
International Scientific-Technical and Production Journal 

October 
2004 

# 10 
English translation of the monthly «Avtomaticheskaya Svarka» (Automatic Welding) journal published il Russian since 1948 

Founders: E 0. Paton Electric Welding Institute of the NAS of Ukraine Publisher: International Association «Welding» 
International Association «Welding» 

Editor-in-Chief B.E.Paton CONTENTS 
Editorial board: 

Yu.S.Borisov V.F.Grabin 
Yu.Ya.Gretskii A.Ya.lshchenko 

B.V.Khitrovskaya V.F.Khorunov 
I.V.Krivtsun 

S.I.Kuchuk-Yatsenko 
Yu.N.Lankin V.K.Lebedev 

V.N.Lipodaev L.M.Lobanov 
V.I.Makhnenko A.A.Mazur 

V.F.Moshkin O.K.Nazarenko 
I.K.Pokhodnya I.A.Ryabtsev 

Yu.A.Sterenbogen N.M.Voropai 
K.A. Yushchenko V. N .Zamkov 

A.T.Zelnichenko 

International editorial council: 
N.P.Aiyoshin (Russia) 

B.Braithwaite (UK) 
C.Boucher (France) 
Guan Qiao (China) 

U.Diltey (Germany) 
P.Seyffarth (Germany) 

A.S.Zubchenko (Russia) 
T.Eagar (USA) 
K.lnoue (Japan) 

N.I.Nikiforov (Russia) 
B.E.Paton (Ukraine) 

Ya.Pilarczyk (Poland) 
D. von Hofe (Germany) 

Zhang Yanmin (China) 
V.K.Sheleg (Belarus) 

Promotion group: 
V.N .Lipodaev, V.I.Lokteva 

A.T.Zelnichenko (exec. director) 
Translators: 

S.A.Fomina, I.N.Kutianova, 
T.K.Vasilenko 

Editor 
N.A.Dmitrieva 

Electron galley: 
I.S. Batasheva, T. Yu. Snegiryova 

Address: 
E 0. Paton Electric Welding Institute, 
International Association «Welding», 

11, Bozhenko str., 03680, Kyiv, Ukraine 
Tel.: (38044) 227 67 57 
Fax: (38044) 268 04 86 

E-mail: journal@paton. kiev. ua 
http/ jwww. nas.gov. uajpwj 

State Registration Certificate 
KV 4790 of 09.01.2001 

Subscriptions: 
$460, 12 issues per year, 

postage and packaging included. 
Back issues available. 

All rights reserved. 
This publication and each of the articles 

contained herein are protected by copyright. 
Permission to reproduce material contained in 
this journal must be obtained in writing from 

the Publisher. 
Copies of individual articles may be obtained 

from the Publisher. 

~":' PWI. International Association «WeldingH, 2004 

SCIENTIFIC AND TECHNICAL 

Surfacing at the E.O. Paton Electric Welding Institute .. .. .. .. ...... .... ......... 2 

Ryabtsev I.A., Kuskov Yu.M., Ryabtsev 1.1., 
Novikova D.P., Grigorenko 5.G. and Kostin V.A. Secondary 
hardening of deposited metal of the type of dispersion-
hardening steel of Fe-c--Ni-cr-Si-AI-cu alloying system ...... .. .... .... .... .. 4 

Kuzmenko O.G. Behavior of particles of a non-compact filler 
at air-slag interface in electroslag hardfacing .. .... .. .. .. .. .. .. .. .. .. .... .... ....... 8 

Kondratiev I.A., Ryabtsev I.A. and Chernyak Ya.P. Study 
of properties of deposited metal of the maraging steel type .. .. .. .. .. .. .. .. . 12 

Pulka Ch.V., 5hably O.N. and Pismenny A.5. Effect of 
induction surfacing conditions on structure and properties of 
deposited metal . .. .. .. .. .. .. . . . . . .. .. .. .. .. . .. .. . . . .. .. . .. .. . .. .. .. . .. .. .. .. .. .. .. . .. .. . .. .. . .. .. 15 

Osin V.V. and Ryabtsev I.A. Effect of sulphur on properties 
of iron-base alloys and prospects of its application in 
surfacing materials . .. . . . . . .. .. .. .. . .. . . .. . . . . . .. . . . .. . . . .. .. . .. .. . . .. .. . .. .. .. . .. .. .. . .. .. . .. .. 18 

5okolov G.N., Zorin I.V., Tsurikhin 5.N. and Lysak V.I. 
Features of the process of ESH with a composite rod in a 
small-sized sectioned mould .............................................. ................. 22 

Demchenko V.F. and Kozlitina 5.5. Computer systems of 
information support of welding fabrication ........................................... 26 

INDUSTRIAL 

Pereplyotchikov E. F. Plasma-powder cladding of wear- and 
corrosion-resistant alloys in valve manufacturing ........ .............. ........... 31 

Wu J.B.C. and Pavlenko A. Cobalt-based alloys for surfacing 
against wear and corrosion ................................................................. 38 

5om A.l. Plasma-powder surfacing of composite alloys based 
on cast tungsten carbides ................................................................... 43 

Gulakov 5.V., Chigarev V.V., Ivanov V.P., Psareva 1.5. and 
Lavrentik O.A. Improvement of technology for hardfacing of 
metallurgical equipment components ................................................ .. 48 

Kuskov Yu.M., Kuzmenko O.G. and Lentyugov I.P. 
Electroslag processing of metal wastes and using of resulting 
semi-finished products for cladding applications .................................. 52 

5okolov G.N. Properties of deposited metal used for 
metallurgical tool hardening ................................................................ 55 

Zhudra A.P., Voronchuk A.P., Veliky 5.1. and Fomakin A.A. 
New equipment for hard-facing of blast furnace bells and 
hoppers ........ ........ .... ....... ......................... ......................................... . 58 

l HayK•••-rexufqua 
r ! • .. t •. -

' E : , ~ r 



_ -·-··, ,, ·- ,..,.u.o~ 1 L-vni'111VAL 

SURFACING 
AT THE E.O. PATON ELECTRIC WELDING INSTITUTE 

Department of Physical-Metallurgical Processes for 
Surfacing of Wear- and Heat-Resistant Steels of the 
E.O. Paton Electric Welding Institute is SO years old. 
Organiser and the first manager ( 19S4-1984) of this 
Department was Prof. Dr. (Eng.) I.I. Frumin, famous 
scientist in the field of metallurgy of welding and 
surfacing, founder of the surfacing school at the for­
mer USSR, laureate of the USSR State Prize and 
Evgeny Paton Prize. 

The Department conducted the most extensive 
studies in the field of arc surfacing. The technology 
for wear-resistant surfacing of steel rolling mill rolls 
and flux-cored surfacing wire PP-3Kh2V8 (currently 
designated as PP-Np-3SV9Kh3GSF), the first surfac­
ing wire in the USSR, were developed early in the 
19SOs under the leadership of I.I. Frumin. Surfacing 
of rolling mill rolls using this wire, first practically 
applied at the Lenin Pipe Rolling Works in 
Dnepropetrovsk, yielded excellent results - life of 
the rolls increased approximately 10 times. 

After such a success, the process of wear-resistant 
arc surfacing of steel rolls using flux-cored wire was 
introduced at the Magnitogorsk, Kuznetsk and Kom­
munarsk (now Alchevsk) Metallurgical Works, as 
well as at many other enterprises of the former USSR. 
Centralised production of the flux-cored wire was 
arranged at the Magnitogorsk Metalware-Metall ur­
gical Factory, and commercial manufacture of the 
roll-surfacing machine tools was started at the Krama­
torsk Machine-Tool Industrial Association. 

The Department continued working in this area. 
To date it has developed a wide range of flux-cored 
wires for surfacing of different types of steel rolling 
mill rolls. This allows a customer to choose an optimal 
composition of deposited metal for each type of the 
rolls, based on their service conditions, character and 
intensity of wear. For about SO years the flux-cored 
wire PP-Np-3SV9Kh3GSF was and still is one of the 
most extensively used wires for surfacing of not only 
rolling mill rolls, but also other parts operating under 
similar conditions. 

In addition to wires for surfacing rolling mill rolls, 
the Department has developed more than two tens of 
different grades of flux-cored wire, as well as tech­
nologies for submerged-arc, open-arc and gas-shielded 
surfacing of different machine parts and mechanisms 
operating under conditions of almost all known types 
of wear. Among the available flux-cored wires the 
most extensively used ones are PP-AN194 and PP­
AN198 (for hard-facing of shafts, axles, crane wheels, 
etc .); PP-AN130, PP-AN132, PP-AN140, PP-AN148 
(for hard-facing of cold and hot stamping dies); PP­
AN1S8 (for hard-facing of hydraulic press rams); PP-

2 

AN1S9 and PP-AN174 (for hard-facing of continuous 
casting machine rollers); PP-AN192 and PP-AN197 
(for hard-facing of parts operating under intensive 
abrasive wear conditions); and PP-AN10S (for hard­
facing of steel 110G13L parts). 

Much success has been achieved in the field of 
plasma surfacing. The Department developed and in­
troduced into commercial application the plasma 
method for cladding discharge valves of internal com­
bustion engines using additives in the form of vac­
uum-sintered rings of powders of nickel, chromium, 
graphite and other materials. A ring is placed into a 
groove of the valve plate and melted by the plasma­
tron. As a result, a layer of a heat-resistant alloy is 
formed on the working face of the valve. 

Plasma cladding using powder additives (plasma­
powder cladding) is the most flexible and versatile 
process, and the Department continues successfully 
upgrading this cladding method, retaining its leading 
position in the field. The Department developed pow­
der additives on the iron, nickel, cobalt and copper 
base, technologies for cladding parts of general, power 
and petrochemical engineering equipment, screws of 
extruders for pressing plastics and rubber mixes, 
valves of internal combustion engines, knives for hot 
and cold cutting of metals, multi-blade cutting tools 
and other components, as well as specialised and ver­
satile cladding machines. 

The most important advantage of plasma-powder 
cladding is the possibility of producing minimal pene­
tration: the share of base metal in the deposited one 
is no more than S-1 0 %, which is especially important 
for cladding expensive nickel- and cobalt-base alloys. 

The Department completed a number of interest­
ing studies on electroslag surfacing ( ESS). This proc­
ess was used to solve the problem of surfacing rolling 
mill rolls of cast iron and hypereutectoid steels. The 
sectional current-conducting mould was developed for 
commercial implementation of ESS of cast iron rolls. 
The mould allows non-compacted materials of almost 
any chemical composition, such as grits, chips, lumpy 
materials and liquid metal, to be used as additives. 
This surfacing method is characterised by very high 
productivity - from tens to several hundreds of kilo­
grams of metal can be deposited per hour. 

The technology for ESS of large hammer and press 
dies using non-compacted materials (chips of tool steel 
and liquid filler metal) was comprehensively studied 
and brought to commercial application. This process 
involves non-consumable water-cooled electrodes and 
fixed moulds. As proved by industrial tests, ESS of 
dies enables a 2--3 times reduction in consumption 
of die steel and makes it possible to recycle chips to 
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advantage directly at an enterprise that manufactures 
the dies. 

Installations for ESS of dies were designed and 
manufactured. One of them, assembled in a die sur­
facing bay of the Open Joint Stock Company «Tok­
maksk Press-Forging Factory>>, allows surfacing of 
up to 1000 tons of dies a year. 

The Department also developed the method for 
electroslag surfacing using strips (ESSS). It is realised 
in flat position using one or two electrode strips. In 
the latter case the strips are arranged in parallel to 
each other and fed to the slag pool at a certain gap. 
Characteristic peculiarities of ESSS include high pro­
ductivity (up to 60 kg / h) and very shallow penetra­
tion (the share of base metal in the deposited one is 
5-15 %) , which guarantees the assigned chemical com­
position of deposited metal in the first deposited layer. 

The method is primarily employed for anti-corro­
sion treatment of flat parts and large-diameter bodies 
of revolution, using strips of stainless steels and nickel 
alloys. Here the use is made of cold-rolled or sintered 
electrode strips 30-80 mm wide and 0.5-1.0 mm 
thick, as well as fluxes providing high stability of the 
electroslag process, good detachability of the slag 
crust, excellent formation and high quality of depos­
ited metal. 

The Department developed technologies based on 
electroslag heating for making different master alloys, 
which are used as a charge of flux-cored wire for 
surfacing and arc metallising. Studies are in progress 
on recycling of industrial wastes using the resource­
saving technologies based on the electroslag processes. 

Electroslag heating served as a basis for the de­
velopment of technologies for non-oxidation heat 
treatment of various critical parts, brass plating of 
metal cords and production of bimetal steel + bronze 
parts for hydraulic transmission boxes. To implement 
these technologies, associates of the Department to­
gether with the Design Bureau and Pilot Plant for 
Welding Equipment of the E.O. Paton Electric Weld­
ing Institute developed the corresponding equipment 
and introduced it at a number of industrial enterprises. 

The Department conducted research in the field 
of other energy sources to be used for surfacing, such 
as electron beam, lasers and induction heating. Com­
prehensive studies were completed to commercia li se 
production of wear-resistant bimetal plates and pro­
files (share strips, side members of coal cutter-loader 
chutes, etc.) by roll-welding of multi-layer stacks. 
Design of the stacks and the rolling technology pro­
vide wear-resistant bimetal plates with the assigned 
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ratio of layers and cladding of the entire surface of a 
plate. The cladding layer in bimetal profiles is located 
in zones of the highest wear. The selected ratio of the 
layers, e.g. in share strips, provides the se lf-sharpen­
ing effect of the shares. 

The Department is working on development of 
fundamentally new surfacing consumables for tri­
bological app lications, which are employed for repair 
and hardening of parts operating under conditions of 
metal on metal friction (shafts, axles, crane wheels, 
cold and hot forming dies, general engineering fixture 
components, etc.). New surfacing consumables are 
alloyed with elements that individually or combined 
with other elements act as grease, thus substantially 
decreasing wear and friction losses. 

In the last years, the Department in collaboration 
with the Department for Mathematica l Studies of the 
E.O. Paton Electric Welding Institute has developed 
computerised systems for design of arc surfacing tech­
nologies. One of such systems is intended for devel­
opment of the technologies for surfacing of machine 
parts and mechanisms operating in different indus­
tries: mining, metallurgical and chemical engineering, 
transport, agriculture, etc . It is used to solve such 
critical problems related to design of the surfacing 
technologies as selection of surfacing consumab les de­
pending upon the service conditions and types of wear, 
surfacing methods and techniques, sub-layer material, 
surfacing parameters and conditions for preheating 
and subsequent cooling of workpieces. 

The second system is intended for development of 
the technologies for surfacing of machine parts and 
mechanisms operating at metallurgical enterprises . 
The system contains information on more than 300 
parts of metallurgical equipment, which can be 
treated by surfacing. It gives recommendations on 
appropriate types of surfacing consumables, surfacing 
conditions, heat treatment parameters, sh ie lding at­
mospheres, equipment and other factors of the arc 
surfacing technology for each of the parts. 

The Department maintains close contacts with in ­
dustrial enterprises and companies in Ukraine and 
abroad, and performs surfacing works for them under 
contracts and agreements. Associates of the Depart­
ment take an active part in conferences and workshops 
on welding and related processes and regularly pub­
! ish resu Its of their research in scientific-and-technical 
journals. The best developments of the Department 
were marked with diplomas and medals at national 
and international exhibitions. 
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SECONDARY HARDENING OF DEPOSITED METAL 
OF THE TYPE OF DISPERSION-HARDENING STEEL 

OF Fe-c-Ni-cr-si-AI-cu ALLOYING SYSTEM 

I.A. RYABTSEV, Yu.M. KUSKOV, 1.1. RYABTSEV, D.P. NOVIKOVA, S.G. GRIGORENKO and V.A. KOSTIN 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

Metallographic studies of deposited metal of dispersion-hardening steel of Fe-C-Ni-Cr-Si-Al-Cu system have been 
conducted. It is shown that secondary hardening of deposited metal proceeds in two stages, depending on tempering 
duration. In the first stage it proceeds through residual austenite decomposition and martensite formation. In the second 
stage with longer duration of tempering, martensite decomposes with formation of new phases, namely high-alloyed 
ferrite and dispersed inclusions with a higher content of silicon and nickel. 

Keywords: arc surfacing, surfacing materials, self­
shielded flux -cored wires, dispersion hardening, structure 

In the general case hardening of dispersion-hardening 
steels and alloys is due to precipitation of particles 
of the dispersed phase through decomposition of an 
oversaturated solid solution. The hardening level, in 
particular increase of hardness, is determined by the 
nature of decomposition, size, shape and structure of 
the precipitating particles. In different steels and al­
loys it is manifested with certain features and disper­
sion hardening is found even in the most widely-used 
low-carbon structural steel St3 [ 1]. 

Particles of the dispersed phase, as a rule, are very 
thin plates or needles and during examination they 
create the effect of anomalous scattering of X-rays, 
because of their shape features. In the case of absence 
of evident indications of a new precipitating phase, 
Guinier-Preston zones can be considered as the second 
phase particles [2]. Formation of such zones or coher­
ently-bonded particles of a phase with the structure 
in the isomorphous matrix, similar to that of other 
intermediate phases, is associated with the boundary 
of metastable equilibrium in the constitutional dia­
gram. Thus, a continuous sequence of decomposition 
stages is assumed right up to precipitation of three­
dimensional particles of stable and metastable phases. 

As shown by analysis of published data [3-6 etc.], 
dispersion-hardening steels and alloys are used mainly 
in manufacture of cutting tools. Most of these mate­
rials are high-alloyed steels and alloys of W-Co-Fe, 
W-Mo-Cr-Fe, Cr-Mo-V-Fe, Ni-Cr-Fe and other 
systems. All of them demonstrate a pronounced effect 
of dispersion-hardening and after appropriate heat 
treatment they acquire high service properties. How­
ever, their wide application in industry is restrained 
by their high cost, as the content of expensive alloying 
elements in these steels (W, Mo, Co) is 20 wt.% and 
more. In addition, they, as a rule, feature a high initial 
hardness (HRC 40-55). 

Rather well-studied are low- and medium-carbon 
dispersion-hardening Cr-Mn steels alloyed with 

nickel, molybdenum, vanadium and other elements, 
containing 2-20 wt.% Cr and 1-10 wt.% Mn [7-10]. 
High-alloyed dispersion-hardening steels are little 
studied. Based on some data [ 11, 12] they show a 
significant increase of hardness at tempering (up to 
HRC 25-30). 

This work is a study of some features of secondary 
hardening of high-carbon (about 1 wt.% C) deposited 
metal of Fe-C-Ni-Cr-Si-AI-Cu alloying system. 
The goal was to develop a surfacing material, the 
hardness of which would be increased by not less than 
2 times after tempering - from HRC 20-25 (after 
surfacing) to HRC 48-52 (after tempering). 

Table 1 gives the composition of metal deposited 
using test flux-cored wires. Preliminary experiments 
demonstrated that secondary dispersion hardening of 
deposited metal of the selected alloying system is 
mainly provided by silicon, aluminium and copper. 
In order to study their influence on this process, the 
total content of these alloying elements in test flux­
cored wires No. 1-3 was varied in the range of 5.0-
9.5 % (Table 1). In wires No. 4 and 5 carbon weight 
fraction is reduced, this allowing determination of 
the lower limit of its content- up to 0.7 wt.%; upper 
limit being not more than 1.0 wt.%, as at higher 
content of carbon the deposited metal develops cracks. 
In wires No. 6-8 nickel is partially or completely 
replaced by a similar austenizer - manganese, to 
reduce their cost. 

Experimental procedure. Metal for investigations 
was produced by surfacing 20 x SO x 200 mm plates 
of steel St3 with test self-shielded flux-cored wires 
(see Table 1) of 2 mm diameter in four layers without 
preheating in the following mode: current of 200-
250 A, arc voltage of 22-24 V. After surfacing the 
samples were cooled in air. 

Samples for metallographic studies were cut out 
in an electric-erosion machine tool. Samples were fas­
tened in mandrels, ground and polished by a conven­
tional procedure applied in metallography. One part 
of the sections were studied in as-deposited condition, 
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SCIENTIFIC AND TECHNICAL 
Table 1. Composition and hardness of metal deposited with test wires 

Weight fraction of elements', % Hardness 

No. of 
flux - Wire grade 

cored wire c Mn 

1 PP-Np-OTS1 1.0 0.5 

2 PP-Np-OTS2 1.0 0.5 

3 PP-Np-DTS3 1.0 0.5 

4 PP-Np-OTS4 0.7 0.5 

5 PP-Np-OTS4 0.4 0.5 
6 PP-Np-OTSS 1.0 2.5 

7 PP-Np-OTS6 1.0 4.0 

8 PP-Np-OTS7 1.0 8.0 

Design composition of the wire. 

the other - after tempering at 550 oc at different 
soaking times. 

Metallographic examination of deposited metal 
samples was performed in an optical microscope <<Neo­
phot 32>> with 200 to 1000 magnification. Measure­
ment of microhardness of the structural components 
was performed in LECO microhardness meter at 10 g 
load. Scanning electron microscopeJSM-840 and Fer­
ritgehaltmesser 1.053 ferritometer were also used for 
the above studies. 

Results and their discussion. As follows from Ta­
ble 1, in order to ensure secondary hardening the 
deposited metal composition should contain a total 
amount of not less than 9.5 % AI, Si and Cu. An 
attempt to replace expensive nickel by a similar 
austenizer - manganese, failed as in this case the 

HRC after 
HB after tempering at Si +AI+ Cu Ni Cr 

deposition 550 ·c with 
soaking for 6 It 

5.0 8.0 5.0 163 18-22 

7.0 8.0 5.0 197 27-29 

9.5 8.0 5.0 179 52-53 

9.5 8.0 5.0 143 S0-52 

9.5 8.0 5.0 480 50-52 

9.5 5.5 5.0 217 53-54 

9.5 4.0 5.0 229 50-52 

9.5 0 5.0 207 53-55 

deposited metal susceptibility to cold cracking in­
creased. 

Metal deposited with flux-cored wire No. 3 was 
selected to study the mechanism of secondary hard­
ening. No cracking was found in metal of this type. 
One of the lowest hardness values (H B 179) after 
deposition and one of the highest values (HRC 52-
53) after tempering were registered in it. Samples of 
deposited metal No. 3 were studied in the initial con­
dition (directly after deposition) and after annealing 
at 500 oc with soaking for 1, 2, 3 and 6 h. 

Metallographic examination demonstrated that 
the structure of this type of metal in the initial con­
dition is austenite with isolated inclusions of carbides 
and small content of carbide eutectic, located mostly 
along the grain boundaries (Figure 1, a). Proceeding 

Figure 1. Microstructure of the deposited metal produced using flux-cored wire No. 3 (see Table 1 ): a - in the initial condition; 
b-e - after tempering at 550 ' C for 1, 2, 3 and 6 h, respectively . Electrolytic etching in a water solution of chromium anhydride at 
U = 3-4 V for 20-40 s (x400) 
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Figure 2. Microstructure of deposited metal produced using flux-cored wire No.3 (see Table 1 ), and its phases, where the composition 
was determined by X-ray spectrum analysis (Table 2): a-e - see Figure 1; a, e - x2000; b-d - x4500; numbers indicate the studied 
phases 

from ferritometer readings, it may be assumed that Compared to the matrix (Figure 2, a, and Table 2, 
a.-phase is absent in the deposited metal. Microhard- point 1), the content of chromium and silicon in the 
ness of the austenite matrix is HV 1880-2300 MPa carbide eutectic is higher. Located along the eutectic 
(here and further on measurements were taken at boundaries, are isolated dark inclusions with an increased 
0.1 N load) . content of silicon and nickel, compared to the matrix and 

Examination in scanning electron microscope eutectic (Figure 2, a and Table 2, point 3). 
JSM-840 at 5000 magnification showed that the eu- In the case of tempering at 550 ·c with soaking 
tectic includes practically all the alloying elements, for 1 h, austenite decomposition occurs and a signifi-
contained in steel (Figure 2, a, and Table 2, point 4). cant volume fraction of martensite forms in the metal 

Table 2. Composition of deposited metal sections 

Analyzed area \Veiyld fraction of elenwnts, % 
Figure 

(point number) Fe Cr Cu Si Ni Ti 

2, a Matrix ( /) 82.69 3.51 2.94 3.02 7.56 0.29 

Inc! us ion (3) 77.64 3.05 1.88 6.80 10.18 0.44 

Eutectic (4) 69.97 15.22 2.37 4.78 7.69 

2, b Martensite (I) 83.08 3.55 2.59 3.34 7.44 

Austenite (2) 82.25 4.00 3.61 2.98 7.17 

Ferrite (3) 79.56 3.73 2.11 5.86 8.74 

Inc! us ion (6) 78.04 2.18 2.36 7.68 9.38 0.37 

2, c Austenite (I) 82.40 3.59 3.06 2.80 7.92 0.24 

Ferrite (3) 79.88 2.80 1.91 7.28 7.83 0.31 

Inclusion (5) 78.38 1.79 1.77 7.56 10.41 0.09 

2, d Ferrite (3) 82.25 2.31 1.63 4.25 9.18 0.38 

Inclusion (5) 77.83 2.53 1.75 6.61 10.77 0.51 

2, e Inclusion (2) 77.75 2.75 0.72 11.28 8.36 1.07 

Inclusion (3) 77.87 3.50 1.28 9.05 9.15 0.60 
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structure, this, apparently, determining the first stage 
of ageing. This results in the hardness increasing up 
to HRC 40-44. Martensite has an acicular structure 
with predominant needle orientation at an angle of 
·60° to each other. In some needles a central shear 
plane - midrib, is observed. The deposited metal 
structure also has inclusions of carbides and carbide 
eutectic (see Figure 1, b). Martensite microhardness 
is HV 3980-4900 MPa. 

At a large magnification,. a new phase is detected 
in the deposited metal structure, which was initially 
identified as ferrite. A higher silicon content was reg­
istered in this phase. Similar to the initial condition, 
inclusions with a higher content of silicon and nickel 
are also present in the location of the eutectic com­
ponent (Figure 2, band Table 2, point 6). Content 
of the main alloying elements in martensite needles 
and residual austenite is approximately the same (Fi­
gure 2, band Table 2, points 1, 2). 

Proceeding from ferritometer readings, total con­
tent of a-phase in the deposited metal structures is 
higher than 55 vol.%. 

After soaking for 2 h at tempering temperature 
martensite decomposition and precipitation of carbide 
inclusions are observed. Amount of carbide eutectic 
is increased (see Figure 1, c). After soaking for 2 h 
at 550 oc macrohardness rises up to HRC 54-56. 

Composition of the steel matrix remains un­
changed (Figure 2, c and Table 2, point 1). In the 
new a-phase silicon weight fraction rises up to 7.28% 
(Figure 2, c and Table 2, point 3). The process of 
formation of a phase with a higher content of nickel 
and silicon proceeds in the eutectic regions (Figure 2, 
c and Table 2, point 5). These changes are accompa­
nied by further increase of metal microhardness: 
HV 4900-6500 MPa. 

In case of tempering with soaking for 3 h, further 
decomposition of martensite and increase of alloyed 
ferrite content take place. Content of carbides and 
carbide eutectic rises along the grain boundaries and 
in the grains proper (see Figure 1, d). Increase of the 
time of soaking at tempering temperature up to 3 h 
does not affect either the hardness, which remains on 
the level of HRC 54-56, nor the microhardness, the 
maximum value of which still is HV 6500 MPa. 

Composition of the main structural components 
practically does not change. The highest content of 
nickel is found in ferrite and the dark phase located 
in the eutectic (Figure 2, d and Table 2, points 3 and 
5). An increased content of silicon - 6.61 wt.% is 
recorded in the dark component of the eutectic phase 
(Figure 2, d and Table 2, point 5). 

After soaking at the temperature of 550 oc for 6 h, 
the deposited metal hardness is somewhat lowered 
(HRC 52-53), microhardness also decreases and does 
not exceed HV 6060 MPa. Martensite decomposes 
completely, and partial dissolution of carbides and 
carbide eutectic is observed (see Figure 1, e). The 
process of coagulation of the inclusions in alloyed 
ferrite, the content of which exceeds 55 wt.% by fer-
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ritometer readings, becomes much more pronounced. 
In the eutectic dark component silicon content (9.05-
11.28 wt.%) is increased even more at a rather high 
content of nickel and lower content of copper (Fi­
gure 2, e and Table 2, points 2 and 3). 

Thus, the mechanism of secondary hardening of 
the studied deposited metal at tempering can be rep­
resented as a multi-stage process. 

In the first stage at soaking at tempering tempera­
ture for 1 h formation of martensite structure (pre­
dispersion hardening) is observed, as well as appear­
ance of hardening inclusions, namely a new a­
phase - high-alloyed ferrite with a higher content 
of silicon or silicon and nickel, as well as dark com­
ponent in the carbide eutectic with a higher content 
of silicon and nickel. 

In the second stage, at increase of soaking time to 
2-3 h, martensite decomposes, carbides and carbide 
eutectic appear in the deposited metal structure, vol­
ume fraction of the new hardening a-phase becomes 
greater. Silicon and nickel content in it and in the 
dark inclusions in the carbide eutectic becomes 
greater. In the case of soaking at the temperature of 
550 oc for 6 h, growth of a-phase proceeds simulta­
neously with an opposite process in terms of hardness 
change, which is accompanied by coagulation of in­
c! us ions of a-phase and increase of silicon content in 
it above 10 wt.% and that of nickel above 8 wt.%. At 
such a content of these elements a-phase becomes 
«softer>> and secondary hardness of the deposited met­
al is somewhat reduced, respectively. 
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BEHAVIOR OF PARTICLES OF A NON-COMPACT FILLER 
AT AIR -sLAG INTERFACE 

IN ELECTROSLAG HARDFACING 

O.G. KUZMENKO 
E.O. Paton Electric Welding Institute , NASU, Kiev , Ukraine 

Data are given on behavior of particles of non-compact materi a ls (chips and shot) on the surface of the pool in elcclroslag 
surfacing. Conditions have been determined for fixation of these particles at the air- slag interface. IL is shown thal shot 
of chromium cast iron with a diameter of up to 2.3 mm and chips of tool steel SKhNM up to 2.7 mm thick (fixation 
by the largest side) or up to 0.6 mm thick (fixation by the smallest side) may float on the surface of the slag pool. 

Keywords: electroslag hard facing, non-compact materials, 
slag pool, metal pool, interface 

Non-compact materials (NCM) in the form of shot 
[1, 2], chips [2-4], wire cuts [1, 2] or other particles 
[3, 5] are used for a long time in electroslag processes, 
in particular electroslag hard facing (ESH). 

The ESH NCM is peculiar by the fact that NCM 
particles can stay on the surface of a slag pool for 
some time, not immersing into it [ 1, 3, 4, 6]. From 
the one hand, it may lead to their oxidation and dis­
turbing of the electroslag process [3, 6], while, from 
the other hand, the heating of particles at the slag 
pool surface promotes the rapid melting of skull form­
ing from them [7] that reduces the risk of deposited 
metal contamination with slag inclusions and forma­
tion of other defects. 

In literature this problem was not almost reflected. 
Existing publications are not numerous and refer to 
the case of floating of molten metal drops [8] and 
particles of copper matte [9] on the slag surface, and 
also to floating of metal bodies in iron-carbon melts 

X 

a 

X 

b z 
Figure 1. Scheme of arrangement NCM particles on the slag pool 
surface and direction of vectors of surface tension at the phase 
interface: a - sphere; b - plate; O'itG, - surface tension at 
NCM-air interface; <l'itc ~hl - surface tension at NCM-slag inter­
face (the rest designations sec in the text) 
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[10]. It should be noted that assumption was taken 
in works [8, 10] about the absolute non-wetting of 
floating particles, that was not observed in real proc­
esses [ 11 , 12] . 

The aim of the present work was to conduct the 
analytical evaluation of behavior of NCM particles 
on the slag pool surface at the conditions close to 
those of real electroslag processes. Analysis of behav­
ior of NCM particles on the slag pool surface was 
made relative to particles in the form of a sphere 
(analogue to shot) and rectangular plate (chips), used 
most often in ESH NCM [2, 5]. The method offered 
can be used for evaluation of behavior of particle of 
another shape. 

As was above-mentioned, the NCM particles, en­
tered the air-slag melt interface, can float for some 
time at its surface. At this moment a complex thermal 
and hydrodynamic interaction of particles with a slag 
melt is occurred, consisting in a non-stationary move­
ment of particles in a slag, formation of skull at their 
surface and its subsequent melting, in heating of a 
particle by the molten slag heat. In this case the den­
sity of a particle-skull system and wetting angle are 
continuously changed. 

The present work considers particles which are not 
moved along the surface of the slag pool, but located 
at its surface unti I complete melting of the sku II. At 
the temperature of skull melting the angleS of wetting 
the metal solid surface with slag will be less than 
n/ 2 [12, 13]. 

As the density of NCM particles PNOI is higher 
than slag density Psi• then they can be maintained at 
the slag melt surface only by the forces of surface 
tension [ 11, 13]. Here, the vertical constituent of 
forces of surface tension (Figure 1) is equal to [ 11] 

(1) 

where l is the length of wetting perimeter; crsi is the 
surface tension of slag; a = 8 + <p - n/ 2 is the angle 
of inclination of slag surface to horizon at wetting 
perimeter; 8 is the hysteresis (or equilibrium in par­
ticular case) angle of wetting; <pis the angle of particle 
shape. 
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As is stated in works [ 1, 1 0], the nature of wetting 
has a great influence on maintaining of solid bodies 
·of different shape on the surface of melts. It is outlined 
in the mentioned works that maintaining of solid 
plates on the melt surfaces is possible only in case of 
a negative wetting (8 > n / 2). However, this problem 
is of a discussion nature. We have found in conducting 
experiments on remelting of chips of die steels (DI-22, 
5KhNM) [ 4] and waste of saw blades (steel R3M3F2) 
[5] in slag of CaFrAb03-CaO-Si02, that particles 
in the form of plates continue to float in the slag melt 
even in heating of their surface up to solidus tempera­
ture of the material remelted. Here, the positive wet­
ting is typical (8 < n / 2). 

On the basis of data of works [13, 14] the process 
of fixation of particles, having plane facets, at the 
surface of the slag pool at 8 < n/ 2 can be presented 
as follows (Figure 2). 

At the beginning, when particle NCM enters the 
surface of the slag pool, the vector of surface tension 
0'5 J, directed downward under angle 8 to the lateral 
facet of particle, promotes its immersion. As a result, 
the particle begins to immerse into the melt and wet­
ting perimeter is moved from its lateral facets to the 
zone of upper edge (regions of the particle surface, 
locating from edge at the distance equal to the radius 
of action of molecular forces). Here, vector O'sJ changes 
the direction and at 8 + <p > n/ 2 will be directed 
upward under some angle a to horizon, promoting 
the fixation of particles at the slag pool surface. 

Transition of wetting perimeter through the zone 
of edge can be considered as the movement along the 
curvilinear surface of a very small radius of curvature, 
commensurable with a radius of action of molecular 
forces. Here, angle a and the force F az, determined 
by it, will increase . At the moment of particle diving 
the wetting perimeter will pass in the zone of edges 
along the upper facet, due to which angle <p will 
become equal to n/ 2, and the angle a will reach its 
maximum value, i.e. hysteresis angle of wetting 8. 

Hence, it follows that fixation of particles with 
plane facets at the slag melt surfate can occur at 
sufficiently small angles of contact. For particles, en­
tered the air-slag interface under angle or by a small 
facet, the probability of fixation at the interface is 
lower than for the particles falling on the interface 
by one of large facets. 

For the bodies with a curvilinear surface the di­
rection of surface forces is also changed in immersion 
and promotes their forcing out at 8 < n I 2 [ 15]. How­
ever, the conditions of fixation of these particles at 
the interface are less favorable as in this case the 
maximum angle <pis always less than n/ 2. The posi­
tion of particle at the interface (see Figure 1) is de­
fined by angle <p characterizing the position of wetting 
parameter on the particle surface and the height h 
equal to the shifting of slag surface in vertical in the 
point 0. 

The analysis is aimed at the determination of de­
pendence of angle <p (or a) on radius R (or thickness 
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a'st 

Figure 2. Displacement of wetting perimeter through a zone of 
edges of NCM particles, having plane facets (a. 1-a.5 , <p 1-<p5 -

changes of angles a. and <pin immersion of NCM particle into slag) 

8) of particle and contact angle 8, and also maximum 
sizes of floating particles. 

Sphere. The following forces are acting on the 
sphere of radius R, floating in slag: 
gravity: 

4 3 
P = V PNcMg = 3 nR PNcMg; 

Archimedes: 

FA = VsPstg = nH
2 

( R - ~) Pstg = 

1 3 2 
= 3 nR (1 + sin <p) (2 -sin <p) Pstg; 

hydrostatic pressure (part of Archimedes' force de­
fined by the difference of levels of wetting perimeter 
and slag surface): 

2 2 2 . FP = nr hPstg = nR hp5 Jg cos <p, 

surface tension: 

where V is the sphere volume; V, and H = R( 1 + 
+ sin <p) are, respectively, volume and height of im­
mersed segment; r = R cos <p is the radius of its base; 
g is the acceleration of a free fall. 

At R << a, that corresponds to the radius of shot 
used for ESH NCM, it is possible to determine value 
h, using expression given in work [ 15]: 

h = - R cos <p tg a (In R ~:s <p + y J 
where a2 

= 0'5J/Ps19 is the capillary constant of slag; 
y = 0.5772 is the Euler's constant. 

Condition of equilibrium of particles at the air­
slag melt interface is the equality to zero of value of 
sum of projections of acting forces on vertical axis. 
In this case, if the constituent of force vector is di-
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rected upward, then the projection is considered posi­
tive, and if it is directed downward, then the projec­
tion is considered negative. Thus, after proper trans­
formations it can be written 

2 ( Rcos cp J R2[(1 +sin cp) (2- sin cp) + 3 ln ~ + y cos3 cp x 

P 
( 1) 

NCM 2 x ctg(8 + cp)- 4 -p-l- 6a coscp cos (8 + cp) = 0. 
sl 

Solution of transcendental equation ( 1) relative 
to <p cannot be obtained in a clear form, however, the 
determination of R at different <p is not difficult. 

Value of angle <pmax corresponds to maximum size 
of particles which are floating on the slag surface. 
For its finding it is necessary to equalize the derivative 
d(LFJ I d<p to zero. It is difficult to determine the 
value <pmax analytically from this condition. It should 
be noted that extreme values LFz and F az are almost 
at the same values <p, as the surface tension force 
undergoes the largest change in particle diving both 
in value and in direction. Therefore, the necessary 
value will be defined from the condition dF az l d<p = 
= 0 at d2Faz l dcp2 < 0. Hence 

n-8 
cpmax = -2-. 

Substituting value <p 111ax into equation ( 1), we shall 
find expression for determination of a maximum ra­
dius of particles of a spherical shape, maintained at 
the slag surface : 

2 ( 8J
2 

( 8J ( Rmaxsin 81 2 J Rmax [ 1 + COS 2 2 - cos 2 - 3 ln 2a + y X 

(2) 
. 3 8 8 4PNCM 2 . 2 8 

X Sll1 - tg- - --] + 6a Sll1 - = 0. 
2 2 ~ 2 

Thus, the value Rmax depends on the slag surface 
tension, wetting angle and density of contacting 
phases. 

Plate. The plate of thickness 8, floating in slag, 
is subjected to the action of the force of gravity, 

Figure 3. Dependence of radius of cast iron shot floating on the 
slag surface, on shape angle of particle <p 

10 

forcing out, hydrostatic pressure and surface tension, 
having the following expressions: 

P = VpPNCMg = 8BLPNCNg; FA= VpPslg = 8BLp,lg; 

FP = Shp,1g = BLhp,1g; Fa= 2(B + L)cr,~o 

where Vp is the plate volume; S is the base area; B 
is the width; L is the length. 

Conditions of plate equilibrium at the slag surface 
have the form 

8BLp,lg + BLhp5 .,g + 2(8 + L) X 

X 0'51sin a- 8BLPNCM9 = 0. 
(3) 

In a general case for particles, similar in shape, 
ah = f(L, B, a) at a preset value. 

If the metal remelted has B =1= L and B l 2 >>a, 
that is typical of the main mass of chips used in ESH 
NCM [4], then h can be determined using formula 
(2) given in work [10]: 

h = 2a sin~ 
2' 

Then, the expression (3), after proper transforma­
tions, will take the form 

a a 
2a sin '2 ma cos2 + 1 

8 = ---=---.1.-----=--..L 
PNcMI Psl- 1 

(4) 

where m = 2(B + L) I BL is the ratio of plate perimeter 
to base area. At a= amax = 8 it is possible to determine 
the maximum thickness of plate maintained by the 
slag using formula (4). 

If the material remelted has L >> B, then it is 
convenient to consider plate of infinite length. In this 
case the expression (4) will have m = 21 B . 

To check the validity of obtained relationships, 
let us consider several definite examples of calculation 
for electroslag technologies used in industry where 
NCM are used. 

Electroslag hardfacing of hot rolling mill rolls 
using a grained filler material [ 6]. Hardfacing ma­
terial is a cast shot of high-chromium cast iron of 
density p = 7600 kg 1 m3 

[ 16]. Slag AN-75 [ 17] is used 
for hardfacing, which is close by composition to slag 
ANF-14. According to work [18], at 1460 oc (tem­
perature of slag surface at the given method of hard­
facing [6]) slag ANF-14 has properties <Psi = 

= 2650 kg l m3 and 0'51 = 0.31 Nl m), which can refer 
at some approximation to slag AN-75. The contact 
angle of wetting the surface of high-chromium cast 
iron with slag AN-75 at 1300 oc (solidus temperature 
of cast iron) reaches 42.5" [17]. 

Results of calculation of values R for different angles 
<p by formula ( 1), and also Rmax by expression (2) are 
given in Figure 3. According to data of work [6], the 
shot of diameter of not more than 1.5 mm (or R ~ 
~ 0.75·10-3 m) is floating stable at the slag pool surface, 
that has a good correlation with calcu lated data. 

Electroslag hardfacing of worn-out dies using 
chips [5]. Hardfacing material is chips of die steel 
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5KhNM of density PNcM = 7849 kg / m3 [19]. There 
are no data in literature about P si and O'si for slag 
AN-15M used in hardfacing of dies, therefore, we 

' shall use data of work [20] for slag, close by compo­
sition to AN-15M, wt %: 25CaF2; 33.65Ab03; 
30.85Ca0; 10.5Si02. At 1600 'C P si= 2660 kg / m3 , 

O'si = 0.39 N/ m are for this slag. There are also no 
data about contact angle of wetting of surface of steel 
5KhNM with slag AN-15M. According to data of work 
[ 17], at 1300 'C temperature the angle of wetting of 
surface of steel 45 with slag ANF-29, close by com­
position to slag AN-15M, reaches 38.5'. At 1460 'C 
(solidus temperature of steel 5KhNM [19]) angle 8, 
equal to 40', is taken for calculation. 

In hardfacing the chips and shavings from mill­
ing and planning machines are used. The former has 
a form of bent plates of the following sizes: 8 = 
= (0.3-1.0)·10-3 m, B = (8.5-11.0)·10-3 m, L = (16-
20)·10-3 m. When these chips enter the slag by the 
largest facet, the calculations from formula of [ 17] give 
the following values for 8max = (2 .743-3.130)·10-3 m. 

In case of chips enter by the smallest facet (i.e. 
edges of length L are located vertically), O'max = 

= (0.555-0.730)·10-3 m. 
Shavings of planning machines have a form of 

bent plates of sizes 8 = (1.0-2.5)·10-3 m, B = (11-
13)·10-3 m, L = (20-50)·10-3 m or spirals of length 
L = (120-150)·10-3 mat similar 8 and B. In case of 
enter of shavings in the form of bent plates by the 
largest facet, 8max = (2.310-2.743)·10-3 m according 
to calculations using expression from work [17]. In 
case of shavings enter by the smallest facet, 8max = 
= (0.206-0.555)·10-3 m. 

Probability of fixation of shaving in the form of 
a flat spiral is higher if it contacts the slag surface in 
all length L (i.e. edges of length B are located ver­
tically) . For the given case (plate of a finite length, 
as L >> 8), 8max = (0 .845-1.021)·10-3 m. 

Thus, the calculations showed that during hard­
facing the chips from milling machines are located in 
principle at the slag surface until its partial or com­
plete melting, and the most part of shavings (in par­
ticular spiral-like) from planning machines can im­
merse and be melted under the layer of slag. 

Figure 4 gives, as an example, the calculated 
values of thickness of floating chips (in the form of 
bent plate) of sizes B = 11·10-3 m, L = 20·1 0-3 m 
depending on angle <p. For comparison, the data of 
calculation of characteristics of equilibrium position 
of shot of steel 5KhNM on the surface of slag AN-15M. 

CONCLUSIONS 

1. Relationships describing the conditions of staying 
of NCM of different shape on the slag surface are 
obtained as a result of the theoretical analysis. 

2. It was established on the basis of calculations 
obtained from relationships as regards to solid me­
tal-slag melt system that chromium cast iron shot of 
up to 2.3 mm diameter and tool steel 5KhNM chips 
of up to 2. 7 mm thickness (fixation by the largest 
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Figure 4. Dependence of sizes of NCM particles of steel 5KhNM, 
floating on slag surface, on angle of shape <p: 1, 2 - shavings 
fixed, respectively, by the largest and smallest facet; 3 - shot 

facet) or up to 0.6 mm (fixation by the smallest facet) 
can be maintained on the slag pool surface. In this 
case a good correlation of experimental data with 
calculated data was observed. 
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STUDY OF PROPERTIES OF DEPOSITED METAL 
OF THE MARAGING STEEL TYPE 

I.A. KONDRATIEV, I.A. RYABTSEV and Ya.P. CHERNYAK 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

Structure and properties of maraging steels deposited with flux-cored wires of different alloying systems have been 
studied. Optimal composition of deposited metal has been determined. In the as-deposited condition this metal has 
hardness H RC 30, which makes it easy to cut, whereas after tempering at -180 ·c for 3 h its hardness grows to HRC 50. 
The deposited metal after tempering has good high-temperature strength, which allows it to be recommended for 
hardening of working surfaces of complex-configuration die tools. 

Keywords: arc cladding, deposited metal, maraging 
steels, flux-cored wire, heat resistance 

Maraging steels in their operational, mechanical and 
service properties are very promising wide-application 
materials. Owing to a specific hardening mechanism, 
the technology of manufacture of most diverse parts 
from these steels is characterised by relative simplicity 
and reliability [1, 2]. 

Maraging steels used as deposited metal have a 
number of advantages over metal of the martensitic 
grade, such as the possibility of cladding without 
preheating and concurrent heating, comparatively low 
initial hardness allowing machining of treated parts 
by cutting, and high performance provided by tem­
pering after machining. 

The information on maraging steels available in 
technical literature concerns mainly low-carbon high­
nickel steel alloyed with molybdenum and cobalt. 
High-strength steels based on the Fe-Ni-Co-Mo al­
loying system are classed as a rule by their tensile 
strength [ 1]. These steels are characterised by suffi­
ciently high hardness and strength. For example, 
steels containing about 15 wt.% Co and 10 wt.% Mo, 
subjected to ageing, have hardness HRC 60. The ap­
plication field of such steels includes ship building, 
rocket, aircraft and cryogenic engineering. 

Several grades of flux-cored wires are available 
for cladding with such steels (NSM 11 K 1 OST, 
N12M8K8S2T, etc.) by the submerged-arc method 
[3, 4]. However, very high costs and short supply of 
alloying elements limit the possibility of wide appli­
cation of such materials for hardening different parts 
and tools. Also, one should bear in mind that the high 
degree of alloying of high-strength maraging steels 
(the total content of alloying elements in them should 
be no more less 30-35 %) makes it almost impossible 
to manufacture flux-cored wire, especially self­
shielded one, to provide this class of deposited metal. 

In this connection, worthy of attention are 
sparsely-alloyed structural or tool maraging steels [2, 
4]. The latter can be used, in particular, for cladding 
of die tools operating in contact with hot metal. 
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High strength of this class of maraging steels is a 
result of collective realisation of two hardening proc­
esses, i.e. formation of substitution solid solution and 
shear (martensite) mechanism of y ~a transforma­
tion. 

In the case of using this type of steels as cladding 
materials for reconditioning of die tools, they should 
have high heat resistance and thermal stability. To 
possess these properties, the steels should contain 
nickel, molybdenum, titanium, aluminium and other 
alloying elements, which provide decrease in the 
y ~a transformation temperature, as well as forma­
tion of substitution martensite and hardening phases. 
Also, addition of 0.5-2.5 wt.% Mo to the steel leads 
to substantial increase in its ductility and toughness. 
Small addition of silicon to nickel steel decreases solu­
bility of molybdenum and titanium, which enhances 
the effect of age-hardening [2]. 

It should be noted that the use of carbon, the 
content of which in such steels may amount to 0.06-
0.10 wt.%, is indicated to decrease the temperature 
of beginning of martensitic transformations and 
strengthen martensite after quenching. The possibility 
of increasing the carbon content of steel to 0.10 wt.% 
is important in terms of development of cladding 
wires, which are manufactured from a cold-rolled strip 
of steel 08kp (rimmed) and C-containing ferroalloys. 

Eleven experimental flux-cored wires with a di­
ameter of 2 mm, providing metal of the type of rna­
raging steels with different alloying systems, were 
made to select optimal composition of deposited met­
al. Cladding using all flux-cored wires was performed 
with no preheating under the following conditions: 
Ic = 240-260 A and Ua = 22-24 V. Chemical compo­
sition of deposited metal (in the fourth layer) and its 
hardness in the as-deposited condition and after tem­
pering are given in Table 1. 

As to their composition, experimental flux-cored 
wires can be subdivided into several groups (Table 
1). Flux-cored wires of the first group (1-3) contain 
nickel, chromium and molybdenum in their charge. 
Chromium is absent in the charge of flux-cored wires 
of the second group (4-6) and nickel here is fully 
replaced by manganese. Flux-cored wires of the third 

10/2004 

Table 1. ( 

Flux-cor< 
No. 

PP-Np-E 

PP-Np-E~ 

PP-Np·E~ 

PP-Np-E~ 

PP-Np·E~ 

PP-Np·E~ 

PP-Np-Ex 

PP-Np-Ex 

PP-Np-Ex 

PP-Np-Ex 

PP-Np-Ex 

Note. Al 

group (7 
in them 

It w< 
all flux-< 
terised t 
ties, fon 
detachab 
tern ofw 
layer cia 
in small 
(flux-cor 
2 wt.% ~ 
detected 
other gn 

Selec1 
al was bz 
of the as· 
and afte1 
These re1 

posited n 
alloyed ' 
effect of 
nomic as 
raging st 

Table 2. D 
cored wire 
pering 

Tempera tun 

400 

400 

500 

500 

600 

600 

10/2004 



been 
I has 
C SO. 
d for 

steels is a 
ening proc­
lution and 

ransforma-

s cladding 
hey should 
bility . To 

ld contain 
and other 

ase in the 
I as forma­
'ng phases. 
steel leads 
toughness. 
eases solu­

enhances 

rbon, the 
t to 0.06-

mperature 
tions and 
possibility 
0.10 wt.% 
f cladding 
oiled strip 
erroalloys. 
with a di­
~pe of rna­
ems, were 
1sited met­
performed 
onditions: 
a! compo­
~r) and its 
after tem-

=]ux-cored 
ps (Table 
l) contain 
ir charge. 
>red wires 
e is fully 
the third 

10/2004 

SCIENTIFIC AND TECHNICAL 
Table 1. Chemical composition of deposited metal 

Flux-cored wire and Content of elements, wt.% HRC 

No. grade c Ni Mn Mo+Ti+ll' Si+AI+Cu Other As-deposited After tempering 

PP-Np-Exp 1 0.10 11.0 3.4 

PP-Np-Exp2 0.05 8.9 2.3 2.3 

PP-Np-Exp3 0.06 5.2 0.7 3.2 

PP-Np-Ex p4 0.10 5.1 4.6 

PP-Np-Exp5 0.07 5.1 3.7 

PP-Np-Exp6 0.11 5.5 4.2 

PP-Np-Exp7 0.07 2.3 5.2 4.0 

PP-Np-Exp8 0.07 7.5 5.2 2.3 

PP-Np-Exp9 0.08 8.0 5.5 2.4 

PP-Np-Exp1 0 0.07 8.5 5.8 2.5 

PP-Np-Exp11 0.08 3.9 4.1 4 .2 

Note. Ageing temperature 480-500 °C, holding for 3 h. 

group (7-11) contain no chromium either, and nickel 
in them is partially replaced by manganese. 

It was found during the deposition process that 
all flux-cored wires under consideration were charac­
terised by the required welding-operational proper­
ties, formation of sound deposited metal and good 
detachability of slag crust (gas- and slag-forming sys­
tem of wires- CaC03-TiO-Cah). However, multi­
layer cladding on a restraint massive sample resulted 
in small cracks formed in the Ni-frec deposited metal 
(flux-cored wire 6) and deposited metal with 
2 wt.% Ni (flux-cored wire 7). No such defects were 
detected in metal deposited with flux-cored wires of 
other groups. 

Selection of optimal composition of deposited met­
al was based on the following requirements: hardness 
of the as-deposited metal should not exceed HRC 30, 
and after ageing it should be at a level of H RC SO. 
These requirements are best met by the Ni-Mn de­
posited metal (flux-cored wires 8 and 9) additionally 
alloyed with silicon, which somewhat enhances the 
effect of age-hardening [2]. This metal is more eco­
nomic as to the alloying degree than the known ma­
raging steels containing 12-18 wt.% Ni and up to 

Table 2. Dependence of hardness of metal deposited with flux­
cored wire PP-Np-Exp9 upon the temperature and time of tem­
pering 

Tempering HRC 

Temperature, oc Time, /1 As-deposited After tempering 

400 3 29-30 48-49 

400 5 29-30 48-49 

500 3 29-30 49-50 

500 5 29-30 46-47 

600 3 29-30 30-31 

600 5 29-30 28-29 
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2.8 4.8Cr; 0.2V 28-31 43-45 

1.1 5Cr 29-31 40-41 

1.7 3.9Cr; 0.8Nb 38-39 46-48 

4.1 32-34 52-53 

2.0 20-22 34-35 

3.4 25-26 34-35 

4.6 39-40 44-45 

2.4 32-34 52-53 

1.5 29-30 49-50 

0.7 25-26 46-47 

4.5 34-35 48-49 

10 wt.% of Mo, Co, W and other alloying elements 
[ 1' 2]. 

Out of the two compositions of deposited metal 
(flux-cored wires 8 and 9), the preference should be 
given to the second one, which in the as-deposited 
condition has hardnessHRC 30, thus causing no prob­
lems in its machining by cutting. After tempering, 
hardness of this deposited metal grows to HRC SO. 
Therefore, this type of metal was chosen as the basic 
one for the development of self-shielded flux-cored 
wire and technology for deposition of a sparsely-al­
loyed magaring steel layer. 

Dependence of deposited metal upon the tempera­
ture and time of tempering was studied to select op­
timal heat treatment parameters for metal deposited 
with flux-cored wire of the PP-Np-Exp9 grade. The 
results obtained are given in Table 2. 

On this basis, heating to 480-SOO OC and holding 
for 3 h should be taken as optimal parameters of 
tempering of metal deposited with wire PP-Np-Exp9. 

Studies were conducted to investigate heat resis­
tance (resistance to tempering) of metal deposited 
with flux-cored wire PP-Np-Exp9, which is the wire 
of choice for most applications involving repair and 
hardening of hot deformation tools. Normally, heat 
resistance is characterised by the tempering tempera­
ture at which the metal retains hardness at a level of 

HRrC~-------------------------, 

20_~------~~------~~------~ 
400 500 600 T, °C 

Figure 1. Heat resistance of metal deposited with flux-cored wire 
PP-Np-Exp9 (1) and die steel 5KhNM (2) 
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HRC 40. The test results are shown in Figure 1. De­
posited metal of the suggested composition is not in­
ferior in this property to known die steel 5KhNM [ 5]. 

Experiments were conducted to evaluate the effect 
of the cladding technology on initial hardness of metal 
deposited with wire PP-Np-Exp9, as well as the effect 
of ageing. It was shown that preheating (200-400 oc) 
of a part treated has no effect on initial hardness of 
the deposited layer and its hardness after tempering. 

The cladding method (open-arc or submerged-arc) 
and the rate of cooling after cladding, either delayed 
cooling (thermostat, furnace) or cooling in open air, 
also have no effect on hardness of metal deposited 
with wire PP-Np-Exp9. An insignificant increase (2-3 
Rockwell numbers) in the initial hardness of metal 
produced by cladding with cooling of each deposited 
layer to 20 oc prior to deposition of the next one was 
noted. In this case, hardness after tempering remained 
at the previous layer, i.e. HRC 50. 

As shown by metallography, in the as-deposited 
condition the structure of metal deposited with wire 
PP-Np-Exp9 consists of austenite, ferrite and a small 
volume fraction of martensite (Figure 2, a). After 
tempering at 480 oc for 3 h the structure of this type 
of deposited metal is a low-projection laminated 
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Table 3. Chemical composition of structural components of me­
tal deposited with wire PP-Np-Exp9 

Analysis Content of elements. wt.% 

place 
Fe Ni Mn Si ill Mo Ti 

Matrix 84.92 7.21 4.35 1.29 0.79 0.70 0.78 

Inclusion 63.15 5.09 2.87 0.80 0.65 0.68 26.75 

martensite with finely dispersed carbide inclusions 
(Figure 2, b). 

The composition of matrix and dispersed inclusions 
in metal deposited with wire PP-Np-Exp9 (Table 3), 
as well as the distribution of main alloying elements 
in it, were examined using X-ray microanalyser Came­
bax SX50. 

Inclusions are complex carbides, ranging from 2 
to 5 j..lm in size. As far as the distribution of alloying 
elements in deposited metal is concerned, the most 
uniform distribution in matrix was noted for alu­
minium, whereas titanium is contained mainly in car­
bides. 

Investigation of the effect of ageing in the process 
of tempering of deposited metal of the type of marag­
ing steels with different alloying systems allowed de­
termination of the optimal composition of self­
shielded flux-cored wire PP-Np-Exp9. The hardness 
of metal deposited with this wire was found to be 
independent of the cladding method and temperature 
cycle. Also, this type of deposited metal has suffi­
ciently high heat resistance, which allows it to be 
recommended for hardening of working surface of 
complex-configuration dies. 
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EFFECT OF INDUCTION SURFACING CONDITIONS ON 
STRUCTURE AND PROPERTIES OF DEPOSITED METAL 

Ch.V. PULKA1
, O.N. SHABLY 1 and A.S. PISMENNY2 

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

The paper gives results of investigation of structure and properties of metal deposited by the induction surfacing method 
that involves screening of thermal and electromagnetic fields. It is shown that owing to screening the non-uniformity 
of thickness of the deposited metal layer is de~reascd by 12 %, saving of power amounts to 10-15 %, overheating of the 
edge of disc and deposited metal is eliminated, and the time of surfacing is reduced as compared with surfaci ng without 
screening. In this case the microstructure, hardness and wear resistance of the deposited metal remain at the same level 
as in induction surfacing without screening. 

Keywords: induction surfacing, inductor, specific power, 
thermal and electromagnetic screening, deposited metal, car­
bides, microhardness, structure, wear resistance 

To save the electric power in induction surfacing of 
knives of beet-topping machines, the authors of the 
present work have suggested to change the heat source 
power by the exponential law (i.e. at the continuous 
increment of specific power) without the generator 
switching [ 1]. In this case the 15-25 % of power 
saving is attained. This idea was realized in the de­
velopment of technology of the induction surfacing 
of knives of beet-topping machines with screening of 
thermal and electromagnetic fields [2, 3]. 

The aim of the present work was to investigate 
the effect of induction surfacing conditions on struc­
ture and properties of metal, deposited by induction 
method using screening of thermal and electromag­
netic fields, and also to compare them with similar 
properties of metal deposited by conventional induc­
tion method without screening. 

Surfacing by two technologies was performed us­
ing the wear-resistant powdered alloy PG-S 1 
(U30Kh28N4S4). Thickness of deposited layer was 
0.8-1.5 mm, the parent metal was steel St3 of 3 mm 
thickness. Two-turn circular inductor, equipped with 
auxiliary devices for screening of thermal and elec­
tromagnetic fields, was used. 

As the investigations showed, the microstructure 
of metal deposited by the technology, developed by 
the authors, contains primary chromium carbides in 
the form of rather large plates of a rectangular or 
rhombic shape, which are distributed uniformly in 
the matrix (Figure 1). Clusters of carbide eutectic 
are adjacent to the interface from the side of deposited 
metal. At the fusion line, the deposited metal has a 
clearly expressed dendritic structure (Figure 1, a). 
The inclusions of primary carbides of a fan-like shape 
are contained in the upper layer of the deposited metal 
(Figure 1, b). White band at the interface between 
the parent and deposited metal has a variable width 
( 15-20 ~-tm). Along the edges of the deposited bead 

© Ch.V. PULKA, O.N. SIIAALY and A.S. PISMENNY, 2004 

Figure 1. Microstructure of deposited metal U30Kh28N4S4 ob­
tained directly at the fusion line (a) and in the center of deposited 
layer (b); electrolytic etching in 20% water solution of chromium 
anhydride, 20 Y voltage, 5 s holding (x200) 
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Figure 2. Distribution of carbon and chrom ium (a), silicon and 
manganese (b) in height of deposited metal layer 

from the fusion line. It was established that carbon 
in metal of samples examined was bound into carbides 
of Me7C3 type (Figure 2, a), the noticeable diffusion 
redistribution of carbon near the fusion line was not 
observed. Silicon and manganese do not also diffuse 
into the parent metal (Figure 2, b). 

Investigations of wear resistance of the deposited 
metal were performed in machine NK-M [ 4] using the 
following conditions: abrasive - quartz sand with 
0.2-0.4 mm sizes of particles; friction path - 400 m; 
pressure 0.466 MPa; reference annealed 
steel 45. Figure 3 presents the averaged data about 
wear resistance of deposited metal obtained from re­
sults of three tests. 

As is seen from Figure 3, the relative wear resis­
tance and hardness of metal deposited by two tech­
nologies are almost at the same level. 

Investigations of uniformity of thickness of depos­
ited metal layer were made using procedure of [ 5 ]. 
Figure 4 presents the curve of a normal distribution 
of deposited metal layer across thickness . The non­
hatched regions, located under the curve of a normal 

Table 1. Microhardness (MPa) of structural constituents of deposited metal 

Method of surfacing 

Without screening 

With screening 

Chromium carbides 

15320-17820 

14300-15440 

Table 2. Surfacing conditions with use of different heating systems 

Method of surfacing 
Voltage, hV 

Matrix 

4550-5140 

5150-5900 

Current, A 

in circuit at anode tube mains tube anode 

Surfacing 
duration, s 

Without screening of thermal and 3.1-8.5 11.5-12.0 0.65-1.70 
electromagnetic fields 

With screening of thermal and 
electromagnetic fields 

' 

3.1-8.5 11.5-12.0 0.65-1.70 

2.0-5.5 32 

2.0-5.5 22 

White band ( tmnsition zone) 

3220-3570 

3780-4550 

Variation of specific pouw at 
inductor H'·I 0-9, IV / m" 

w 

0.61 

0.13 

w 

0.61 

0.13 

1 - inductor; 2 - hard alloy; 3 - component; 4, 5 - thermal and eleclromagnelic screens, respeclively; generator VChl-63 / 0.4/t was 
used in surfacing 
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z HV, MPa 

2.8 8000 

Figure 3. Relative wear resistance Z and hardness in metal samples 
obtained in induction surfacing without screening (light columns) 
and with screening (hatched) of thermal and el ectromagnetic fields 

distribution, represent theoretically a percent share 
of components whose thickness of deposited metal is 
within the tolerance limit. Uniformity of distribution 
of metal layer across the thickness, deposited with 
screening of thermal and electromagnetic fields , is 
increased by 12% as compared with surfacing without 
screening, owing to the more uniform distribution of 
power (temperature) in the surfacing zone. In addi­
tion, the electric power is saved by 10-15% as a result 
of reduction in time of disc surfacing (from 32 to 
22 s) and decrease in convective exchange between 
the edge surface of the component with environment 
(Table 2). 

Thus, the results of investigations showed that the 
metal deposited by the induction method with screen­
ing of thermal and electromagnetic fields is not infe­
rior by its properties to the metal deposited by a 
conventional technology. However, owing to screen­
ing the non-uniformity of distribution of deposited 
metal layer across the thickness is reduced by 12 %, 
additional saving of electric power is attained by 10-
15 %, time of surfacing is reduced from 32 to 22 s, 
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Tolerance field 
-3cr +3cr 

Figure 4. Curve of normal distribution of deposited metal layer 
obtained in use of heating system with screening 

overheating of disc edge and deposited metal is elimi­
nated. 
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EFFECT OF SULPHUR ON PROPERTIES 
OF IRON-BASE ALLOYS AND PROSPECTS 

OF ITS APPLICATION IN SURFACING MATERIALS 

V.V. OSIN and I.A. RYABTSEV 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

Literature data about the effect of sulphur on mechanical and service properties of steels and cast irons have been 
analyzed. It is shown that sulphur is a promising alloying element in surfacing consumables designed for repair and 
hardening of parts that operate under the conditions of friction of metal on metal at increased temperatures and are 
subjected to adhesion wear. 

Keywords: sulphur in steels, sulphur in cast iron, sulphide 
inclusions, mechanical properties of steels and cast irons, surfac­
ing materials, alloying with sulphur. 

Sulphur is a harmful impurity in steels and other 
iron-base alloys. In particular, it forms fusible sul­
phide inclusions precipitating along the grain bounda­
ries, thus leading to the appearance of crystalline 
cracks in metal, and causing also the hot brittleness 
of steel at temperatures of hot deformation [ 1]. Due 
to the negative effect of sulphur on the properties of 
steels and iron-base alloys its content is limited usu­
ally to 0.03 % [2]. 

From the data of works [3, 4] the sulphur is soluble 
unlimitedly in molten iron and possesses very low 
solubility in solid iron. As follows from Fe-S state 
diagram (Figure 1), the precipitation of the sulphide 
phase is not occurred in the process of an equilibrium 
crystallization of iron in the 1535-1365 oc tempera­
ture interval (8-Fe) at sulphur concentration up to 
0.18 % (that is its limiting solubility in 8-Fe at 
1365 OC). The limited solubility of sulphur in y-Fe at 
1365 oc is 0.04-0.05% and with decrease in tempera­
ture it is decreased and equals 0.005 % at 913 °C. 
y ~a-transformation at 913 oc leads to jump-like 
increase in sulphur concentration in iron up to 0.02 %, 

Figure 1. Fragment of diagram Fe-S (solid curve) and effect of 
manganese (dashed curve) on structural state [ 41 
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however, its content in it at the further cooling is 
decreased again. 

Sulphides, which are the main causes of negative 
effect of sulphur on the properties of steels and cast 
irons, are the compounds of sulphur with metals 
(mainly iron), and also with non-metals (boron, sili­
con, arsenic and others). According to work [ 5] the 
alloying elements can be arranged in the following 
sequence by susceptibility to the formation of sul­
phides in steel: Zr, Ti, Mn, Nb, V, Cr, AI, Mo, W, 
Fe, Ni, Co, Si. 

Table 1 presents data of enthalpy of formation of 
sulphides of some elements by which different steels 
are alloyed [4]. 

In killed, well-deoxidized carbon steels, and also 
in alloyed steels the main mass of non-metallic inclu­
sions are sulphides due to a lower concentration of 
oxygen in these steels as compared with sulphur con­
centration. Therefore, these are the sulphur inclusions 
that have a main influence on the steel properties, 
and not only composition of sulphide inclusions is 
important, but also shape [4]. In particular, from the 
point of view of reduction of probability of formation 
of crystalline cracks a globular shape of sulphides, 
uniformly arranged inside the grains is preferable . 

By the composition, shape and arrangement in the 
steel structure, three types of sulphide inclusions can 
be distinguished [6, 7]: globular, chaotically ar­
ranged; inclusions of eutectic origin, forming films 
along the boundaries of grains; inclusions of crystal­
line shape, which are also chaotically arranged in the 
steel structure. 

Work [8] describes the conditions of formation of 
different types of sulphides in carbon steel. The first 
type of inclusions is formed in a non-deoxidized steel 
(oxygen content of more than 0.02 %). Alongside 
with sulphur these inclusions can also contain oxygen, 
i.e. they are actually the oxysulphides. Sulphide in­
c! usions of the second type are formed in steel, con­
taining oxygen of less than 0.012 %, these are mainly 
the manganese sulphides. 

Carbon and silicon increase greatly the activity of 
sulphur, decrease the temperature of liquidus and soli­
dus and increase the interval of crystallization. In 

10/2004 

---:1 

Table 1. 

Alloyi11 

low-ca 
the sui 
observ 
than 0 
appean 
sulphic 

Th 
phi des 
crystal 
liquati 
ing in 
phur) 
bon, s' 

Exo 
resista, 
ence n~ 
The efJ 
ranges 
35L of 
tigated 
[ 4]. It 
thedu 
in are 
not aln 
(Figur 

~:f 
30J 

0,\jJ 

40 

20 

0 

On, fv 

o.sf 
0.4 t 

Figure 2 
(normali: 
0.02 % f 
2 - tens 
impact st 

101200 



LS 

ve been 
air and 
and are 

er cooling is 

of negative 
els and cast 
with metals 
(boron, sUi­

work [5] the 
he following 
tion of sui­
A!, Mo, W, 

formation of 
ferent steels 

els, and also 
etallic incl u­
entration of 
sulphur con­
ur inclusions 
I properties, 
inclusions is 
Jar, from the 
of formation 
f sulphides, 
referable. 

ement in the 
elusions can 
otically ar­
rming films 
s of crystal­
anged in the 

formation of 
el. The first 
xidized steel 
. Alongside 
tain oxygen, 
Sulphide in­

steel, con­
e are mainly 

e activity of 
dusandsoli­
llization. In 

10/2004 

Table 1. Enthalpies of formation of sui ph ides ( -H 298• kJ I mol) 

Value of enthalpy depending on sulphide type 
Alloying element 

MeS Me52 Me~3 

Fe 95.46 185.06 

Co 85.41 140.26 213.53 

Ni 92.95 142.35 

AI 723.90 

Mn 205.16 207.25 

low-carbon steels, deoxidized by weak deoxidizers, 
the sulphide inclusions of the first type are more often 
observed. With increase in carbon content by more 
than 0.15 %, the sulphides of the second type are 
appeared, while with increase by more than 1 % the 
sulphides of the third type are observed. 

The general property of all three types of the sul­
phides is the fact that they are formed, as a rule, in 
crystallization of last portions of metal, enriched with 
liquation elements, both as those directly participat­
ing in the formation of sulphides (manganese, sul­
phur) and also those intensifying their activity (car­
bon, silicon). 

Except the above-mentioned reduction in crack 
resistance and hot brittleness, sui phur can also infl u­
ence negatively some strength characteristics of steels. 
The effect of sulphur content in the 0.020-0.135 % 
ranges on mechanical properties of cast carbon steel 
35L of the following chemical composition was inves­
tigated, wt.%: 0.35C, 0.75Mn; 0.35Cr and 0.011P 
[4]. It was established that sulphur decreases greatly 
the ductility characteristics (elongation and reduction 
in area) and impact strength of steel 35L and does 
not almost influence the yield and tensile strengths 
(Figure 2). 

cry, crt, MPa 

:t 1 
( 

300 

8, \jl, % 

40 

a,, MJ / m2 

osf2 
0.4 ~----o----~ 

0.04 0.08 0.12 [S], % 

Figure 2. Effect of sulphur on mechanical properties of steel 35L 
(normalizing at 900 'C, tempering at 680 'C), deoxidation with 
0.02 % AI (second type of inclusions) [4]: 1 - yield strength; 
2 - tensile strength; 3- elongation; 4 - reduction in area; 5 -
impact strength (samples with a round notch) 
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Alloying element 
Value of enthalpy depending on sulphide type 

MeS Me52 Me253 

Si 205.15 

Ti 217.71 334.94 

Ce 494.04 644.35 1258.13 

Ba 443.80 

Ca 469.55 

It was also established that type of sulphide in­
clusions also influences the strength properties of steel 
35L. Steel with the first type of inclusions has the 
maximum level of mechanical properties at all the 
contents of sulphur and the minimum level is typical 
of steel with the second type of inclusions. Moreover, 
the significant reduction in ductility and impact 
strength is observed with increase in sulphur content 
up to 0.05 %, its further increase has a lower influence 
on the above-mentioned parameters. 

Works [9, 10] show the dependence of impact 
strength of steel 16GS on content of carbon, manga­
nese and sulphur. Sulphur shows the highest effect 
on the impact strength. At its content of more than 
0.03 % the impact strength is decreased by 30 % (Fi­
gure 3). Data of works [9, 10] confirm also that yield 
and tensile strengths of steel 16GS are not changed 
with increase in sulphur content. 

Investigations of different authors [ 4, 11-15] con­
firmed that sulphur has also the similar effect on me­
chanical properties of cast low- and high-alloy steels. 
In addition, sulphur reduces the characteristics cold 
brittleness of steel, the critical temperature of cold 

a,, Mj j m2 

8 

7 

0 

0 

6 

5~-------L------L------J----~~ 
0.020 0.025 0.030 0.035 0.040 [S], % 
0.14 0.15 0.16 0.17 0.18 [C],% 

0.90 0.96 1.05 1.11 1.20 [Mn], % 

Figure 3. Dependence of impact strength of steel 16GS on content 
of carbon (1), manganese (2) and sulphur (3) [ 10) 
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Table 2. Chemical composition (wt.?.) and mechanical properties of chromium steels with increased sulphur content [15] 

Type of steel c Cr s cr" MPa 

A 0.12 12.1 0.02 494 

B 0.12 12.0 0.23 531 

c 0.12 12.1 0.51 501 

brittleness of cast steel is shifted to the side of positive 
temperatures with increase in sulphur content [4]. 
Similarly the sulphur influences the mechanical prop­
erties of steel after rolling. This is proved by data of 
[ 15 J on example of steel of Kh 12 type (Table 2). Steel 
with an increased content of sulphur has the lower 
characteristics of ductility and impact strength. These 
characteristics are especially low in samples cut out 
across the rolled metal. 

There is a large number of publications about the 
effect of sulphur on the properties of welds and de­
posited metal [16-24]. It was outlined in works [16, 
17] that sulphur is one of main causes of initiation of 
hot (crystalline) cracks in welding. Depending on 
alloying the formation of cracks is considered to be 
due in the first turn to the formation of eutectics 
Fe-FeS (temperature of solidification is 988 "C), Ni­
NiS (temperature of solidification is 645 "C) or others, 
having also low temperature of melting [ 17, 22 and 
others]. 

To reduce the probability of formation of crystal­
line cracks, it is recommended to use steels and weld­
ing consumables with a decreased content of sulphur 
for welded structures. At the same time the feasibility 
of prevention of hot cracks by alloying the welds of 
steels of Kh 18N9 and Kh25N20 type with a large 
amount of sulphur (up to 3 %) is considered in the 
work [ 17]. This sulphur content makes it possible to 
avoid the crystalline cracks in welds owing to the 
effect of ~curing~ (filling) of intercrystalline gaps 
with excessive fusible sulphide eutectics. 

The carried out analysis showed that sulphur has 
mainly the negative effect on many characteristics of 
steels and alloys on iron base, and also welds and 
deposited metal, however, there are also data about 
its positive effect on some properties of steels. Thus, 
the sulphur alloying is used for improving the work­
ability owing to the decrease in adhesion of tool to 
the metal being subjected to working [3, 15, 25]. 

There is information in work [ 15] about stainless 
steel, containing 12% Cr and 0.4% S, which is used 
for manufacture of products of mass production, 
where a good workability in automatic lathes and the 
presence of a smooth surface are required. It is con­
sidered that the inclusions of sulphides contribute to 
the better removal of chips in cutting, thus improving 
the surface of the workpiece treated. 

Data are known [26, 27] about positive effect of 
sulphur on wear-resistance of grey cast iron. It was 
established [26] that when the grey iron is alloyed 
with sulphur up to 0.86 %, its wear resistance is many 
times increased and by this characteristic it becomes 
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cry, MPa 8,% \jl,% a,, M] j m2 

222 31.8 73.7 2.41 

237 32.6 59.2 2.36 

239 28 .5 58.4 1.49 

to be superior to high-strength and malleable cast 
irons. Authors of the work recommend the sulphurous 
grey cast iron for manufacture of machine parts op­
erating under severe conditions of friction and wear 
with lubricant and without it. 

Similar data were obtained in work [27] on grey 
iron, alloyed by 5 % Cu and 0.5 and 1 % S. The 
investigations showed that this cast iron possesses 
high wear-resistant properties under the conditions 
of dry friction and can be a substitute for high-alloy 
cast irons. 

The data are known about application of sulphur in 
welding and surfacing consumables [25, 28]. In works 
[25, 28] the effect of 0.0250-0.329 % S on structure 
and properties of deposited high-speed steel, close by 
composition to steel R9M4K8, was studied. Metal 
cutting tool, deposited by high-speed steel, containing 
0.32% S, had 1.5-2 times higher wear resistance than 
a serially-manufactured tool. The productivity of 
treatment was increased almost by the same times. 

From some data [29] the sulphides in metal friction 
on metal can play a role of a solid lubricant, thus 
improving the tribotechnical characteristics of the 
friction pair. In addition, they prevent the adhesion 
of metals, in particular at increased temperatures. 
Thus, sulphur can become promising as an alloying 
element for some types of hardfacing materials. The 
most acceptable field of application of these materials 
can become the hardfacing of cutting and die tools, 
mill rolls of some types and other parts operating 
under the conditions of metal to metal friction and 
subjected to adhesion wear. 

The negative effect of sulphur on the properties 
of deposited metal can be neutralized to a certain 
extent by transfer of sulphides from film to a globular 
shape, i.e. from the second type to the first type. 
These sulphides should be arranged uniformly in the 
alloy matrix. 

It should be noted in the conclusion: 
• sulphur is used for alloying the steel and iron­

base alloys to improve the workability and quality of 
surface of parts. However, with increase in its content, 
the characteristics of impact strength, ductility and 
cold brittleness of steel are decreased, but the yield 
and tensile strengths are not changed in this case; 

• sulphur in steel and iron-base alloys forms fusible 
eutectics precipitating along the grain boundaries, 
which are one of causes of crystalline crack initiation. 
At high content of fusible eutectics the effect of ~cur­
ing>> of formed tears is observed; 

• sulphides prevent the adhesion wear, in particu­
lar at increased temperatures, moreover, they can play 
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a role of a solid lubricant, thus improving tribotech­
nical characteristics of the friction pair. Thus, sulphur 
can be challenging for alloying of materials in hard-

. facing of dies and die tools, mill rolls of some types 
and other parts operating under the metal to metal 
friction at increased temperatures and subjected to 
adhesion wear. 
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FEATURES OF THE PROCESS OF ESH 
WITH A COMPOSITE ROD 

IN A SMALL-SIZED SECTIONED MOULD 

G.N. SOKOLOV, LV. ZORIN, S.N. TSURIKHIN and V.I. LYSAK 
Yolgorgad State Technical University, Yolgograd, RF 

Electrophysical and thermal peculiarities of electroslag hard facing (ESI-1), using an additional hollow graphite electrode, 
arc considered. It is shown that addition of a nonconsumable electrode to the slag pool leads to formation of a 
high-temperature region in it, which allows a uniform melting of different components of hardfacing consumables. Usc 
of ESI-1 enables producing a heat-resistant deposited alloy based on nickel aluminide. 

Keywords: electroslag lwrd(acing, sectioned mould, com­
posite rod, simulation of ESH process, hollow graphite elec­
trode, current distribution, heat balance, nickel aluminide 

Electroslag hardfacing in a sectioned mould (SM) of 
small-sized (up to SO mm diameter) end faces of parts 
of equipment and tools allows producing high-quality 
metal as a result of effective metallurgical processing 
of the melt by overheated slag and ensuring its direc­
tional solidification at a high enough efficiency of 
hardfacing with various materials without applying 
current to them. Particularly effective is ESH in SM 
for strengthening of broaching tools, operating under 
the conditions of cyclic temperature-force impact at 
up to 1100 oc temperature [ 1]. However, under such 
complex conditions, use of many modern nickel and 
cobalt superalloys is not effective enough [2]. 

Known are new types of alloys, produced by vari­
ous metallurgical processes, characterized by higher 
technological and service properties at operating tem­
peratures, for instance, with a matrix based on tita­
nium and nickel aluminides. In individual cases such 
alloys found application in industry [3]. It is known 
\1, t'h"2lt \\~~~ ~ 4ot¥iWfl1{~\1t.~ ~~~~'5. 00.~ !iN.a 

Ni3Al nickel aluminide are more readily adaptable to 
fabrication and usually contain a number of alloying 
elements with different melting temperature: 660 
(aluminium), 14S3 (nickel), 3410 (tungsten), 3000 
(tantalum), 2610 oc (molybdenum). In order to pro­
duce deposited metal of such a type with a high level 
of welding technological properties, it is necessary to 
use composite hardfacing materials, consisting of a 
metal shell and filler, in which the high- and low­
melting components are contained in the form of metal 
powders and wires. This provides a stoichiometric 
relationship of alloying elements in the deposited met­
al. Such a material can be a composite rod, consisting 
of a nickel shell and filler. However, effectiveness of 
using a composite rod in the regular ESH process is 
low because of a non-uniform melting of its compo­
nents in the slag. 

Depending on the circuit of applying current to 
slag (through a consumable metal and nonconsumable 
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graphite electrode or current-conducting section of 
the mould) ESH processes induce a diverse and non­
uniform thermal condition of the slag pool melt. In 
consumable-electrode ESH, in particular with flux­
cored wire [ 4], maximum temperature (about 
2300 oc) of the slag is observed in a small local zone 
(heat center), adjacent to the electrode, which is 
where it melts. In the case of a nonconsumable elec­
trode it is difficult to precisely feed the filler material 
into the heat center of the slag. In ESH in SM the 
heat center is in the peripheral section of the slag pool 
at the walls of the current-carrying section of the 
mould [S], the other part of the slag being heated up 
to the temperature of 1900 oc [1], which is sufficient 
for a uniform melting of the composite rod compo­
nents. 

In order to ensure a sound melting of the composite 
ingot, studied was the possibility of formation of a 
new heat center in the slag pool by adding another 
hollow nonconsumable electrode to it. 

Conditions of running of the ESH process were 
simulated in water-cooled SM and a one-piece mould 
(o.r tb.e. cases. a£ different current suggly to the slag,. 
Slag pool was simulated by electrolyte solution, where 
the viscosity (0.03 Pa·s) approximately corresponded 
to that of overheated slag (ANF-6 flux). Material for 
the models of SM and one-piece mould were three 
copper rings of SO mm diameter and 2.S mm thickness, 
which were placed into a glass cavity of a cylindrical 
shape (Figure 1). Current-carrying section ring had 
a vertical cut. In order to simulate the one-piece 
mould, the rings were connected to each other, and 
in SM model they were insulated. A copper cylinder 
of 20 mm diameter and 7 mm height was used as the 
workpiece. Graphite electrodes of S, 12 and 1S mm 
diameters with a solid and hollow section were used. 

In all the experiments, a voltage of 36 V from DC 
current source was applied to the current carrying 
section of the model mould, and 28 V voltage from 
an independent power source was applied to the ad­
ditional graphite electrode. After immersion of the 
graphite electrode into the electric bath (electrolyte) 
to different depths, also its motion in the volume was 
registered visually. In order to observe the nature of 
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Figure 1. Model of SM with an additional electrode: 1 - hollow 
graphite electrode; 2 - insu lator; 3 - item; 4 - glass cavity; 
5 - forming section; 6 - current-carrying section; 7, 8 - DC 
power source 

electrolyte motion, it was dyed with graphite chips. 
In view of the complexity of recording the electrolyte 
flows in the model in the small volume of the pool, 
following its motion is difficult, but possible at the 
initial moment of the model functioning (for 8 to 10 s). 
Direction of the vector of electromagnetic force fe was 
determined for a sound evaluation of the direction of 
slag motion, taking into account the data of [6]. 

In order to study the forecast high-temperature 
region in the slag, it is necessary to evaluate the cur­
rent distribution in the slag pool, which influences 
the mode of slag flow and determines the thermal 
pattern in it. Distribution of current lines in the model 
schematics was established proceeding from the data 
of works [5, 7, 8], obtained for different cases of 
current supply to the mould. Studied model schemat­
ics allows determining the possibility of creating a 
high-temperature region in SM slag pool by adding 
a hollow nonconsumable electrode into it. 

Experiments conducted under the actual condi­
tions showed that during ESH the working end face 
of the hollow graphite electrode takes the shape of 
an <<inverse>> cone (Figure 2). In this case, the area 
of the active surface of the electrode is reduced, this 
providing a higher density of current. Investigation 
results indicated that addition of a nonconsumable 
electrode to SM significantly changes the energy situ­
ation in the slag pool (Figure 3). Electric field of the 
current-carrying section of the mould ousts the current 
lines from the nonconsumable hollow electrode into 
the underelectrode region, where their high concen­
tration is created. Such a distribution of current in­
creases slag heating in the zone of electrode immer­
sion, thus inducing a temperature gradient in the slag 
pool. A high density of the current lines on the internal 
surface of the conical electrode tip provides heating 
of slag in this region up to the maximum temperature, 
thus promoting equalizing of the rate of melting of 
the composite rod components. 
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Figure 2. Appearance of the working end face of a hollow graphite 
electrode 

The high density of current in the lower part of 
the wall in the current-carrying section and at the 
electrode surface allows reaching here the maximum 
value of the bulk electromagnetic force, directed 
downwards and causing vortex motion of the electro­
lyte. It may be assumed that the model of electrolyte 
motion will have the form of two flows, directed 
towards each other (see Figure 3). A smoothing effect 
from electrolyte rotation in the horizontal plane is 
observed in the small volume of the model. Such a 
rotation is due to the impact of the magnetic flux on 
the electrolyte as a result of the change of current 
direction in the split current-carrying section. In this 
connection, the actual pattern of the slag flow can be 
distorted, and its motion can only be considered in 
the instantaneous variant. Flow of electrolyte 10 
meeting condition rot fe > 0, while moving along the 
electrode and further on to the metal pool, gives away 
part of its heat, heats the pool and rises to the slag 
pool center. Here, flows 10 and 11 take the same 
direction, which creates a resultant flow on their 
boundary, which entraps and carries the metal drops 

7 

Figure 3. Schematic of current distribution and slag motion in the 
studied (Figure 1) model of SM: 1, 2 and 5-8 - see designations 
in Figure 1; 3 - deposited metal; 4, 9 - metal and slag pools, 
respectively; 10, 11 - slag flows (dashed lines show current lines) 
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Figure 4. Schematic of ESH in SM with a hollow graphite electrode: 
1-9 - see designations in Figure 3; 10 - graphite insert; II -
composite rod; 12 - thermocouple; 13 - item; 14 - slag lining ; 
D,, D 2 - inner and outer diameter of the hollow graphite el ectrode, 
respectively; D3 - deposited item diameter 

to the mould walls. Moving along the SM near-wall 
region, flow 11 cooled in its upper part, for which 
rot fe < 0, is heated in the lower part of the wall of 
the current-carrying section, while transferring the 
heat to the metal pool surface. Such a motion results 
in longer duration of the metal drops staying in the 
slag, and longer time of their exposure to the slag. 

Experimental hardfacing was performed by ESH 
schematic, developed as a result of modeling (Fi­
gure 4). Used as a hard facing material was a rod of 
5 mm diameter, consisting of the nickel sheath, which 
was filled with powders of aluminium, zirconium, 
molybdenum boride, graphite, and wires of commer­
cial-grade tungsten, tantalum, molybdenum and Np­
Kh20N80T grade. Addition of wires of refractory com­
ponents eliminates separation of the light and heavy 
metal powders in the charge. Composition of the com­
posite rod was calculated, proceeding from the com­
position of the known alloy, containing nickel and 
aluminium in the stoichiometric proportion, providing 

0 4.5 5.5 6.5 8.5 v , mm / s 

Figure 5. Influence of the ratio of currents k on the electrodes on 
rate v of the composite rod melting 
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nickel aluminide Ni3Al. Other alloying elements in 
the alloy were taken in the following proportions, 
wt. %: 2.5-3 .0 W; 0.5-2 .5 Ta; 2.5-3.0 Mo; 0.5-
2.5 Zr; 4.4 Cr; 0.035 B. Graphite powder was added, 
allowing for the amount of carbon, going into the 
slag as a result of electrochemical dissolution of the 
working part of the graphite electrode. Weight of 
metal deposited on 40Kh steel billet was 40 g. Rate 
of melting of each wire component in the composite 
rod was evaluated by the amount of metal, melted 
per a unit of time. Optimum mode of ESH of the 
composite rod was that, in which the difference in 
the rate of its component melting is minimum. 

ESH was conducted with DCSP (VDU-504 and 
VDU-1000 power sources), using ANF-6 flux. During 
hardfacing the current from the current-carrying SM 
section ISM and current from the hollow graphite elec­
trode Ic was varied in the range of 140-250 A, and 
slag voltage in the range of 17-23 V. Height of the 
slag pool was maintained in the range of 25-30 mm. 
The process was conducted in argon . Slag temperature 
was recorded using tungsten-rhenium thermocouples 
of VR 10/ 20 grade with a multichannel potentiome­
ter KSP-4. Hardness of the deposited metal at normal 
and high temperatures was determined in TSh-2 in­
strument with a hard-alloy sphere of 5 mm diameter 
at 7.35 kN load and application for 10 s. Metal­
lographic studies of the deposited metal were con­
ducted with the known methods. 

Investigations demonstrated that the ratio of cur­
rents IsM / Ic = k has the strongest influence on the 
uniformity of melting of the components in the com­
posite rod and stability of ESH process. At k :s; 1.5 
the slag temperature in the near-electrode region rises 
up to 3300 ·c. In ESH the slag starts boiling at the 
electrode surface, which, however, does no disturb 
process stability. Further increase of k values leads 
to intensive boiling of the slag pool and its splashing, 
which is negative for running of ESH process. At k :s; 
:s; 1 the slag temperature in the near-electrode region 
drops and becomes comparable with that of the slag 
pool in SM . Therefore, during hardfacing k ratio en­
sures a stable existence of the high-temperature region 
in the zone of the electrode immersion, and should be 
equal to 1.0-1.5. This range of k values is valid for 
ISM and I c currents equal to 140-250 A. If current 
values go beyond the above range, ESH process be­
comes unstable. If the above value of k ratio was 
maintained, the optimum rate Vopt of composite rod 
melting was equal to 4.8-5.2 mm / s (Figure 5), this 
allowing sound deposited metal to be produced. 

Heat balance was calculated in order to compare 
the thermal mode of SM operation by the traditional 
and studied sequences. It was assumed that the heat 
pattern in the slag is determined by the action of two 
independent sources of its heating. A different tem­
perature of the slag in the zone of the graphite elec­
trode immersion and in the rest of the slag pool was 
assumed in calculations . Analysis of the obtained data 
(Figure 6) showed that in consideration of the ESH 
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Figure 6. Diagram of heat balance of ESH process in SM with an 
additional hollow nonconsumable electrode (a) and by the tradi­
tional schematic (b): 1-4 - distribution of heat flows in the 
mould, metal pool, billet and composite rod, respectively 

process schematic the heat consumption for heating 
and melting of the base metal is close to that in the 
traditional schematic, and almost 2 times more heat 
is consumed for heating and melting of the composite 
rod. This is due to the high temperature gradient in 
the slag in the zone of electrode immersion, which 
results in faster heating of the surfacing material, thus 
allowing a more effective consumption of the slag 
pool heat. Considerable and similar heat losses to the 
mould in both the cases are related to the slag pool 
contacting it over 70 % of its surface. 

Metallographic investigations demonstrated that 
the deposited metal does not contain any welding 
defects and has a complex heterophase structure, the 
basis of which is a solid solution based on nickel 
aluminide Ni3Al. The deposited metal structure con­
tains dispersed particles based on the solid solution 
of y-phase nickel, which contains the secondary y'­
phase, which is Ni3Al. Located along the dendrite 
boundaries are eutectic y' -phases, carbides and car­
boborides, the composition of which includes nickel, 
aluminium and other alloying elements. Total content 
of Ni3AI based phases is equal to about 80% (Figure 7, 
a). Composite structure of the deposited metal with 
directional arrangement of the dendrites provides the 
required thermal fatigue and hardness (HB 100-110) 
at up to 1100 oc temperature, which allows using it 
under the conditions of cyclic temperature-force im­
pact. 

The zone of deposited metal fusion does not have 
any defects, or critical solidification and diffusion 
interlayers, affecting the service properties of the 
hard faced item (Figure 7, b). 

CONCLUSIONS 

1. At addition of a hollow graphite electrode into the 
slag pool of the small-sized SM, a high-temperature 
region forms in the zone of electrode immersion into 
the slag, the stability of this zone being provided by 
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Figure 7. Microstructure of deposited metal (a - x400) and zone 
of fusion with the base (b - x1 00) 

1.0-1.5 ratio of currents of current-carrying section 
of the mound and hollow graphite electrode. 

2. Developed schematic of ESH in SM with an 
additional hollow graphite electrode allows obtaining 
a sound high-temperature resistant deposited metal 
based on Ni3Al for operation under cyclic tempera­
ture-force impact conditions at temperature of up to 
1100 °C. 
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COMPUTER SYSTEMS OF INFORMATION SUPPORT 
OF WELDING FABRICATION 

V.F. DEMCHENKO and S.S. KOZLITINA 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

Described are the information support systems, developed by the E.O. Paton Electric Welding Institute for welding 
and surfacing technologies. 

Keywords: welding and surfacing technology, welding 
consumables, welding modes, welding aerosols, metallurgical 
equipment, certification of specialists, information systems, ex­
pert systems 

The diversity of the methods of welding, consumables, 
types of welded joints, groove shapes and spatial po­
sition of the weld, base metal thickness and compo­
sition, variants of the modes and other conditions of 
welding, make it necessary to develop modern systems 
of information support of welding fabrication, de­
signed for specialists working in the Chief Welder 
units in engineering plants. Alongside the informa­
tion-retrieval, document, manager and other informa­
tion systems, of special interest is development of 
computer systems of welding technology design, 
which would accumulate the available knowledge, 
data and gained experience of highly-qualified experts 
in the welding field. It is rational to perform devel­
opment of such systems so as to successively «cover>> 
individual subject areas of welding fabrication with 
information systems. 

Let us briefly dwell on analysis of the existing 
approaches to development of information support 
systems . The first form of computerized ordering of 
information were databases, organized in the form of 
files of machine-readable data. Despite the evolution 
over the past 40 years, all the databases are limited 
by inclusion of just passive information, replying to 
the question of what. The passive nature of the da­
tabases consists in the following: when replying to 
the question of what, these information systems imply 
that their user knows the answer to the question of 
how, i.e. knows how these data could be used to solve 
the posed problem. If active information answering 
the question of how, is entered into the computer 
memory in addition to passive information, the data­
base is thereby complemented by the knowledge base. 
The thus plotted information systems are called expert 
systems. Specialists of the British Computer Society 
give the following definition of an expert system: <<An 
expert system means a systems combining the com­
puter capabilities with knowledge and experience of 
an expert in such a form, that a system may suggest 
an intelligent solution of the posed problem~. Such 
a rather general and broad definition covers the most 
diverse computer systems, however, in any case, in 
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development of an expert system, presence of two 
figures is important, namely expert on the subject 
and know ledge engineer. The first of them has the 
function to provide raw information in the form of 
data and knowledge, required to develop an expert 
system in a particular problem area. Knowledge en­
gineer systematizes, processes and generalizes the ob­
tained information, develops models of databases and 
knowledge bases, designs and develops the respective 
software. 

The question of how, to which expert systems re­
ply, has two extensions: what to do - so-called ex­
pert systems, pertaining to factual expertise; how to 
interpret - cognitive expert systems, pertaining to 
interpretation expertise. Factual expertise ensures 
solving the engineering problems, while interpreta­
tion expertise is a tool meant for scientific workers 
and aimed at designing new technological processes. 

Development of a specific expert system always 
gives rise to two questions: 1) how complete and valid 
is the information which the expert has on the data­
bases and knowledge bases in terms of the possibility 
of solving the posed problem, ensuring the validity 
and quality of computer solutions; 2) what should 
we do with the fact, that part of the information 
inevitably becomes obsolete, and how can we keep 
the system in an updated condition as long as possible. 
When replying to the first question, the expert's ex­
perience and qualifications are of paramount impor­
tance. At the same time, however, the most successful 
solution of the problem of raw information validity 
is achieved by development of quantitative models of 
databases, which allow screening the certainly invalid 
information on a formal level. The problem of main­
taining the information system in an updated condi­
tion is solved to a certain extent by establishing special 
database editors, which enable the user to inde­
pendently supplement the bases with new data, cor­
rect the available data or eliminate the data which 
are not urgent for a specific user, configuring the 
information system in the necessary direction. 

Ideology of expert systems turns out to be ex­
tremely attractive for informatization of welding fab­
rication. This paper describes some information sys­
tems in the field of welding, developed over the last 
years at the E.O. Paton Electric Welding Institute. 
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Expert system SURFACING [1] (expert is I.A. 
Ryabtsev). The system is designed for development 

· of technologies of mechanized electric arc surfacing 
for 12 surfacing processes for parts of the type of 
bodies of revolution and those with a flat surface, 
operating in different industries (in metallurgy, min­
ing industry, chemical engineering, agriculture, etc .). 
Structurally the system consists of several subsystems, 
namely selection of surfacing material; development 
of surfacing technology; editor of databases of sur­
facing materials; and bank of surfacing technologies. 
The subsystem of surfacing material selection uses the 
database of surfacing materials, which in the author's 
version contains information on 280 materials used in 
CIS countries. The latter includes the data on appli­
cation of a surfacing material (operating conditions 
and kinds of material wear), welding-technological 
characteristics of the material, wear resistance of the 
deposited metal, etc. Parts operating under similar 
conditions, are classified in 42 groups (Figure 1), so 
that it is enough for the user to indicate the group, 
which includes the part to be surfaced, so as to get 
the recommendations on suitable surfacing materials. 
For a more accurate determination of the optimum 
surfacing material, it is necessary to additionally enter 
into the computer detailed information on the oper­
ating conditions and kinds of part wear. In case there 
is an alternative for material selection the system en­
sures information support for the user in the form of 
data (Figure 2) on the composition, wear resistance 
and welding-technological properties of deposited 
metal. Such a support enables the user , proceeding 
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from individual quality criteria made of surfacing of 
this part, selecting a suitable surfacing material. The 
database of surfacing materials is kept in an updated 
condition, using a special editor, allowing the user to 
independently enter the data on the new surfacing 
materials or edit the existing information. 

The subsystem of designing the surfacing technol­
ogy gives recommendations on suitable processes and 
technique of surfacing this part and depending on the 
part type, its overall dimensions and spatial position 
of the deposited layer, the system suggests to the user 
variants of rational modes of surfacing with welding 
wires (strips) of different diameter. The final result 
of operation of SURF ACING expert system is the 
output document, which shows the results of joint 
work of the welding technologist and computer on 
development of the surfacing technology. The data 
bank of technical solutions allows accumulating in 
the computer memory recommendations on the tech­
nology of surfacing the individual parts and compo­
nents, obtained using the SURF ACING expert sys­
tem, as well as correcting this information by the 
results of test verification, thus creating in the factory 
a bank of typical surfacing technologies. 

Expert system for development of the technolo­
gies of surfacing parts of metallurgical equipment 
[2] (expert is I. A. Ryabtsev). The system is child 
product of SURF ACING expert system aimed at de­
signing the technologies of surfacing parts of metal­
lurgical equipment. The databases and knowledge 
bases of the system contain information on surfacing 
several hundred parts of metallurgical equipment. In-

SELECTION OF THE PART GROUP AND PROCESSED SURFACE SHAPE 

~~-·~'>' 
Wh•~J&..tl 
«..l!i!~1-· 
~i~ •• 

GROUP CHARACTERISTICS It 29 

KINDS OF WEAR· 
camtat1on, hydroabras1ve, corrosion 

CONDITIONS OF OPERA. TION: 
mat1ng body : fl u1d flow; 
mat1ng body temperature: 
mat1ng body pressure 
load~ : no shock~. constant, 
med1um· corrodmg; 
amb1ent temperature: 
ambient pressure. 
temperature: constant 

PARTS: 
blades of ship propellers; 
hydraulic turbine blades; 
water conduit cases, 

-10 ... + 150 C; 
up to 1 ~1Pa 

-10 ... + 150 C; 
up to 1 1'\Pa; 

pans of hydraulic turbme flow conduit 

Figure 1. Classification of surfaced parts by groups 
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Surlacong consumables. surfacing processes. •uri acing technique J3 

Recommended 
surfacing consumables 

nn-Hn-1 ox1n 
nn-Hn-1 OX17H9C5rT 
nn-Hn-1 OX1 ZH3r6M2 
nn-Hn-12X13H2MIPA 
nn-Hn-12X16H9C5r2T 
flC-15X13 
flC-12X14H3 

./OK ,\Back 

Propertys of metal 

@WP I Wear resistance ~ Fe, C. Mn ... 

WELDING PROPERTIES 

Deposition rate. g/A. h ...... 11 
Consumption per 1 kg of deposited metal. kg ... ... 1.05 
Deposited metal formation ...... good 
Cracking susceptibility ...... low 
Hardness after surfacing HRC ...... 30 ... 38 
Deposited metal cuttability ...... poor 

Figure 2. Information support of solution on selection of surfacing material 

formation retrieval is organized by a hierarchy se­
quence <<Production>> (shop of metallurgical enter­
priseh - <!Installation>> - <! Part>> (Figure 3). 

nologies of welding light alloys implemented in the 
form of databases and knowledge bases. The expert 
system includes the following factographic and 
graphic databases: base materials; welded joints; 
welding consumables; welding processes and modes; 
comparative characteristics of welding processes. Da­
tabase of welded joints includes information on weld 

Expert system for designing technologies of 
light alloy welding (experts are A.Ya. Ishchenko, 
V.P. Budnik). Developed expert system accumulated 
the knowledge, practical experience and data on tech-

Blast-furnace plant 
Drop-weight plant 
Shop of compositions prepara 
Open-hearth plant 
Blooming 
Rolling-mill shop 
Strip-making shop 
Sheet-rolling shop 
Other shops 

INSTALLATION 

Hammer crusher 
Sintering machine 
Smoke exhauster 
Self-balanced screen 
Lime-crushing plant 
Screen 
Mixing drum 

Rotor hub 
Drum 
Roll 
Sprocket shaft 

Figure 3. Selection of part to be surfaced 
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Joint types .... Butt 

1- Fillet 

Tee 

Overlap 

Figure 4. Selection of joint type and groove shape in light alloy welding 

groove shapes for butt, fillet, tee and overlap joints, 
admissible processes of welding with a particular 
groove shape, as well as geometrical limitations for 
metal thickness and weld length. As an illustration 
of the system operation, Figure 4 shows an element 
of user dialogue with the computer, during which the 
groove shape is chosen for a butt joint with the speci­
fied base metal thickness. Expert system allows se­
lecting welding consumables, process and modes of 
welding for different alloying systems and base metal 
grades. 

Data bank of hygienic characteristics of welding 
aerosols [3] (experts are O.G. Levchenko, V.A. 
Metlitsky). Information on welding aerosols is con­
centrated in the databases composed for coated elec­
trodes, welding wires and fluxes. They contain infor­
mation on factors, influencing the composition and 
level of welding aerosols (filler material grade, wire 
diameter and type, welding process and mode, com­
position of a shielding gas mixture, etc.), as well as 
data on levels of evolution of gaseous and solid com­
ponents of welding aerosols. In order to form data­
bases and regularly update them during operation of 
the computer system, a database editor was developed, 
which allows performing their initial filling and sub­
sequent editing. 

Information retrieval in the databases is performed 
by the specified grade of the welding consumable, the 
result is produced as an output document, which pre­
sents the data on welding conditions and hygienic 
parameters, characterizing the composition, level of 
precipitation and toxicity of welding aerosols. Capac-
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ity of general ventilation by dilution is calculated by 
the data on limit admissible concentration of welding 
aerosols. Recommendations are issued on equipment 
for work place ventilation and means of individual 
protection of welder's respiratory organs. Owing to 
a detailed description of welding conditions and level 
of evolution of welding aerosols by the results of 
computer system operation it is possible to perform 
hygienic assessment of the welding process for each 
grade of welding consumable, issue specific recom­
mendations on application of the respective means of 
welder protection and perform complete analysis of 
the influence of all the factors on the quantitative 
and qualitative composition of welding aerosol, as 
well as its toxicity. The latter enables conducting 
hygienic optimization of the process and technology 
of welding, optimizing the welding consumable com­
position at the stages of their development, selecting 
less toxic of the available welding consumable grades. 

Data bank of the modes of C02, submerged-arc 
and inert gas welding (expert is P. Zeyffarth). The 
data bank accumulates information on the welding 
modes, depending on base metal thickness, welding 
process and position, welded joint type. For instance, 
for semi-automatic C02 welding the data on the modes 
cover up to 200 mm thicknesses with information on 
the number of passes, welding modes for the root, 
filling and decorative welds, and with X-shaped 
groove these data are given for filling the lower and 
upper groove. In a number of cases, the welding modes 
are illustrated by weld macrosection, this enabling 
the user selecting the most rational from his viewpoint 
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mode from alternative variants. The database cur­
rently contains 1200 entries of welding modes. 

Computer system for expert certification (ex­
perts are P. Zeyffarth, A. Sharf). The system is a 
certain unified shell, designed for certification and 
training of participants in training courses. The sys­
tem includes three modules: module of forming ex­
amination questions, question cards and teaching ma­
terial (appropriate database editor); module of testing 
trainee knowledge with teaching elements; examina­
tion module performing official certification of trainee 
knowledge by individual sections of the course. The 
system supports several training courses, each of 
which has a certain number of sections. Examination 
question contains variants of answers, one or several 
of which are correct. Four different formats of replies 
to examination questions are envisaged: textual re­
plies and graphic variants of the replies, including 
those with a figure, clarifying the question. The editor 
enables forming the bases of examination questions 
for diverse training courses. The lecturer generates 
question card from them, selecting at his discretion 
questions pertaining to various sections of the course. 
During operation of the examination module, the com­
puter through the random number sensor selects a 
card from the card set, to which the trainee is to reply 
during the assigned time. Correctness of the replies 
is evaluated by a 100 point scale. Test module is used 
for preparing the trainees for taking the examinations, 
and it can also be used as an auxiliary means during 
the training process. Unlike the examination, at test­
ing the question card is generated by the random 
number sensor from the examination question base. 
In this case, the trainee is able not only to control 
the correctness of his / her replies, but also get infor­
mation support in the case, if the reply turned out to 
be incorrect. For this purpose, the editor of the da-
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tabase of examination questions correlates the ques­
tion and the respective section of electronic manual, 
which the lecturer prepares in advance, using special 
software. In this case, there is also the capability of 
direct access to the electronic manual through its con­
tents. The developed computer system can be used in 
the chairs of higher educational establishments, in­
dustrial enterprises, secondary education estab­
lishments for certification of trainees and specialists. 
In particular, it is intended to use it in training and 
certification of specialists in the course of European 
welding engineers. With this purpose the experts pre­
pared the bases of examination questions for several 
training courses, and developed a special electronic 
manual. Assessing the prospects of development and 
use of electronic means of information support of 
welding fabrication, the authors believe that the com­
puter systems described in this paper, alongside other 
systems, already developed [4] or to be developed in 
the future, will allow creating in engineering plants 
a computerized work place, thus permitting the Chief 
Welder units using the experience and knowledge of 
highly qualified experts. 

Acknowledgement. The authors are sincerely 
grateful to experts for many years of fruitful co-op­
eration in development of the above systems of in ­
formation support in the field of welding. 

1. Gladky, P.V., Demchenko, V.F . , Ryabtsev, !.A. et al. 
( 1996) Expert system on technologies of mechanized electric 
arc surfacing. Svarochn. Proizvodstvo, 2, 23-26. 

2. Demchenko, V.F., Ryabtsev, I.A. , Kozlitina, S.S. (1999) 
Computer-aided design of technologies of surfac ing of me­
tallurgical equipment. Svarshclzih, 2, 14-15. 

3. Demchenko , V.F., Levchenko, O.G., Metlitsky, V.A. et al. 
(2001) Data retrieval system of hygienic characteristics of 
welding aerosols. Svarochn. Proizvodstvo, 8, 41-43. 

4. Makhnenko, V.I., Korolyova, T.V., Lavrincts, !.G. (2003) 
Computer system for se lection of welding consumables for arc 
welding of structural steels. The Paton V.fe/ding ]., 2, 12-17. 

10/2004 

Keyw 
alloys, v, 

As sho' 
ent-apf 
damagE 
and cor 
thus br 

Cla1 
to ensu 
conditi1 
tion of 1 

should 
metal ir 
cific pn 
should 
mal cy< 
200-301 
be suffi 
posited 
corrosic 
Its stru 
should 
chinabi 
very fe\ 
requirer 
tungste1 
seal sur 
chromit 
used for 

Co .... 
develop 
were fir 
grades < 
acterise' 
retain tl 
and ha\ 

Stru 
of chro 
upon th 
tic Co-( 
compon 
sol uti or 
the M7( 

©E. F. PER 

10/2001 



ates the ques­
ronic manual, 
, using special 

capability of 
rough its con­
can be used in 
lishments, in­
cation estab­
nd specialists. 

training and 
e of European 
e experts pre­
ns for several 

cia! electronic 
elopment and 

on support of 
that the com­

longside other 
developed in 

neering plants 
ting the Chief 
knowledge of 

are sincerely 
ruitful co-op­
ystems of in-

tsev , I.A. et al. 
echanized electric 
3-26. 
ina, S.S. (1999) 
surfacing of me-

5. 
itsky, V.A. et al. 
characteristics of 
8, 41-43. 
nets, !.G. (2003) 
nsumables for arc 
ing ]., 2, 12-17. 

,_____ 10/2004 

INDUSTRIAL \ 

PLASMA-POWDER CLADDING OF WEAR­
AND CORROSION-RESISTANT ALLOYS 

IN VALVE MANUFACTURING 

E.F. PEREPLYOTCHIKOV 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

Results of investigation of alloys used in valve manufacturing for cladding of stop valve components are given. Peculiarities 
of plasma-powder cladding are considered. It is shown that plasma-powder cladding provides the best performance of 
seal surfaces. 

Keywords: plasma-powder cladding, corrosion-resistant 
alloys, valves, seal surface, structure, hardness, penetration 

As shown by operating experience, failure of differ­
ent-application stop valves is caused primarily by 
damages of their seal surfaces. Scores, cracks, erosion 
and corrosion fractures [ 1] may be formed on them, 
thus breaking tightness of a stop valve. 

Cladding using special alloys is a reliable method 
to ensure high performance of seal surfaces. Service 
conditions of the valves are very important for selec­
tion of the alloys. Metal deposited on the seal surfaces 
should be resistant to scores in its sliding friction on 
metal in different working environments under a spe­
cific pressure of up to 150 MPa. The deposited metal 
should have a minimal sensitivity to cracking in ther­
mal cycling with a temperature difference of up to 
200-300 °C. Hardness at working temperatures should 
be sufficiently high (not less than HV 300). The de­
posited metal should be not inferior in erosion and 
corrosion resistance to stainless steel of the 18-8 type. 
Its structure and properties in long-time operation 
should be stable, and it should feature good ma­
chinability and high technological effectiveness. Only 
very few of wear- and heat-resistant alloys meet these 
requirements. Cobalt-base alloys with chromium and 
tungsten additions are most suitable for cladding the 
seal surfaces of the valves. Nickel-base alloys with 
chromium, silicon and boron additions can also be 
used for some types of the valves. 

Co-cr-W alloys - Stellites. These alloys were 
developed by E. Haynes (USA) in 1907-1908, and 
were first described by him in 1913. More than 60 
grades of Stellites are available now. They are char­
acterised by high erosion and corrosion resistance, can 
retain their high hardness to a temperature of 650 oc 
and have good wear resistance [ 2-5]. 

Structure of deposited metal, where the content 
of chromium is normally 30 wt.%, depends mostly 
upon the content of carbon and tungsten. Hypoeutec­
tic Co-Cr-W alloys are utilised for cladding the valve 
components. Structure of these alloys consists of solid 
solution and carbide eutectic containing carbides of 
the M7C3 and Mz3C5 types. Ageing (5000 h, 700 oC) 
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results in partial decomposition of carbides M7C3 and 
precipitation of dispersed carbide Mz3C5 in solid so­
lution, this leading to increase in hardness. 

Alloys of the following chemical composition are 
used most extensively for cladding, wt.%: 1.0-1.6C, 
1.5-2 .5Si, 28-32Cr, 4-8W, ~ 3Fe, Co- base. Hard­
ness of the deposited metal is HV 400-480. Harder 
alloys with a higher content of carbon and tungsten 
are sensitive to cracking at high thermal cycling. The 
alloys have satisfactory machinability in cutting and 
grinding. Because of a high sensitivity of Co-Cr-W 
alloys to hot cracking, a part to be clad should be 
preheated to a temperature of 600-750 OC, and this 
temperature should be maintained during cladding. 
The clad parts must be subjected to annealing at 800-
850 OC for 2-3 h and then slow cooling. These pecu­
liarities, as well as a high price of cobalt, add to the 
cost of the clad parts. Drawbacks of Co-Cr-W alloys 
include also an insufficiently high score resistance 
[3], which limits specific working pressure on the 
valves. In addition, it is undesirable to use the Co­
containing alloys within the radiation zones, as cobalt 
forms long-lived radioactive isotope 6°Co. 

For plasma cladding of valve components, the 
E.O. Paton Electric Welding Institute developed an 
alloy of the Co-Cr-W-C system additionally alloyed 
with boron, which forms a low-melting point boride 
eutectic capable of healing hot cracks. Its positive 
effect is well-known from the experience of welding 
heat-resistant austenitic steels and alloys. Alloying of 
Stellites with boron decreases their melting point, 
facilitates production of powders used as additives 
and improves formation of the deposited metal. Also, 
boron effectively increases hardness of the deposited 
metal at temperatures of up to 550-600 oc (Figure 1) 
and score resistance. Tests to heat resistance in air at 
800 oc for 1000 h and in water vapour (700 °C, 
0.1 MPa, 500 h) revealed no substantial difference 
in the character of oxidation of Stellites without and 
with boron (up to 2.6 wt.%). In distilled water 
(300 °C, 20 MPa, 1000 h), the alloys without and 
with boron (2.6 wt.%) have the rate of corrosion equal 
to 0.0038 and 0.0028 g/(m2·h), respectively. 
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Figure 1. Dependence of hardness of deposited Stellitc upon the 
content of boron at different test temperatures 

Investigations of the effect of boron on crack re­
sistance of Stellite 6 showed that boron content of 
the deposited metal should be not in excess of 1.2-
1.5 wt.%. It is recommended that cladding of the seal 
surface of the valves should be performed using pow­
der PN-.I\N34 (PrKKh30V5N6SR) of the following 
chemical composition, wt.%: 0.7-t.OC, 1.5-2.5Si, 
28-32Cr, 4-5W, 4-8Ni, 0.5-0.9B,::;; 3Fe, Co - base. 
Hardness of the deposited metal is HRC 44-48. This 
powder allows cladding of the valve components with 
a diameter of up to 150 mm without preheating. For 
larger components, preheating to no more than 500 oc 
is sufficient. 

Nickel alloys containing chromium, silicon and 
boron. More than 90 alloys of this type are available 
now. Part of them has a known trademark name <<Col­
monoy>.>. These alloys emerged in the 1950s and gained 
acceptance as self-fluxing brazing filler alloys and 
filler metals for gas cladding, as well as flame met­
allising followed by fusion. This type of the deposited 
metal has a good wear resistance, retains high hardness 
to a temperature of 600 °C, and is resistant to corrosion 
in many aggressive environments [6, 7]. Other ad­
vantages of Ni-Cr-Si-B alloys include comparatively 
low melting point (1050-1150 oc), moderate cost 
compared with Co-Cr-W alloys, and possibility of 
substantially decreasing preheating temperature in 

-D.c. k.J/mol 

150 

450 

600 

300 600 900 1200 r. K 

Figure 2. Temperature dependence of isobaric potential of nickel 
boride oxidation reactions 
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cladding. These alloys are successfully used for clad­
ding some types of the valves [ 1, 6]. 

Structure of a C-free alloy consists of solid so lu­
tion, boride eutectic with microhardnessHV 415-445 
and b?rides Ni3B, CrB and Cr5B3. The quantity of 
eutect1c grows with increase in the concentration of 
carbon, and primary hexagonal carbides M7C3 are 
formed at a carbon content of more than 1 wt.%. 
Carbon is also part of carboborides. Hexagonal crys­
tals with microhardness HV 1040-1385, H-shaped 
carboborides with microhardness HV 1775-2340 and 
crystals of irregular shape with microhardness 
HV 2700-3800 are detected in structure of the alloys. 

All chromium is contained in Ni-base solid so lu­
tion. Increase in the concentration of chromium leads 
to formation of chromium borides CrB in the alloy. 
Chromium and boron enter into reaction in such a 
proportion that the composition of solid solution re­
mains almost unchanged (16-18 wt.% Cr) . Silicon is 
almost completely contained in solid solution and 
forms no individual phases. It increases reactivity of 
chromium in solid solution, thus favouring the for­
mation of chromium carbides and borides. Almost all 
boron contained in the alloys is in the form of borides. 
Iron is mostly included into the composition of solid 
solution. Increase in the iron content leads to decrease 
in the amount of eutectic, which is indicative of in­
crease in the solubility of carbon and boron in this 
solution. 

Self-fluxing of alloys of the Ni-Cr-Si-B system 
is especially important for cladding of parts with pre­
heating, where a surface to be clad is covered with 
an oxide film. Boric anhydride and silica, while en­
tering into reaction with the substrate metal oxides 
dissolve them, thus creating conditions for good wet~ 
ting of the deposited surface. In addition, boron and 
silicon are favourable for excellent formation of the 
deposited layer. Ni-base alloys, containing (wt.%) 
0.35-0.70C, 2.5-3.5Si, 10-14Cr and 2B, are however 
inferior in resistance to corrosion in water vapours at 
a temperature above 500 octo cobalt Stellites. 

Resistance of alloys of the Ni-Cr-Si-B system in 
water vapours is found to substantially depend upon 
the chemical composition, and is determined by the 
character of borides in structure of . an alloy. Nickel 
boride Ni3B is formed in the alloys at a low chromium 
content (less than 14 wt.%). As reported by Omori 
and Hashimoto [8], calculations of the Gibbs energy 
of po \b\e reactlons of oxidation of N\3B \nd\cate that 
the most probable reaction is that with formation of 
Ni and B203 (Figure 2). The melting point of B20 3 

is 468 °C. At the presence of a water vapour, it forms 
a well-soluble and volatile orthoboric acid H3B02. 
This resu Its in loosening of the oxide film, thus leading 
to corrosion acceleration. 

Examination of steam valve components, the seal 
surfaces of which are clad with alloys of the PG-SR3 
type, which were in use in a water vapour atmosphere 
at a temperature of 545 oc and pressure of 25.5 MPa 
for 7000-31216 h, showed that the mean rate of cor-

10/2004 

rosion of 
oxide !aye 

Alloy 
than 18 \ 
formed, b 
alloy lead 
which is 
in the con 
in its cone 
vides a su 
alloy. Th~ 
developm 
lowing ch 
5Si, 20-21 
alloy has 
bility and 

Plasm 
method f 
ponents 
5, 10]. 0"' 
powder cl 
tent quail 
manual al 
Advantagl 
crease in 
mables, i 
tion of po 
is advisa~ 
ductivity 
sumables. 
kept at m 
metal is 1 
Co-Cr-~ 

Thep1 
by the arr 
the set te1 
termined 
in the cu 
ductivity 
of base rt 
leads to 
use mult 
cladding 
is melted 
arc spot. 
weld poe 
perature 
example 
the temr 
to their 
current. 

In pi 
in the f( 
cold sta 
with pi; 
ment w 
surface 
physica 
in plasr 
velocit} 

10/200 



used for clad-

of solid sol u­
sHV 415-445 
e quantity of 
ncentration of 
"des M7C3 are 
than 1 wt.%. 

exagonal crys-
85, H-shaped 
775-2340 and 
microhardness 
e of the alloys. 
ase solid solu­
hromium leads 

in the alloy. 
tion in such a 
id solution re­
Cr) . Silicon is 
solution and 

s reactivity of 
uring the far­
es. Almost all 
rm of borides. 
sition of solid 
ds to decrease 

boron in this 

-Si-B system 
parts with pre­

covered with 
lica, while en­
metal oxides, 
for good wet­

ion, boron and 
rmation of the 
ining ( wt.%) 
, are however 
ter vapours at 
Stellites. 
i-B system in 

y depend upon 
rmined by the 

alloy. Nickel 
low chromium 
ted by Omori 
Gibbs energy 

B indicate that 
h formation of 
point of B203 
pour, it forms 
acid H3B02. 
, thus leading 

ur atmosphere 
e of 25.5 MPa 
an rate of cor-

1-- 10/2004 

rosion of metal was 0.06 mm/year, and the formed 
oxide layer had a loose structure. 

Alloy with an increased chromium content (more 
than 18 wt.%), in which chromium boride CrB is 
formed, behaves in a different way. Oxidation of this 
alloy leads to formation of borate glass Cr20rB203, 
which is refractory and resistant to water. Increase 
in the content of chromium is accompanied by increase 
in its concentration in solid solution, which also pro­
vides a substantial increase in heat resistance of the 
alloy. The investigations conducted resulted in the 
development of Ni-base alloy N68Kh21S5R of the fol­
lowing chemical composition, wt.%: 0.35-0.50C, 4-
5Si, 20-22Cr, 1.0-1.3B, 4-7Fe, Ni - balance. The 
alloy has low sensitivity to scores, good thermal sta­
bility and high corrosion resistance [9] . 

Plasma-powder cladding is the most appropriate 
method for cladding the valve plates and other com­
ponents with a good access to the surface treated [ 1, 
5, 10]. Owing to mechanisation of the process, plasma­
powder cladding provides a higher and more consis­
tent quality of the deposited metal, compared with 
manual acetylene-oxygen and electric-arc cladding. 
Advantages of this method include considerable in­
crease in productivity, saving of cladding consu­
mables, improvement in labour conditions and reduc­
tion of post-cladding machining. One-layer cladding 
is advisable in terms of achieving the maximal pro­
ductivity of the process and saving of cladding con­
sumables. Here the share of the base metal should be 
kept at minimum, if the iron content of the deposited 
metal is restricted, as is the case of cladding of the 
Co-Cr-W system alloys. 

The productivity of electric arc cladding measured 
by the amount of metal deposited per unit time under 
the set technological conditions is unambiguously de­
termined by the value of the electric current. Increase 
in the current is accompanied by increase in the pro­
ductivity and, at the same time, increase in the share 
of base metal in the deposited layer . In practice this 
leads to the necessity to either limit the current or 
use multi-layer cladding. In both cases the time of 
cladding a workpiece increases. Consumable electrode 
is melted mostly due to the heat released in the active 
arc spot. The electrode metal is transferred to the 
weld pool in the form of drops overheated to a tem­
perature much higher than the melting point. For 
example, for electrode wire or rod of low-carbon steel 
the temperature of the drops is 2300 °C, and it grows 
to the iron boiling point with increase in the welding 
current. 

In plasma cladding, the powder additive particles 
in the form of grains get into the arc column in the 
cold state and are heated there due to heat exchange 
with plasma. Temperature of the particles at the mo­
ment when they touch the weld pool or workpiece 
surface depends upon their shape and size, thermal­
physical properties of metal, time of their dwelling 
in plasma and parameters of the latter (temperature, 
velocity and thermal conductivity). Grains of a pow-
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der may get into the weld pool either in solid or 
molten form, depending upon the above factors. If 
the mean-mass temperature of the powder is lower 
than the mean temperature of the weld pool metal, 
increase in the powder feed speed will decrease pene­
tration of the base metal. 

Based on the theory of thermal processes of weld­
ing by N.N. Rykalin, it can be shown that the share 
of base metal in the deposited layer will be low 
(:::;; 5 %) if the relationship between the effective ther­
mal power of the arc, q, amount of a powder additive, 
Gad. fed to the weld pool and its heat content Sad 

meets the following condition: 

Gad = h S q~t (1 , 
melt. ad - ad + Tlt) 

where Tlt is the thermal efficiency of the process of 
penetration by the arc without a powder; Smclt.ad is 
the heat content of the metal additive at a melting 
point, including the latent melting heat; and k is the 
correction factor allowing for deviation of the calcu­
lation diagram from actual conditions (k = 1.2-1.5). 

It follows from the equation that, with maintain­
ing a shallow penetration of base metal, the produc­
tivity of plasma cladding can be increased either by 
raising arc power q or by increasing the efficiency of 
heating of a powder in the arc. The powder is heated 
in the arc primarily as a result of convective heat 
exchange, the intensity of which depends upon many 
factors, such as plasma parameters, shape and size of 
the particles, etc. The time of heating is determined 
by the path and velocity of flight of the particles, as 
well as by the size of the arc column. 

Figure 3 shows the temperature field of plasma 
and the calculated paths of powder particles having 
different diameters: 0.10, 0.25 and 0.50 mm, at a 
particle material density of 8.1 g / cm3. Operating 
parameters of the plasmatron are as follows: non­
transferred arc current - 80 A, transferred arc cur­
rent - 150 A, plasma gas (argon) flow rate -
2 1/min, transporting gas (argon) flow rate -
9 1/min, and axial velocity of plasma flows at the 
nozzle exit section - 160 m/s. Small-diameter par­
ticles can be readily accelerated in the arc, their paths 
bend and pass through the high-temperature zone of 
the arc. Coarse particles change but slightly their 
velocity and flight paths under the effect of the plasma 
flow. The time of their dwelling in the arc depends 
first of all upon the angle of introduction of a powder 
to the arc and initial velocity. 

Under the above conditions of operation of the 
plasmatron the temperature of the particles, depend­
ing upon their size and initial velocity at the moment 
when they touch the surface treated, ranges from 300-
500 octo the melting point of an alloy (Figure 4), 
according to the calculations. Increase in the tempera­
ture of plasma enhances heating of the powder. Ac­
cording to spectroscopic measurements in a region 
where the powder is heated, the temperature of plasma 
is determined primarily by the transferred-arc current 
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Figure 3. Paths of flight of powder particles in plasma arc 

(Figure 5). Therefore, increase in the current of this 
arc leads to increase not only in the heating of a 
workpiece, but also in the efficiency of heating of the 
powder. This provides fast growth of the productivity 
of plasma-powder cladding with increase in the elec­
tric current. 

Relationship between the current, share of base 
metal in the deposited layer and productivity of clad­
ding alloys of the Ni-Cr-Si-B system on low-alloy 
steel is shown in Figure 6, a. Similar data were ob­
tained also in cladding alloys of the Co-Cr-W system 
on austenitic Cr-Ni steel (Figure 6, b) [11]. As the 
productivity grows, the range of t he current ensuring 
permissible penetration of base metal widens (Fi­
gure 7). Preheating of the base metal required to 
avoid hot cracks in the deposited metal during plasma 

T, °C 
2800 .-----------~-------_-__ -_-_-_-__ -_-_-_-_-__ -_-_-_-__ -_-_-_-__ -_~ 

2000 

1200 Tnwlt 

7 

8 

3 5 7 f, IllS 

Figure 4. Heating of Ni-Cr-Si-B alloy powder in plasma arc: 
1-9 - see Figure 3; the moment of contact of a particle and surface 
treated is marked by circles 

~ 
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Figure 5. Temperature field in argon plasma arc column at different 
values of electric current 
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cladding does not prevent ensuring a shallow pene­
tration (Figure 8). This circumstance is especial ly 
important for cladding alloys of the Co-Cr-W sys­
tem, as the permissible iron content of the deposited 
metal is restricted to avoid dramatic deterioration of 
its properties. 

Quality of the powder used as additive is very 
important for plasma-powder cladding. The powder 
should have good flowability, required particle size 
composition and low gas saturation. Shape of the par­
ticles, spherical or close, is optimal for the powders 
used for plasma-powder cladding, as it provides the 
maximal flowability of the powder. Powders used for 
plasma cladding have a particle diameter of d = 80-
200 Jlm in the most. Using a coarser powder leads to 
increase in its losses and deterioration of quality of 

120 160 200 240 I .. , A 
a 

125 175 225 275 fa, A 

b 
Figure 6. Dependence of the share of base meta l, y0 , in deposiled 
layer upon arc current!" at different deposition efficienc ies using 
powders of the Ni-Cr-Si-B (a) and Co-Cr-W (b) systems 
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Figure 7. Range of current where the share of base metal in the 
deposited metal is 2-10 wt.% (cladding of alloys of the Ni-Cr-Si-8 
system on low-carbon steel) 

the deposited layer. If a powder is too fine, it melts 
inside the plasmatron, thus leading to clogging of its 
nozzles and violation of the cladding process. 

Powder additives contain gases dissolved in metal, 
combined into chemical compounds (oxides), which 
are absorbed on the surface or fixed inside hollow 
particles. An increased content of gas, especially oxy­
gen, in a powder causes spattering of metal during 
cladding, formation of pores and non-metallic inclu­
sions in the deposited layer, and formation of slag on 
the bead surface. As shown by the investigations, 
powders of the Ni-Cr-Si-B system intended for 
plasma cladding should have an oxygen content of 
not more than 0. 10-0. 12 wt.%, and in powders of the 
Co-Cr-W system this content should not exceed 
0.006-0.800 wt.%. The above requirements are best 
met by the powders produced by atomisation of liquid 
metal in inert gases (Figure 9). 

Plasma cladding is performed using a combined­
type plasmatron (Figure 10). Heating of a powder 
and workpiece is done by the plasma transferred arc. 
A non-transferred arc performs auxiliary functions. 
The powder additive is fed with gas via a flexible 
tube from a hopper to the plasmatron, and is blown 
into the arc through an annular slot between the sta­
bilising and focusing nozzles. Three flows of a working 
gas are fed to the plasmatron: central plasma gas flow, 

15 

10 

5 

OL---~--~----L----L--~----~--~ 
200 400 600 800 Tpr, °C 

Figure 8. Dependence of the share of base metal, y0, upon preheating 
temperature T,, at different currents (cladding of Lhe Co-Cr-W 
system alloy on steel Kh18N10T, productivity - 6 kg / h) 

10/2004 --------

INDUSTRIAL ~ 
[0],% 

0.20 

o.o4 L _ _.__~·:_,__~:__-======~~:d 
0 0.4 0.8 1.2 d, mm 

Figure 9. Oxygen content of particles of the Ni-Cr-Si-8 alloy 
powder produced by nitrogen (0), argon (t.), water <e) (solid 
curve) and air (dashed curve) atomisation 

which protects the tungsten electrode from oxidation, 
stabilises and constricts the arc (the gas flow rate is 
1.5-2.0 !/min); transporting gas flow, which feeds 
the powder additive (the gas flow rate is 4-61/min); 
and shielding gas flow (the gas flow rate is 8-
12 !/min). The working gas is argon. 

Technological capabilities of plasma cladding us­
ing powder additives are very wide. Minimal thick­
ness of the layer in plasma cladding is 1 mm, and 
maximal - 5-6 mm (one-layer bead). To deposit 
wide beads, transverse oscillations are transmitted to 
the plasmatron (bead width is up to 60 mm). 

The E.O. Paton Electric Welding Institute devel­
oped several types of units for mechanised plasma 
cladding of valve components. The versatile unit 
OB2184 (Figure 11) is intended for cladding of cy­
lindrical surfaces with a diameter of up to 400 mm 
and up to 800 mm long, and flat parts 
800 x 500 x 400 mm in size. Cladding can be done 
also on conical and shaped parts. The unit is completed 
with device A1756, which can be used independently. 

..._.. 

Figure 10. Schematic of the combined-type plasmatron: 1 - in­
troduction of plasma gas; 2 - tungsten electrode; 3 - stabilising 
nozzle; 4 - introduction of transporting gas with powder additive; 
5 - focusing nozzle; 6 - introduction of shielding gas; 7 -
shielding nozzle; 8 - gas lens; 9 - workpiece; 10 - arc power 
supply; 11 - resistor; 12 - arc ignition device 

35 



' INDUSTRIAL 

Figure 11. Versatile unit OB2184 for plasma-powder cladding 

It can be easily mounted on a bracket, which allows 
cladding on valve components with Dn 1000 mm or 
more. 

Automatic unit UP142 (Figure 12) can serve as 
an example of the specialised unit, intended for clad­
ding of the disk-type parts with a diameter of up to 
200 mm and up to 150 mm high. The unit is controlled 
from microprocessor, which is necessary to ensure the 
automatic cladding cycle. It is fitted with a work 
chamber that provides reliable protection of an op­
erator from light and thermal radiation of the arc, 
gas and dust. The unit is also equipped with a mecha­
nism for automatic unloading of billets after cladding 
to a collecting bin. It can be readily integrated with 
the line of automatic loading and un loading of parts 
in mass production. The control electric circuit of the 
unit has an option of performing cladding in one or 
two layers. 

Figure 12. Automatic unit UP142 for cladding of valve components 

The many-year experience shows that plasma clad­
ding provides the high quality and homogeneity of 
the deposited metal on seal surfaces of valves (Ta­
ble 1 ). 

Hardness was measured at five points uniformly 
distributed in width of the beads, with a spacing of 
4 -SO. Statistical processing of the resulting data was 
performed in an assumption that the distribution of 
hardness followed the normal law. The higher the 
variation coefficient that represents the ratio of stand­
ard deviation to mean value of hardness, the higher 
the non-uniformity of the distribution. Manual clad­
ding provides the least uniform deposited metal. In 
submerged-arc one-layer cladding using alloying flux 
the hardness is uniform in width of the bead, but its 
distribution on the perimeter of a workpiece is highly 
non-uniform. This is attributable to heating of a work­
piece during the cladding process and increase in the 

Table 1. Results of measuring hardness of deposited metal on stop valve components (Dn 150-175 mm) 

Quantity of 
Cladding method, additive material 

metHurements 

Manual three-layer cladding with electrodes TsN-6M 431 

Manual three-layer cladding with electrodes TsN-12M -196 

Submerged-arc wire cladding using alloying flux 351 

Plasma-powder cladding using powder Pr-N73Kh 16S3R3 417 

Table 2. Characteristics of reliability of treated components 

Type of deposited metal Failure rate, I l ths h 

180K62Kh30Y5S2 (electrode TsN-2) 0.245 

Kh16N7G4S4M5B (electrode TsN-12) 

N73Kh 16S3R3 (powder) 

0.099 

0.094 

0.0>19 

0.02140 

0.00475 

Mathematical 
expectation of 
hardness, HRC 

30.8 

39.3 

29.8 

-18.6 

Note. Data for plate arc given in numerator, and data for seat arc given in denominator. 
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Standard 
Variation 

deviation of 
hardness, HRC 

coefficient, % 

3.82 12.3 

-1.34 11.0 

2.30 7.8 

1.28 2.62 

Mean life to failure, ths h 

4.8 

10.1 

10.6 

20.8 

46.7 

210.0 
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Figure 13. Clad components of Christmas trees (a), clad seat (b), and macrosection of clad plate (c) of the power generation valve 
gates with D, 150 mm 

depth of penetration of base metal, as well as to the 
presence of the fading out regions, where cladding is 
performed actually in two layers. In addition, alloying 
of the deposited metal through flux is sensitive to 
variations in cladding parameters, which is inevitable 
under industrial conditions. 

The efficiency of using different alloys for cladding 
seal surfaces of power generation valves can be esti­
mated most objectively using quantitative reliability 
criteria. Because of unavailability of express methods 
for comprehensive reliability tests of the valves, the 
use is made of the only source of information on their 
reliability, which is the operating experience. The 
data of Table 2 characterise reliability of the clad 
valve components. These data were obtained on the 
basis of generalised experience of operation of main 
steam gates of the 300 MW units in service at heat 
power plants. It was found that the gate components 
with Dn 150 mm, clad using electrodes TsN-2 and 
TsN-12, had a mean life to failure (to formation of 
cracks on the seal surfaces) equal to 4.08-
20.40 thous. h, which is much lower than the design 
life of the main power generation equipment. The best 
performance of the seal surfaces is provided by plasma 
cladding using alloys of the Ni-Cr-Si-B system. In 
this case the mean life to failure is 46.7 thous. h for 
plates and 210 tho us·. h for seats. 

Appearance and macrosection of clad parts are 
shown in Figure 13. 

Good bead formation provides reduction of labour 
consumption in machining due to decrease in allow­
ances. Thickness of the deposited la6er is usually 3.3-
3.6 mm, and after machining it is 2+ ·5 mm. In manual 
and automatic submerged-arc cladding the deposited 
layer has thickness of 10-12 mm. 

10/2004 --------

Application of plasma-powder cladding for mass 
production of parts of power generation, Christmas 
tree and ship valves [1, 8, 12] allowed the process 
productivity to be raised from 2 to 3 times, quality 
of the deposited metal to be fundamentally improved, 
and performance of the treated parts to be substan­
tially increased. 
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COBALT-BASED ALLOYS FOR SURFACING 
AGAINST WEAR AND CORROSION 

Dr. ).B.C. WU 1 and Dr. A. PAVLENK02 

1Deloro Stellite Group, Ltd., Saint Louis, USA 
2Deloro Stellite GmbH, Koblenz, Germany 

Cobalt-based alloys for resisting wear and corrosion were first developed prior to 1907 under the trademark Stellite~ 
Additional alloys were later developed for needs in a variety of applications. Cobalt alloys can be applied on the surfac~ 
of mdustnal components by hard facing or thermal spraying. This paper is intended to review the traditional, as well 
as recently deve loped cobalt all oys in regards to their metallurgical characteristics and industrial applications . Various 
technologies for surfacing are discussed. Examples of using cobalt alloys in various industries for surfacing are illustrated 
in this work. 

Keywords: cobalt alloys, Stellite, wear, corrosion, PTA, 
HVOF, valves, oil drilling, galvanizing, refinery, woodcutting 

Nearly 100 years ago, in 1907 [1], cobalt a lloys were 
developed for use in food processing, dental, cutlery, 
machine tools and engine components. These al loys 
take the advantage of cobalt having substantial solid 
solubility for other elements, such as chromium, mo­
lybdenum and tungsten. In addition, carbides precipi­
tate readily in the matrix. Co-Cr-W alloys were 
found to be not only hard and tough but also bright 
and shinny. Therefore, the trademark <<Stellite1> (star­
like) was invented (Stellite" is a registered trademark 
of Deloro Stellite Holdings, Inc.). Later, welding 
consumables of these alloys were made. They were 
found to be friendly to surface welding, which lead 
to the term «hardfacing1>. Works [2, 3] give detail 
descriptions of hardfacing alloys and methods of ap­
plying them. In more recent times, additional alloys 
have been developed to meet the requirements of many 
demanding industrial applications. Also, with the ad­
vent of modern surfacing technologies, cobalt alloys 

Table 1. Type 1 cobalt alloys 

Alloy Nominal composition Hardness, HRC 

Stell itc® 6 29Cr-4.5W-1.2C 42 

Stell ite 12 29Cr-8.5W-1.5C 45 

Stellitc 1 29Cr-12W-2.4C 48 

Stellite F 27Cr-22Ni-27Cr-1.8C 42 

Stellite 190 27Cr-14W-3.2C 55 

Stellite 694 28Cr-20W -5Ni-1 V-0. 9C 51 

Stellite 706 29Cr-4 .5Mo-1.2C 42 

Stellitc 712 29Cr-8.5Mo-1.5C 46 

Stellite 703 32Cr-12Mo-2.4C 54 

Stellite 720 33Cr-18Mo-2.5C-0.3B 60 

Note. Stellite® is a registered trade mark of Del oro Slcllitc Hold­
ings, Inc. 

©).B .C. WU and A. PAVLENKO, 2004 
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are used increasingly in many demanding applications 
in a variety of industries. 

The properties of cobalt alloys depend on their 
microstructures, which can be categorized into three 
distinctive types, namely, type 1 - carbide, type 
2 - intermetall ic and type 3 - solid solution. The 
original cobalt alloys are type 1, type 2 alloys utilize 
the precipitation of intermetall ic compounds for hard­
ening and type 3 alloys are similar to type 1 but have 
minimum precipitation of carbides. Solution strength­
ening contributes to the strength of the a ll oys. In 
addition, they exhibit strong work hardening charac­
teristics and very good corrosion resistance. 

Type 1. Carbide alloys. As listed in Table 1, chro­
mium and carbon are inevitably present in these a ll oys 
because they fo rm the needed <<chromium carbides!> 
for wear resistance. They are typically in the form of 
M7C3 and M23C5 [ 4]. The M7C3 carbide, found mostly 
in hyper-eutectic alloys, has a higher melting point 
and precipitates early during solidification. The 
M23C5 carbide tends to precipitate later in the eutectic 
region of hypo-eutectic alloys after t he formation of 
Co-Cr solid solution dendrites. Figure 1 illustrates 
these microstructures. The M7C3 carbide size is 
== 1 00 )..lm. The M23C5 carbide particles are in the eu­
tectic region. 

Other elements, such as tungsten and molybde­
num, are added to these alloys for improving other 
properties. Tungsten is known to partition in the car­
bides but not significantly due to the slow kinetics 
of tungsten. Molybdenum, on the other hand, is a 
smaller atom and has a strong affinity to carbon. The 
carbides formed by tungsten and molybdenum tend 
to be M5C [ 4]. Under scanning electron microscope, 
it can be clearly seen that the Cr-rich and Mo-rich 
carbides are separate as illustrated in Figure 2. 

Other than improving the mechanical properties 
of type 1 alloys, both tungsten and molybdenum also 
enhance corrosion resistance, especially in reducing 
or non-oxidizing conditions. Especial ly molybdenum 
has a strong effect to resist corrosion in reducing acids 
and complex environments. However, it weakens the 
corrosion resistance in purely oxidizing acids. In a 
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Figure 1. Hypo-eutectic structure with white Co-Cr solid solution dendrites (a) and hyper-eutectic structure with elongated large 
M7C3 carbide particles (b) of type 1 cobalt alloys 

complex pitting environment, molybdenum has a 
strong beneficial effect as evidenced in the commonly 
adopted pitting resistance equivalent number formula 
for iron and nickel alloys. Table 2 compares the alloys 
containing either tungsten or molybdenum in different 
acids. It can be clearly seen that the Mo-containing 
alloys are more corrosion resistant than their W -con­
taining counterparts in the reducing acids. 

Type 2. Intermetallic alloys. In 1970s, a family 
of alloys was developed for resisting not only wear 
but also corrosion by chemicals. These alloys contain 
a high molybdenum content, as well as a high silicon 
content. These two elements contribute to the forma­
tion of an intermetallic phase called Laves phase, 
which has been identified to be within the 
stoichiometric limits of Co3Mo2Si and CoMoSi [5], 
having an A2B crystal structure. Figure 3 shows a 
typical microstructure for a type 2 alloy. The Laves 
phase shows up as «fiower-likei> precipitates. It ren­
ders the type 2 alloys high hardness values and is 
thermally stable at high temperatures . As seen in Fi­
gure 4, the hardness maintains at a higher level for a 
type 2 alloy than a type 1 alloy as temperature in-

Table 2. Corrosion test results of type 1 alloys in acids 

Corrosion rat e, nunj year 

Alloy nominal 
composition 

29Cr-4.SW- 1 .2C 

29Cr-4.5Mo-1.2C 

32Cr-12W-2.4C 

32Cr-12Mo-2.4C 

5 % HC/at 
room 

temperature 

2.40 

1.00 

0.78 

0 

10 % HCI at 
room 

temperature 

3.00 

0.33 

1.20 

0.23 
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Figure 2. Scanning electron micrography of Stellite 712 (the dark 
and white areas contain, respectively, Cr-rich and Mo-rich carbide 
particles) 

Figure 3. Microstructure of a type 2 alloy (Tribaloy T-900) showing 
Laves phase 
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Temperature, oc 
Figure 4. Hardness as a function of temperature for types 1 and 2 
alloys: 1 - Stellite 21; 2 - Stel li te 6; 3 - Triba loy T-800; 4 -
Tribaloy T-400; 5 - Tribaloy T-400C 

creases. Many high temperature industrial applica­
tions utilize this characteristic for solving wear prob­
lems. Table 3 lists the commercially avai lab le type 2 
alloys. 

Laves phase is known to be brittle. Therefore, care 
must be taken in using type 2 alloys. For example, 
substantial preheating is necessary before weld over­
laying. Recently, a proprietary alloy with a hypo-eu­
tectic Laves microstructure has been developed for 
crack-free welding on a large surface. This alloy has 
been named Tribaloy T-401. 

Type 3. Solid solution a lloys. These alloys are 
basically the low-carbon version of type 1 alloys. Be­
cause of the minimum precipitation of carbide parti­
cles, the properties are more dependent on the matrix 
than type 1 alloys. Cobalt is known to go through a 
phase transformation from they-phase having a face­
centered cubic (fcc) structure to the £-phase having 
a hexagonal close pack (hcp) structure during solidi­
fication. However, the kinetics of this transformation 
is slow. This leads to predominantly fcc phase in co­
balt alloys at room temperature, especially for weld 
overlays. Under stress, the fcc phase tends to trans­
form to the hcp phase [ 6]. Such transformation ab­
sorbs the energy from the stresses and contributes to 
the wear resistance. Type 3 alloys are known to work 
harden significantly. For example, Stell ite 21 can 
work harden from HRC 28 to 45. This characteristic 
is especially useful in cavitation erosion situations, 
where absorption of the shock wave energy from im­
plosion of water bubbles is important. 

Due to the low content of carbide precipitates, 
the corrosion resistance of type 3 all oys is generally 
good. Carbide formation reduces the amounts of chro-

Table 5. Surfacing consumables and common application methods 

Consumables 

Table 3. Type 2 cobalt alloys 

i\1/oy Nominal compo>ition Hardness, 
HRC 

Tribaloy® T-400 28Mo-9Cr-2.6Si-0.04C 55 

Tribaloy T-400C 27Mo-14Cr-2.6Si-0.08C 55 

Tribaloy T-800 28Mo-17Cr-3.4S i-0.04C 58 

Tribaloy T-900 23Mo-17Cr-16Ni-2 . 7Si-0.04C 54 

Note. Tribaloy® is a registered trademark of Del oro Slellile 
Holdings, Inc. 

Table 4. Type 3 cobalt alloys 

ill loy 

Stell ite 21 

Ultimet 

Nominal composition 

28Cr-5Mo-0.25C 

25Cr-9Ni-5Mo-2W -0 . 05C 

Hardness, 
HRC 

28 

27 

Note. Ullimet® is a registered trademark of Haynes Tnt. 
Company. 

mium and molybdenum in the matrix, which are 
needed for corrosion resistance. 

Two commercially available type 3 alloys as listed 
in Table 4. Additional alloys are under development 
for specific applications. 

Surfacing consumables and methods . There are 
a number of ways to apply cobalt alloys onto a metallic 
surface for protection against wear and corrosion . The 
consumables and methods are tabulated in Tab le 5. 
Many of the traditional welding methods can be used 
for applying cobalt alloys, as well as the more modern 
welding methods. Especially, plasma transferred arc 
(PTA) hardfacing with Stellite powder became a state 
of the art in manufacturing of industrial valves and 
knives, engine valves, plastic extrusion screws, and 
wear plates. Newest trends in PTA applications are 
manual and robotized hardfacing of glass moulds and 
small gas turbine blades with type 1 Stell ite alloys. 

It should be noted that the microstructures and, 
therefore, properties of the overlays are often depend­
ent on the application methods [7]. For weld overlays, 
dilution with the substrate is an important factor fo r 
the properties. Different welding methods may resul t 
in significantly different distribution of di lution with 
the substrate metal in the weld overlays. For example, 
Figure 5 shows that a PTA weld overlay of Stellite 
12 has iron dilution limited to only 0.06 mm from t he 
bond line whereas a TIG weld overlay of a 3.2 mm 

Application method 

Wire (solid or tubular) 

Powder 

MIG, TIG, submerged-arc and open-arc 

Cast rod 

Coated electrode 

40 

PTA, laser cladd ing, powder welding, HIP cladding, HVOF, plasma and flame spraying 

T!G, oxy-acetylene, electrical resistance 

Manual MIG 
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Fe, wt.% 

0 0.1 0.2 0.3 0.4 0.5 
Distance from bond line, mm 

Figure 5. Iron content in weld overlays versus distance from bond 
line showing different distributions of dilution: 1 - PTA weld; 
2- TIG weld 

rod has evidence of iron dilution even at 0.4 mm from 
the bond line. 

Adding carbon to the weld deposits by the car­
burizing flame of an oxy-acetylene torch can alter the 
original chemical composition. The high cooling rates 
in laser cladding could result in many interesting fea­
tures in cob a! t alloys [ 8]. 

When cobalt alloys are applied by high velocity 
oxy-fuel (HVOF) thermal spraying, the microstruc­
ture is entirely different from weld overlays as seen 
in Figure 6. The coatings consist of rapidly quenched 
splats, as well as oxide inclusions, which can obvi­
ously influence the coating properties. 

Industrial applications. The traditional type 1 al­
loys are widely used in non-lubricating applications. 
For example, in diesel engine valves, hardfacing on 
the valve trim with Stellite 6, F or 12 alloy is a 
common practice as illustrated in Figure 7. 

In chemical processing, hardfacing on the valve trims 
or seats with a type 1 alloy is widely used to prolong 
the service life as shown in Figure 8. In oil drilling, the 
bearing area of a tri-cone drill bit is typically hardfaced 
with Stellite 190, a hyper-eutectic type 1 alloy. Other 
drilling components are often hardfaced with a type 1 
alloy as in the case of a piston shown in Figure 9. Stellite 
alloys have also found many applications in the oil re­
fineries since early years [9]. 

ln woodcutting, different type 1 aJJoys can be used 
to tip the saw blades for maintaining the sharpness 
of the teeth because of their resistance to abrasion 
and corrosion by the wood juices. Figure 10 shows 
tipping a saw blade with Stellite 12. In recent years, 
new Stellite alloys have been developed for further 
improving the performance [ 10]. 

In gas turbines for either aerospace or power gen­
eration, Stellite 694 wire is used routinely to hardface 
the Z-notches at the top end of a turbine blade for 
protection against fretting. As the design temperature 
for land-based turbines is increasing, alloy selection 
is gradually leaning toward the more stable type 2 
alloys. 

Type 2 alloys are often used when the operating 
temperature is too high for the type 1 alloys. Examples 
are diesel engine valves and exhaust gas circulation 
(EGR) valves in automobiles. Certain petrochemical 
processes also require the properties of type 2 alloys. 
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Figure 6. Microstructure of Stellite 6 coating sprayed with Jet 
Kote HVOF system (Jet Kote® is a registered trademark of Deloro 
Stell ite Holdings, Inc.) 

Figure 7. PTA hard faced engine valves with a type 1 Stellite alloy 

Figure 8. PTA hardfacing with a Stellite alloy on a valve seat 

Figure 9. Oil drilling piston hardfaced with Stellite 712 by PTA 
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Figure 10. Saw tipping with a type 1 Stellite a lloy 

Type 2 alloys are also found resistant to galvanizing 
bath (continuous hot dipping of steel sheets in molten 
zinc with a small amount of aluminum). This property 
makes it useful in hardfacing bearings for both the 
sink rolls and stabilizing rolls in continuous galva­
nizing. Hot metalworking is another industry where 
type 2 alloys can be used. 

Type 3 alloys are used for hardfacing on hydro­
turbine blades to minimize cavitation erosion. They 
can also be used on valves where the relative move­
ment of the wear couple is mostly pressing not sliding. 
The excellent saltwater corrosion resistance makes 
these alloys suitable for wear applications in saltwater 
environments. One of the type 3 alloys, Stellite 21, 
has been used for hardfacing hot forging dies for many 
years due to its suitable properties under the opera­
tional conditions. 
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CONCLUSIONS 

1. Cobalt alloys for surfacing can be categorized in to 
three types based on their microstructures. Each type 
has its own characteristics as summarized below: 

• Type 1 alloys have a microstructure of precipi­
tated Cr-rich carbide particles, which cont ribute to 
the wear resistance. Tungsten and molybdenum tend 
to form a different kind of carbide. 

• Type 2 alloys contain an intermetallic phase, 
which is stable at high temperatures. 

• Type 3 alloys show strong work harden ing char­
acteristics and excellent corrosion resistance. 

2. All three types of alloys have proven perform­
ance in many industrial applications as shown in the 
examples given in this paper. 

1. Pat. appl. 873,745. Fi led Apri l 23, 1907 by Elwood Haynes 
of Kokomo, Indiana, USA. 

2. Riddihough, M. (1964) The role of cobalt in industria l har­
dfacing. ]. Int. des Applications du Cobalt. 

3. Wu, J.B.C., Redman, J .E. (1994) Hardfacing with coba lt 
and nickel a lloys. Welding]., Sept., 63-68. 

4. Klarstrom, D., Crook, P., Wu, J . (2004) Meta ll ograp hy 
and microstructures of coba lt and cobalt a ll oys. In' ASM 
Metals Handbook. Vol. 9. 

5. Halstead, A., Rawlings, R.D. ( 1984) Structure and hard­
ness of Co-Mo-Cr-Si wear-resistant a ll oys (Tribaloys). 
Metal Sci., 18(0ct.), 491-500. 

6. Antony, !<.C., Si lence, W.L. ( 1979) The effect of composi­
tion and microstructure on cav itation and erosion resistance . 
In: Proc. of 5th Int. Con(. on Erosion and Solid and Liq­
uid Impact, Cambridge, Sept. 1979. Pape r 67. 

7. Cassina, J.C ., Machado, I.G. (1992) Low-stress sliding ab­
rasion resistance of Co-based surfacing deposits welded with 
different processes. Welding]., April , 133-137. 

8. de Mol Van Otterl oo, J.L., de Hasson, J. Th.M. Microstruc­
tura l features and mechanical properties of a Co-based laser 
coating. Acta Mater., 45(3), 1225-1236. 

9. Locke, J.J. (1974) Cobalt alloy overlays in a petro l-chemi­
cal refinery. In: Cobalt. 

10. Wu, J .B.C., Raghu, D. , McKee, B. Saw blade t ips and al­
loys therefore. Pat. 6,479,014 USA. Pub!. 12.1 1.02. 

10/2004 

Wear 
meth 
of ser 

Keyword 
tungsten car 
hardness, sur 

wear, the 
on cast tu 
tungsten c 
are quite 
industry . 
surfacing s 
cones, dip 
parts surf a 
than that 
of the typ 

In this 
of surfacin 
bination of 
urgent. PI 
should be 
ess, applie 

This st 
sistance of 
and shape 
method of 
type of bi 

Used as 
powders of 
fraction w 
not acciden 
used for su 

grains and 

Table 1. Com1 

Alloy type ( 

Ni-Cr­

Ni-Cu­

Fe-Cr-V-

©A. I. SOM, 2004 

10/2004-



egorized into 
es. Each type 
ed below: 
re of precipi­
contribute to 
bdenum tend 

etallic phase, 

rdening char­
tance. 
ven perform­
shown in the 

Elwood Haynes 

n industrial har-

ing with cobalt 

Metallography 
lloys. In' ASM 

cture and hard­
ys (Tribaloys). 

feet of composi­
osion resistance. 
Solid a11d Liq-

7. 
tress sliding ab­
its welded with 

137. 
.M. Microstruc­
a Co-based laser 

a petrol-chcmi-

ade tips and a/-
2.11.02. 

10/2004 

INDUSTRIAL ~ 

PLASMA-POWDER SURFACING OF COMPOSITE 
ALLOYS BASED ON CAST TUNGSTEN CARBIDES 

A.l. SOM 
Plasma-master, Ltd., Kiev, Ukraine 

Wear resistance of deposited metal, depending on the quantity and shape of the reinforcing tungsten carbide particles, 
methods for their addition to the weld pool and type of matrix has been investigated. It is shown that the best combination 
of service and technological properties of the deposited metal is achieved at its carbide content of about SO vol.%. 

Keywords: plasma surfacing, filler powder, spherical 
tungsten carbide, matrix, wear resistance, carbide distribution, 
hardness, surfacing equipment 

For surfacing parts operating under intensive abrasive 
wear, the most effective are composite alloys based 
on cast tungsten carbides (further on referred to as 
tungsten carbide) [ 1, 2]. Despite the high cost, they 
are quite often irreplaceable, particularly in mining 
industry. Composite alloys are successfully used for 
surfacing such parts, as drill pipe locks, drill bit roller 
cones, dipper teeth, etc. [3-5]. The service life of 
parts surfaced with these alloys, is several times higher 
than that of parts surfaced with hypereutectic alloys 
of the type of high-chromium cast irons. 

In this connection searching for effective processes 
of surfacing composite alloys, providing the best com­
bination of the deposited metal performance, is highly 
urgent. Plasma-powder surfacing (PTA-surfacing) 
should be noted among the known technological proc­
ess, applied for surfacing composite alloys [6]. 

This study is devoted to investigation of wear re­
sistance of deposited metal, depending on the amount 
and shape of reinforcing particles of tungsten carbide, 
method of their addition to the weld pool, as well as 
type of binder-alloy (matrix). 

Used as the binder-alloy in the experiments, were 
powders of Ni- and Fe-base alloy (Table 1). Powder 
fraction was 56-200 jlm. Selection of these alloys was 
not accidental. Ni-based self-fluxing alloys are widely 
used for surfacing composite materials. They are char­
acterized by a comparatively low melting temperature 
(1000-1100 oc), good wettability oftungsten carbide 
grains and sufficient wear resistance. Alloys differing 

Table 1. Composition of alloys used as the binder-metal 

essentially by hardness and ductility were selected 
for our experiments. 

Fe-based alloy of the above composition was sug­
gested for these purposes for the first time. It belongs 
to the class of high-vanadium cast irons and combines 
a high wear resistance with ductility, required to en­
sure the working layer resistance to impact loads . In 
addition, it is much less expensive than Ni-base alloys. 

Powders of crushed and spherical tungsten carbide 
co-produced by «Toreztverdosplav>> Plant and 
E.O. Paton Electric Welding Institute were used as 
reinforcing materials. Sizes of these powder particles 
were 100-300 !J.m. 

Surfacing was performed on samples of 
60 x 100 x 20 mm size of steel 20 with RR-6-02 plas­
matron in the equipment of Plasma-master, Ltd. 
(Kiev). Section of deposited beads was equal to 
28 x 5 mm, surfacing efficiency was 5 kg/h. 

Matrix and reinforcing powders were fed using 
two processes, namely as a mixture and separately. 
In the first case, in order to avoid separation, the 
powders were mixed by coalescence of two flows, fed 
from two separate feeders directly before entering the 
plasmatron; in the second case the matrix alloy pow­
der was fed into the arc through a focusing nozzle of 
the plasmatron in the form of a distributed flow, and 
tungsten carbide - directly to the weld pool by a 
special channel (Figure 1). Such a method of feeding 
the particles of tungsten carbide into the weld pool 
minimizes the arc impact on them, thus preserving 
them from dissolution. This is particularly important, 
when Fe-based alloys are used as the matrix [2 , 3]. 

Table 2 presents all the tested variants of deposits. 
The separate feed method was used predominantly for 

Element content, wt.% 
Alloy type (matrix) Hardness 

c Si 8 Ni Fe v Mo Cr Cu 

Ni-Cr-Si-B 0.50 2.6 2.2 Base 2.1 13.5 HRC 40 

Ni-Cu-Si-B 0.15 1.1 1.0 Same 1.8 42.5 HB 200 

Fe-Cr-V-Mo-C 2.20 0.6 2.7 Base 7.8 2.5 18.2 HRC 44 

©A. I. SOM, 2004 
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Table 2. Deposit variants and eva! uation of wear resistance 

No. of 
deposit Alloy type (matrix) 
variant 

Ni-Cu-Si-B 

2 Same 

3 >> 

4 >> 

s ~ 

6 ~ 

7 >> 

8 >> 

9 >> 

10 >> 

11 >> 

12 Fe-Cr-V-Mo-C 

13 Same 

Volume 
fraction of 
tungsten 

carbide, % 

40 

40 

40 

so 
so 
so 
so 
60 

60 

ss 
ss 
so 
ss 

Method of powder feed 

Mixture Separate 

X 

X 

X 

X 

X 

X 

X 

Transporting 
gas + matrix 

- poll'dn 

X 

X 

X 

X 

X 

X 

Transporting 
gas + tungsten 
rarhidc 

- l'rull'rliH· gas 

5 

Figure 1. Schematic of plasma-powder surfacing of composite alloys 
with a separate feed of matrix and reinforcing materials: 1 -
electrode; 2, 3 - plasma and focusing nozzle, respectively; 4 -
protective nozzle; 5 - part; 6 - ballast rheostat; 7 - power 
source; 8 - oscillator 

p p 

+ + 

b 

Figure 2. Schematic of testing samples for wear resistance by dif­
ferent procedures: a - FR ( 1 - tested sample; 2 - rotating 
cross-piece; 3 - standard; 4 - water with abrasive; 5 - copper 
ring; 6 - vessel); b - G-6S (1 - tested sample; 2 - rotating 
rubber disc; 3 - dried quartz sand) 
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Shape of tungsten carbide Loss of sample mass at 
particles Presence of testing, g 

cracks 
Spite rica/ Fragments FR G-65 

X + 0.092 

X + 0.081 

X + 0.098 

X 0.03S 0.038 

X O.OS2 O.OS9 

X + 0.034 

X + 0.046 

X + 0.079 

X + 0.092 

X 0.028 0.036 

X 0.037 

X + O.OSS 

X 0.026 0.029 

spherical tungsten carbide as the most promising ma­
terial for this process. 

Surfaced plates were used to cut out samples of 
16 x 6 x 16 mm size for wear resistance testing by 
«fixed ring>.> (FR) procedure [7] and of 76 x 2S x 
x 12 mm size for wear resistance testing by a standard 
ASTM G-6S procedure (dry sand-rubber disc). The 
same samples were also used for metallographic in­
vestigations. Upper part of the deposited metal layer 
was polished to the level at which the tungsten carbide 
grains were located relatively uniformly across the 
bead section. 

The first type of samples were tested at PWI, the 
second in the Research Laboratory of Alberta Re­
search Council Inc. (Edmonton, Canada). In the sec­
ond case those variants of deposits were tested, where 
the best carbide distribution was found. This proce­
dure envisages two testing stages, the first being run­
ning-in (6000 rpm of the rubber disc), and the second 
being the test ( 6000 rpm on the run-in surface). Sche­
matics of sample testing are shown in Figure 2, testing 
results - in Figure 3. 

Discussion of results. Surfacing with a powder 
mixture. The best results were achieved at the content 
of tungsten carbide in the mixture of about SO vol.% 

~ \u ;, g 
o.Jo·r------..------------------, 

O.OH 

(J.()(i 

0.04 

0.02 

0 2 34 :i6 789 
Dl'posit l'ari;utls (sel' Table 1) 

Figure 3. Diagram of wear resistance of different deposit variants 
in testing by FR (.) and G-6S (0) procedures: t., - loss of 
sample mass 
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Figure 4. Distribution of spherical tungsten carbide (a, c) and 
crushed (b, d) tungsten carbide in the deposited metal at its content 
of 50 (a, b) and 60 (c, d) vol.% in the mixtures (matrix is Ni-Cr­
Si-B alloy) 

(variants of deposits 4, 5). This is true both for the 
spherical and crushed tungsten carbide, irrespective 
of the matrix type. In this case, a good formation of 
the beads and uniform distribution of tungsten carbide 
particles over the section are observed (Figure 4, a, 
b), thus providing maximum wear resistance of the 
deposited metal (see Figure 3). If the volume fraction 
of tungsten carbide in the mixture is greater than 
SO vol.% (variants 8, 9), then for a good formation 
of the bead it is necessary to significantly (by 40-
SO %) increase the surfacing current, and, hence, also 
the heat input into the part. This is due to insufficient 
amount of the low-melting component in the powder 
mixture (alloy-binder), which leads to a marked dis­
solution of particles, matrix embrittlement, and, con­
sequently, to lowering of the wear resistance of the 
deposited metal (see Figure 3). The molten metal 
retains not more than 30 vol.% of spherical (Figure 4, 
c) and not more than 25 vol.% of crushed tungsten 
carbide (Figure 4, d). 

In the case of tungsten carbide content in the mix­
ture below SO vol.% (variants 1, 2), all of it is located 
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Figure 5. Crack location in the metal layer at incomplete filling 
with tungsten carbide deposited using a mixture (a), and separate 
powder feed (b) 

in the lower part of the deposited metal layer, leaving 
its upper part unfilled. It is natural that the wear 
resistance of the latter, despite the additional alloying 
with carbon and tungsten remains to be low (see Fi­
gure 3). Results of studying the distribution of matrix 
microhardness by the height of the deposited metal 
and of X-ray microprobe analysis showed that carbide 
dissolution proceeds in all the cases, although to vary­
ing degrees, being more noticeable in the upper part 
of the deposited metal layer, namely in the zone of 
the plasma arc impact. Even in variants 4 and S with 
SO vol.% of tungsten carbide, microhardness of the 
matrix solid solution due to its alloying with carbon 
and tungsten rises from HVo 1 366 Pa (at the fusion 
line) up to HVo 1 727 Pa (in its upper part). 

Microhardness of well-preserved particles of 
spherical and crushed tungsten carbide is about the 
same in the alloy and by the data generated in Otto­
von-Guericke-Universitat Magdeburg (Germany), it 
is HVo 1 3900-3991 Pa, while the microhardness of 
half-dissolved particles is in the range HV01 2S00-
26SO Pa. 

In all the studied variants of the deposits, mi­
crocracks were present in the deposited metal. Their 
smallest number was observed in variants 4 and S, 
and the greatest number in variants 8, 9 and 12. In 
variants 1 and 2, where the bead upper part is not 
filled with the tungsten carbide, the cracks were lo­
cated along the layer interface (Figure S, a). When 
spherical tungsten carbide is used, also spallation of 
the deposited metal is found because of high internal 
stresses. 

Surfacing with separate powder feed. Dissolution 
of tungsten carbide at separate feed of the matrix and 
reinforcing materials is minimum, even in the case of 

Figure 6. Distribution of tungsten carbide grains in the iron-base 
matrix at separate powder feed: a - x20; b - x1 00 
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Figure 7. Bend testing of samples surfaced with a separate feed of 
spherical tungsten carbide: a, c - Ni-Cr-Si-B matrix; b, d -
Fe-Cr-V-Mo-C matrix 

an Fe-based matrix (variant 13, Figure 6, a). This is 
confirmed by the data of X-ray microprobe analysis 
and measurement of matrix microhardness. Micro­
hardness of solid solution of Ni-Cr-Si-B matrix was 
HV01 360-420 and that of Fe-Cr-V-Mo-C system 
was HV01 540-640. The beads were well formed and 
cracks were absent in the deposited metal layer in 
most of the cases. Similar to surfacing with a mixture, 
they initiated in those cases, when a partial filling of 
the bead volume with the carbides was observed ( vari­
ant 3, Figure 6, b). 

Value of wear resistance of the deposited metal 
with a matrix of Ni-Cr-Si-B system at its uniform 
filling with tungsten carbide (variant 1 0) is a little 
higher than that which was obtained in surfacing with 
a mixture (see Figure 3). Wear resistance is also 
higher in the case of using a softer nickel matrix of 
Ni-Cu-Si-B system (variant 11). It is obvious that 
matrix hardness has only a slight effect on the total 
wear resistance of the deposited metal layer, and this 
means that tungsten carbides have a prevailing role 
under such conditions of wear. It should be also noted 
that absence of cracks in the deposited metal layer, 
when using powder of Ni-Cu-Si-B system makes it 
a quite promising material for these purposes. 

When an Fe-base alloy is used as the matrix, the 
deposited metal has an even higher wear resistance 

I • 0 

.. ., . 

Figure 8. Unit for plasma-powder surfacing with a separate feed 
of PM-300S powders 

(variant 13, Figure 3). It should be noted, however, 
that in surfacing with a separate powder feed, losses 
of tungsten carbide become greater as part of it does 
not get to the weld pool. In order to achieve a uniform 
filling of the deposited metal layer with tungsten 
carbide, it is necessary to compensate the tungsten 
carbide losses by increasing its feed relative to matrix 
powder by S-8 %. 

At other conditions being equal, wear resistance 
of composite layers of metal with spherical tungsten 
carbide is mostly much higher than that of layers with 
the crushed tungsten carbide, contrarily to conclu­
sions of [8]. Spherical tungsten carbide is dissolved 
in the weld pool to a smaller degree, and it is very 
convenient for plasma-powder surfacing, as it has a 
higher yield point, and does not cause equipment 
wear. 

Bend testing of deposited samples with load ap­
plication both from the side of the deposited (Fi­
gure 7, a, b), and the side of base metal (Figure 7, 
c, d) showed that the layer of the deposited metal 
has a good adhesion to the base metal and does not 
delaminate. It is valid both for the Ni- and Fe-base 
matrix. 

Figure 8 gives the equipment for plasma-powder 
surfacing by composite alloys, and Figure 9 shows 

Figure 9. Examples of parts surfaced with composite materials with separate wire feed: a - crusher tooth; b - calibration rolls; c -
crusher baffles 
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~eparate powder feed. 

CONCLUSIONS 

1. The best combination of service and technological 
properties of the metal both in surfacing with a mix­
ture, and with separate feed of the powders is achieved 
at about SO vol.% content of tungsten carbide in it. 

2. In the case of a separate feed of powders, dis­
solution of spherical and crushed tungsten carbides 
is lower than in surfacing with a mixture. 

3. In surfacing with a mixture of powders a matrix 
which is more ductile and more neutral to dissolution 
of matrix carbides, for instance, an alloy of Ni-Cu­
Si-B alloying system, should be applied to avoid 
cracks and delamination of the deposited metal. 

4. In the case of a separate feed of the matrix and 
reinforcing powders, iron-base alloys can be success­
fully used as the matrix. 

The author is grateful toM. Yumshtyk, Cand. of 
Sci. (Eng.), for assistance in testing of samples in 
Canada. 
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IMP·ROVEMENT OF TECHNOLOGY FOR HARDFACING 
OF METALLURGICAL EQUIPMENT COMPONENTS 

S.V. GULAKOV, V.V. CHIGAREV, V.P. IVANOV, I.S. PSAREVAand O.A. LAVRENTIK 
Priazovsky State Technical University, Mariupol, Ukraine 

The ways of improving the quality of deposited metal through forming the working surface by layers of variable chemical 
composition and complex shape arc considered. The latter increase the technological capabilities of the process 'd 
the sphere of application of deposited components and impart them a new combination of service properties. ' WI en 

KeYwords: lwrdfacing, working layer, chemical composi­
tzmi, weld pool, equzpment, technology 

At different methods of surfacing the increase in ser­
vice characteristics of the deposited working layer is 
attained, as a rule, by a proper selection and optimiz­
ing the chemical composition of electrode or filler 
materials and use of post (if necessary) heat treat­
ment. 

At the Priazovsky State Technical University and 
other organizations the works are carried our over the 
many years for the development of the new ways of 
improving the economic and service characteristics of 
hardfacing. The most challenging ways are as fol­
lows: 

• hardfacing of layers with a preset distribution 
of properties depending on intensity and types of a 
part wear; 

• control of sizes and path of deposition of beads 
on the part working surface. 

As the most parts are worn out non-uniformly, 
their hardfacing with a layer of a similar chemical 
composition does not give the same results as the 
hardfacing of a layer with a distribution of chemical 
composition and properties depending on the intensity 
and types of wear [ 1-6]. In service of parts, strength­
ened by this way, a uniform or regular wear of the 
working surface is provided, that increases signifi­
cantly their service life and characteristics, thus im­
proving the quality of products being treated by them 
[7-9] . 

Control of deposited metal by alloying is a rather 
complicated problem, whose proper solution is possi­
ble only in obtaining of complete information about 
the current parameters of the weld pool: its dimen­
sions and shape, chemical composition, share of parent 
metal participation in the deposited metal and others. 
As it is impossible to realize the direct measurements 
of these parameters, the problem of realization of tech­
nology of hardfacing of a working layer of a variable 
chemical composition can be solved by the develop­
ment of different kinds of models [3, 1 0-13] describ­
ing the processes of alloying the weld pool and its 
formation, and also by the creation of the automated 
equipment for control of these processes using the 
above-mentioned modeling . 

The most sophisticated procedures of calculation 
and algorithms of control of the process of formation 
of weld of a variable chemical composition are de­
scribed in works [ 14-16], where such factors are taken 
into account as the effect of weld pool volume on the 
nature of changing the weld chemical composition, 
share of participation of parent metal and prior de­
posited layer in alloying, limitation in capabilities of 
alloying of the deposited metal at high gradients of 
changes in properties and others. They were laid down 
into the basis of system of the automatic control of 
the process of hardfacing of a working layer of a 
variable chemical composition [17, 18]. 

From the other side, the uncontrollable macro­
and microchemical inhomogeneity of the deposited 
metal can also lead to the non-uniform wear of parts. 
This is illustrated by the formation of circular fire 
cracks in deposited mill rolls, rollers of machines for 
continuous casting of billets and other parts operating 
under the conditions of variable temperatures and 
pressures. Many researchers [ 19-21] associate the in­
itiation of these cracks with specifics of the technology 
and technique of arc hardfacing of parts by a helical 
line with overlapping of neighboring beads. 

Circular fire cracks on the deposited beads dete­
riorate the quality of the rolled metal. Moreover, 
deposited parts can fracture in sites of these defects. 

To eliminate the above-mentioned drawbacks and 
to improve the service characteristics of the deposited 
layer, it is suggested to use the technological processes 
of arc hardfacing with a complex trajectory of the 
electrode displacement with respect to the surface 
being deposited. Moreover, during hard facing the 
electrode is moved along a complex preset trajectory 
w1th a formation of zigzag-like, wavy beads or those, 
mutually-crossed by the definite law [22-25]. Mutual 
crossing of deposited beads, their orientation under 
an optimum angle to the action of maximum loads 
allow producing the working surface with high char­
acteristics of wear and fire resistance, thus decreasing 
greatly the harmful effect of macro- and microhetero­
geneity of the deposited layer [22, 26]. 

Sometimes, for example, in manufacture of rolls 
of semifinishing mills it is necessary to make craters 
of definite shape and arrangement on their working 
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Figure 1. Schemes (a, b) of craters formation in hardfacing of working surface using the zigzag welds 

surface to improve the adhesion and to increase the 
effectiveness of removal of scale from the rolled metal 
[27]. This operation is characterized by a high labour 
intensity, as the craters should be made on the surface 
having a high hardness. If to use the materials with 
a low hardness to facilitate the mechanical treatment, 
then it will influence negatively the service charac­
teristics of the product. 

Technological process of arc hardfacing of the 
working layer using beads of a zigzag shape (Figure 1) 
allows direct formation of a required relief on the 
working surface directly during hardfacing without 
additional mechanical treatment. 

If in hardfacing of bodies of rotation along a helical 
line using zigzag beads with overlapping of neighbor­
ing (adjacent) beads at the moment of fulfillment of 
next straight-line area to increase its length by value 
L (areas with a changed length are conditionally dis­
tinguished in Figure 1, a by a grey color) and to 
deposit the zigzag weld with previous parameters of 
oscillation (amplitude and period) of the electrode 
end, i.e. to shift the oscillation axis along generatrix 
of a cylindrical part by O.SL cos a, then a series of 
tetragonal craters, located under similar angle to the 
part generatrix, are formed on the surface being de­
posited. 

By decreasing the length of a straight-line area 
after several full rotations of the part relative to initial 
sizes for value L, we shall provide the formation of 
craters inclined under angle a with respect to the part 
generatrix but into opposite side relative to the first 
row of craters. 

Number of full rotations of the part, after which 
it is necessary to shift the axis of electrode oscillation, 
defines the area of deposited regions between the rows 
of craters, i.e. the frequency of making craters in the 
longitudinal direction relative to the generatrix. 
Length L of change in extension of straight-line area 
of the zigzag weld defines the width of crater. 

The similar effect can be attained by control of 
amplitude and period of oscillations in hardfacing of 
bodies of rotation along the helical trajectory using 
a zigzag weld, i.e. by changing them periodically and 
preserving the forms of oscillations and their phases 
(Figure 1, b). 
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Hardfacing of a working layer using welds of a 
complex shape is associated with the need in control 
of electrode displacement along the definite trajectory 
at a required accuracy. To realize the above-mentioned 
technology, the application of a specialized hardfacing 
equipment, optimum methods of calculation of con­
figuration of welds and selection of parameters of 
their hardfacing, and also systems of automatic con­
trol of these parameters in accordance with a preset 
program are required. 

In the process of designing the technology of depo­
sition of a deposited layer with a complex configura­
tion of arrangement of deposited beads, it is necessary 
to take into account and to optimize the large number 
of parameters. For example, in case of changing the 
trajectory of the electrode displacement in hardfacing 
with strip electrode, it is necessary to take into con­
sideration, except other parameters, an angle of strip 
rotation relative to vector of hardfacing speed and to 
control it, as the specific heat input and depth of 
penetration, and also the quality of bead formation 
and, as a consequence, the serviceability of the de­
posited metal (resistance against selective and total 
wear, initiation and propagation of fire cracks and 
others) depend on it. 

The more serious problems arise in hardfacing the 
cylindrical parts with shifting the bends of zigzag 
welds relative to a generatrix of cylinder (Figure 2), 
parts with a variable radius, for example, barrel- or 
cone-shaped parts. In this case it is necessary to change 
constantly the parameters of electrode oscillation and 

Axis of beads bendi!1~.-

Figure 2. Scheme of hardfacing with shifting of zigzags apexes 
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Figure 3. Functional scheme of system of automated control of 
hardfacing: M- monitor; MPB- microprocessor block; DIO -
devices of input-output; ADC - analog-digital converter; DAC -
digital-analog converter; BACS- block of amplification and con­
version of input signals; CU - control unit; Sl, Sp - sensors of 
position and condition parameters, respectively 

to maintain simultaneously other parameters of hard­
facing conditions at an optimum level. 

The general description of the modified hard facing 
equipment, allowing realization of electrode displace­
ment along the required trajectory and having 
transducers giving information about coordinates rela­
tive to surface being deposited, is given in some works 
[16, 25, 27]. The main drawback of such equipment 
is its narrow specialization (impossibility to perform 
welds of different configuration as the change in its 
instrument part is required in this case). 

The wide introdution of accessible, highly-reliable 
and universal microprocessor units into the system of 
monitoring and control allows solution of the above­
mentioned problems using the proper software with­
out changing and complication of the instrument part 
of the equipment. 

The programmable control of the trajectory of elec­
trode displacement gives opportunity to use success­
fully these systems for hardfacing products of a wide 
range of sizes and variants of configuration of the 
working layer, in particular, in cases when the quick 
resetting of the technological process is required. 

The scheme of system of the automatic control of 
the trajectory of electrode displacement for realization 
of possible variants of hardfacing using welds of a 
complicated configuration is given in Figure 3. The 
system is equipped with a source of reference infor­
mation and has feasibility of step-by-step control of 
the process of hardfacing of separate beads, that is 
especially important for the multiplayer hardfacing. 
The presence of electrode position feedback provides 
the maximum coincidence of calculation scheme with 
a real configuration of the deposited surface (Fi­
gure 4). 

The use of the modified equipment at some met­
allurgical and machine-building enterprises in reali­
zation of technology of hardening by arc hardfacing 
of working surfaces of parts and tools of the equipment 
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Figure 4. Appearance of working surfaces (a, b) deposited by beads 
of complex configuration 

gave an opportunity to improve greatly their service 
characteristics. 
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FOR CLADDING APPLICATIONS 
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Technologies developed by the E.O. Paton Electric Welding Institute for processing of different-production metal wastes 
by the electroslag process are considered. This approach holds promise in terms of involving secondary resources into 
productwn, as shown byexamples of remelting and cladding using tool steel chips, slime wastes, ash residues and copper 
chops, and proved by positive results obtained from uti! isation of the remelted metal in the form of finished or semi-finished 
products. 

Keywords: electroslag technologies, fine -fraction wastes, 
welding, remelting, cladding, spraying 

Wastes containing different metals, alloys and oxides 
of metals, such as chips of high-alloy steels and alloys, 
slimes left from grinding of parts of high-speed steels 
and special alloys, ash residues formed at heat power 
plants, etc., constitute a considerable part of the total 
volume of industrial wastes. 

Processing of chips of tool steels, high-alloy die 
and high-speed steels in particular, addresses an im­
portant problem - recycling of a considerable 
amount of scarce and expensive alloying elements, 
such as tungsten, molybdenum, cobalt, etc. As re­
ported in [ 1], chips resulting from machining of tool 
steel parts run 20-30 % of mass of an initial billet. 

The problem of processing slime wastes is most 
difficult. These wastes include slimes formed in ma­
chining of special alloys based on nickel, cobalt, nio­
bium and other elements [2, 3]. Such alloys are ma­
chined only by grinding, which results in 10-20% of 
metal going to wastes. Abrasive dressing of semi-fin­
ished products and bars of high-speed steels results 
in about the same amount of losses [3, 4]. 

Industrial wastes include also slimes that fully 
consist of oxides of alloying elements. An example of 
such wastes is ash formed at heat power plants after 
combustion of high-sulphur residual oil [5]. This ash 
has a relatively high content of vanadium oxide ( 13-
14 wt.%). Slimes can hardly be used in their initial 
state, and extraction of metal constituents from them 
involves much difficulties. 

Different methods were suggested for recycling of 
the above wastes. For example, chips of alloyed steels 
and alloys can be remelted in electric arc furnaces to 
produce certified charge ingots, which are used as raw 
materials for high-quality metallurgy [6, 7]. How­
ever, substantial melting losses of alloying elements 
[8], depending in many respects upon the basicity and 
degree of deoxidation of slag [9], result from imple­
mentation of this technology. 
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It was suggested that processing of slimes could be 
performed by electrothermic methods [2, 10, 11], elec­
tric arc [12-14] and plasma [15] remelting, etc. Re­
ported are the cases of using wastes of high-speed and 
other steels and alloys in coverings of welding electrodes 
[ 16-19], or as additions to powders for plasma cladding 
[20] and charge of surfacing flux-cored wire [21]. How­
ever, these methods of recycling of industrial wastes 
failed to find wide commercial application. 

Ash residues of heat power plants can hardly be 
recycled either. Reportedly, there is only one tech­
nology developed by DonNIIchermet, which can be 
applied for this purpose. It provides for a direct util­
isation of ash residues for alloying of steel with va­
nadium in ladle or furnace. The degree of extraction 
of vanadium in this case is 70-90 % [22, 23]. 

The E.O. Paton Electric Welding Institute, based 
on its positive experience in the field of electroslag 
cladding (ESC) of dies, rolling mill rolls and other 
parts using non-compacted additive materials [24 , 
25], developed and tested under pilot production con­
ditions the electroslag technologies for processing of 
the above wastes. These technologies solve not only 
technical-economic but also environmental problems. 
The proposed electroslag technologies for recycling 
of metal-containing industrial wastes are based on 
two types of designs of non-consumable electrodes 
and forming fixtures (moulds). 

Non-consumable electrodes of the first type are 
composite electrodes having a water-cooled metal 
body and graphite tip. The fixed copper water-cooled 
mould used in this case, having a rectangular or cy­
lindrical shape, allows cladding on a horizontal plane 
or production of flat ingots. 

Non-consumable electrodes of the second type are 
sectional structures that combine functions of an elec­
trode and forming shoe, the so-called current-conducting 
mould ( CCM). Ingots can be produced or cladding of 
rather long parts can be performed using CCM [24]. 

Application of the first type of non-consumable 
electrodes and the fixed mould is provided for in the 
following of the developed technologies: ESC of press­
forging fixture, where tool steel chips are used as an 
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Figure 1. ESC of dies using tool steel chips: 1 - hearth; 2 - fixed mould; 3 - worn out die; 4 - ladle with liquid slag; 5 -
non-consumable electrodes; 6 - proportioner; 7 - chips; 8 - spout 

additive; alloying of deposited metal with vanadium 
through feeding the heat power plant ash residues 
containing vanadium to the slag pool in ESC; remelt­
ing of slime wastes resulting from grinding of high­
speed steel tools to produce alloying elements for the 
flux-cored wire charge. 

In ESC of dies, where the tool steel chips are used 
as an additive, first the surface of a solid billet, i.e. 
forging of carbon steel or worn out die, to be clad is 
heated using non-consumable electrodes. After incipi­
ent melting of the surface, the die steel chips, which 
form a deposited layer in melting, are fed to the slag 
pool (Figure 1). Upon melting of the required amount 
of the chips, the power of electroslag heating is de­
creased to ensure oriented solidification of deposited 
metal under the layer of molten slag. Particles of the 
chips act, at the same time, as macrocoolers to control 
the process of solidification of the deposited metal. 
Controlled oriented solidification of metal in ESC 
and processing it with slag during melting provide 
the deposited metal, the properties of which are at a 
level of wrought metal or sometimes even higher. 

Tests of the dies clad by the above technology, 
conducted using industrial hammers with dropping 
parts 1, 3 and 5 t in weight and presses with a force 
of 25, 63 and 120 MN, showed that they were 1.5-3 
times stronger than forged dies of the same steel grade. 

Comparatively simple and reliable equipment 
(unit OB-2213 with electromagnetic proportioner 
DPE-02) was developed to implement this technol­
ogy. This equipment is applied at the Joint Stock 
Company <<Rostselmash~ (Russia) and Open Joint 
Stock Company <<Tokmaksky KShZ >> (Ukraine) to 
recondition and manufacture dies of different weight. 
The technology is protected by patents of Ukraine , 
Russia and Belarus . 

ESC of dies with chips of steel 5KhNM was per­
formed by additionally alloying deposited metal with 
vanadium reduced from the heat power plant ash resi­
dues fed to slag. Operation of the dies restored by 
ESC with chips of steel 5KhNM indicated that addi­
tional alloying of deposited metal with vanadium 
(0 .10-0.15 wt.%) increased their strength by 30 %. 

This equipment is applied also for remelting of 
slime wastes formed in grinding of high-speed steel 
tools . Given that the range of grades of high-speed 
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steels used currently is relatively narrow, and is often 
limited to steel R6M5, producing alloying elements 
of approximately the same chemical composition in­
volves no serious difficulties. Non-metallic compo­
nents of abrasive wheels present in the wastes re­
melted do not violate stability of the electroslag proc­
ess and make unnecessary partial or full replacement 
of slag during melting . 

The resulting alloying elements are used in charge 
of surfacing and arc metallising flux-cored wire. Coat­
ings on parts of the type of shafts, produced by arc 
metallising using flux-cored wire, one component of 
the charge of which consists of alloying elements made 
by the above technology, are characterised by high 
wear resistance and adhesion strength. 

Flow diagram of remelting of chips using non-con­
sumable electrodes of the second type is shown in 
Figure 2. CCM 2 is installed on hearth 1. Slag melted 
in a separate crucible (<<liquid>> start) is pored into 
the mould. In some cases it is possible to melt flux 
using an additional electrode inside CCM (<<solid~ 
start). After the slag closes all isolated sections of 
CCM, the current flowing through slag pool 3 pro­
vides a sufficient amount of heat released in it to 
maintain the electroslag process. Metal pool 4 is 
formed from melting the chips in the slag. The chips 
are fed to the slag pool using different types of pro­
portioners 5. The simplest sol uti on to this problem is 
the use of vibrating proportioners, as in the majority 

Figure 2. Flow diagram of remelting of wastes (high-speed steel 
chips) in CCM (see designations in the text) 
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Figure 3. Appearance (a) and longitudinal macrosection (b) of 
R6M5 steel ingot produced by remelting of high-speed steel chips 

of cases no very precise proportioning of an additive 
remelted is required. Portions of liquid metal gradu­
ally solidify to form ingot 6, like in conventional 
electroslag remelting (ESR). 

Unit OB-2379 equipped with a drum-type propor­
tioner and a set of CCM 40-120 mm in diameter was 
developed and manufactured for ESR of chips. Ingots 
produced by the unit are up to 0.7 m long, which is 
provided by their withdrawal from fixed CCM. The 
slag pool is induced by the <<solidj> start, which is the 
simplest method of melting flux AN-75. Flux of this 
grade provides ingots with a smooth surface, having 
almost no skull. Figure 3 shows the surface of the 
R6MS steel ingot after sand-blasting, as well as the 
longitudinal macrosection of the ingot. Increasing the 
mould diameter makes the remelting process simpler, 
raises productivity of the process and decreases its 
power intensity. For example, the process productiv­
ity achieved in remelting of the R6MS steel chips 
using CCM with a diameter of 210 mm is 200 kg / h, 
the specific power consumption being 1000-
1200 kW·h / t. 

In the majority of cases, to produce ingots with 
chemical composition corresponding to that of high­
speed steel, the chips prior to remelting should be 
cleaned from emulsion with hot solution of soda ash 
or baked in furnace at a temperature of about 300 °C. 

The tools made from the remelted high-speed steel 
chips were proved to be not inferior in strength to 
the tools made from wrought high-speed steel. 

CCM was used also to remelt wastes in the form of 
copper wire scraps of a different length, which were 
preliminarily transformed into chops S-7 mm long. 
Quality of the resulting copper ingots depends upon the 
uniformity of feeding of the chops and the amount of 
insulation coatings \eft in them. The ingots produced 
can be utilised to manufacture different copper parts. 

CONCLUSIONS 

1. The developed technologies allow chips of die and 
high-speed steels to be utilised as an additive for clad­
ding of tools used for hot deformation of metal. Such 
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chips can be remelted into ingots, from which different 
metal-cutting tools are made. 

2. Ash residues containing oxides of vanadium and 
other metals, which are formed in combustion of fuel 
oil at heat power plants, can be utilised in electroslag 
processes for alloying remelted or deposited metal. 
Alloying is provided by reduction of metals from their 
oxides in the slag pool. 
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PROPERTIES OF DEPOSITED METAL 
USED FOR METALLURGICAL TOOL HARDENING 

G.N. SOKOLOV 
Volgograd State Technical University, Volgograd, RF 

Problems associated with rational alloying of deposited metal of the Ni-Cr-Mo-Nb-C system to provide hardening of 
metallurgical tool operating at temperatures up to 900 ·care considered. The effect of molybdenum and niobium content 
on high-temperature hardness, susceptibility to hot cracking and heat resistance of deposited metal has been studied. 

Keywords: arc Izard facing, iliglz-alloy deposited metal, 
high-temperature strength, heat resistance, hot cracks, flux­
cored wire 

Alloys with a high resistance to structure homogeni­
zation are preferable for the wear-resistant hardfacing 
of metallurgical tool subjected to a cyclic tempera­
ture-force effect ( CTFE) at maximum temperature up 
to 900 ·c at the site of contact with a workpiece [ 1]. 
In this respect, the deposited metal on the base of nickel 
is promising, in which the coefficients of diffusion of 
atoms of a base, alloying and impurity elements at 
900 ·care low and equal to about 1-10-13 cm2 / s [2]. 
Alloys with a high energy of activation of diffusion, 
that is provided by their alloying by chromium, mo­
lybdenum and carbon, having a limited solubility in 
nickel, are especially effective [3, 4]. However, the 
resistance of this deposited metal to hot crack forma­
tion is low, as was shown by the experimental check­
ing_ The hot cracks are caused by a high content of 
eutectic carbides Me23C6, Mo2C and large carbides of 
Me7C3 type, precipitated along the boundaries. The 
technological properties of carbon deposited metal 
can be improved by its alloying using the more active 
carbide formers, as compared with chromium and mo­
lybdenum, for example with niobium [5]. In this con­
nection, the effect of ratio of alloying elements on 
high-temperature hardness, rate of oxidation, suscep­
tibility to hot cracking of metal of Ni-Cr-Mo-C-Nb 
system, deposited by flux-cored wires using argon arc 
and electroslag methods, was studied. 

The high-temperature hardness of the deposited 
metal was measured in unit TSh-2 using a hard-alloy 
5 mm diameter ball at 7.35 kN load and 10 s holding. 
Oxidation rate was determined after holding of sam­
ples in electric furnace at 900 ·c temperature for 2 h. 
Susceptibility to hot cracking was evaluated by their 
amount in metal of a five-layer bead in argon arc 
hardfacing. 

The flux-cored wire sheath made from nickel strip 
NP-2 was manufactured two-layered with displace­
ment of butts relative each other to improve the tech­
nological reliability of wire at high (up to 60 %) 
coefficient of its filling with charge [ 6]. As the charge 
materials, the metal powders of nickel, molybdenum, 
chromium, and also graphite and ferroniobium FN-1, 
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containing impurities of titanium, aluminium and tan­
talum, which, being active deoxidizers, improve the 
quality of the deposited metal, were used. Metal­
lographic examinations of the deposited metal were 
carried out using known methods, the X-ray spectral 
analysis was made in the Cameca unit MS-46 with 
microprobe diameter of 1 j.lm. 

Range of alloying of experimental deposits is as 
follows, wt.%: 1.58-2.84C; 19.6-24.5Cr; 2.85-
9.5Mo; 0.65-2.86Nb. Content of other elements, 
wt.%: 0.60-0.85Si; 3-5Fe; 0.4-0.6Mn; 0.012-
0.015S; 0.004-0.005P; Ni - base. 

The selected range of alloying of deposited metal 
is stipulated by service and technological require­
ments to it. The amount of oxygen was defined from 
the feasibility of providing the atomic ratio of car­
bide-forming elements and carbon of not less than 
stoichiometric ratio, at which special carbides MoC 
and NbC are formed, and also from the experimental 
data [7]_ The ranges of alloying by chromium are 
determined coming from obtaining the maximum heat 
resistance of the metal. It was established experimen­
tally, that increase in chromium content up to 30 wt.% 
and more does not lead to the significant increase in 
heat resistance of alloys of the alloying systems con­
sidered, and is manifested only in the increment of 
their hardness at room temperature that deteriorates 
the metal workability after hardfacing. The upper 
limits of alloying with molybdenum and niobium are 
stipulated by the presence of a high content (up to 
60 vol.%) of hardening phases in the deposited metal, 
that influences greatly the ductility and its resistance 
to cracking during hardfacing. With decrease in mo­
lybdenum and niobium content to the lower limit, 
the high-temperature hardness of alloys is abruptly 
decreased. 

It was established by investigations (Figure 1) 
that at ratio of molybdenum and carbon in the ranges 
of 0.18-0.25 at.% , contained in the deposited metal, 
a sufficiently high level of its properties is attained 
for operation under the CTFE conditions at tempera­
ture up to 900 ·c in the zone of contact with a metal 
being subjected to working. Structure of this alloy 
consists of a solid solution on the base of nickel, 
carbides NbC and MoC, and also two types of carbide 
eutectics with microhardness HV 350 and HV 400. 
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crohardness; 3 - oxidation rate 

It is shown that a good resistance of deposited metal 
against the hot crack formation and maximum high­
temperature hardness are provided at niobium content 
of 1.8-2.5 wt.% (Figure 2). This effect of niobium is 
associated with its strong liquation caused by carbide 
formation (Figure 3), that leads to grain refining, 
crushing of carbide eutectics and ensures the com­
paratively uniform distribution of silicon in eutectics 
and metal grains (Figure 4). Molybdenum is also dis­
tributed uniformly that is explained by its strong 
chemical bond with nickel and it is one of causes of 
increased heat resistance of these alloys as compared 
with the deposited metal containing tungsten instead 
of molybdenum . 

Increase in ratio of atoms of molybdenum and car­
bon above 0.25 leads to the formation of M02C car­
bides in metal, which are less stable thermodynami­
cally than MoC. The high-temperature hardness and 
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Figure 2. Effect of niobium on high-temperature hardness (I ) and 
resistance of deposited metal against hot crack formation (2) at 
the following content of elements, wt .%: 22-24Cr; 4.5-4.8Mo; 
2.0-2.5C 

heat resistance of deposited metal in this case is de­
creased, and susceptibility to hot crack formation is 
increased. Decrease in heat resistance can be explained 
by the formation of an easily-sublimating oxide of 
molybdenum at the metal surface. The crack formation 
is increased as a result of growth of a volume content 
of eutectic carbides. 

Under the model condition of CTFE ( 150-900 oc 
change in temperature; force - 300 MPa; t ime of 
contact without allowance for pauses - 2 s; number 
of test cycles - 500) the metal of the fo llowing 
chemical composition was tested, wt.%: 2.55C; 
4.5Mo; 22.5Cr; 2.1Nb; Ni - the base. After tests the 

Figure 3. Microstructure of deposited metal without niobium (a) and with niobium content, respectively, 1.1, 1.82 and 2.35 wt.% 
(b-d) (x600) 
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noticeable change in structure and properties of the 
deposited metal was not observed. Hardness was neg­
ligibly increased (by HV 50-60) as compared with 
initial hardness (HV 400-420) due to decomposition 
of solid solution and formation of secondary carbides 
(Figure 5). 

The developed composition of flux-cored [8] 
(250Kh22N66M4B2 type of deposited metal) has 
passed the industrial tests in hardfacing the cutting 
edges of knives for cutting the hot metal, lips of man­
drels of pipe-rolling unit, press dies for hot working 
of metals. The wear-resistance of deposited tool was 
2-2.5 times increased as compared with industrial 
types of deposited metal of Fe-C-Cr -W-Mo system. 

CONCLUSIONS 

1. Deposited metal of Ni-Cr-Mo-Ni-C system of al­
loying was suggested to harden the metallurgical tool 
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Figure 5. Effect of test temperature on high-temperature micro­
hardness of deposited metal: 1 - Hastelloy C; 2 -
250Kh22N66M4B2; 3 - 30Kh2V8FS 

operating at temperatures of up to 900 ·c. It was 
established that to provide high technological and 
service properties of the deposited metal of this type, 
the ratio of molybdenum and carbon content in it 
should be in the 0.18-0.25 ranges. 

2. Increase in Mo/ C ratio by more than 0.25, as 
well as the increase in molybdenum content in depos­
ited metal above 5.0-5.5 wt.% does not promote the 
growth in its high-temperature hardness, stipulates 
the reduction in heat-resistance and resistance to hot 
crack formation. 
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NEW EQUIPMENT FOR HARD-FACING 
OF BLAST FURNACE BELLS AND HOPPERS 

A.P. ZHUDRA, A.P. VORONCHUK, S.l. VELIKY and A.A. FOMAKIN 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

Design peculiarities and technical capabilities of the device developed for wide-layer hard-facing of metallurgical 
equipment arc briefly described. 

Keywords: wide-layer arc liard -(acing, bells and hoppers, 
welding device, technological capabilities, specifications 

Hard-facing of blast furnace bells and hoppers is per­
formed using unique machines U-50 and U-75 (Fi­
gure 1). The machines comprise manipu Ia tors with a 
load-carrying capacity of SO or 75 t and a mobile 
column with the welding device A-1640 mounted on 
it. The column causes electrode weaving with ampli­
tude of 50-400 mm, while the manipulators provide 

Figure 1. Machine U-75 

Figure 2. Schematic of device A-1812 
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movement of a workpiece to a welding deposition 
pitch. The machines are designed with a possibility 
of performing circumferential deposition and welding 
of large-size parts by the open-arc or submerged-arc 
method using flux-cored or all-drawn wires . Many 
years of utilisation of these machines at metal! urgical 
and machine-building plants of the CIS countries 
proved their high reliability and good performance. 
However, the welding devices and electric circuits 
have become obsolete, both physically and morally, 
and require renovation. 

The E.O. Paton Electric Welding Institute in col­
laboration with the Limited Liability Company 
PLAN-T developed a new device A-1812 and electric 
circuit SU-300 to complete machines U-50, U-75 and 
U-125. 

Device A-1812 (Figures 2 and 3) has the following 
peculiar properties: 

• feeding mechanisms are equipped with asynchro­
nous motor drives, which provide a more uniform feed 
of the electrode material; 

• travel of the beam is increased by 150 mm, while 
the A-1812M-01 modification is designed with a pos­
sibility of moving the device out to another 750 mm 
using slides, which is important for hard-facing of 
long internal surfaces; 

Figure 3. Appearance of device A-1812 
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Figure 4. Control cabinet SU-300 Figure 5. Control panel SU-300 
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Figure 6. Logging system interface 
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Figure 7. Logging of process parameters 

• brackets of feeding mechanisms allow welding 
deposition to be performed simultaneously with the 
two arcs, either successively or in parallel; 

• the device is fitted with an indexer, which pro-­
vides increase in accuracy of displacement of a work­
piece by a deposition pitch and allows adjustment of 
the pitch directly from the control panel; 

• device A-1812 is completed with the microproc­
essor-based control system SU-300, which controls 
actuating mechanisms of the entire hard-facing ma­
chine based on logical processing of the data received 
from different sensors. 

The distinctive feature of the new electric circuit 
is a total refusal from DC motors. They are replaced 
by the asynchronous motors providing a smooth ad­
justment of the rotation speed. The ci.rcui.t enables 
display of all controlled parameters on the monitor 
screen with a possibility of real-time logging of the 
deposition process conditions, which allows certifica­
tion of the manufacture of hard-faced parts. 

Physically, the new electric circuit consists of two 
cabinets, which serve as control panels (Figures 4 and 
S) and, at the same time, as personal computers. One 
of the cabinets with the master control panel is located 
on a work station, where a workpiece to be hard-faced 
is fixed (using clamping jaws). The latter allows a 
2-3 times reduction of the quantity of cable lines. 
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Readings of all instruments used to monitor the 
process parameters are logged on to the computer 
(Figure 6), and the deposition process conditions are 
recorded in real time (Figure 7). The data thus ob­
tained can be stored on a hard disk or other informa­
tion carrier. All this information can be viewed on 
the monitor screen or printed out. 

Specifications of device A-1 812 

Cross section of flux-cored strip, mm ................... :o; 18 x 4 
Electrode wire diameter, mm ......................... . ....... :o; 3-5 
Arc voltage, V .......... .. ...... ........ ................ .......... 28-50 
Electrode feed speed, m/h .................................... 20-70 
Speed of reciprocal movement of electrodes, m/h ..... 10-70 
Stroke of reciprocal movement of electrodes, mm .. .. . :o; 550 
Horizontal travel of welding device along slides, mm :o; 750 
Duty cycle, % .... .. .................... .. ....... . 100 

The new device and control system were manufac­
tured and validated. The new equipment has been 
commercial ly applied to advantage since January 2004 
at the «J(rivorozhstal 1> plant. 

Assembly and industrial tests of the new equipment 
were completed in September 2004 at the Open Joint 
Stock Company <<Azovrnash. Application of this equip­
ment allowed widening of its technological capabilities, 
enhancement of its reliability and certification of the 
hard-facing process, which basically solved the problem 
of improvement of the quality of treated parts. 
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