable for providing high 
values of impact toughness of the weld metal, despite 
the amount of up to SO vol.% of acicular ferrite con­
tained in it. 

2. Simultaneous alloying of low-carbon steels with 
manganese, molybdenum and nickel, compared with 
alloying only with manganese, allows a higher level 
of mechanical properties of the weld metal to be 
achieved in low-alloy steels, which is attributable to 
decrease in the polygonal ferrite content, suppression 
of formation of pearlite and increase in the acicular 
ferrite content. 

3. Increase in the acicular ferrite content of the weld 
metal structure to more than 60 vol.% due to alloying 
with manganese, molybdenum and nickel leads to cold 
cracking of welded joints in low-alloy steels. 

4. Further improvement of composition and struc­
ture of the weld metal in low-alloy steels should be 
done by favouring formation of the weld metal with 
a decreased value of carbon equivalent. 
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INTEGRATED EVALUATION OF EFFECT OF YTTRIUM 
ON PROPERTIES OF STEEL WELDS 

N.G. EFIMENKO 
Ukrainian Engineering-Pedagogical Academy, Kharkiv, Ukraine 

The refining, modifying and alloying role of yttrium in the metal of low-alloyed welds, depending on its concentration, 
was experimentally confirmed. Yttrium influence in weld metal is most favourably manifested for its ductile properties 
and toughness in case of proceeding of the refining and modifying effects. 

Keywords: deposited metal, electron microscopy, disloca­
tions, mechanical properties, modifying, non-metallic inclusions, 
multilayer welds, refining, low-temperature embrittlement 

Results of investigations [ 1] showed that, when yt­
trium is introduced into cast carbon steel, three in­
terrelated effects such as refining, modifying and al­
loying are manifested, the degree of which depends 
on yttrium concentration. It can be assumed that the 
yttrium effect in cast weld metal produced in arc 
welding process can be similar to its effect in metal 
of steel castings. At the same time, the high-tempera­
ture metal treatment in arc gap during welding makes 
essential corrections in a thermodynamic pattern of 
processes of weld metal structure formation. This re­
quires the conductance of additional comparative in­
vestigations on clarifying the nature of effect of rare­
earth metals (REM), in particular yttrium, on the 
increase in cold resistance of weld metal made from 
carbon steels. 

Metal, deposited with basic electrodes (rods were 
manufactured from steels containing yttrium), and 
also with electrodes, in which yttrium was added to 
the coating composition in the form of a powder metal 
addition, and also Y -Si master alloy, was investigated 
(Table). Procedure of producing test samples was 
given in [2]. Metal structure was examined using 
optical and electron microscopy. Mechanical tests 
were made in accordance with generally-accepted 
methods. In parallel with impact bend tests, the en­
ergy of crack propagation on impact samples, having 
a fatigue crack induced by a vibrator, was determined. 
Phase composition of non-metallic inclusions (NMI) 
was determined using a method of a diffraction mi­
croanalysis. Fine structure was examined on foils in 
transmission electron microscope UEM-200SKh at 
200 kV accelerating voltage. 

It was established by investigations that a size, 
shape and composition of NMI in weld metal is 
changed under the effect of yttrium. Adding of yt­
trium up to 0.6 % into electrode composition through 
a coating and up to 0.12 % into composition of the 
electrode core leads to the decrease in sizes of NMI 
to 0.6-2.0 f.tm. Inclusions acquire a globular shape. 
Their large clustering in any regions of structure was 
not observed, except separate tertiary clusters of 4-

© N.G. EFIMENKO, 2003 
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8 f.tm sizes, located along the boundaries of primary 
grains. NMI represent a mechanical mixture of sul­
phides, silicates, oxides, carbides, many of them con­
taining yttrium: Y203, YSi3, Mn30, 
Mn0·3Mn03·Si02, Y202S, Y2S3, YC2. At subsequent 
increase in yttrium content in coating and core, the 
tendency to the increase in contamination of structure 
with NMI is observed. 

Homogeneity and dispersity of grained structure 
and substructure play an important role in increase 
of brittle fracture resistance [3]. Figure 1 gives a 
probability size of grain in metal of deposits with 
different yttrium content. Initial deposited metal 
(without addition) is characterized by a high differ­
ence in grains (7-50 f.tm) at the most repeated size of 
grain of about 30 f.tm (35 % of volume). Yttrium 
adding to the coating narrows abruptly the areas of 
distribution of a grain size, and at content up to 
0.6% Y the grain size is decreased to 8-12 f.tm (largest 

50 
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~ 30 
:0 

C1l 
.0 
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Grain size, ).lm 

Figure 1. Size of a ferritic grain in weld metal depending on yttrium 
content in electrode (number of curves correspond to variants of 
electrodes, see the Table) 
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Experimental variants of compositions of experimental Fe-based welding consumab les with yttrium 

Series No. of 
\'ttrium Chemical composition of deposited metal, 1f't.% 

of mate- Mei'hod of yttrium adding (form of adding) electrode 
content in 

rial variant 
electrode, c Mn Si s p 

wt.% 

E I ectrode coating (metal I ic powder 0 0 0. 1 0.9 0.5 0.02 0.02 
with yttrium) 0.1 0.09 0.94 0.5 0.018 0.021 

2 0.2 0.1 0.9 0.56 0.018 0.02 

3 0.3 0.095 0.95 0.6 0.016 0.02 

4 0.5 0.1 1. 11 0.65 0.014 0 .01 

5 0 .6 0.1 1.2 0.65 0.0 12 0.019 

6 1.0 0.1 1.26 0.73 0 .011 0.017 

7 2.0 0.09 1.3 0.8 0 .01 0.017 

I I The same (master alloy SNITM!Sh) 8 0.2 0.09 1.2 0.95 0.013 0.016 

9 0.35 0.09 1.24 1.1 0.009 0.015 

10 0.5 0.1 1.4 1.26 0.009 0.017 

Ill Metal core with yttrium [ 1] 11 0 0.28 0.51 0.29 0.024 0.022 

12 0.025 0.28 0.52 0.3 0.021 0.022 

13 0.084 0.3 0.54 0.3 0.02 0.021 

14 0.12 0.29 0 .66 0.32 0.018 0.022 

15 0.16 0.28 0.70 0.36 0.012 0.02 

16 0.21 0.3 0.78 0.49 0.008 0.02 

Nate. Degree of yttrium transfer to weld metal: at adding to electrode coating in the form of powder - 1-7 wt.%; in the form of master 
al loy SNITM!Sh - 6-10 wt.%; through electrode core- 6-13 wt.~~-

repetition). The same tendency was revea led also in 
yttrium adding to the electrode core. 

Identity of structure over the entire section is char­
acteristic of multilayer welds made by electrodes 
which contain up to 0.6 % Y in the coating (Table, 
materials of series I contain up to 0.007 % Y in weld 
metal). At yttrium content of 1 %and higher (yttrium 
content of about 0. 01 % in weld metal), the significant 
change in structure across section is observed (Fi­
gure 2). Thermocycling in the process of layout of 
layers influences the structure formation. An acicular 
structure of a bainitic type with a small amount of a 
structurally-free ferrite is formed in upper layers, not 

subjected to a repeated heating and undergone an 
intensive heat dissipation (Figure 2, a). A growth of 
a ferritic constituent is observed in middle layers and , 
in parall el with a bainite, a structural constituent of 
a troostite type is appeared. The lower layers have a 
ferritic-pearlitic structure with a negligible content 
of a bainite (Figure 2, b). In multi layer welds made 
with electrodes of series III , the beginning of a layer­
by-layer change in structure is observed at yttr ium 
content in core starting from 0.16 %. 

Comparative analys is of a fine structure of initial 
metal and variants, containing yttrium (series I), 
showed the different degree of homogeneity. Non-uni-

Figure 2. Microstructure of meta l of mu lti layer weld (variant No.6, see the Table): a - upper layer; b - lower layer (x600) 
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Figure 3. Dislocation structure of deposited metal: a - initial variant; b - made with electrode No.3 (see the Table) (x3000) 

form distribution of dislocations of a rather high den­
sity was observed in metal of the initial variant. Maxi­
mum density is observed around large NMI (Figure 3, 
a). In metal deposited with electrodes, containing not 
more than 0.6 % Y, a comparatively uniform distri­
bution of dislocations is observed (Figure 3, b). Their 
density was reduced. 

The above-given changes in fine structure are cor­
related with results of investigation of internal fric­
tion in Y -containing steels [ 1], where the decrease in 
background of the internal friction is directly con­
nected with the structure stabilizing (decrease in den­
sity of dislocations and their uniform distribution). 
Increase in yttrium concentration in the electrode 
leads to the decrease in homogeneity of a dislocation 
structure at a negligible increase in density of dislcr 
cations. This is especially seen at yttrium content in 
electrode of not less than 1.0 % and its content in 
core of not less than 0.21 %. 

Structural changes under the yttrium effect lead 
to the change in mechanical properties of the deposited 
metal (Figure 4). A great growth in strength charac­
teristic (cr1, cro .2) at yttrium content in electrode above 
0.6 % is due to the transition of elements, introduced 
into the metal as deoxidizers (silicon, manganese) and 
favourable effect of yttrium on structure formation. 
The adding of REM to the metal increases its impact 
strength, however, its value does not yet give a clear 
understanding about the metal resistance against the 
brittle fracture. Figure 5 presents such composed com­
ponents, as energy of crack initiation Ai and energy 

KCU, MJ/m 2 

4 

2 

200.___ __ ...._ __ ......... __ ___._ __ ----''------' 

0 0.2 0.4 0.6 0.8 1.0 

Mass share of yttrium in electrode, % 

Figure 4. Dependence of mechanical properties of deposited metal 
on yttrium content in electrode 
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of crack propagation Ap, at testing the initial depos­
ited metal and that containing yttrium. As is followed 
from this Figure, the main increment in impact 
strength of metal with yttrium is provided by Ai 
within the entire interval of test temperatures, while 
Ap of this metal (exceeding the similar characteristic 
of initial metal at positive temperature) is decreased 
monotonically with a reduction in the latter. 

The scheme of yttrium effect on increase in metal 
resistance to low-temperature embrittlement can be 
presented as follows on the basis of obtained experi­
mental data. In welding (due to high temperature and 
strong convective processes in melting space) the met­
allurgical reactions, unlike the casting process [ 1], 
are proceeding more intensively and completely. Con­
sequently, some initial doses of yttrium, entering the 
melting space from a filler, will be consumed for the 
formation of oxides, high-refractory sulphides in the 
recrystallizing period, thus neutralizing their action 
as liquation [ 4], and also removing them partially 
into a slag. This sufficient amount is its residual con­
tent 0.003-0.005 % (0.2 % Y in coating or 0.025 % 
in core). The maximum increase in solidus tempera­
ture (Ts) at the above-said yttrium content in metal 
confirms this [ 4]. The increase in concentration above 
0.025% does not change Ts and temperature interval 

Figure 5. Effect of temperature on energy of initiation A; and 
propagation AP of crack (numbers of curves see in the Table) 
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of crystal! ization that proves a sufficient neutra lizing 
of a fusible phase. In parallel with a refining effect 
of yttrium 'at such content, the beginning of process 
of the structure modifying is noted (see Figure 1). 

The increase in yttrium content to 0.007 % (0 .3-
0.6 or 0.08-0.12% Y content in coating or core, re­
specti vely) intensifies the process of modifying of 
structural constituents and NMI. The refining effect 
of yttrium is manifested, as was earlier established 
[5], in prevention of a laminar (film) distribution of 
sulphur that stipulates the significant increase in in­
teratomic, i ntercrystall ine bonds [ 1 ] . Structure be­
comes more equilibrium, density of dislocations is de­
creased at more uniform their distribution (Figure 3). 
The above-mentioned changes are one of the basic 
criteria of improving the energy of brittle fracture 
resistance [ 6] . The further increase in yttrium content 
in the coating of not less than 1.0 %, and sim il arly 
in core of not less than 0 . 16 % (residual content in 
weld metal ~ 0.008 %) leads to changes in structure 
and phase composition of metal of multilayer welds . 
At such content of yttrium the stability of an over­
cooled austenite is increased. A comparatively high 
rate of cooling, typical of welds, leads to the decay 
of austenite at much higher overcooling that promotes 
the formation of structures of a bainitic type. Meas­
urement of hardness of a middle part of multilayer 
welds showed its changes depending on yttrium con­
tent. In adding of 1.0 % Y through the coating the 
hardness is HRB 82-84, while at adding of 2.0 % Y 
HRB is 92-95, initial variant is HRB 75-77. Here, 
grained and subgrain structures continue to refine. 
Processes of recovery of elements from oxides (man­
ganese and silicon), formation of fine-dispersed NMI 
of a laminar composition, containing yttrium, are in­
tensified. The monotonous reduction in sulphur con­
tent is observed (see the Table). The above-given 
changes in metal structure indicate that the al loying 
effect is started to be manifested at such yttrium con­
tent (residual content~ 0.008 %). With change in its 
concentration the mechanical properties of weld metal 
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are changed adequately. It was established in com­
parison of resu lts of microstructure examinations with 
characteristics of mechanical properties that the maxi­
mum level of visco-plastic properties is observed in 
adding of yttrium in the amounts ensuring the refining 
and modify ing effects . 

Thus, t he main factors influencing the increase in 
res istance to low-temperature embrittlement a re the 
refining of structural constituents, neutralizing the 
harmful effect of sulphur, oxygen, increase in intera­
tomic and intercrystall ine bonds, favourable effect of 
yttrium on dislocation structure. 

CONCLUSIONS 

1. Integrated investigations a llowed clarification of 
the nature of yttrium effect on the increase in resis­
tance to low-temperature embritt lement of weld metal 
made from carbon steels . 

2. When yttrium is added to the weld metal, all 
three closely related interactions are proceeding: re­
fining, modifying and alloying. Degree of their mani­
festation depends on concentration of yttrium added 
to the weld. 

3. Maximum level of visco-plastic properties is 
observed in yttrium adding to the weld metal in the 
amounts providing the refining and modifying effects. 
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MICROSOLDERING METHODS 

A.A. ROSSOSHINSKY1
, V.M. KISLITSYN 1

, A.G. MUSIN 1 and S.P. PAVLYUK2 

1E.O. Paton Eleclric Welding Institute , NASU, Kyiv, Ukraine 
2Taras Shevchenko Kyiv National University, Kyiv, Ukraine 

Several processes of welding and so ldering arc considered, which were developed at PWI in 1965-1985 and arc used in 
the technologies of mass production of discrete semiconductor devices and integral microcircuits. They were not widely 
described in publications earlier for cerlain reasons. 

Keywords: welding, soldering, technology, integral 111icro­
circuits, semiconductor diodes, advanced materials 

Intensive development of electronics in 1960s led to 
performance of research, aimed at development of 
technologies of semiconductor device fabrication, ad­
vanced methods of producing metal-semiconductor 
joints. One of the main tasks in the technological 
process of fabrication of discrete semiconductor de­
vices and integral microcircuits is joining to contact 
areas of the silicon or germanium chip the gold or 
aluminium wires of up to 60 IJ.m diameter, which 
commute the electric circuits of the si I icon chip with 
the output pins of the integral microcircuit. Several 
solid-phase pressure welding processes are known for 
solving such problems, namely thermocompression 
bonding, welding by ultrasonic oscillations and their 
combination [1-3]. 

Thermocompression bonding is a process, leading 
to formation of a joint in the solid phase. Practical 
application of this process may include also a variant 
of joining with formation of an eutectic in the zone 
of contact of the materials being joined. However , 
this involves problems, related to control of the qual­
ity of the eutectic phase, namely non-uniform depth 
of its penetration , as well as the possibility of forma­
tion of undesirable chemical compounds during aging, 
for instance ~purple plague>,), arising under certain 
conditions in the zone of the gold-to-silicon joint. Use 
of thermocompression bonding is rather strictly lim­
ited by materials of the attached pins (gold, alu­
minium), their geometrical properties (for instance, 
just wires of a round section and diameter of 40-
60 ).lm). 

Welding with application of ultrasonic oscilla­
tions is a process, which can solve a wider range of 
technological problems. This process provides defor­
mation of the metal pins being joined at a relatively 
small compressive force, cleaning of the contact area 
from oxides or other contamination, activation of the 
atoms, which are in the zone of contact of the materials 
being joined. However, the weight of piezoceramic 
or magnetostriction converters and concentrators of 
mechanical oscillations, connected to the welding 
electrode significantly increases the inertia of the lat­
ter, which markedly decreases the possibility of 
achieving a stable quality of the produced joints in 

"'A.A. ROSSOSHINSKY, V.~l. KISLITSYN, t\.G ~ILISIN and S.P. PAVLYLIK , 2003 
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the processes of welding or soldering micro-sized 
items. 

All the current processors, incorporating in one 
single-crystal silicon structure the greatest part of the 
electronic circuit, which consists of a mu ltitude of 
discrete elements and integral circuits, ear lier 
mounted on the PC board, are currently manufactured 
using the above welding processes, developed more 
than thirty years ago. Given below is the description 
of microwelding and microsoldering processes, devel­
oped by us, which significantly widen the range of 
technological application of the existing processes, 
and allow moving over to a denser packing of elements 
in one silicon structure by reducing the dimensions 
of contact areas, and increasing the efficiency of as­
sembly equipment and reliability of microjoints. 

Thermal-resonance welding process, wh ich com­
bines the advantages of thermocompression and ul­
trasonic welding, consists in that heating of the work­
ing tip of a V-shaped or axially split electrode is 
conducted by high-frequency current pulses, which 
excite mechanical oscillations in the electrode as a 
result of electrodynamic interaction of currents, flow­
ing through two halves of the electrode. 

Increase of the amplitude of mechanical oscilla­
tions of the electrodes can be achieved at placing of 
the electrode in the zone of the magnetic field action 
(Figure 1). When the frequency of electric current 
coincides with that of natural oscillations of the elec­
trode, a resonance of mechanical oscillations of the 
electrode component occurs, at which the amplitude 
of oscillations of the electrode tip is maximum. The 
basic parameters of this process (pressure on the elec­
trode, frequency and current of electrode tip heating, 
welding time) can be quite readily controlled in wide 
ranges and adjusted by feedback signals by these pa­
rameters. These conditions permit achieving a higher 
level of reproducibility of the quality of the welded 
or soldered joint, despite the changes of physical 
characteristics of materials of the electrode compo­
nent and of the materials being joined during heat­
ing . The electrode component can be designed, al­
lowing for excitation in the electrode of not only 
transverse, but also torsional oscillations, where the 
frequency may be dozens of times higher than that 
of the transverse ones. 
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Figure 1. Diagram of the process of thermal-resonance welding: 
1 - PC board; 2 - electric magnet winding; 3 - V-shaped 
electrode; 4, 5 - source of high-frequency and direct current, 
respectively; 6 - integral microcircuit pins 

One of the essential drawbacks of the devices for 
thermocompression or thermal-resonance bonding is 
lowering of the tool resistance with reduction of the 
geometrical dimensions of the tip (area of contact of 
the electrode with the workpiece). For welding more 
miniature items this drawback can be eliminated by 
using silicon crystals as a heating element [ 4], having 
hundreds of times higher electric resistance than the 
heating elements, made of the highest resistance metals. 

In the variants of soldering copper pins to metal­
lized diode silicon structures, developed by the E.O. 
Paton Electric Welding Institute [5], the process is 
based on heating of the Si-based semiconductor struc­
ture by electric current, passing through the metal 
pins, connected to the silicon chip, and the electron­
hole junction (Figure 2). 

The need to develop new processes of soldering 
the silicon diodes was related to a transition to a new, 

4 

5 

2 

Figure 2. Diagram of the process of soldering a semiconductor 
diode: I, 3 - copper pins of the diode; 2 - diode structure; 4 -
electrode; 5 - direct current source 
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more cost effective in fabrication design of the semi­
conductor device in a plastic or glass case. The existing 
methods of group packaging of medium-power diodes 
in a multiple assembly holder, heated in pusher-type 
furnaces, turned out to be totally unacceptab le for 
assembly of a new structure of the semiconductor 
diode, consisting of a minimum of parts, namely sil i­
con diode structure and two copper pins, where the 
contact areas are covered by a solder sublayer. 

Soldering the elements of a diode of such a design 
necessitated development of the process of individual 
soldering of each diode separately, which in mass pro­
duction requires reducing the soldering time from sev­
eral tens of minutes to fractions of a second. This, in 
its turn, requires increasing the rate of heating and 
cooling of silicon structures by dozens of times, which 
is contradictory to the variants of heating, established 
in technological practices. 

The most effective variant of diode element heating 
up to soldering temperature (200-250 oc) in a mini­
mum time is using the silicon ch ip as the heating 
element, the electric resistance of which is almost one 
million t imes higher than that of the most effective 
material for heating by the resistance method, namely 
nichrome. However, according to the traditional ap­
proaches, it is inadmissible to perform heating of the 
diode structure by electric current, which is tens and 
hundred times higher than the rated value of current 
flowing in the forward direction relative to the elec­
tron-hole junction. 

Practical implementation of this process of silicon 
structure heating led not only to revision of the ex­
isting theoretical concepts of silicon structure resis­
tance to direct current overloads. Under the condi­
tions of mass production of diodes revealing the diode 
structures with a higher level of defects in the sing le­
crystal structure of silicon, defects of formation of 
the electron-hole junction, defects of applying a met­
allized layer on the crystal , defects of the joined metal 
pins is a quite complicated and economically ineffec­
tive operation. In soldering of the diode elements with 
heating in pusher-type furnaces these kinds of defects 
are not revealed during manufacture. Currently used 
methods of diode classification by applying short-term 
critical loads, conducted at the end of the technologi­
cal cycle, in many cases themselves caused a lowering 
of the reliability of the diodes in service. 

The main advantage of the developed process was 
the ability to reject directly during packaging the 
diode chips, potentially unreliable in further service. 
Unfortunately, this feature of the new soldering proc­
ess was not fully used, as the service reliability pa­
rameter was not specified in the certificate data . It is 
possible , that increase of requirements to the quality 
of the products will resu lt in the plants, manufactur­
ing the semiconductor devices, focusing not only on 
the use of the cost-effective technologies and highly 
productive equipment, but also on making highly re­
liable products. 
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Further studies of this process led to development 
()f technologies of soldering metal pins to semicon­
ductor chips with several electron-hole junctions, for 
instance, with the structures of a thyristor, dinistor, 
stabilitron, as well as a powerful high-frequency tran­
sistor (Figure 3). 

The main disadvantage of the process of soldering 
with heating of the silicon chip by electric current, 
consists in an unstable power release, which is due to 
the difference of electric resistance of semiconductor 
structures, particularly during the process of heating 
up to the soldering temperature. This drawback may 
be eliminated in heating of the soldered elements of 
the diode by a pulse of capacitor discharge [6]. In 
addition to stabilization of the amount of energy, 
evolved in the soldered elements and shortening of 
the soldering time to 350 IJ.S, use of this process further 
allowed joining silicon chips to massive heat-remov­
ing plates. Heating current value in this variant of 
soldering exceeded the rated current several thousand 
times. 

Cost effectiveness of soldering processes, which 
were developed and introduced in many large elec­
tronic engineering plants during 1970-1990 was equal 
to many million roubles annually. 

During the same period we conducted promising 
developments of the processes of microwelding of alu­
minium pins of integral microcircuits to aluminium 
tracks of printed-circuit boards, as well as fluxless 
soldering of copper pins to copper coatings, produced 
by the method of spraying on ceramic substrates. Dur­
ing development of these joining processes several 
novel express-procedures were elaborated for evalu­
ation of the quality of the initial semiconductor struc­
tures, nondestructive testing of the quality of joining 
silicon diodes, recording silicon chip temperature dur­
ing soldering [7], which allows a significant shorten­
ing of the time taken up by technological investiga­
tions, when addressing new problems. 

The found anisotropy of heat conductivity of diode 
silicon chips [8] allowed establishing the potential 
possibility of developing new structural and thermal 
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Figure 3. Schematic of heating in soldering pins to a transistor 
structure: 1 - power source; 2, 3 - electrodes; 4 - copper pins; 
5 - semiconductor p-n-p structure; 6 - heat removing plate 

barrier materials, where the heat conductivity can be 
varied under the impact of the electric field. 
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IMPROVING IN WEAR RESISTANCE 
OF PARTS OF TITANIUM ALLOYS (REVIEW) 

T.V. VANZHULA, V.N. ZAMKOV and V. P . PRILUTSKY 
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

Methods for improving wear resistance of titanium a ll oys, inc lud ing thermochemical treatment, deposition of ga lvanic 
coatings, flame and plasma spraying, laser and electric-spark surface a ll oying and brazing, are rev iewed. Effic iency of 
their application is assessed. It is shown that the most promising method is argon-arc surfacing, requiring deve lopment 
of new filler materials. 

Keywords: titanium, tribological characteristics, wear re­
sistance, surfacing 

Titanium alloys possess unique physical-chemica l 
properties, such as high specific strength and heat 
resistance, as well as excellent corrosion resistance in 
atmosphere, sea water and a number of aggressive 
environments . Owing to these properties they are 
widely applied in aerospace engineering, ship and ma­
chine building, power generation and medicine. Avail­
able are alloys differing in properties and applications 
to ensure performance of parts under different service 
conditions . They include structural and heat-resistant 
alloys, alloys intended for operation under cryogenic 
conditions, corrosion-resistant ones, etc. However, in­
dependently of their type and alloying system, tita­
nium alloys are susceptible to contact adhesion in 
friction. This results in substantial wear and mechani­
cal damage of the surface of titanium alloy parts dur­
ing friction. For example, the friction coefficient of 
commercial titanium VT1-0 in air is 0.45-0.55 (for 
the like friction pairs). At the same time, the friction 
coefficient of brass L062-1 is 0.20, and that of hard­
ened and tempered steel 2Kh13 is no more than 0.26. 
Susceptibility to adhesion is an essential drawback of 
titanium alloys, hampering in many respects their util­
isation in friction units of machines and mechan isms 
[ 1]. Susceptibility of titanium to gas-abrasive wear 
is a! so reported [ 2]. 

Technologies employed to improve tribologica l 
characteristics of titanium alloy parts are the same as 
those used for treatment of rubbing surfaces of other 
metals (allowing for physical-chemical peculiarities 
of t itanium). They include thermochemical treatment 
(TCT), deposition of galvanic coatings, thermal 
spraying, plasma-powder cladding, laser and electric­
spark surface alloying etc. It should be noted that 
literature data on commercial application of such a 
widespread method of improving wear resistance of 
titanium parts as surfacing are scarce. 

The most common methods of TCT of titanium 
al loy parts used to regulate properties of surface layers 
of metal are oxidising and nitriding [3, 4]. Oxygen 
and nitrogen are elements which stabi lise a-phase in 
titanium . Oxygen dissolves in a-Ti to a substantial 
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amount (up to 33 at.%) to form interstitial so lid so­
lut ion. Strength and hardness of titanium increase in 
this case, alt hough its ducti li ty dramatically fa lls [5] . 
Independently of chemical composition of a titanium 
alloy, its surface layer after oxidising consists mostly 
of a -solid solution. Oxidising leads to decrease in the 
friction coefficient of titanium to 0.06, while the load 
that causes scoring increases from 100 to 2000 N. 
Hardness of t he surface layer in this case amounts to 
HV 600-800, and thickness of the layer is 80-100 ~m. 
Oxidising of titan ium alloys, e.g. VT14, is performed 
in air atmosphere at a temperature of 750 oc for 16 h 
or at 800 oc for 4 h [ 4]. Oxidising is a very compli­
cated and labour-consuming process. Cracks are 
formed on the metal surface, and cleavages result from 
operation even with an insignificant deviation of the 
process parameters from the optimal ones [3]. 

U lt imate sol ubility of nitrogen in a-Ti is no more 
than 0.75 wt.%. At a higher mass fraction of nitrogen 
the layer containing titanium nitrides is formed on 
t he surface, and a-sol id solut ion is transformed into 
a separate nitride phase. So, nitrogen hardens tita­
nium to a higher extent than oxygen. However, the 
rate of interaction of titanium with nitrogen is by an 
order of magnitude lower than that with oxygen. 
Thereby, thermal-diffusion nitrid ing (TDN) of con­
ventional-purity t itanium alloys [6, 7] should be car­
ried out for 8-10 h at a temperature of 850-950 oc, 
as at lower temperatures the process of formation of 
titanium oxides is dominating, thus hindering d iffu­
sion of nitrogen into titanium. The use of ammonia 
for nitriding leads to a simultaneous saturation of 
titanium with hydrogen, which may cause brittleness 
of nitrided parts. 

Ion nitriding (IN) [8] is performed by the vac­
uum-arc method in an argon and nitrogen mixture at 
a temperature of up to 600 oc for 15-60 min at a 
substantially lower (about 1 keV) energy of ions than 
in ion implantation (about 40-50 keV) [9, 10]. The 
temperature at which the IN process takes place causes 
no deterioration of technological properties of t he base 
material. 

The most important d ifference between IN and 
TDN is that the solid solution zone during IN increases 
to 60 ~m in size during 45 min at a temperature of 
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600 'C, whereas in TDN this zone does not propagate 
deeper than 10 11m even after holding for 8 h at a 
-temperature of 950 'C [8]. 

The method was suggested in [ 11] for saturation 
of the surface layer of titanium alloys with gas, con­
sisting in affecting the surface of a part by the non­
transferred arc with air (used as a reactive gas) added 
to the discharge zone. The controlled access of atmos­
pheric gases to the surface of a titanium part is pro­
vided through a regulated decrease of the rate of a 
shielding gas flowing out from the torch (argon in 
this case). 

Hardness of the surface layer after nitriding is 
HV 800-1200 MPa. As reported in [12], the com­
bined effect of nitriding and thermal cycling provides 
an increase of 2-2.5 times in wear resistance of tita­
nium alloy VT1-0. However, subsequent treatment 
leads to spalling of sharp edges, which does not allow 
an expedient utilisation of nitriding for hardening of 
the surface of parts with a complex configuration and 
fails to ensure the required quality of finishing op­
erations. 

The less labour-consuming and more practicable 
methods for improvement of tribological charac­
teristics of titanium parts are galvanic deposition and 
flame spraying (plasma spraying is used more rarely) 
[13]. These processes have a number of advantages 
over TCT. For example, in thermal spraying there is 
no need to subject an entire part to heating to high 
temperatures. Moreover , these processes allow using 
a wide range of coating materials and make it possible 
to deposit layers by <<building up» of linear sizes of 
parts, thus enabling restoration of their initial geome­
try after wear. 

The method of galvanic deposition of chromium, 
i.e. chromium plating, is used to advantage to improve 
wear resistance and adhesion strength of titanium 
parts. Hardness of chromium coatings deposited from 
electrolytic solution on a titanium surface isH RC 55-
60, while strength of their adhesion to the substrate 
is more than 100 MPa [14]. Maximum service tem­
perature of a chromium plated surface amounts to 
400 'C. However, its hardness starts to decrease at a 
temperature as low as 200 'C. Surface with a chro­
mium coating has a low friction coefficient and good 
wear resistance. At the same time, it is characterised 
by low fatigue properties. A <~network>> of cracks is 
formed in the deposited layer, which is associated 
with the effect of internal tensile stresses. Therefore, 
care should be taken when using the above coatings 
in friction units. Moreover, the risk exists that tita­
nium might be hydrogenated during the electrolytic 
process, which may lead to deterioration of perform­
ance of an entire part. 

It is recommended that a long-time diffusion an­
nealing, i.e. heat treatment, of an entire part should 
be performed after deposition of a galvanic coating 
r 15] in order to decrease the hydrogen content of the 
base metal and ensure an increased strength of adhe­
sion of titanium to the galvanic coating. When doing 
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this, one should bear in mind that if a heating tem­
perature is higher than 500 'C, annealing of titanium 
and titanium alloys should be performed in inert gases 
or in vacuum [5]. 

The method of high-velocity oxy-fuel (HVOF) 
spraying of alloys on the base of cobalt (Co-Mo-Cr­
Si) and carbides WC-Co and WC-CrCo, as well as 
boride-containing materials [ 16], is employed to form 
wear-resistant coatings on the surface of titanium al­
loys. The velocity of flame with this method is 
2100 m / s, and the velocity of particles equals 
750 m/ s (for metals) [14]. Despite a very high rate 
of the process (the deposition efficiency amounts to 
0.25-0.54 mm / h per square millimetre of the surface 
for the WC-CrCo coatings), the deposited layers have 
very high service characteristics: hardness is higher 
than HRC 60, adhesion strength is 100 MPa and 
working temperature is 550 'C [ 14]. The coatings are 
characterised by an excellent wear and corrosion re­
sistance, and their fatigue resistance is superior to 
that of galvanic coatings. The HVOF process has some 
advantages over chromium plating, such as lower tox­
icity of wastes, reduced costs of disposal of these 
wastes, decreased labour consumption owing to elimi­
nation of some types of treatment before and after 
the process, possibility of treating local surface re­
gions etc. This process is successfully applied instead 
of chromium plating in aircraft engineering. 

However, one should bear in mind that because 
titanium has a low linear thermal expansion coeffi­
cient [5], this inevitably leads to formation of tensile 
stresses in surface layers of coatings on titanium [ 17], 
which also adds to deterioration of performance of a 
coating. To alter sign of stresses and change their 
values, it is necessary to properly regulate the thermal 
cycle of spraying. Deposited coatings have a laminated 
structure, structural and chemical heterogeneity and 
substantial anisotropy of physical and mechanical 
properties, which in a number of cases exerts a positive 
effect on their performance. 

Wear resistance of titanium can be increased by 
using laser surface alloying. Materials for this process 
include chromium, manganese, iron and nickel [18]. 
Surface of a titanium part is melted by the laser beam 
in a jet of commercial nitrogen with an addition of a 
required alloying element. As a result, microhardness 
of the surface layer amounts to HV 7.5-9.5 GPa, and 
depth of the molten zone is 30-37 11m for chromium 
and 50-120 11m for iron. The effect of increase in 
hardness on the surface of titanium alloy parts can 
be achieved also as a result of their laser glazing in 
air or nitrogen atmosphere [19]. Also, it is possible 
to perform alloying with carbides and borides of tung­
sten, chromium and titanium. Laser surface modifi­
cation with silicon carbide is considered to be most 
promising in this respect [ 20, 21]. However, high 
power density of the laser beam leads to formation of 
a high temperature gradient in the sub-surface layers, 
which is caused by rapid heating and cooling. High 
stresses induced in this case may lead to cracking. 
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This applies also to the process of alloying of the 
surface of titanium alloy parts using the electron beam 
with a h'igh energy of electrons [22, 23]. 

Increase in wear resistance of titanium by surface 
alloying is achieved by using electric-spark treatment, 
where materials with self-fluxing additions (WC­
Co-Ni-Cr-B-Si) are applied as the electrode ones 
[24]. In a number of cases, wear resistance is increased 
by treatment with heterogeneous plasma beams [25] 
or high-temperature pulsed plasma [26]. 

Brazing-on is a method favourable for increasing 
wear resistance and restoration of geometric sizes of 
worn out surfaces of parts of titanium alloys in terms 
of preventing grain growth during deposition of a 
wear-resistant layer on the titanium surface and main­
taining properties of titanium at an initial level. This 
method can be employed to deposit wear-resistant 
layers on the surface of titanium by avoiding incipient 
melting of the base metal. In this case the filler metal 
consists of hard reinforcing particles (e.g. carbides of 
refractory metals) and a low-melting point matrix in 
the form of a brazing alloy based on titanium of the 
Ti-Cu-Ni-Zr system [27]. However, most compo­
nents of a brazing alloy have a limited solubility in 
a-phase of titanium, and intermetallic compounds 
characterised by an increased brittleness are formed 
during cooling as a result of eutectoid decomposition 
of ~-solid solution. This determines low ductility of 
the brazed joints [28]. 

Formation of intermetallic compounds can be re­
stricted by reducing time of the brazing process [29]. 
However, brazing of titanium using composite brazing 
alloys is performed as a rule in vacuum furnaces. 
Therefore, high heating and cooling rates, as well as 
a substantial reduction of the time of metal dwelling 
at a brazing temperature can hardly be achieved in 
this case. The fact that the temperature range of melt­
ing of the Ti-base brazing alloy is close to the point 
of beginning of an intensive grain growth [30] also 
adds to complexity of the process. Some regulation 
of temperature conditions can be achieved in the case 
of arc brazing in vacuum [31]. 

Therefore, the above technological processes allow 
surface hardness and wear resistance of titanium and 
its alloys to be increased to some extent. However, 
they fail to solve the entire problem of performance 
of titanium alloys in friction units. Issues associated 
with quality of deposited wear-resistant layers, 
strength of their adhesion to the surface of titanium, 
maintaining its properties, ductility of the transition 
zone and, therefore, service life of titanium parts un­
der friction conditions remain unsolved so far. These 
issues can be partially solved by using double surface 
treatment [32], which includes electron beam and 
laser treatment by vacuum-arc or plasma spraying, 
TCT etc. [33]. 

The extensive use is made of arc and plasma-arc 
surfacing processes, which are the most productive 
methods for a desired modification of tribological 
characteristics of surface layers of parts. It has been 
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reported lately that wear resistance of titanium can 
be increased by using plasma-arc and argon-arc sur­
facing. Thus, study [34] gives description of the 
method for surfacing valves of automobile engines 
made from titanium alloy Ti-6Al-4V. This surfacing 
method comprises deposition of a sub-layer of alloy 
Co-Ni-Cr-AI-Y on the working surface of a valve, 
and then deposition on it of the Stellite-12 layer. In 
this case no deterioration of properties is seen in the 
zone of fusion of the sub-layer with titanium or Ti-base 
alloy. This is attributable to the fact that fusion of 
titanium to chromium results in formation of a struc­
ture based on the ~-phase. Nickel and cobalt dissolve 
in it in considerable amounts to form no intermetallic 
phases. However, no brittle phases are formed when 
Stellite is deposited on the sub-layer. It is reported 
that surfacing can be carried out not only by the TIG 
method in argon, but also by the electron and laser 
beams. Total thickness of the layer deposited, for 
example, by the TIG method in argon is 1.2 mm, and 
its hardness is HV 5000 MPa. Drawbacks of this 
method include considerable costs of the materials 
used, sophistication of the surfacing technology and 
small thickness of the deposited layer. It should be 
noted that increase in the arc current leads to the 
probability of cracking and separation of the deposited 
layer from the base metal. Sometimes it is recom­
mended to use cobalt for deposition of the sub-layer 
[35]. Study [36] shows the possibility of using the 
nickel and titanium mixture as a filler material. Has­
telloy-C (Ni-16Mo-15Cr-5Fe-4W) and Inconel-625 
(Ni-21 Cr-9Mo-4Nb) are also used for these purposes. 
An attempt to perform surfacing in a mixture of argon 
and active gases (C02, 0 2, N2), meaning that the 
presence of oxygen and nitrogen leads to hardening 
of titanium [36], failed to give positive results. 

It should be noted that in the case of deposition 
of Hastelloy hardness of the deposited layer gradually 
decreases in a direction from its surface to the zone 
of fusion with the base metal. At the same time, in 
the case of deposition of alloys containing cobalt, an 
increased hardness in the deposited layer persists from 
its surface through thickness to a certain depth. Then, 
after a sudden increase, it decreases to a level of hard­
ness of the base metal. The cause of this abrupt local 
change is formation of an interlayer of intermetallics 
TiCo and Ti2Co in the fusion zone, which may lead 
to cracking and separation during operation of a 
treated part. 

Study [37] suggests a method for arc hard-facing 
of a titanium substrate using a filler metal in the form 
of titanium wire with a cobalt powder or Co-base 
alloy covering, and titanium wire inserted into a co­
balt tube. In the former case the process of manufac­
ture of a filler has something in common with the 
process of manufacture of stick electrodes meant for 
manual arc welding, whereas in the latter case the 
rods of 3.2 mm wire (Ti-6Al-4V) are inserted into a 
cobalt tube with an inner diameter of 3.25 mm and 
wall thickness of 0.3 mm and drawn through a hole 
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with a diameter of 3.5 mm. The resulting hard-facing 
rod is a titanium core covered with cobalt (covering 
is 0.15 mm thick). The process of manufacture of filler 
materials is very complicated and labour-consuming . 
Moreover, because of design peculiarities of these ma­
terials, the fillers made from them have the form of 
rods, which makes automation of the hard-facing proc­
ess impossible. In turn, this causes heterogeneity of 
composition and properties of deposited layers. 

The authors of [38] conducted investigations of 
wear resistance of titanium alloys. Materials for the 
investigations were made by precipitation hardening 
of titanium alloy Ti-6Al-4V using different types of 
carbides. Two methods were employed for this pur­
pose - plasma-powder cladding and argon-arc re­
melting. The resulting materials were used to inves­
tigate the effect of a mixture of different carbides in 
an alloy on wear resistance and find mechanisms for 
improving it. The material produced by the vacuum­
arc remelting method was employed to evaluate serv­
ice characteristics of the developed composite tita­
nium alloy to be used as a structural material. 

Deposition of a mixture of carbides on titanium 
resulted in a substantial scatter of the ,·al ues of hard­
ness depending upon the type of carbide (HV 4000-
4600 MPa), and wear resistance depending upon the 
mixture composition detected in the cast zone. When 
using a filler material containing W2C and Cr3C2, 

wear resistance of the deposited layer was at a level 
of that of Stellite. In deposition of a mixture of other 
carbides (NbC , TiC) on alloy Ti-6Al-4V, wear resis­
tance of the cast zone was almost equal to that of the 
base metal. This is attributable to the fact that in the 
case of using a filler material containing W2C and 
Cr3C2 the matrix structure of the cast zone consisted 
of the ~-phase. If no ~-phase was formed (using a 
filler material containing NbC and TiC), no effect of 
increase in wear resistance was seen. The presence of 
insignificant amounts of W2C and Cr3C2 leads to for­
mation of the a-phase, which also hampers increase 
in wear resistance. Relationship between hardness and 
wear resistance depends to a considerable degree upon 
the content of the a- and ~-phases in the matrix. 
Supposedly, the relationship between phase compo­
sition of the matrix and wear resistance of the depos­
ited metal is caused by a high ductility of the ~-phase, 
compared with the a-phase. 

The authors of that study indicate to the possibility 
of production of titanium alloys precipitation-hard­
ened with carbides by a traditional method, i.e . vac­
uum-arc remelting. But despite the fact that such 
alloys have high wear resistance, their deformability 
is so low that it is almost impossible to use them to 
make a filler material in the form of wire. In turn, 
this makes development of the technology for recon­
ditioning and hardening of surfaces of titanium parts 
by the argon-arc surfacing method much more diffi­
cult. 

Therefore, development of a material and technol­
ogy for wear-resistant surfacing of titanium alloys is 
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a very topical problem. It can be reduced to providing 
the required tribological characteristics of the treated 
surface, possibility of automation of the surfacing 
process, production of deposited layers of desired 
sizes, minimum penetration depth and optimal tech­
nological properties of the base metal . 

It can be concluded from the above-said that tita­
nium and alloys on its base have unsatisfactory tri­
bological characteristics, which limits their applica­
tion in machine building, and in friction units in par­
ticular. Wear resistance of parts of titanium alloys 
can be increased by TCT, deposition of galvanic and 
plasma coatings, laser surface alloying etc. 

Arc surfacing as a method of improving wear re­
sistance of titanium parts has found no commercial 
application until now, despite the development of 
compositions of alloys that provide high wear resis­
tance and long service life, and can be successfu lly 
deposited on titanium. To expand utilisation of tita­
nium alloys in friction units, it is necessary to develop 
new filler materials and technology for surfacing using 
these materials. 
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HARDFACING THE WORKING COMPONENTS 
OF TILLAGE AND HARVESTING AGRICULTURAL 

MACHINERY (REVIEW) 

Ch.V. PULKA 
I. Pulyuj Ternopil State Technical University, Ternopil, Ukraine 

The paper presents a review of the existing methods of hardfacing the tools of agricultural machinery and considers 
their advantages and drawbacks. 

Keywords: hard facing processes (arc, gas, resistance, 
plasma, explosion, rolling, laser, induction), flat parts, agricul­
tural machinery 

Tools of tillage and harvesting machinery (plough 
shares, hoeing plough discs, cultivator blades, toper 
cutters, etc.), operating under the conditions of in­
tensive abrasive wear and considerable static and dy­
namic loads, should have a high wear resistance and 
strength [ 1-S]. In addition, in order to provide the 
cutting properties in operation, they should be self­
sharpening. Experience shows that these requirements 
are best satisfied by bimetal tools. Steel of the main 
layer provides the strength, and the cladding layer, 
applied by some method on the base metal, provides 
the wear resistance. Self-sharpening effect depends 
on the ratio of thicknesses and wear resistance of the 
base and cladding layers [ 6]: 

(!) = E2h2/ E/l1, 

where E2h2, £1h1 are the wear resistance and thickness 
of the base and cladding layers, respectively. 

The best self-sharpening is provided at w = 1.5. 
Gas, resistance, plasma and induction hardfacing, 

cladding by explosion, rolling and other processes can 
be used for strengthening the tools of tillage and har­
vesting machinery [7-14]. 

It is proposed to use gas hardfacing to improve 
the wear resistance of disc cutters of beet harvesters, 
discs of seeders and hoeing ploughs [7]. The heat 
source in this process is the acetylene-oxygen flame, 
and rods or powders of wear-resistant alloys are used 
as filler material. Several multiflame tips for standard 
torches were developed [7]. Hard facing with torches 
with such tips may be performed not only by a manual, 
but also by a mechanized process. 

The advantages of gas hardfacing are as follows: 
shallow penetration of base metal and minimum di­
lution (8-10 %) of the deposited metal, simplicity 
and availability of the equipment and technology, 
ability to produce deposited metal of practically any 
alloying system. The main disadvantages of the proc­
ess are low efficiency, and inconsistent quality of the 
deposited metal, which depends on the worker quali­
fication. 

© Ch.V. PULKA, 2003 
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Known is a method of hardfacing the tools of ag­
ricultural machinery, using resistance heating [ 11, 
1 S-17]. The filler material in resistance hard facing 
may be powders, wires and strips. Diagram of a unit 
for resistance hardfacing of disc cutters with a filler 
of wear-resistant alloy powders is shown in figure 1. 
The advantages of this process are absence of base 
metal penetration, minimum deformations of the hard­
faced parts, ability to deposit thin layers. The disad­
vantages are a low efficiency of the process, lack of 
batch-production of the equipment and unstable qual­
ity of the deposited layer. 

To produce bimetal tools, in particular, hoeing 
plough discs, it is recommended to apply the process 
of resistance cladding with a wear-resistant strip [ 18]. 
The disc cutters are subjected to bulk quenching and 
tempering before cladding to provide the required 
strength and elasticity. Scale formed during rolling 
and heat-treatment is removed by etching in a 20 % 
solution of sulphuric acid with addition of 1 % OP-1 
inhibitor, heated up to the temperature of 70 °C. The 
main drawbacks of this method are the great labour 
consumption of preparatory operations, difficulties of 
making strips of highly wear-resistant alloys. 

The E.O. Paton Electric Welding Institute devel­
oped a process of constricted-arc hardfacing, namely 
plasma hardfacing [19]. Works [20-24] describe the 
technology of plasma hardfacing various parts and 
tools, including those of tillage machinery. Powders 
of Fe-base alloys and self-fluxing Ni-base alloys can 
be used as materials for hardfacing such parts. The 
method features shallow penetration of the base met­
al, high quality of the deposited metal, ability of 
deposition of thin layers with application of a wide 
range of filler materials. Relatively low efficiency and 
need for a complex and expensive equipment should 
be regarded as its disadvantages. High requirements 
to particle-size distribution and particle shape of pow­
ders for plasma hardfacing with powdered materials 
make them much more expensive. All this limits the 
application of this hardfacing process, also in agri­
cultural machinery construction. 

It was proposed to apply the methods of cladding 
by explosion and rolling for strengthening the work­
ing surfaces of various flat parts. The advantages of 
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Figure 1. Diagram of a unit for resistance hardfacing of disc cutters [17]: 1 - resistance seam welding machine MSh-3201; 2 -
hopper-type feeder; 3 - pneumatic clamp; 4 - water-cooled face-plate; 5 - ejector; 6 - control panel; 7 - base 

explosion cladding include primarily the high speed 
of the process; ability to produce metal joints, which 
are impossible or difficult to produce by other meth­
ods; relative simplicity of the technology (no need to 
apply complex equipment) [12]. In Czechia the tech­
nology of explosion cladding was suggested for ap­
plication in manufacture of bimetal cutters and other 
thin flat parts [ 25]. Eva! uation of the effectiveness 
of the technology, compared to the traditional met­
allurgical proress of cladding by casting, showed that 
its application is well-grounded in engineering and 
technical terms. 

The E.O. Paton Electric Welding Institute devel­
oped and tried out a method to produce a wear-resis­
tant bimetal at rolling of packs with PG-S1 powder 
[26], which is based on the principle of autovacuum 
pressure welding. The authors of [27] have success­
fully applied this process to produce a tool bimetal 
with the cladding layer of PR-10R6M5 powder. The 
main disadvantage of the process are technological 
difficulties in assembly of a large-sized pack, which 
are related to the need to compact the power to achieve 
a minimum volume of the air in the pack cavity. 

This drawback can be eliminated by pre-compact­
ing the powder. Work [28] shows that in production 
of bimetal shapes for tools of tillage machinery the 
cladding layer powder PG-S 1 was first compacted by 
the method of hot isostatic pressing. However, appli­
cation of this technology in production is prevented 
by the complexity and high labour consumption. More 
promising are the methods of producing bimetals, 
where the energy of explosion is used to apply and 
compact the powder layer. 

Work [29] describes the results of experiments on 
explosion cladding with wear-resistant powders of the 
tools of agricultural machinery. Satisfactory proper­
ties of the bimetal joint and the high wear-resistance 
of the cladding powder layer are noted. The method 
of explosion powder cladding is simple in its imple-

36 

mentation (does not require application of expensive 
equipment). However, its practical use is hindered 
by the long time, required for preparatory operations, 
considerable deformations of the items and billets, 
which have small thickness and developed cladding 
surface. In addition, the ability to produce sound coat­
ings of great thickness appears to be problematic. 

The authors of [13, 14] suggest a technology of 
producing a wear-resistant share strip with local clad­
ding by rolling an asymmetrical pack. The pack design 
envisages making a slot in the corner of a blank of a 
square cross-section of steel 45, placing an insert of 
steel U20Kh6T2D of appropriate dimensions in it, 
welding of angle sections and plugs to it [30]. The 
technology was tried in manufacture of a two-layer 
share section for shares of general-purpose ploughs 
and shares of land-clearers [13, 30]. Its introduction 
into industry is restrained by a lack of rolled stock 
of steel U20Kh6T2D, and of the required shaped sec­
tions of steel 45, and the associated need for milling 
out the slot, which significantly increases the labour 
and material consumption of the process. A significant 
drawback of the method of pack rolling to produce 
wear-resistant and tool bimetals, which limits its wide 
application, is the low deformability of low-ductility 
materials of the cladding layer, which have, as a rule, 
a narrow temperature interval of rolling modes. 

Arc hardfacing is also used for strengthening the 
tools of agricultural and road construction machinery 
[31 ]. However, application of this process for hard­
facing thin flat parts 2-5 mm thick is restrained by 
deep penetration of the base metal, particularly in 
hardfacing with wires, and by considerable deforma­
tion of the hardfaced parts. 

Other methods of strengthening the tools of ti !!age 
machines were also developed. They include hardfac­
ing with an electron accelerator [32], laser surfacing 
[33], etc. However, these processes have not yet been 
accepted by industry, because of the complex tech-
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nology and lack of equipment, its imperfection and 
high cost. 

Induction process of hardfacing is widely applied 
for strengthening thin flat parts, including the work­
ing components of agricultural machinery. Its advan­
tages include the possibility of deposition of thin lay­
ers; high efficiency; possibility of process mechaniza­
tion and automation (which is important in batch 
production). The disadvantages include the high 
power consumption, overheating of base metal, and 
the need for filler material to be more low-melting 
than the base metal. Despite that, this process is the 
most widely accepted in the plants, producing agri­
cultural machinery, ploughs, hoeing ploughs, culti­
vators, etc. [5, 34-36]. Induction melting is per­
formed using a special charge, consisting of a mixture 
of powder of a wear-resistant alloy and flux. The 
charge is applied on the part surface in the form of a 
layer of a certain thickness. Then the section of the 
part, which is to be processed, is placed into the in­
ductor of the high-frequency unit (Figure 2), where 
the power source is a lamp generator. 

When high-frequency currents pass through the 
inductor, eddy currents are induced in the surface 
layers of the metal, which preheat the part. The charge 
is heated and melted by the heat, coming from the 
part. After its melting the part is taken out of the 
inductor and cooled. Figure 3 shows the tools of ag­
ricultural machinery, strengthened by induction hard­
facing. 

Automated lines and units were developed to im­
prove the labour condition and process efficiency in 
induction hardfacing of thin flat parts [37-39]. A 
semi-automatic unit and an automatic line were de­
veloped for hardfacing cultivator wedges and blades, 
and carousel-type units are used for hardfacing the 

INDUSTRIAL ' 

II ~:=:=:=:i=:=:=:= ------:;:------

~~~'«'! 

~ia2 .. . .............. ........... w .. 

T -
-

-
:-:-:-r:-:-:--_-_-_,_-_-__ _ 

a b 
Figure 2. Set up for hardfacing of a shear (a) and blade (b) of a 
cultivator: 1 - part; 2 - charge layer; 3 - inductor 

cultivator blades, having a curvilinear cutting surface 
[39]. Carousel-type unit also permit hardfacing 
wedge-shaped shares. The main disadvantages of these 
lines and units are low efficiency of the hardfacing 
process proper, as well as the low level of mechani­
zation in the stations of billet feed, charge pouring 
and unloading. 

The most difficult is hardfacing of thin discs with 
a continuous or intermittent working surface (cutting 
part), where a continuous-successive method of in­
duction hard facing is used (Figures 4 and 5). In this 
case, a segment inductor is fixedly attached to the 
high-frequency generator, and the part with the hard­
facing charge is rotating relative to it (Figure 4). The 
advantages of the continuous-successive hardfacing 
process are as follows: technological flexibility, abil­
ity to surface parts of various diameters at a relatively 
low power of the high-frequency generators. The dis­
advantages include a relatively low efficiency; high 
power consumption; part distortion (which affects 
the uniformity of the deposited layer thickness); need 
for straightening to eliminate disc deformations. 

Wedge-shaped share SO 1. 702A Colter share PLZh 02.701 Share KGP 01545V 

A A-A -"'-1 - ~ 

ti+--"¢" ~"~-----:+:---+!:~I ~ 
~ '~~ 
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~ ~~ 
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Figure 3. Parts of tubu lar connections strengthened by induction hardfacing [1] 
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Figure 4. Device for hardfacing a solid-drawn cutter using a seg­
ment inductor 

In order to automate the process of induction hard­
facing of thin shaped discs - topper-cutters of haulm 
gatherers BM-6B by the continuous-successive 
method Company <<Ternopil Combine Plant>.> devel­
oped and introduced an automatic transfer line [ 40], 
allowing complete automation of the process, includ­
ing loading-unloading of the blanks, their displace­
ment in the rotor device through the stations of part 
mounting, charge pouring, hardfacing and part re­
moval after hardfacing (Figure 6). 

The automatic line consists of the following main 
components: horizontal-mobile platform 11, to which 
three-position rotary carousel 10, pick-and-place ro­
bot 6 with two electromagnetic grips, two lifters 8 
and 3, container with blank pack 7 and container for 
hardfaced products 5, charge pouring assembly 9, 
cabinet with the switching and regulation pneumatic 
equipment 4, high-frequency generator with inductor 
1 and control cabinet 2 are fixedly attached. 

The line operates in the automatic mode as follows. 
Pick-and-place robot 6 simultaneously loads a blank 
into the station of carousel loading-unloading 10 and 
unloads the hardfaced parts (if available) into con­
tainer 5, and then returns to the initial position. Then 
at rotation of the carousel by 120° the stations are 
shifted, and the blank moves into the station of charge 
pouring. After that the blank is fed to the hardfacing 

Figure 5. Topper-cutter BMD 52425 after hardfacing 
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Figure 6. Block diagram of an automatic flow line for hardfacing 
thin shaped discs by the continuous-successive method (for desig­
nations sec the text) 

station by rotation of the carousel. After completion 
of hardfacing, the hardfaced item is fed to the load­
ing-unloading zone by rotation of the carousel. Rota­
tion of carousel 10 proceeds with platform 11 with­
drawn from the inductor. This transfer line has the 
disadvantages of a comparatively low efficiency of 
the hardfacing process proper (time of hardfacing one 
topper-cutter is more than 3 min); high power con­
sumption of the process; distortion of the processed 
part, which requires additional straitening operation 
to eliminate it. 

The efficiency can be increased by simultaneous 
hardfacing of the disc over the entire working surface, 
using more powerful high-frequency generators, pro­
duced by the local industry, and applying more pow­
erful inductors. The power can be saved by optimizing 
the modes of power supply to the inductor, including 
development of equipment for automation of the hard­
facing process as a whole. 

Application of the known multi-stage modes of 
induction hardfacing to save power within the speci­
fied time does not yield a positive effect. This is related 
to great difficulties of control and practical imple­
mentation of such a technology under industrial con­
ditions. In addition, multiple switching of the gener­
ator during hardfacing of one part (3-4 times) ad­
versely affects its performance and efficiency. 

More promising in terms of power saving is devel­
opment of other control circuits of power supply to 
the inductor, which is performed continuously, with­
out switching of the generator. This allows a rather 
simple implementation of the hardfacing process on 
the shop floor, and thus improvement of the fatigue 
life and performance of high-frequency generators and 
efficiency of the process as a whole. 

Inductor design makes a great influence on power 
consumption, efficiency and quality of the hardfacing 
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process. A large number of various designs of the 
inductor are currently available, which are applied 
for part heating for quenching or hardfacing. How­
ever, the continuously changing and expanding range 
of hardfaced parts, continuous improvement of the 
process, require careful selection or development of 
special inductors. Their dimensions, shape and mode 
parameters are selected by the experimental method 
for each specific part. For instance, single-turn ring 
inductors are used for hardfacing solid discs of a small 
diameter, and segment and two-loop inductors, where 
the hardfacing efficiency depends on the power of 
high-frequency generators, are used for large-sized 
toothed discs. Application of single-turn ring induc­
tors for hardfacing toothed discs in order to increase 
the efficiency, often runs into difficulties in provision 
of a uniform distribution of the electromagnetic field 
in the hardfacing region, which affects the quality of 
the deposited layer. The disadvantages ofthe two- loop 
inductor are the same as those of the segment one: 
comparatively low efficiency, high power consump­
tion, part distortion due to local heating, as well as 
the impossibility of using it for simultaneous hard­
facing of the entire working surface of thin toothed 
discs with the deposit width greater than the tooth 
height. 

The process of improvement of induction hardfac­
ing of thin flat parts develops in the following direc­
tions: improvement of the efficiency of the hard facing 
process; optimization of heating modes in order to 
save power; optimization of the design parameters of 
inductors for harclfacing discs of various diameters 
and dimensions of the harclfacing zone without allow­
ing for electromagnetic field shielding, with allowing 
for just the electromagnetic shielding, as well as com­
bined shielding of the electromagnetic and thermal 
fields simultaneously; mathematical simulation of the 
hardfacing process to determine residual stresses, dis­
placements and deformation of parts; mechanization 
and automation of the harclfacing processes with de­
velopment of new inductor designs, taking into ac­
count the process ecology, protection of man from the 
impact of electromagnetic and thermal fields and im­
provement of the inductor efficiency. 

Improvement of the efficiency of the harclfacing 
process and reduction of deformation may be achieved 
by replacement of the continuous-successive process 
by simultaneous harclfacing of the entire working sur­
face. For instance, a two-turn ring inductor was de­
veloped for harclfacing thin toothed discs with the 
deposit height greater than the tooth height. This 
inductor is used for simultaneous harclfacing of the 
entire working surface. Up to 15-25% of power can 
be saved clue to exponential increase of power during 
harclfacing. Shielding of the thermal and electromag­
netic fields in elise harclfacing allows control of power 
in the harclfacing zone, in order to achieve a uniform 
thickness of the deposited layer over the entire work­
ing surface. 
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In order to implement the technology of induction 
hardfacing of disc-shaped tools of agricultural ma­
chinery by the method of simu ltaneous harclfacing of 
the entire working surface, mechanized and automated 
lines were developed, which were introduced in Com­
pany <~ Ternopil Combine Factory~>. The line design 
is novel in that the inductors with high-frequency 
heating are not rigidly coupled to generators for the 
first time in the world practice. The number of in­
ductors is selected, depending on the number of po­
sitions in the automatic line. The rotary table of the 
latter is fitted with two-turn ring inductors by the 
number of rotary face-plates with the device for con­
nection of the high-frequency generator taps to the 
inductors, mounted on the base between the rotary 
table and the generator. 

The results of improvement of the process of in­
duction harclfacing of disc-shaped tools in agricultural 
machinery in the above directions were published in 
[40-51]. 
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SANITARY-HYGIENIC EVALUATION OF FLUX-CORED 
WIRES FOR ELECTRIC ARC SURFACING 

O.G. LEVCHENKO, V.A. METLITSKY, I.A. RYABTSEV and S.A. GRISHCHENKO 
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

Results of investigation of chemical composition and level of evolution of welding aerosols entering the air of working 
zone in flux-cored wire submerged arc and open arc surfacing are presented. Recommendations are suggested for protection 
of workers-welders and environment from welding aerosols. 

Keywords: flux -cored wires. surfacing, welding aerosols, 
harmful elements, levels of evolutions, sanitary-hygienic recom­
mendations, means of protection 

In fulfillment of welding and surfacing jobs, the harm­
ful elements in the composition of welding aerosols 
(WA), representing a hazard for the human organism, 
enter the working zone air and environment. Chemical 
composition and levels of W A evolutions, as well as 
the selection of necessary means of protection from a 
harmful effect are determined by a composition of 
welding (surfacing) materials and condition of weld­
ing (surfacing) [ 1, 2]. At present the problems of 
protection of workers-welders in Ukraine are regu­
lated by a system of standards of labour safety and 
technical specifications for welding and surfacing ma­
terials. 

However, one of the main standardized documents 
is GOST 26101-84 <<Flux-Cored Wire for Surfacing. 
Technical Specifications>>, on the basis of which the 
manufacturers of surfacing flux-cored wires were com­
ing recently to a market, became already obsolete. 
This document contains information about more than 
20 grades of surfacing flux-cored wires, most of which 
were developed at the E.O. Paton Electric Welding 
Institute in different periods of time. However, there 
are no data concerning sanitary-hygienic evaluation 
of these flux-cored wires in accordance with present 
rates in the standard, that is a serious disadvantage. 

A great attention is paid at PWI to the safety of 
labour in flux-cored wire surfacing. The sanitary-hy­
gienic evaluation of some flux-cored wires, earlier 
developed (PP-Np-25Kh5MSGF, PP-Np-
35V9Kh3GSF, PP-Np-30Kh2M2SGF), which are 
manufactured at present by TSU 05416923.024-97, 
was made. 

The aim of this work is to make the sanitary-hy­
gienic evaluation of flux-cored wires, developed at 
PWI for submerged arc and open arc surfacing, and 
to take it into account in chapter ~Requirements for 
Safety and Protection of Environment» of technical 
specifications of Ukraine, being developed for flux­
cored wires and also in recommendations for protec­
tion of workers-welders and environment from harm­
ful elements in surfacing using these wires. 

The flux-cored wires investigated are designed for 
surfacing of parts operating under different conditions 
of wear almost in all the branches of industry (PP­
AN198 and PP-AN199 - under the conditions of 
metal friction on metal; PP-AN105, PP-AN192, PP­
AN197, PP-AN201 - under the conditions of abrasive 
wear at impacts of different intensity; PP-AN202 and 
PP-AN203 - surfacing of tram rails and other parts 
under similar conditions; PP-AN130, PP-AN132, PP­
AN193, PP-AN195, PP-AN196, PP-AN199 - sub­
merged arc and open arc surfacing of different parts 
of metallurgical equipment). 

Chemical composition and characteristics of levels 
of W A evolutions were determined experimentally 
according to the methodological recommendations [3, 
4] and processing of obtained data and selection of 
appropriate means of protection from W A were made 
using a computerized information-retrieval system 
~ECO-WELD>>, developed at PWI for hygienic 
evaluation of welding consumables [5]. Selection of 
samples of a hard component of W A (HCW A) was 
made in the process of surfacing beads on plates from 
steel VSt3sp (killed) at optimum conditions (Ta­
ble 1) using the flux-cored wires investigated. Open 
arc surfacing was made by the welding semi-automatic 
machine of the PDG-516 type, and submerged arc 
surfacing was made in surfacing installation of the 
U-653 type. Direct current of reverse polarity was 
used. WA were trapped using a special shelter, iso­
lating the surfacing zone. Here, HCW A were depos­
ited on filters of FPP-15-1.5 cloth for determination 
of levels of their evolution and on filters AFA-KhA-18 
for chemical analysis of HCW A samples. Amount of 
evolving HCW A and its components was determined 
by a gravimetric method using two parameters [3]. 
such as intensity of formation (g/ min) and specific 
evolution (g / kg) of wire. 

In addition, the data obtained were processed us­
ing system ~ECO-WELD>> [5] and entered its bank 
in the form of additional characteristics necessary for 
the objective hygienic evaluation of wires, such as 
coefficients of intensity (g / kW·h) and specific evo­
lutions (g / kW·kg), and also the required volume of 
ventilation air for dilution of harmful elements up to 

© O.G. LEVCIIENKO, V.A. ~IETLITSKY, l.i\. RYABTSEV and S.A. GRISIICIIENKO, 2003 
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Table 1. Conditions of flux-cored wire surfacing 

Wire grade \Vire diameter, 111111 Shielding medium 

PP-AN105 2.2 Self-shielding 

PP-AN130 1.6 Same 

PP-AN192 2.6 » 

PP-AN193 1.6 » 

PP-AN196 2.0 >} 

PP-AN197 2.5 >} 

PP-AN198 2.8 » 

PP-AN199 1.6 » 

PP-AN203 2.6 >} 

PP-AN132 3.6 Flux AN-26 

PP-AN194 2.0 Same 

PP-AN195 2.0 >} 

PP-AN201 2.6 Flux AN-348 

PP-AN202 2.6 Flux AN-26 

limiting admissible concentrations (LAC), expressed 
in m3 / kg [3] and m3 / h [6]. 

In accordance with the methodological recommen­
dations [ 4] the content of harmful elements, for ex­
ample, manganese, nickel, molybdenum, copper, alu­
minium, vanadium in the composition of HCW A is 
presented in the form of chemical elements, chromium 
compounds in recalculation for Cr03 and Cr203, sili­
con - for Si02, iron - for Fe203, and fluorides, 
soluble Fsol and insoluble Finsol in recalculation for 
fluorine. HCW A components can be not only in the 
form of oxides, but also in the form of complex com­
pounds, such as spinel, silicates, etc. [7, 8]. Therefore, 
the terminology «compound of elements>> is used in 
this work. 

The results of determination of HCW A chemical 
composition in flux-cored submerged arc and open-arc 
surfacing are given in Tables 2 and 3, results of in­
tensity and specific evolutions of HCW A are pre­
sented in Tables 4 and 5, and results of evolution of 
harmful elements of HCW A are shown in Table 6. 

Results of examination of chemical composition 
of HCW A, formed in flux-cored wire submerged arc 

Current, A Voltage, V Surfacing speed, 111 h 

200-240 25-27 15 

120-160 24-25 15 

260-300 26-28 15 

130-170 24-28 15 

150-180 25-26 15 

200-250 26-28 15 

220-250 28-32 15 

100-120 28-32 15 

200-250 26-30 20 

300-350 30-32 10 

200-230 28-32 15 

180-220 28-32 15 

340-360 30-32 15 

300-360 30-32 15 

and open arc surfacing, showed that they contain com­
pounds of iron, manganese, tri- and sexivalent chro­
mium, soluble and insoluble fluorides, silicon, nickel 
and others (Table 2). The larger share in HCWA 
belongs to iron compounds, and also to volatile com­
pounds of manganese and insoluble fluorides. 

In open arc flux-cored wire surfacing the HCWA 
has, except trivalent chromium, a soluble carcinogenic 
sexivalent chromium, whose concentration is in­
creased with increase in chromium content in the com­
position of wires. Maximum concentrations of tri­
(13.8 %) and sexivalent (0.37 %) chromium were re­
vealed in application of wire PP-AN197 containing 
its maximum amount (25 %). 

In submerged arc flux-cored wire surfacing the 
sexivalent chromium was not revealed in HCW A com­
position in all cases, except the use of flux-cored wire 
PP-AN201 containing 15% Cr (Table 3). This is ex­
plained by that the protective layer of flux exerts also 
effect on transition of components in HCW A evapo­
rating from the weld pool, which can precipitate on 
flux grains. And only at a large content of chromium 
in the wire it can transfer to HCWA in the form of 

Table 2. Chemical composition of HCWA in open arc flux-cored wire surfacing 

IV ire grade 
Mass share of HCIVA components, % 

Cr03 Cr~OJ Mn SiO~ Fe~03 F,oJ Fin,ol Ni Mo Others 

PP-AN105 13.1 70.9 0.6 1.8 2.3 

PP-AN130 0.05 2.9 2.6 70.7 1.1 11.7 1.5 0.3V 

PP-AN192 0.15 3.4 48.2 0.1 0.6 0.5 

PP-AN193 0.03 3.0 33.4 4.0 8.3 1.8 1.2 2.3Cu 

PP-AN196 0.35 4.1 4.5 45.2 6.2 14.6 0.7 0.8Y, 1.9Cu 

PP-AN197 0.37 13.8 2.8 3.2 62.5 0.7 3.1 

PP-AN198 1.2 4.2 33.3 6.5 4.4 4.7AI 

PP-AN199 0.28 4.5 2.0 3.0 48.7 0.3 9.5 

PP-AN203 3.5 38.2 4.2 13.5 
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Table 3. Chemical composition of HCW A in submerged arc flux-cored surfacing 

Mass sliare uf /IC\I'i\ components. % 
' \\lire grade 

Cr0.1 Cr20;1 Mn Si02 

PP-AN132 2.8 2.0 3.4 

PP-AN194 2.9 2.2 28.6 

PP-AN195 9.3 3.7 24.3 

PP-AN201 0.05 17.4 18.6 14.7 

PP-AN202 2.7 4.6 2.7 

instable sexivalent chromium. In addition, the flux 
introduces it share to the aerosol composition. Thus, 
in application of high-manganese flux AN-348 (Table 
3) the largest amount of manganese was revealed in 
HCWA composition. Thus, flux can exert both useful 
effect on the HCW A composition (screens the enter 
of sexivalent chromium into HCW A) and also nega­
tive effect (promotes the transition of compounds of 
manganese, silicon, fluorides and other components 
contained in flux into HCWA composition). 

It was established as a resu It of investigation of 
intensity of formation and evolution of HCW A in use 
of mentioned wires (Table 4) that their characteristics 
depend on the wire diameter and surfacing conditions. 
When the large-diameter self-shielding flux-cored 
wires are used the HCWA evolution is increased at 
appropriate conditions, and their specific evolutions, 
as a rule, are decreased. This is explained by the fact 
that, when the large-diameter wires are used, the 
welding arc power is increased, leading to increase in 
intensity of HCWA formation. Reduction of specific 
HCWA evolutions here can be explained by an ap­
propriate decrease in specific arc power due to increase 
in volume of the metal being melted. 

In submerged arc surfacing (Table 5) this regu­
larity was not revealed, as in this case the process of 
HCW A evolution is mostly affected not only by arc 
power, but the presence of layer of a protective flux, 
depositing a significant part of evolving HCW A flow 
on flux grains. Therefore, the intensity of HCW A 
formation also in submerged arc welding is approxi-

Table 4. Intensity and specific evolutions of I!CW A in open arc 
flux-cored wire surfacing 

fntensity of 
Specific 

\I' ire diameter, HCWi\ Wire grade 
mm formation, 

evolution of 

g; min 
HC\VA, g kg 

PP-AN105 2.2 1.06 20 .6 

PP-AN130 1.6 0.63 21.8 

PP-AN192 2.6 1.78 23.4 

PP-AN193 1.6 0.88 27.2 

PP-AN196 2.0 1.15 26.6 

PP-AN197 2.5 0.92 24.6 

PP-AN198 2.8 1.19 16.0 

PP-AN199 1.6 0.98 33.6 

PP-AN203 2.6 1.47 20.0 
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Fe20 3 Fsol Firr"rl Ni Mo 

70.2 0.5 7.5 

35.5 1.7 12.4 

23.8 2.1 10.7 

27.8 0.5 4.4 1.7 

74.9 0.5 5.8 0.8 

mately 20 times, and specific evolution is 30 times 
lower than in open arc welding with self-shielding 
flux-cored wires. 

Results of determination of specific evolutions of 
HCW A components (Table 6) were used in calcula­
tion using system ~ECO-WELD>> of the required vol­
ume of ventilation air for dilution of harmful elements 
up to LAC (Table 7). These data can be used in 
calcu lation of efficiency of ventilation of industrial 
rooms for determination of air changes per hour [6] 
or as a level of W A toxicity in the process of using 
flux-cored wires. 

The carried out investigations of sanitary-hygienic 
properties of surfacing flux-cored wires became the 
bases of chapter <<Requirements for Safety and Pro­
tection of Environment» TSU 28.7.05416923.066-
2002, according to which the fourteen grades of flux­
cored wires, developed at PWI, are manufactured 
now. 

It follows from Table 7 that the required volume 
of the ventilation air, proving also the HCW A toxicity 
at the above-mentioned surfacing process, is increased 
in the presence of elements in the aerosols of the 1st 
(sexivalent chromium, nickel) and 2nd (manganese, 
soluble fluorides) classes of risk (GOST 12.1.005-
88). As this hygienic characteristic depends on con­
tent of harmful elements in HCW A, so it is maximum 
(13490 m3 / kg) in surfacing with a wire having the 
highest concentration of manganese (PP-AN1 OS). In 
submerged arc surfacing the required amount of ven­
tilation air is maximum (400m3 / kg) in case of using 
the high-manganese flux AN-348 in spite of the fact 
that the wire PP-AN194, used in this case, contains 
the minimum amount of chromium and manganese. 
This is confirmed by that the protective layer of flux 
screens the transfer of wire components into HCW A, 

Table 5. Intensity and specific evo lutions of HCWA in sub­
merged arc flux-cored wire surfacing 

\\fin' 
Wire grade diameter, 

Ill Ill 

PP-AN132 3.6 

PP-AN191 2.0 

PP-AN195 2.0 

PP-AN201 2.6 

PP-AN202 2.6 

Flux 
grade 

AN-26 

AN-26 

AN-26 

AN-348 

AN-26 

Intensity of 
HC\1';\ 

formation, g min 

0.072 

0.040 

0.037 

0.028 

0.122 

Specific 
evolutiou 

of HCll't \, 
g hg 

0.88 

0.51 

0.61 

OA3 

U9 
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Table 6. Specific evolutions of HCW A harmful clements in flux-cored wire surfacing 

Wire grade .. 
Specific evolutions of HCIV1\, g; kg 

PP-AN105 

PP-AN130 

PP-AN192 

PP-AN193 

PP-AN196 

PP-AN197 

PP-AN198 

PP-AN199 

PP-AN203 

PP-AN194 

PP-AN195 

PP-AN202 

PP-AN201 

PP-AN132 

Cr03 Cr,03 Mn SiO, Fe,0:1 F,ol 

Open arc surfacing 

2.690 14.63 0.130 

0.010 0.630 0.580 15.45 0.240 

0.035 0.790 11.26 0.033 

0.008 0.829 9.095 1.093 

0.093 1.080 1.197 12.03 1.650 

0.091 3.401 0.690 0.798 15.41 0.182 

1. 790 0.670 5.32 1.040 

0.094 1.526 0.675 1.109 16.38 1.780 

0.710 7.64 0.840 

Submerged arc surfacing 

0.015 0.011 0.146 0.181 0.009 

0.059 0.024 0.156 0.152 0.013 

0.040 0.070 0.040 1.12 0.008 

0.0002 0.075 0.081 0.064 0.12 0.002 

0.025 0.018 0.029 0.62 0.004 

RECOMMENDATIONS ON PROTECTION OF WELDERS AND ENVIRONMENT 
FROM WELDING AEROSOLS 

VENTILATION EQUIPMENT 

r. ~ f.~1!~!~-~.i."-.t.~~!i.!J.I1~:~.11}f~:::_~~-====-==~J 
"Temp-2000" with a combined filter 
of 6V19-KT material and sorption­
filtering material of TsM type 

MEANS OF INDIVIDUAL PROTECTION 
OF RESPIRATORY ORGANS 

r Device for purification and supply 
of air under the welder's mask 
"Shmel-40 FGP" with a combined 
filter of NFP-50-0.6A materials and 
sorption-filtering materials 
of TsM type 

r Respirator of "Snezhok GP-V" type 

PURPOSE 

The unit is designed for removal of welding 
aerosols from the welding zone and air purification. 

Provides air purification from hard component 
of welding aerosol, and also from toxic gases 

(hydrogen fluoride, silicon tetrafluoride, nitrogen 
oxides, ozone, etc.). 

TECHNICAL CHARACTERISTICS 

Fiusol 

0.370 

2.560 

0.149 

2.240 

3.880 

0.759 

0.710 

3.195 

2.700 

0.064 

0.068 

0.086 

0.019 

0.066 

Efficiency in air removal, m 3/h .................... 1500 T 1 

1 ? Additional information <l- Backward j 

Selection of means of protection from WA using system ~ECO-WELD>> 
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but increases the content of own harmful elements in 
it. Thus, to decrease the concentration of toxic ele­
ments in HCW A composition it is desirable to use 
flux with their low content. 

Selection of means of protection of industrial and 
surrounding em·ironment in use of a definite grade of 
the flux-cored wire is realized using the system "ECO­
WELD~. For this, the wire grade, its diameter and 
surfacing conditions are entered by the operator. 
Then, the system issues recommendations (Figure) 
about the necessary means of protection in surfacing 
with flux-cored wires. The illustrated example rec­
ommends to use filter-ventilation units (FVU), for 
example of <<Temp-2000~ type [9] of efficiency of not 
less than 1000 m3 / h providing the use of an air intake 
cup at the minimum distance from welding arc (up 
to 30 em). In use of the submerged arc surfacing it 
is enough to use FVU of efficiency of not less than 
100 m3 / h and to remove W A from the distance of 
not more than 10 em from arc. In automatic surfacing 
the air intake cup can be mounted directly on the 
surfacing automatic machine nozzle. 

At the absence of a local or generally-exchanged 
ventilation of air up to LAC levels (arc welding inside 
the products) it is necessary to provide a forced surp ly 
of pure air under a mask in the volume of 6-8 m / h, 
heated in the cold period of year to the temperature 
of not lower than +18 'C [ 10]. This can be realized 
using the protective masks of welders with a system 
of purification and supplying the air [9] using special 
filters designed for air purification from HCW A and 
fluoric gas. 

CONCLUSIONS 

1. Investigations of sanitary-hygienic properties of 
flux-cored surfacing wires have been made, the results 
of which became the bases of chapter <<Requirements 
for Safety and Protection of Environment>> TSU 
28.7.05416923.066-2002. Using these standards the 
14 grades of flux-cored wires, developed at PWI and 
designed for surfacing parts operating under different 
conditions of wear in various branches of industry, 
are manufactured now. 

2. Recommendations are issued on systems of ven­
tilation in open arc and submerged arc flux-cored wire 
surfacing. Maximum volumes of ventilation air are 
required in that case when the surfacing is performed 
with self-shielding wires, whose aerosols contain ele­
ments of the 1st (sexivalent chromium, nickel) and 
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Table 7. Required volume of ventilation air, V 

Wire grade Shielding medium mJ/ kg of wire \', m3 h 

PP-AN105 Self-shielding 13490 40480 

PP-AN130 Same 5100 9180 

PP-AN192 .. 3510 16850 

PP-AN193 >> 9250 16650 

PP-AN196 ~ 9310 223/JO 

PP-AN197 I> 9100 21840 

PP-AN198 >> 5200 21840 

PP-AN199 9410 16930 

PP-AN203 I> 5400 22680 

PP-AN132 AN-26 130 630 

PP-AN194 AN-348 400 1680 

PP-AN195 AN-26P 340 1640 

PP-AN201 AN-26 150 700 

PP-AN202 AN-26 160 560 

2nd (manganese, soluble flourides) classes of risk 
(GOST 12.12.005-88). In submerged arc surfacing 
the evolutions of harmful elements are much lower 
and the required volumes of the ventilation air in this 
case are tens of times smaller. 
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EXPERIENCE IN WELDING OF COPPER-STEEL MOULDS 
AT NKMZ COMPANY 

V.A. NEVIDOMSKY, S.G. KRASILNIKOV, A.D. PANIN, V.Ya. GERASHCHENKOand K.P. SHAPOVALOV 
NKMZ Company, Novo-Kramatorsk, Ukraine 

Specialized fixture, equipment and technological procedures are presented which make it possible to manufacture 
large-sized copper metal structures, such as moulds for e lectroslag cladding of composite mill rolls . 

Keywords: copper metal structures, water-cooled movable 
mould, pulsed-arc welding, shielding gases, furnace-manipula ­
tor, welding torch, inverter power source, collapse pulse 

NKMZ Company (Novo-Kramatorsk Machine-Build­
ing Works) is known as the largest supplier of rolls 
in the world, including composite rolls, whose work­
ing layer is deposited by a method of electroslag clad­
ding using a filler in the form of a liquid metal (ESC 
LM). 

A key element of the installation for ESC LM is 
a movable copper water-cooled mould consisting of 
separate circular sections. Casings of most sections 
are welded from two semi-rings. Channels of cooling 
are closed by steel cover plates. Section of welds, 
joining semi-rings, is given in Figure 1, and the most 
typical sections of mould are given in Figure 2. 

Difficulties in welding of metal structures of cop­
per are well-known and defined by its physical-chemi­
cal properties, and, in general, they are reduced to 
the following: 

• significant effect of impurities on properties and 
weldability of copper, requiring the use of metal for 
welded structures with a strictly regulated content of 
oxygen, bismuth, lead, sulphur and antimony; 

• high heat conductivity of copper, leading to high 
rates of cooling and requiring the use of either welding 
heat sources with a high energy input or high tem­
peratures of preliminary and additional heating, and, 
often, both of them; 

• low time of a weld pool existence in a molten 
state, limiting the feasibility of its metallurgical treat­
ment and requiring active deoxidizers; 

• high coefficient of thermal expansion, making 
the fastening and preserving the position of parts be­
ing welded more difficult; 

Figure 1. Section of welds forming the casing sections 

• high copper fluidity limiting the used space po­
sitions of parts being welded; 

• high copper sensitivity to hydrogen, requiring 
to take measures for its content reduction in the zone 
of welding, and others. 

The task of welding mould sections for ESC LM 
was complicated also by a large mass of billets (mass 
of large-diameter section reaches 1000 kg), the pres­
ence in the structure of dissimilar joints of copper 
with steel (coefficient of thermal expansion is 1.5 
times differed), specifics of welds layout on the work­
piece and special requirements to their density and 
water-tightness. 

All the above-listed peculiarities were taken into 
account when developing the welding technology ac­
cording to which the moulds were manufactured and 
are used at present for composite roll s of 650, 700, 
740, 780, 852, 965 and 1370 mm diameters. 

Copper of M1r grade (GOST 859-78) was taken 
as a parent material for manufacture of casings of 
sections. This selection was made with allowance for 
requirements to weldability and real proposals at the 
market of non-ferrous metals. 

The selected method of welding, the mechanized 
and automatic consumable electrode pulsed-arc 

0 650-1370 180 

120 

Copper 

0 
L.() 

Steel 

Figure 2. Sections of welds forming the cooling channels 
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Figure 3. Furnace-manipulator for welding sections for rolls of 
650-852 mm diameter 

shielded-gas welding, is characterized by a high ver­
satility, simplicity in sol uti on of problem of weld pool 
protection from the effect of surrounding atmosphere 
and gives an opportunity of a visual observation of 
the process and its in-process correction. 

To realize the technological process, special instal­
lations (furnaces-manipulators) have been designed 
and manufactured, providing control and keeping the 
temperature of about 700 oc in the process of welding, 
rotation of workpiece inside the furnace at welding 
and travel speeds, inclination of workpiece together 
with the furnace in positions convenient for welding. 
One of these installations is given in Figure 3. Using 
these installations, it is possible to weld mould sec­
tions for producing composite rolls from 650 to 
1670 mm diameter. Heating of part inside the furnace 
is realized by electric heaters of own design, supplied 
from welding sources VDU-1201 and TDFZh-1001. 
The feasibility of adjustment of heating rate and con­
trol of temperature by using thermocouple, built-in 
into furnace, is provided. 

Elements of section for welding are assembled and 
fastened (without tacks) at a removable element of 
a rotating hearth of the furnace-manipulator. After 
appropriate control the as-assembled section is 
mounted into the furnace and fixed by a cover. Usu­
ally, the heating up to 720 oc temperature is continued 
for 3-3.5 h. 

Figure 4. Welding torch with a liquid cooling 
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Figure 5. Cyclogram of changing in wire feed speed during welding 

Hatches are provided in a casing and cover of the 
furnace-manipulator through which a successive ac­
cess to welds of section is provided. 

For automatic consumable electrode welding, a 
torch with a liquid cooling has been designed and 
manufactured at the plant (Figure 4), which can op­
erate for a long time at currents of about 500 oc at 
surrounding temperature up to 800 °C. It is fastened 
to a special bracket, which is an element of a metal 
structure of furnace casing and inclined together with 
it. The accurate positioning of torch is provided by a 
three-coordinate mechanism of displacement. 

Mixture of 70 % He + 30 % Ar was used as a 
shielding gas, which increases the heat capacity of 
the arc and, thus, provides the required depth of pene­
tration. The mixture was prepared by a single-station 
mixer BM-2M of German company WITT. 

Welding was performed by machines INTEGRAL 
INVERTER MIG-500 or PHOENIX-500 of company 
EWM (Germany). Using a special program for the 
pulsed-arc welding it is possible to control automat­
ically all the stages of the welding process, including 
the metal transfer, metal motion in the weld pool, 
weld crystallization and its degassing, imparting of 
necessary shape and quality of the weld surface. Digi­
tal system of control of these machines constructs of 
a mathematical model of arc and calculates welding 
process parameters. With 50000 times periodicity per 
second the system compares the real arc parameters 

/,A 

; t start ; 
~: 

2 

;...1-"-p ---+~: ; t damp 

Figure 6. Shape of current pulses: 1 - start current; 2- maximum 
value of a pulsed current; 3 - collapse pulse; 4 - minimum value 
of basic current; ( 1an - duration of of start current; tP - duration 
of a pulse;.(. P - duration of co llapse pulse; td""'P - duration of 
damping of collapse pulse 
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with estimated values obtained from the mathematical 
model and, at the presence of deviations, energizes 
the inverter. ' Highly-dynamic power part of the in­
verter, operating with a clock frequency up to 
1 SO kHz, eliminates deviations for several seconds 
and, thus, optimizes instantaneously the arc parame­
ters. 

The cycle of welding is programmed so that the 
process is started at wire feed speed Vstart • amounting 
to 150 % of main operating feed (Figure 5) . This 
procedure a ll owed us to avoid lack of penetration at 
the initial areas of welds. 

The nature of changing in pulsed current is shown 
in Figure 6. The collapse pulse at the end of a pulsed 

48 

phase provides a softer metal transfer to the weld pool 
and there is no almost spattering at a correct setting 
of this parameter. 

Welding wire MNZhKT S-1-0.2-0.2 of 1.6 mm di­
ameter was used as electrode material. 

Welding was performed at the fo ll owing concli­
tion: I= 330-350 A (vr = 6.2 m/ min); Ua = 32-33 V; 
Vw"' 20m/ h. 

Thus, the comprehensive technological studies, ap­
plication of a mechanized fixture and advanced weld­
ing equipment made it possible to solve successful ly 
such complex technologica l problem, as the manufac­
ture of large-sized copper-steel sections of moulds for 
ESC LM of composite rolls . 
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BRIEF INFORMATION 

EFFECTIVENESS OF FATIGUE CRACK RETARDATION 
BY THE FIELD OF COMPRESSIVE RESIDUAL STRESSES 

V.A. BRODOVOJ,IP.P. M!KHEEV, V.V. KNYSH, 0.1. GUSHCHA, A.Z. KUZMENKOand T.M. LABUR 
E.O. Paton Electric Welding Institute, NASU, I<yiv, Ukraine 

Methods of fatigue crack retardation are studied, which are based on inducing compressive residual stresses in front of 
crack tips. Experiments were performed onspccimens of aluminium alloy 016AT and steel St3sp (killed) with inducing 
residual stresses by a spot argon-arc surfacmg and local heating. It is shown that inducing residual stresses in front of 
a crack at the level of just 0.3-0.Scr, of those of the base metal increases the life of a sample by an order of magnitude 
or more. 

KeYwords: welded structures, residual stresses, fatigue 
cracks, crack retardation, cyclic fatigue life 

In structures, used under normal climatic conditions 
without the impact of shock loads, the stage of crack 
propagation can be equal up to 90 % of the total fatigue 
life of a welded element. Therefore, development of 
measures, aimed at retardation of fatigue cracks in ele­
ments of metal structures, is highly urgent. 

Among several methods, applied for retardation 
of fatigue crack propagation, a significant role is 
played by those based on the principle of inducing a 
field of residual compressive stresses ahead of the 
crack front. Cyclic loading of welded joints results 
in partial relaxation and redistribution of the residual 
stresses [ 1, 2] . Artificially induced residual stresses 
also interact with the residual welding stresses and 
stresses, induced under cyclic loading in the zones of 
stress raisers or near the fatigue crack tips [ 3]. This 
results in formation of a new field of residual stresses 
which is exactly what determines the rate of fatigu~ 
crack propagation. 

Given below are the results of experimental inves­
tigations of the influence of compressive residual 
stresses, artificially induced ahead of the crack tip, 
on the rate of fatigue crack propagation. 

Investigations were conducted on specimens of 
135x250x650 mm size of steel St3sp (killed) (cry = 
= 296 MPa, crt = 476 MPa) and those of aluminium 
alloy D16AT (cry = 256 MPa, crt = 471 MPa) of 
3x170x500 mm size. By their parameters the speci­
mens corresponded to the existing procedural recom­
mendations [ 4]. 

Specimens were tested with a pre-grown fatigue 
crack, which was initiated, using an artificial concen­
trator. For this purpose a 4 mm diameter hole was drilled 
out in the specimen center. Notches 1 mm deep with 
rounding-off radius of 0.05 mm were made in its walls. 

Two sets of specimens were tested to determine 
the effectiveness of retardation of a fatigue crack with 
residual compressive stresses, artificially induced 
ahead of its tip. The first group of specimens of steel 
St3sp and D16AT were tested to complete fracture 
without crack retardation. 

In the second group residual compressive stresses 
were induced by point heating for specimens of steel 
St3sp or spot weld deposition for specimens of alu­
minuim alloy D16AT. Point heating was performed 
by a flame of a mixture of oxygen and natural gas for 
30 s. Thus, a temperature of about 350 oc was ensured 
in the heating point. Deposition was performed in 
argon with filler wire AMg6 of 1.6 mm diameter at 
current I = 100 A. Heating duration was 0.5 s. 

Specimens were tested in hydraulic testing ma­
chines TsDM-200Pu and UPS-20 at zero-to-tension 
tensile loading cycle. The level of the acting nominal 
stresses was controlled with strain gauges and by the 
load, in keeping with the accepted procedure [5]. The 
level of residual stresses, induced after local treatment 
in the fatigue crack zone was controlled by an acoustic 
non-destructive method [6]. The length of fatigue 
crack was measured on the surface of a specimen with 
optical microscope MPB-2M with 0.1 mm scale gradu­
ation value. 

The Figure,/, a gives the schematic of a specimen 
of steel St3sp and graphs of distribution of the com­
ponents of the resultant residual stresses in the zone 
of the fatigue crack after inducing a field of residual 
compressive stresses ahead of its front. The level of 
the longitudinal component cre of the measured residual 
stresses in the zone of the fatigue crack was equal to 
-60 MPa. Initial half-length of the crack !0 = 18 mm. 
Then the specimen was tested for crack resistance under 
cyclic loading at maximum stress of 170 MPa. The Fi­
gure, II, b gives for this specimen the dependence of 
fatigue crack length on the number of external loading 
cycles up to the moment of crack retardation and after 
specimen processing by point heating. As is seen from 
the graph, crack growth was significantly slowed down 
after residual compressive stresses were induced ahead 
of its front, which resulted in a considerable extension 
of the specimen fatigue life. 

Similar graphs of distribution of residual stresses 
in the zone of fatigue cracks and crack growth under 
cyclic loading in a specimen of aluminium alloy 
D16AT are shown in Figure, II. Specimens of the 
first group with a fatigue crack of initial length 2lo = 
= 20 mm were first tested for crack resistance at initial 

© V.A. BRODO VOJ . P.P. ivliKHEEV, V. V. KNYSII. 0 .1. GUSII CIIA, A.Z. KUDIENKO and T. ,\1. LABUR, 2003 
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Distribution of residual stresses (a - cr, ( 1) and cr0 (2)) from one of the sides of a specimen of steel St3sp (!),aluminium alloy D16AT 
with a deposit (IT), D16AT with a deposit after removal of the reinforcement (JIJ) and variation of the specimen fatigue life (b 
without (3) and after (4) inducing residual stresses) 

cycle stress of 90 MPa. Then an identical specimen 
was tested under the same conditions after inducing 
in the crack tip zone residual compressive stresses on 
the level of -120 MPa. The Figure, II, b shows that 
inducing compression in the fatigue crack zone ex­
tended the period of the fatigue crack growing from 
the initial half-length lo = 13 mm to half-length l = 
= 27 mm by 15 times, compared to the same growing 
of the crack without its retardation. 

The Figure, III gives the graphs of aluminium 
alloy D16AT for a specimen, where the convexity was 
removed after deposition to reduce stress concentra­
tion. The measured longitudinal component of resid­
ual stresses cr9 in the crack zone was -90 MPa. In this 
case the period of crack growth decreased by 20 %, 
compared to the previous specimen. 

Therefore, inducing compressive residual stresses 
ahead of the front of the developing fatigue crack on 

50 

the level of just 0.3-0.Scry of the base metal may 
increase the fatigue life of a specimen by an order of 
magnitude or more. 
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DETERMINATION OF OPTIMUM LENGTH 
OF AN ILLUMINATOR IN TECHNICAL VISION SYSTEMS 

FOR ARC WELDING 

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

The paper gives the main technical characteristics of the existing optical sensors in systems of technical vision for arc 
welding . Spectral characteristics of welding arc arc studied to determine the local minimums of luminosity in the wave 
length range from 500 to 1100 nm. Ranges of wave lengths of illuminator operation are recommended to increase the 
signal-to-noise ratio of arc welding. 

Keywords: arc welding, optical sensor, welding arc spec­
tmm, technical vision system, signa/-to-110ise ratio, light sec­
tion, illuminator 

Attempts to develop a sensor of the torch position on 
the welded joint line (WJL) relative to the butt were 
made as far back as fifty years ago. A multitude of 
various sensors have currently been developed for fol­
lowing the geometrical parameters of a welded joint, 
which differ by the principle of operation, accuracy, 
cost, reliability, etc., namely contact (tactile), eddy 
current, ultrasonic, butt following by measurement 
of welding current and voltage at oscillating elec­
trode. 

Main technical characteristics of some of existing optical sensors 
for arc welding 

Model, manufacturer 
company, country 

SU 274-UKhL-4 
sensor, PWI, Kyiv, 
Ukraine 

JST model, Jetline 

l/luminator type 

Light -emitting 
diode rule 
AL107V 

Laser diode of 
Engineering, Inc., 3A class 
California, USA 

OS-3 model, ILPN-108 laser 
VNIIESO, St .-Pe-
tersburg, Russia 

NINI-i model, Laser diode of 
Servo-Robot Inc., 3B class 
Quebec, Canada 

Laser Probe model, Same 
Meta Vision Sys-
terns, Ltd., England 

CSS model, Oxford Same, classes 
Sensor Tcchnolo- 3A and 3B 
gies, Ltd., England 

Power, m\V 

100 

40 

40 

so 

30 

3.5 and 10 

© F.N. KISILEVSKY and E.V. SIIAPOVALOV , 2003 
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Wave­
length, IIIII 

980 

670 

830-840 

685 

650-699 

633-670 

Introduction of relatively inexpensive video cam­
eras, based on charge-coupled devices ( CCD), namely 
CCD-matrices, gave a new impetus to development 
of optical sensors. Proceeding from their versatility, 
information content, reliability and field of applica­
tion, it may be assumed that in the near future optical 
sensors, used for automation of the welding process, 
will have a priority role [ 1]. Scientists continue work­
ing to improve their quality. 

Optical sensors are usually constructed, using the 
triangulation principle. The most widely spread 
method, applied in technical vision systems in arc 
welding is the light section method. A laser or light­
emitting diode matrix (rule) are most often used as 
an illuminator, where cylindrical optics is used for 
illumination structuring. An image of a light strip is 
recorded by CCD camera (Figure 1). A welding head 
is rigidly coupled to a video camera and illuminators. 
As the base distance between the camera and the il­
luminator, as well as the triangulation angle are 
known, then proceeding from the parameters of the 

Figure 1. Schematic of operation of a sensor by the light section 
method: 1 - video camera; 2 - interference filter; 3 - illumi­
nator; 4 - light strip 
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Figure 2. Line spectra of argon, aluminium, tungsten (a) and iron, carbon, oxygen (b) in an arc discharge: B - radiation brightness; 
A - radiation wavelength 

image obtained, using the camera, it is possible to 
evaluate the distance from the welding head to the 
surface being welded and the butt profile. 

One of the sensors of this type was developed at 
PWI by Yu. I. Streletsky. The illuminator incorpo­
rated into it is designed as a rule of the light-emitting 
diodes AL107V, its power is equal to 100 mW. Ra­
diation wavelength is 980 nm. 

At All-Russia Research Institute of Electric Weld­
ing Equipment (VNIIESO) in St.-Petersburg, N.G. 
Ustinov and A.V. Karpilenko developed a sensor, 
where the illuminator is a 40 mW ILPN-108 laser 
with the working wavelength of radiation of 830-
840 nm [2]. 

A sensor of a similar design (]ST model), using 
two laser diodes to generate the light band, was de­
veloped by Jetline Engineering, Inc., California, USA 
[3]. Laser diodes of class 3A of such a sensor have 
the power of 40 m W and radiation wavelength of 
670 nm. 

A following sensor (3D model) was developed at 
Oxford. It uses a laser as an illuminator, the laser 
beam being projected in the form of a circumference 
onto the surfaces being welded. Laser diode of class 
3A or 3B of 3.5 and 10 mW power has the working 
wavelength of radiation of 633-670 nm. 

Meta Vision Systems, Ltd. (Great Britain) devel­
oped a laser sensor with an illuminator, consisting of 
two 3B class laser diodes of 30 m W power with ra­
diation wavelength of 650-699 nm. 

Servo-Robot, Inc. Company (Canada) [ 4] devel­
oped a range of sensors for following the geometrical 

52 

parameters of a welded joint, torch guiding along the 
W JL, as well as for diagnostics of welding quality. 

One of the main problems in designing this type 
of sensors is selection of the working wavelength of 
the illuminator. Proceeding from general physical 
concepts, preference , as a rule, is given to the infrared 
region of the spectrum, in which the influence of arc 
light is manifested much less than in the short-wave 
region. 

Spectral characteristics of the welding arc are af­
fected by all the chemical elements, present in welding 
consumablcs (even in small amounts), and such an 
influence is quite difficult to investigate. This ac­
counts for selection of different radiation wave­
lengths for investigations in fabrication of optical sen­
sors (Table). 

There currently is a scientific problem of selection 
of an optimal wavelength of the illuminator. Its so­
lution required studying the welding arc spectrum. 
According to [5], linear spectra were plotted for the 
basic chemical elements, used in argon-arc welding 
of aluminium (Figure 2, a) and C02 welding of steel 
(Figure 2, b) in the range of radiation wavelength 
'A= 500-1100 nm. 

As is seen from Figure 2, a, in radiation ranges of 
625-660, 710-730, 940-960, 990-1040 nm the linear 
spectrum corresponding to argon and aluminium has 
local brightness minimums, which are the most fa­
vourable for illuminator operation. In C02 welding 
of steel they are in the range of wavelengths of 620-
650, 740-800, 860-900, 920-950, 980-1060 nm (Fi­
gure 2, b). 
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It should be noted that use of silicon CCD cameras 
with the radiation wavelength close to 1000 nm, is 

' undesirable, in view of an abrupt lowering of their 
sensitivity, and use of germanium video cameras 
greatly increases the sensor cost. In the visible part 
of the spectrum, as a rule, a rather strong influence 
of extaneous light sources is observed (daylight and 
electric light, heated metal). This should be taken 
into account in designing the laser power. Increase of 
the laser power leads to its higher cost, and the in­
fluence of outside illumination creates extra difficul­
ties in signal processing. 

Illuminator operation in the recommended range 
of wavelengths allows increasing the signal-to-noise 
ratio in the systems of technical vision of arc welding. 
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The recommended ranges of radiation wavelengths 
became a prerequisite for development of technical 
vision systems with higher characteristics, such as 
reliability and accuracy, and it further became possi­
ble to reduce the sensor cost due to simplification of 
development of adaptive image processing algorithm. 
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