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SCIENTIFIC AND TECHNICAL 

ROLE OF TEMPERATURE IN HYDROGEN-INDUCED 

CRACKING OF STRUCTURAL STEELS 
AND WELDED JOINTS 

I.K. POKHODNYA, S.N. STEPANYUK and V.I. SHV ACHKO 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABSTRACT 

A procedure is proposed for experimental study of the influence of hydrogen on mechanical properties of the metal in a broad 
range of temperatures. Temperature dependencies of the degree ofhydrogen- induced embrittlement for St.20 and 17KhGNDSM 
steels in the temperature range of -196 - +400 oc are determined. It is shown that, alongside the structural state, content and 
distribution ofhydrogen, stress level and straining rate, temperature is the main initial factor determin ing the process of hydrogen 
embrittlement. 

Key words: welding heating, physical modelling, structural 
steels, cold cracks, hydrogen embrittlement, temperature influence, 
microcleavage resistance, dislocation transfer of hydrogen. 

Hydrogen-induced cracking in structural steel welding is 
manifested in the form of cold cracks (CC). Their forma­
tion is an important technology problem in fabrication of 
welded items. 

Proceeding from the results of numerous experimen­
tal studies [1- 3] and experience accumulated by indus­
try, a number of measures have been currently elaborated 
for prevention of cold cracking, namely performance of 
welding in the optimal modes; lowering of hydrogen con­
tent in the weld metal, limitation of hydrogen content in 
steel. 

The impact of these measures, however, is ambiguous 
[2] and often ineffective, especially in welding of high­
strength steels. In such cases preheating, concurrent or 
post-weld heating is used, which allows production of the 
welded joint without CC. 

As the application of this method requires consider­
able additional power consumption, and leads to a marked 
deterioration of the welders' labour conditions, special 
attention is given to determination of the optimal preheat­
ing level, as well as development of the processes of weld­
ing without its application. 

Many research centers are working on development 
of welding consumables not requiring preheating to en­
sure the cracking resistance of the weld metal. However, 
as noted in [ 4 ], the absence of an adequate concept of what 
actually occurs in hydrogen cracking (HC) does not allow 
effective methods of its elimination to be developed. 

The heating modes are currently determined by gen­
eralising the empirical data or using the carbon equivalent 
Ceq of steel. The higher Ceq values, the higher the tem­
perature at which heating must be performed. There exist 
a great number of different equations for calculation of 
Ceq [5]. This parameter, however, yields a rather condi­
tional estimate of the steel susceptibility to CC [3, 6]. 
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Introduction of the so-called sensitivity index [7] in which 
Ceq is complemented by hydrogen content does not allow 
an unambiguous determination of the optimal heating 
level, either, which, as follows from [8], depends on the 
joint thickness, width ofthe gap between the edges being 
welded, area (relative to the weld) on which heating 
should be performed. 

During investigations to determine the ways of CC 
prevention, A.M.Makara [1] found that with temperature 
increase above 120 oc and in the case of its drop below 
- 70 °C, the cracking process is completely inhibited dur­
ing the entire time of the sample staying at these tempera­
tures. However, in heating after freezing, CC initiate more 
intensively than prior to freezing. Despite the importance 
ofthese results, their interpretation based only on the tem­
perature change of the conditions of plastic and quasi-vis­
cous flow along the grain boundaries without hydrogen 
involvement [1], does not seem convincing. 

Further on the influence of temperature on HC process 
was investigated in a number of other studies [3, 9, 1 0]. 
Yet the results given in them are sometimes contradictory, 
and reliable data for structural steels are insufficient. 
Thus, this most important issue is still unresolved, and 
requires further studies [ 11]. 

The aim of this work was to clarify the mechanism of 
temperature influence on CC process. 

Equipment, procedure, materials 

Investigation of CC mechanism is complicated by that 
under the conditions of the actual welding process all the 
factors causing HC are inter-related and continuously 
changing. Therefore, this work uses physical modelling 
allowing performance of not only qualitative but also 
quantitative studies of temperature influence on HC, 
while controlling all the other main parameters, namely 
structure, hydrogen presence, stress level and straining 
rate. 

Investigations were performed on samples made of 
structural steels, namely St.20 and 17KhGNDSM. Their 
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SCIENTIFIC AND TECHNICAL 
Composition of the studied metals 

Steel 
grade 

Weightji-action of elements,% 

St.20 

17KhGNDSM 

c 

0.17 

0.17 

Si 

0.070 

0.237 

Mn 

0.25 

0.58 

Cr 

0.25 

0.43 

compositions determined by spectral analysis, are shown 
in the Table. 

For normalising the grain structure, the blanks ofthese 
steels were first heat-treated at a temperature of 900 oc 
for 1 h with subsequent cooling in air. After heat-treat­
ment St.20 had a uniform ferritic-pearlitic structure and 
17KhGNDSM a granular beinitic structure. 

Blanks of both steels were used to make standard cy­
lindrical samples for uniaxial tension ofMI-12 type. Me­
chanical tests for uniaxial tension were performed in a 
versatile rupture testing machine «lnstron 1251» with 5 
mm/min straining rate in the temperature range of -196 
up to 400 °C (temperature was controlled by a thermo­
couple). During these experiments samples ofboth steels 
in the non-hydrogenated and hydrogenated states were 
tested under the same conditions. The yield point and ac­
tual rupture stress Sk were determined for each sample 
from the test results. 

One of the problems arising in testing under the con­
ditions of an elevated temperature, is the need to provide 
some hydrogen in the samples. Three main methods of 
hydrogenation are currently known [11] : 

in gaseous hydrogen atmosphere with application of 
high pressure or high temperature; the maximal effect is 
achieved with simultaneous increase of these parameters, 
this, however, involving considerable experimental diffi­
culties; 

by dissociation of molecular hydrogen and its ionisa­
tion in the gas-discharge plasma without pressure in­
crease; 

by cathode polarisation in electrolytes (electrolytical 
hydrogenation). 

In this work electrolytical method of hydrogenation 
was used for testing at low temperatures. The electrolyte 
was 5% sulphuric acid solution with addition of not more 
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Figure 1. Hydrogen evolution in heating of titanium hydride: fH -
intensity of hydrogen evolution. 
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than 0.05 %of sodium thiosulphate. The current density 
was set to be not more than 10 mA/cm2

, thus allowing 
elimination of irreversible defects during hydrogenation. 
The diffusible hydrogen content was controlled by chro­
matographic analysis . 

As intensive dehydrogenation of the sample during 
mechanical testing under the conditions of elevated tem­
peratures (above the normal temperature) cannot be com­
pletely avoided with any of these methods, a new method 
based on the use of titanium hydride, was applied. The 
powder of this substance was poured into a cylindrical 
groove drilled in the sample along the axis for the entire 
gauge length. Then, the groove was welded up at the end 
face of the grip part, and titanium hydride powder was in 
a sealed volume. The prepared sample were preheated at 
the temperature of titanium hydride dissociation up to the 
moment of the start of hydrogen evolution outside. 

A number of additional experiments were conducted 
for verification of this hydrogenation method. The first 
consisted in derivation of the curve ofhydrogen evolution 
in heating of titanium hydride. The powder of this sub­
stance was heated in Knudsen cell in a linear fashion up 
to the temperature of 600 oc at a rate of 18 °C/min. Hy­
drogen evolution was recorded by mass-spectrometry 
method using an all-purpose gas analysis system based 
on MKh-7304A mass-analyser («Electron», Ukraine). 

The experimental results are given in Figure 1, from 
which one can see that in heating above 350 °C, intensive 
evolution of gaseous hydrogen starts. Production of the 
required amount of hydrogen was achieved by varying 
the initial amount of powder. 

The second experiment consisted in determination of 
the kinetic dependence ofhydrogen evolution through the 
wall of the cavity in the sample after thermal decompo­
sition oftitanium hydride. The sample filled with titanium 
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Figure 2. Hydrogen evolution from the sample with titanium hydride 
(T =400 °C) 
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Figure 3.Temperature dependence of actual breaking stress for non-hydrogenated (I) and hydrogenated (2) samples ofSt.20 (a) and 17KhGNDSM 
(b) steels. 

hydride, was soaked at the temperature of 400 oc for 
180 min, recording hydrogen evolution from it. The de­
rived curve (Figure 2) shows that hydrogen evolution be­
gan 45 min after the start ofheating and went on for more 
than 1.5 h, this being much longer than the duration of 
tensile testing. 

Thus, the conducted experiments confirmed that the 
proposed method of high-temperature hydrogenation of 
samples in mechanical tests, based on the use of titanium 
hydride as the hydrogen source, guarantees the sample 
staying in the hydrogenated state at high temperatures for 
a sufficiently long time much longer than the duration of 
mechanical testing. Application of this method eliminates 
many an inconvenience related to the use of gaseous hy­
drogen. 

Thermal desorption spectra of hydrogen evolution 
from samples hydrogenated electrolytically, were also 
studied. In this case, linear heating up to 600 oc at a rate 
of 18 °C/min and mass-spectral recording of hydrogen 
were used. 

Experimental results 

It is rational to study the influence of temperature on em­
brittling action ofhydrogen by temperature dependencies 
of Sk which is known [12] to be the average breaking 
stress in rupture in the neck. Therefore, variation of this 
value is an indication of the change of the strength pro­
perties of the material. 

For this reason, the results of mechanical testing for 
uniaxial tension of non-hydrogenated and hydrogen­
ated samples are presented in the form of temperature 
dependencies of Sb average rupture stress for steels 
St.20 (Figure 3, a) and 17KhGNDSM (Figure 3, b). 
From the Figure one can see that when -100 oc is 
reached, Sk values of hydrogenated samples decrease 
relative to those of non- hydrogenated samples and 
reach a minimum at the temperature of approximately 
100 °C, and starting from 150 oc they are restored, i.e. 
the influence of hydrogen decreases. Such a situation 
was found for both steels. 

4 

The temperature dependencies of yield point 00.2 of 
non-hydrogenated and hydrogenated samples ofSt.20 are 
shown in Figure 4, a, and of those of steell7KhGNDSM 
is Figure 4, b. No change in a02 values after hydrogena­
tion is characteristic for both steels in the studied range 
ofHC manifestation. 

Figure 5 shows a thermal desorption spectrum of 
hydrogen from electrolytically hydrogenated sample of 
St.20. The curve of thermal desorption has one peak at 
the temperature of 210 °C. 

Discussion 

A positive influence of welding heating is well known 
and has been effectively used for many years now. Dif­
ferent researchers provide different explanations for its 
cause [1, 3, 7, 8]. However, all of their statements are 
reduced, mainly, to that the application of heating leads 
to lowering ofthe cooling rate, without causing an excess 
coarsening of the grain in this case, and this, in its turn, 
promotes the formation of a more ductile metal structure; 
ordering of atomic structure on the grain boundaries; 
faster evolution of hydrogen from the weld metal; relaxa­
tion of internal stresses; smaller shrinkage; achievement 
of temperature values higher than the ultimate brittle frac­
ture limit (for some steels). 

Thus, it is assumed that the influence of temperature 
is only manifested through impact on other factors which 
are regarded as determinant in CC initiation [7], namely 
hydrogen content in the weld metal; formation of a sen­
sitive structure (martensite); level of internal stresses 
whose main components are taken to be the stresses of 
austenitic-martensitic phase transformation [ 12]. 

Such an explanation, however, does not well agree 
with the situation arising in cooling to the temperatures 
much lower than the normal temperature, in our case be­
low -100 °C. At this temperature HC is absent, although 
it does not make any favourable effect either on the struc­
ture, or on hydrogen content, or on the stress level. More­
over, such a cooling leads to deterioration of the above 
parameters. 
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Figure 4. Temperature dependence for the yield point of non-hydrogenated (J) and hydrogenated (2) samples ofSt.20 (a) and 17KhGNDSM (b) 
steels. 

It should be added that such an interpretation of the 
influence of temperature does not reveal the cause for the 
absence of the welded joint cracking at the moment of 
completion of the austenitic-martensitic transformation 
at still quite high temperatures (above 200 °C). Although 
the HC sensitive structure has already formed at this mo­
ment, no cracking occurs even with higher hydrogen con­
tent until the joint has cooled down to the temperature 
below 200 oc [1, 9]. 

Replies to the questions raised can only be provided 
by revealing the physical nature of HC and determining 
the role of temperature in this process. 

In keeping with the concepts of CC nature set forth in 
[13], the mechanism of hydrogen embrittlement looks as 
follows. In the metal bulk, part of the dissolved hydrogen 
is entrapped by dislocations and during plastic deforma­
tion is transported by them to the site of the fracture crack 
initiation. The nucleus submicrocrack forms by one of the 
dislocation mechanisms. Thus, the transported hydrogen 
is freed to become chemically adsorbed on its juvenile 
surfaces. This leads to reduction of surface energy, which 
may result in the crack loosing elastic equilibrium at the 
moment of initiation and autocatalytically propagating in 
the field of external stresses. Now the temperature influ­
ences the effectiveness of proceeding of the main stages 
of the described HC mechanism. 

The possibility of transfer ofhydrogen atoms by dis­
locations at the set straining rate is unambiguously deter­
mined by the temperature level. In the region oflow tem­
peratures the mobility of the hydrogen atoms in the metal 
is so small, that the dislocations do not entrain the hydro­
gen atmospheres, but burst out of them. At these tempera­
tures hydrogen does not come to the fracture sites in the 
required amount. Therefore, HC mechanism is not yet 
active. 

With the increase of temperature, the mobility of hy­
drogen atoms rises and at its certain value (-50 °C) be-

2/2000 
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comes comparable with the dislocations movement rate. 
A sufficient (for an essential lowering of surface energy) 
amount of hydrogen starts coming to the microcracks. 
This temperature value marks the beginning of the hydro­
genated material strength lowering, namely transition of 
the submicrocrack into an unstable state of autocatalytic 
propagation becomes possible at a lower level of normal 
external stress. In a certain temperature range (from 0 up 
to 1 00 °C) HC process reaches its maximum. 

With further increase of temperature (above 100 °C) 
hydrogen mobility rises to such a level when the hydro­
gen-dislocation bond energy becomes insufficient for its 
further containment and transportation to the initiating 
subm icrocrack. 

Moreover, the temperature directly influences the ef­
fectiveness ofhydrogen impact in the fracture sites. With 
its rise the equilibrium concentration of hydrogen on the 
surface of the submicrocrack, decreases as a result of ther­
mal desorption. This reduces the influence of adsorbed 
hydrogen on the surface energy of the crack. Thus, its 
embrittling action becomes weaker. 
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Figure 5. Hydrogen thermal desorption spectrum for St.20. 
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Attempts at a detailed description of the mechanism 
of temperature influence on HC process are found in the 
studies [9, 1 0]. All ofthem, however, are reduced only to 
recording the change of hydrogen interaction with dislo­
cations. In our opinion, this is a one-sided and simplified 
approach to the issue being discussed, as the transporta­
tion by dislocations (although it is the most effective in 
this process) is only one of the six possible ways of hy­
drogen transfer in the solid phases [11] , each of which 
essentially influences the nature of its localisation in the 
metal. Therefore, consideration of just the dynamic factor 
(hydrogen transfer) without giving due attention to the 
process of facilitated crack propagation, does not allow 
completely revealing the nature of the occurring phenom­
ena, and, therefore, outlining the ways to prevent CC. 

Moreover, such a consideration of HC process leads 
many supporters of the dislocation hypothesis to the con­
clusion that the dislocation movement is slowed down by 
hydrogen clouds, and this lowers the plastic properties of 
the metal [1 0]. 

The results of our investigations shown in Figure 4, 
indicate that hydrogen does not influence the yield point 
(in the temperature range of HC manifestation). It is 
known [14] that 0o2 determines the moment when a cer­
tain stage of micro yield (0.2 %) is achieved in the most 
unfavourably oriented metal grains. Therefore, hydrogen 
does not have any braking impact on the dislocation 
movement. 

References [15, 16] give experimental data which 
confirm that in small concentrations (up to 10 ml/100 g) 
hydrogen does not slow down the dislocation movement 
like carbon or nitrogen. 

The proposed in this work mechanism of temperature 
influence on HC process is confirmed by the results given 
in Figure 5. The peak of the thermal desorption curve is 
connected with hydrogen which was in certain traps. The 
temperature at which its evolution occurs, corresponds to 
the energy of the bond of these traps with hydrogen. In 
this case, the peak is formed at the temperature of21 0 °C, 
this corresponding to hydrogen evolved from the dislo­
cations [17]. Restoration of the strength properties of 
St.20 proceeds at the same temperature. Therefore, this is 
the hydrogen which participates in the embrittlement 
process, and it is mainly contained on the dislocations. 
The action of HC mechanism is interrupted exactly as 
result of violation ofhydrogen-dislocation bond under the 
influence of temperature heating. This is another proof of 
the correctness of the concept that during the HC process, 
hydrogen actively interacts with the dislocations, how­
ever its embrittling impact is only manifested in the sites 
of submicrocrack initiation. 

Thus, temperature is one of the main factors respon­
sible for metal HC. It has an influence on the dislocation 
mechanism of hydrogen transportation and determines 
the effectiveness of its action in the fracture sites. 

It is currently assumed [18 - 20] that the conditions 
leading to CC formation are a critical hydrogen concen­
tration, residual and applied stresses exceeding a certain 
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level, as well as a sensitive microstructure. Such a repre­
sentation, however, is not quite adequate and limits the 
selection of the procedures to prevent HC. 

As follows from the results of our investigations and 
a number of published data [9, 10, 13], the straining rate 
and temperature should be taken into account. Thus, 
cracks resulting from hydrogen embrittlementwill initiate 
only in the presence simultaneously of a metal structure 
susceptible to HC, a critical local concentration ofhydro­
gen, total stress of a certain level, low enough straining 
rate, metal temperature in the range ofHC manifestation. 
Prevention of at least one of these conditions, reduces or 
completely eliminates the risk ofCC occurrence. 

This is the basis for the positive impact of welding 
heating. Detailed analysis, however, shows that heating 
(depending on the metal structure), can also have an ad­
verse influence on the welded joint resistance to CC. On 
the one hand, long-term heating at a high temperature can 
lead to undesirable change of the structure, and uniform 
heating of dissimilar materials being welded or non-uni­
form heating of similar materials being welded can pro­
mote an increase in the internal stresses [7]. On the other 
hand, at a rather high-temperature heating hydrogen starts 
evolving from the traps with the bond energy correspon­
ding to the heating temperatures. I fit is brief, the content 
of the potentially dangerous hydrogen will not decrease, 
but will increase. This is another proof of the complex 
nature of the influence of welding heating and the need 
for its further detailed investigation. 

CONCLUSIONS 

1. A temperature dependence was established ofhydrogen 
influence on the mechanical properties of structural steels 
(St.20 and 17KhGNDSM). The maximal embrittlement 
occurs at the temperature from - 50 up to 150 °C. 

2. The temperature, structural condition, content and 
distribution of hydrogen, stress level and straining rate 
are the main initial conditions which determine the HC 
process. 

3. Selection of the welding heating modes should 
allow for the temperature interval of manifestation of 
hydrogen embrittlement of the welded joint metal. 
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DETERMINATION OF RESIDUAL LIFE OF WELDED 
STRUCTURES WITH CREVICE-TYPE DEFECTS 

O.E. ANDREYKIV and M.V. LISHCHINSKA 
G.V. Karpenko Phys.-Mech. Institute, NASU, Lviv, Ukraine 

ABSTRACT 

The calculation model is suggested for investigation of the kinetics of propagation of fatigue cracks in plates whose material is 
heterogeneous in mechanical characteristics and resistance to fatigue fracture. The model is based on an energy criterion of 
fatigue fracture of materials. The system of differential equations has been derived to study the kinetics of growth of fatigue 
cracks in heterogeneous plates. Two problems in the detennination of a period of sub-critical growth of a fatigue crack are 
considered: for a butt-welded plate and a cruciform welded joint. It is shown that the calculated service life values are in good 
agreement with the experimental data. 

Key words: welded structures, fatigue cracks, kinetic equations, 
residual stresses. 

The stage of fatigue crack propagation in the welded struc­
tures can be equal to 10 to 90 % of the total fatigue life 
of a welded element [1] . Therefore, theoretical determi­
nation of the subcritical crack growth acquires a great 
practical importance. In diagnostics of welded joints it is 
possible to determine the level of the initial cracklike de­
fects in the item by the methods of non-destructive testing, 
and then calculate the residual fatigue life of the structure 
Nd by the known relationship [2] 

'· 
Nd= Jv-1d l , 

lo 
(1) 

where vis the rate of the fatigue crack propagation; lo and 
l,. are the initial and critical crack length, respectively. In 

order to apply equation (1), it is necessary to know the 
cyclic fracture diagram (CFD) and kinetics of crack 
growth, which is determined from the kinetic equations 
offatigue crack propagation. However, as is known from 
[3 - 6] the weld metal (WM), heat-affected zone (HAZ) 

Ktc• MPa{iil %.2• MPa 

500 

180 

300 

JJI 

0 4 8 12 18 y, mm 

and base metal (BM) are distinguished in the zone of the 
welded joint. More over, the strength properties and CFD 
of the material of these zones differ from each other (Fi­
gure 1) [7], and there is no doubt about the presence of 
residual welding stresses (Figure 2) [5, 6]. Comparison 
of the kinetic diagrams of fatigue fracture of materials 
from different zones of the welded joint [6, 8], also indi­
cates that the rate of fatigue crack propagation in them is 
different. Therefore, in construction of the equations of 
the kinetics offatigue crack growth, it is necessary to take 
into account the non-uniformity of the mechanical and 
fatigue fracture resistance properties of the material in the 
region of the welded joint, as well as the presence of re­
sidual stresses. The known [9] models of fatigue fracture 
are mostly valid for cases of similar materials. This paper 
proposes exactly the kinetic equations of fatigue crack 
propagation in the materials with non-uniform mechani­
cal and fatigue properties. The proposed equations were 
derived on the basis of the energy criterion of fatigue frac­
ture of materials which is based on such a hypothesis. 
Dissipation of energy of plastic deformations resulting 

<J,8 5 , MPa ,..._,...... 

200 

Figure 1. Distribution of mechanical cr0.2 and fatigue K1c properties in 
the zone of the welded joint on I OKhSND steel: I- WM; II- HAZ; Figure 2. Distribution of residual stresses in the welded plate of St.3 
JJJ - BM. steel. 
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Figure 3. Schematic of a cracked plate. 

from the fatigue crack propagation, per a unit of area of 
the newly formed surface, is a constant of the material at 
the specified external conditions and temperature [ 10 -
12]. 

Let us consider a plate of an elastic-plastic material 
weakened by a crack which is cyclically stretched. Let a 
crack of length L grow by I'll during Ml cycles ofloading 
(Figure 3). In this case a cyclic plastic zone of length 
lpj(1'1l > lpj) has formed at its tip. It is known [13] that lpf 
is smaller than the length of a static plastic zone lp and 
depends on the cycle asymmetry R: lpf= 0.25(1 - Rilp. 
In order to construct the equations of the kinetics of crack 
growth, let us use the energy criterion of fracture which 
envisages the existence for each material of a critical value 
of energy Wp required for one elementary act of fracture 
(energy of material fracture). In keeping with this crite­
rion, for the fatigue crack to propagate for a length 1'1/ 
during !1N cycles of loading, the full energy of dissipation 
of plastic deformations in the material W should reach the 
value of the energy of material fracture Wp 

W=Wp 

or 
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a 

Figure 4. Model of the diagram of cyclic tension-compression. 

all the values (states) of plastic deformation which are 
found in a plastic zone of length lpj(/pz < !1!). Taking it 
into account and using the results of [1 OJ for calculation 
of the energy of cyclic deformations We, we will have the 
following relationship: 

We= fcrof [ o{~ax (s)- 8o] ds , 
(4) 

0 

where &max (s) is the crack tip opening displacement along 
a cyclic plastic zone (0 :::; s :::; lpj) which is connected with 
crack opening under static loading Omax (s) through the 

following relationship: &max (s) = 0.5(1- R)Omax (s) 
[13]. Here oo is defined as follows: 

8o = max(8min , 80p, 8th) , (5) 

where Omin is the minimal opening in the cycle; Oap is the 
residual opening of the crack and Oth is the threshold value 
of opening 8, below which the crack does not grow. The 

(2) energy of fracture of material Wp, necessary for formation 
of a crack section of length !1/, is defined as Wp = ~y!1l, 
where y is the specific energy required for formation of a 
unity of the crack length; ~ is the Morrow correction co­
efficient [ 16], which represents the difference between 
the cyclic and static fracture energies. The specific energy 
can be given as y = <JojOfc where Ojc is the critical crack 

where Ws is the energy at static loading up to cycle maxim 
and We is the energy of dissipation of plastic deformations 
per one loading cycle. As in one act of fracture a maximal 
opening of the crack tip Om ax occurs in each point of !1! 
section, energy Ws can be determined as 

(3) opening displacement of a fatigue crack. Hence, the frac-

where <Jojis an averaged value of stresses in the pre-frac­
ture zone in accordance with O"k model [14 ], allowing for 
cyclic strengthening-softening of the material [15]. The 
value of <Jojvaries through the material bulk as a function 
of co-ordinates. Let us model the diagram of cyclic ten­
sion by a diagram for an ideally elastic-plastic material 
(Figure 4). 

It is assumed that cror = ( cro.2 + crt) I 2 where cro.2 is 
the yield point, and O"t is the ultimate strength of the ma­
terial. As the plastic zone moves with the crack propaga­
tion, the elementary area near the crack tip goes through 

2/2000 
"''he 

ture energy 

(6) 

Substituting expressions (3 ), ( 4) and ( 6) into equation 
(2), we will have the following relationship: 

IPI 

!1/cror8max + LWJ O"oJ[ &maxCs)- 8o] ds = Al~O"of8tc. 
0 

From here through elementary transformations it is 
easy to determine 
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Figure 5. Butt welded joint with incomplete penetration (a), kinetics of the fatigue crack trajectory (b), comparison of theoretical C+- 0.1; 
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lpf 

faor[ 8(nax(s)- oo] ds 
0 

~<>otDtc - <>ojDmax · 

Going to the limit at M ---1 0, we will have akinetic 
equation for determination of the crack propagation 
rate: 

lpf 

lpj 

l Jaqr[8(nax(s)-8o]ds1 
a o = 0 . 

d8' ~<>otDfc- <>qrbmax 

(8) 

Here ifmax, 8max and Oo are functions of 8. 
The initial and terminal conditions should also be 

added to the derived equations (7) and (8): 

N=O, 1=10; N=Nd, l=l•, (9) 

dl 
(Jf.[ 

Jaor[ {)(,ax (s)- Oo] ds 
0 

~<>otDfc <>or8max 

where l. is the critical crack length during Nd cycles of 

(7) loading, which is determined from the criterion of the 
critical crack opening displacement [9] 

Let 8 be the angle of the direction of crack propagation 
relative to the axis of abscissas of the selected system of 
co-ordinates (Figure 3). As the crack propagates in the 
direction of the maximal possible rate, by differentiating 
the right-hand part of equation (7) by angle 8 it is possible 
to derive the second kinetic equation for determination of 
the direction of the crack propagation: 

10 

8maxU.) = 8rc· (10) 

Thus, kinetic equations (7), (8), conditions (9), (10), 
together with the equation of elastic equilibrium of a body 
[17], make up a mathematical model for determination of 
the kinetics of propagation of fatigue cracks in non-uni­
form plates. Let us verify the model on two particular 
problems. 
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Case 1. A butt joint of St.3 with incomplete penetra­
tion oflength a was performed by submerged-arc welding 
by Sv-08A wire using OSTs-5 flux (Figures 5, a; 6, a). 
Distribution of residual stresses and mechanical and fa­
tigue properties in the region of welded joint is given in 
Figure 2 and Table 1, respectively [ 18]. A structure with 
the joint is subjected to cyclic tension with maximal stress 
p. The coefficient of the external loading cycle asymmetry 
R = 0 .1. It is necessary to determine the kinetics of the 
fatigue crack trajectory and evaluate the residual fatigue 
life of the welded joint at different values of stress p and 
ratio a = a I 8. 

In keeping with [19] the critical crack tip opening dis­
placement can be determined from the following ratio: 

(11) 

Here 

2 (2(1 + )..L)(l + 1l)croJn 
Co= 0.6 (1 - 1-L ) , 

...J3fl£ 

where J..l is the Poisson's ratio ; E is the modulus of elas­
ticity and 11 is coefficient of strain hardening of the ma­
terial. Other components bmith 81h, d0p, bmin of equations 
(7), (8) are determined similar to equation ( 11 ). 

Incorporating the results of [14, 15], the opening in 
the plastic zone 8max ([)was defined as 

OmaxCl) = iE (K1 maxG! + 1600 In ''er- ' 1
1 (/pr !))+ 

1\tt;f+ ''I 
+ 

1 
(32oo -{C1f-

250 
tn I..Jlif- ,/ c2 - z2)J+ (12) 

1tE pf t;j I ~-"- I PI 
"pf ' \ 

+ 500 "' (!!;. -t). 
~l 

After substitution of relationships (11 ), (12) and per­
formance of certain mathematical transformations, we 
will reduce equations (7), (8) to the following form: 

b 
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80 140 200 260 p, MPa 

a b 

Figure 6. Butt welded joint with a lack-of-penetration (a) and compari­
son of theoretical (+)and experimental (0) evaluations of the residual 
fatigue life (b): a= 0.2. 

a [0.196 
em cror 

1 + (?n K0 sin 8 0.663bCo 2 J 
-'------'-----.,..--"---,0! ----LL = 0 , 

(13) 

where b =ocr of! oy, in keeping with relationship (6) Ko = 
=max (KJ min, K0p, Kthl· In keefing with [20], K0p = 
= (0.45 + 0.2 R + 0.26 R2 + 0.1 R )Kmax, where R is the 
coefficient of cycle asymmetry. As in this ca~e the crack 
will propagate along a curvilinear trajectory symmetrical 
relative to axis Oy, K1 max can be calculated by the method 
proposed in [21 ], i.e. 

(p+Gre~. 1-( 8(3+cos
2

8) 38) (14) 
K1 max= vna lcos I (3 _cos e) + 2cos T . 
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Figure 7. Cruciform welded joint with a lack of penetration (a) , kinetics of the fatigue crack trajectory (b), comparison of theoretical C+) and 
experimental (0) evaluations of the residual fat igue life (c). 
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Figure 8. Distribution of res idual normal (a) and tangential (b) stresses 
in the zone of a tee welded joint. 

This problem was solved for the case when the plate 
material is not strengthened ('Tl = 0). Equations (13), (14) 
were solved by the analytical method in combination with 
Runge method. In this case the kinetics of the crack tra­
jectory was calculated by the method oflimit interpolation 
[9] and shown in Figure 5, b. The residual fatigue life of 
the structure was calculated by equation (1), where the 
rate of fatigue crack propagation is determined by equa­
tion (7). Figures 5, c; 6, b give the results of calculation 
of the residual fatigue life compared to the experimental 
data, set forth in [22] for the joints shown in Figures 5, a; 
6, a, respectively, at different values of a. 

Case 2. A cruciform welded joint with incomplete 
penetration of length a is considered (Figure 7, a). The 
joint made of steel E3 55, the mechanical and fatigue prop­
erties of the material, its different zones, are given in Ta­
ble 2. The structure with the appropriate joint is tested by 
cyclic tension with maximal stress p , coefficient of exter­
nalloading cycle asymmetry R = 0.1, o = 12 mm, a= 3 
mm, k = 5 mm. It is necessary to determine the kinetics 
of fatigue crack trajectory and plot the curve of the de­
pendence of residual life on p values. 

In order to solve this problem, first of all the distribu­
tion of residual stresses in the area of the welded joint was 
determined (Figure 8). Later on after calculation of the 
coefficients of stress intensity KI and Kn using the rela­
tionships known from [22], the criterion of maximal ten­
sile stresses ( cre-criterion) [9] was used to determine the 
initial direction of crack propagation 8o =- 45°. The ki­
netics of the fatigue crack trajectory was calculated using 
the method of limit interpolation [9] and is shown in Fi­
gure 7, b. The residual fatigue life of the structure was 
calculated by equation (1 ), where the rate of the fatigue 
crack growth is determined from equation (7). Compari­
son of experimental data [23] and theoretical estimates of 
the residual fatigue life is demonstrated in Figure 7, c. 

Analysis of the data given in Figures 5, c; 6, b; 7, c 
shows that the calculated values of residual fatigue life 
agree well with the experimental results. This is evidence 
of the validity of applying the proposed calculation model 
for solving the problems which require investigation of 
the kinetics of fatigue crack propagation in the materials 

Table 1. Mechanical and fatigue properties of different zones of a 
welded joint St.3 

Welded "o.2· cr, , KJC, 
joint zone MPa MPa MPa:.,r;;; 

WM 250 490 35 
HAZ 167 388 23 
BM 194 446 24 

Tltt1t3-. 
12 

Table 2. Mechanical and fatigue properties of different zones of a 
welded joint on steel E355 

Welded (502• a, , Kfo 
joint zone MPa MPa M?a:.rm 

WM 579 680 62 
HAZ 395 540 41 
BM 449 620 48 

non-uniform as to their mechanical and fatigue fracture 
resistance properties. 
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APPLICATION OF EXPLOSION ENERGY FOR IMPROVING 
RELIABILITY OF WELDED STRUCTURES 

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

ABSTRACT 

The essence, peculiarities and application fields of a new technology of explosion treatment of welded joints used to improve 
reliability and extend life of metal structures are outlined. Physical mechanism of the process and methods used for calculation 
of parameters of explosion loading of different-geometry weldments are described. Explosion treatment is shown to have a 
favourable effect on performance of welded structures and characterized by high productivity and cost effectiveness. 

Key words: welded joint, explosion treatment, explosive, reli­
ability, corrosion resistance, fatigue, embrittlement, ecology of explo­
sion. 

The radically new line in the field of explosion treatment 
of metals, i.e. explosion treatment (ET) of welded joints, 
put forward by PWI as early as the end of the 1960s [1], 
received further development and wide recognition in the 
fabrication and construction of various-application large­
sized welded structures. Such treatment provides a drastic 
decrease in welding residual stresses (RS), exerts a posi­
tive effect on other physical and mechanical properties of 
joints and, thus, allows a marked improvement in a large 
number of service properties of welded structures, espe­
cially those which operate under extreme conditions. Usu­
ally, the ET is performed by using cheap and readily avail­
able explosives, it can be applied both under field and 
factory conditions, or in erection sites for construction of 
large-sized structures. It requires no specialized equip­
ment or highly skilled personnel, gives a high consistency 
of good results of its impact on a workpiece and has high 
cost effectiveness and productivity. 

By means of the relatively small superposed charges 
of explosives the explosion energy is locally introduced 
into the most critical places of welded joints, i.e. weld 
and/or HAZ, where defects, geometrical stress raisers 
and high RS are concentrated and where metal properties 
can greatly vary as a result of the thermal-deformation 
welding cycle. The effective factors ofthe ET are a drastic 
decrease or favourable redistribution ofRS, formation of 
a new system ofRS and strengthening of metal to a con­
siderable depth accompanied by its saturation with ther­
modynamically stable faults of a crystalline structure. 
These factors taken together open up wide possibilities 
for improvement of service properties of welded joints 
and metal structures as a whole. As proved by the practice, 
the ET provides a considerable increase in resistance of 
welded joints to fatigue, brittle and corrosion-mechanical 
fractures, in static strength, hardness, dimensional stabil­
ity, etc. 

Information on the effect of the ET on service prop­
erties of welded metal structures and examples of its prac­
tical application in industry are given in [2 - 4]. It should 
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be emphasized that the ET advantageously complements 
the available technologies for postweld treatment of 
welded joints and is often superior to them in a combina­
tion of its effects, productivity, cost effectiveness and a 
possibility of the large-scale commercial application. It 
will suffice to say that the ET of the process tank facilities 
and pipings used in 1976- 77 for construction of a large 
alumina factory «Birach» in Zvomik, Yugoslavia, made 
it possible to save over $US 4 mln. All this makes the ET 
of welded joints very attractive for a wide range of spe­
cialists involved in design, construction and/or service of 
industrial buildings and structures, as well as in applica­
tion of welding in machine-building and the ET of metals. 
At present, the information on this new type of metal treat­
ment in a generalized form and, thus, more accessible for 
specialists than numerous journal publications can be 
found in recently published papers [ 5 - 7]. 

Calculation of ET parameters. Circumferential 
welds in axially symmetric metal structures. When calcu­
lating parameters of explosive charges for the ET of the 
said joints, it is possible to ignore the shock-wave stage 
of metal loading and, instead, to limit ourselves only to 
analysis of the radial movement of the shell wall under 
the effect of an explosion pulse [ 5]. The problem is sub­
divided into two stages. Firstly, loads acting on the wall 
are determined, assuming that this wall is absolutely rigid, 
and, secondly, its movement under the effect of this load 
is calculated, and solved for a case of instantaneous deto­
nation of the charge (axially symmetric loading). This 
approach is widely used, for example, for strength design 
of explosion chambers. If sizes of the shell or other cir­
cumstances prevent the location of explosive charges in­
side a shell structure, RS in circumferential welds can be 
relieved by means of two superposed charges located out­
side at some distance from a weld. The value of each of 
the charges can be approximately calculated from the 
known equations [2, 5, 6] (Figure 1 ). The diagram plotted 
is based on using explosion loading to induce circumfer­
ential plastic shrinkage strains in the heat-affected zones, 
where circumferential compressive RS are effective. A 
sufficiently large loading pulse can result in the formation 
in the explosion treated zone oflarger residual deflections 
than the shrinkage strains in the weld zone, which causes 
a change in sign ofRS in the weld. Wave processes in the 
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Figure 1. Schematics of ET of circumferential welds in thin-walled 
shells using internal (a) and external (b) explosive charges. 

pipe wall are ignored. A thin-walled cylindrical shell 
(o - wall thickness; R- radius; Io- explosion pulse) 
with axially symmetric distribution of axial and circum­
ferential RS is considered. The axially symmetric dy­
namic load during the ET is assigned by pressure q (Fi­
gure 1, b), distributed at the pipe regions of width b (dis 
the distance between them). The procedure used for nu­
meric realization of the above deformation model is de­
scribed in detail in [5] . Solution to the problem is found 
by successively tracing elastic-plastic strains, starting 
from a presetinitialstate. As a result, this makes it possible 
to predict the character of the effect of the force pulse 
parameters on the degree of a decrease in RS and to es­
tablish a criterion for simulation of the charge parameters 
to treat various dimensions of pipes or other types of the 
axially symmetric structures. 

Calculation-experimental methods can be more effi­
cient in this respect. One of them was developed to deter­
mine RS in circumferential zones of pipes subjected to a 
localETusingan external superposed charge [8]. For this, 
it is necessary to experimentally determine, using simple 
measurements, the distribution of residual elastic-plastic 
deflections in the generating line of a pipe within the 
short-range zone of the explosion using one circumferen­
tial explosive charge. The problem is solved analytically 
in a closed fonn using relationships of the theory of thin­
walled shells also in its non-wave statement. It should be 
noted that using this geometry of explosion loading, it is 
possible to provide such a distribution of RS which is 
identical to that produced as a result of depositing a cir­
cumferential weld. This peculiarity of the ET is very im­
portant, if we take into account a substantial heterogeneity 
of the distribution in a direction of axes of the pipe and a 
poor reproducibility ofthe fields ofRS induced by weld­
ing. The possibility of using the local ET of a pipe to 
simulate welding RS at a high degree of their reproduci­
bility and uniformity of the distribution in the bulk of 
metal allows a scope of experimental studies intended for 
the development of means to prevent them to be funda­
mentally reduced. Also, it should be noted that such cir­
cumferential zones with RS formed by the ET is of inde­
pendent interest, in particular in terms of avoiding ex­
tended fractures in pipelines. One of the versions of this 
purposeful treatment is considered in detail in [9]. 

Weldedjoints in sheet structures. In this case the effect 
of decreasing RS is caused mainly by changes in the physi­
cal and mechanical state of the explosion treated metal. 
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Figure 2. Typical location of an explosive charge in linear diagram of 
treatment of sheet structures: 8 - sheet thickness, 80 - thickness of 
the explosive layer, D- explosive detonation rate. 

In this connection, theoretical analysis of this version of 
the treatment, allowing for the necessity of investigating 
the shock-wave phenomena in metal , presents a more 
complicated problem. Chronologically, the initial ap­
proach was based on the theoretical-empirical phenome­
nology [10], which was developed as early as the begin­
ning of the 1970s. This approach allows parameters of the 
explosive charges (B is the width of charge in the form 
of strip) for the ET of sheet weldments to be evaluated 
with sufficient accuracy by taking account of the peculi­
arities of their geometry (Figure 2). Later on, a physical 
mechanism of the phenomenon was suggested and ex­
perimentally proved in terms of an elastic-plastic model 
of the medium subjected to shock-wave loading in a uni­
dimensional approximation [11]. This demonstrated the 
possibility that for a complete relief of RS it would be 
sufficient that pressure in the shock wave was 1.5 - 3 
times in excess of the Hugonio elasticity limit, i.e. for 
low-carbon steels it was 1.6 - 3.3 GPa. The effect of a 
decrease in RS was explained on the basis of a stress trace 
formed in metal under shock-wave loading, induced by 
relaxation of tangential stresses. 

Further investigations [12] made it possible to estab­
lish that a concept of the stress-strain trace (SST) inter­
acting with the field of RS and strains in a long-range 
zone of the explosion and leading to their decrease in a 
weldment as a whole was more comprehensive. A more 
correct procedure for calculation of a residual stress-strain 
state of the metal subjected to local non-unidimensional 
explosion loading [13] is based on using the tough-elas­
tic-plastic model of the medium with a constant tough­
ness. Figure 3 shows the results of measuring the RS in a 
welded sheet of low-carbon steel (curve 1: initial RS), 
allowing a comparison of the efficiency of relieving the 
RS by heat treatment (curve 2: high tempering) and ET 
(curve 3). 

Analysis of interaction of residual stresses and 
strains induced by explosion loading and initially ex­
isting in metal, leading to the formation of anew stressed 
state of a welded joint as a whole, is done on the basis of 
a well-developed procedure [13] and normally causes no 
serious problems. 

Measurement of RS. This operation is very impor­
tant and, at the same time, very labour-consuming and 
complicated. There are several methods intended for 
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Figure 3. Diagrams oflongitudinal RS ( a0) in butt welded joint in low­
carbon stee l: x ~ distance from the we ld axis. 

measuring RS, including the so-called physical and me­
chanical (relaxation) methods [5]. 

Traditional mechanical methods which inevitably re­
quire partial or complete destruction of a workpiece are 
most reliable and accurate. But this presents problems in 
using them for measuring a stressed state of a metal struc­
ture under construction or in operation. 

Non-destructive or physical methods used to measure 
RS are based on a dependency of certain physical cha­
racteristics of metal upon its stressed state and, as a rule, 
are associated with essential errors. Among them the typi­
cal one is a dependency of the measurement accuracy 
upon various external factors, such as the quality of sur­
face preparation, structural state of a material investi­
gated, presence of magnetic fields, temperature, etc. 
Whereas the effect of some ofthem can be eliminated by 
improving the measurement equipment and/or the mea­
surement procedure, it is almost impossible to avoid the 
effect of the rest of the above external factors, while mini­
mization of these effects is an independent and very com­
plicated problem. 

PWT developed two methods for non-destructive 
measurement of welding RS, requiring no destruction of 
a workpiece: modification of the magnetic-elastic method 
[14]; improved method for non-destructive mechanical 
strain measurement [15]. 

The suggestedmeasurementmethods and instruments 
designed for their application are characterized by sim­
plicity, sufficient accuracy and good consistency of the 
results. They can be helpful for evaluation of the effi­
ciency of some strain methods for reducing RS and de­
velopment ofthe optimal conditions for loading structural 
elements for research and application purposes. 

Some applied aspects ofthe technology. As far back 
as the late 1960s, it was proved by PWI that the use of the 
ET was an efficient means for improving the fatigue 
strength of welded joints. Later investigations concerning 
the successful utilization of the explosion energy to im­
prove properties of welded structures confirmed that this 
method of treating welded joints had much wider capa­
bilities. It was found, in particular, that the ET could re­
lieve almost completely or redistribute the welding RS, 
and strengthen metal or alter its structure in a favourable 
manner during propagation of a shock wave through met­
al. Eventually, this appears in the formation of a peculiar 

Figure 4. Life of explosion treated welded joints of steel St.3 (killed) 
in nitrate boiling solutions at different thickness 8: I~ 6- 8 mm; 2 ~ 
10 - 14 mm; 3~ 16-22 mm; 4 ~24 - 30 mm (t~ time to cracking, 
500 h - test base). 

SST in the metal adjoining the explosion treated zone. 
The SST is formed because of an intensive relaxation of 
tangential stresses and selective deformation of the metal 
behind the front of heterogeneous wave metal flows. The 
SST parameters were quantitatively estimated for a case 
of non-unidimensional loading of the elastic-plastic me­
dium [11] and for the tough-elastic-plastic (relaxation) 
medium [12] . Peculiarities of interaction of the SST with 
the field of RS in a weldment as a whole were assessed 
in [13]. It can now be stated, with a sufficient level of 
confidence, that ET allows a marked improvement of the 
following service properties of welded joints and metal 
structures as a whole: 

resistance to corrosion cracking in alkali (Figure 4) 
and hydrogen sulphide containing environments; 

resistance to fatigue fracture (Figure 5); 
probability and rate of development of plastic strains 

and fractures in welded joints at decreased temperatures 
and under static loading (Figure 6); 

static strength of joints in light metal alloys; 
resistance of welded joints to cracking during hydro­

genation; 
low-cycle fatigue life of large-sized coiled tanks as a 

resu It of removal of initial defects of a geometrical shape 

cr_ 1 , MPa 

100 ~ • • 2 

60~ - \~ 
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Figure 5. Results of fatigue tests of welded joints with a transverse 
stiffener before (J) and after (2) ET: a~ steel 10G2S; R

0 
=-I; b ~ 

steel Ml6S ; Ra= 0). 
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a b 
Figure 6. Yielding lines at a stress of 230 MPa in specimens of steel 
St.3 in the initial state (a) and after ET (b). 

of the type of «angularity» of edges which close up the 
assembly joints. 

Means for protection from side effects of the ex­
plosion. In metal working operations the explosion pro­
duces not only a beneficial effect (relieves RS, welds, 
strengthens, cuts, etc.), but also can have an adverse in­
fluence upon human and the environment, first of all 
through shock waves propagating from the explosion site. 
When the explosion occurs in open sites, there are shock 
waves. Therefore, to protect humans, buildings, struc­
tures, etc. from the shock waves, the blasting operations 
are performed either in special testing grounds away from 
cities and, thus, from metal working enterprises, or in the 
explosion chambers of various designs. However, both of 
these approaches are unsuitable when the ET is to be car­
ried out on welded joints in large-sized structures in sites 
of their fabrication or erection. 

Theoretical and experimental investigations con­
ducted at PWI [16] have proved that the two-phase gas­
containing media of a type of foam can be highly efficient 
and promising when used to suppress the air shock waves. 
In comparison with the single-phase media, the two-phase 
media allow a more effective absorption of the explosion 
energy by transforming it into thermal energy of a con­
densed phase (Figure 7). 

Studies conducted in this area made it possible to de­
velop a formal theory of the explosion gas dynamics in 
multi phase relaxing media. In terms of a physical model 
of the explosion phenomenon for a gaseous medium, this 
theory makes it possible to describe, on a single basis, the 
evolution of the explosion waves in media which are es­
sentially differing in their structure and properties (gas, 
water, foam, sand, bubble media, snow, etc.) by using a 
minimum number of thermodynamic material constants. 
This theory allows a degree and speed of attenuation of 
the shock waves in various media, including gas-liquid 
foams, to be predicted with an accuracy which is sufficient 
for practical applications and, thus, allows selection of 
the media for creation of the efficient and cost-effective 
protective means to be substantiated from the scientific 
standpoint. 

Now, such up-to-date methods for protection from the 
side effects of explosion often become an integral part of 
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Figure 7. Evolution of the shock wave, initiated by explosion of 1 kg 
trinitrotoluene, at its propagation in air (!) and in mechanical water-foam 
(II): R- distance from charge centre. 

the explosion metal working technologies. Making the 
explosion operations environmentally clean opens up 
new possibilities for employment of the explosion tech­
nologies, such as relief of RS, explosion cutting, etc., 
under special conditions (explosive atmosphere, close­
ness to other easily damaging structures, factory conditi­
ons, residential areas, etc.). 
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EFFECT OF COMPOSITION OF SHIELDING GASES 
ON TECHNOLOGICAL CHARACTERISTICS OF ARC DURING 

NON-CONSUMABLE ELECTRODE WELDING 
OF ALUMINIUM ALLOYS 

A.Ya. ISHCHENKO, V.P. BUDNIK, A.G. POKLYATSKY and A.A. GRINYUK 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABSTRACT 

Experiments on using neon and its mixtures with argon as a shielding gas in non-consumable electrode welding are considered. 
Data are obtained on weld formation, penetration and also volt-ampere characteristics at direct and alternating currents. The 
feasibil ity of using neon separately or in mixtures of gases for protection of aluminium alloy welding zone is shown. 

Key words: arc welding, non-consumable electrode, shielding 
gases, aluminium alloys, volt-ampere characteristics, weld formation. 

When aluminium alloys are welded with the help of arc 
methods, the argon, helium or their mixtures are used as 
shielded gases. Argon is usually used in AC welding, 
while helium is used in DCSP welding. The latter is best 
for the oxide film destroying in the weld pool [1]. Other 
inert gases do not find at present application in aluminium 
alloy welding. At the same time, it is possible to produce 
helium together with neon, for example, from air, where 
at the first stage of its decomposition in the technological 
line the comparatively cheap helium-neon mixtures with 
3 - 25 % of neon content are formed. 

In some arc welding methods the use of pure helium 
is also justified technologically, in spite of its high cost. 
To make the welding process cheaper and to increase the 
quality of joints the helium-argonmixtures are sometimes 
used. Helium-neon mixture formed in gas production is 
cheaper than the pure helium. Therefore, its application 
instead of helium could make the welding processes 
cheaper, improve the quality of joints and increase the 
depth of metal penetration. 

For this purpose, it is reasonable to investigate the 
operational properties of shielding media of mixtures 
made from conventional gases with neon and to evaluate 
the rationality of their use in welding processes. 

As to its physical characteristics the neon occupies 
the intermediate position between argon and helium and, 
in comparison with argon, it has to increase the heat power 
of the arc [2] (Table). 

The effect of composition of shielding gases on volt­
ampere characteristics, formation and quality of weld 
metal surface during non-consumable welding at direct 
current of straight polarity and alternating current was 
investigated. Helium, argon, neon and their mixtures were 
used as shielding gases. In all cases beads were deposited 
without through penetration and filler wire using 10 mlh 
constant speed. The peculiarities of weld formation were 
examined by an appearance and measurement of sizes of 
penetration zone (Hp is the depth of penetration; Bw is the 
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weld width) on macrosections using a toolmakers' mic­
roscope. 

Welding at a straight polarity current 

The 10 mm thick plates from alloy 1201 were deposited 
at 150 - 200 A current. In this case a depth of penetration 
was provided which is close to the thickness of the parent 
metal, thus allowing the effect of examined factors to be 
effectively revealed. A distance between the specimen 
and cathode (length of arc gap, La) was set equal to 0.3 
and 1.2 mm. Helium, neon, mixture of He+ 15% Ne 
were used for shielding. As a rule, an argon is not used at 
the mentioned method of welding. However, it was taken 
for comparison. The effect of the shielding gas on the arc 
gap voltage can be evaluated from experimental data (Fi­
gure 1). It is seen that the relationships are strict. The 
change in welding current within the accepted range does 
not influence the voltage that is also confirmed by the 
reference data [3, 4). The small growth in arc voltag(f can 
be explained by arc deepening into the parent metal with 
the welding current increase. 

Maximum values of arc voltage are observed in he­
lium welding. Voltage in mixture He + 15 % N e is lower, 
while in neon it is much lower. As was to be expected, 
the arc voltage was minimum in argon welding. These 
facts can be explained by corresponding potentials ofioni-

Physical characteristics of inert gases [2] 

Parameter He Ne Ar 

Density, kg/m3 0.1785 0.8990 I. 7840 

Potential of ionization, e V 24.59 21.56 15.76 

Coefficient of heat conducti-
vity, W/(m x 0 C) 0.1430 0.0468 0.0167 

Specific heat conductivity, 
Jf(kg X 

0 C) 5190 1030 520 

Atomic mass 4.003 20.183 39.944 

Radius of atom, nm 0.125 0. 162 0.192 

Boiling temperature, oc - 268.98 -246.03 -185 .87 

Content in air, vol. % 0.00052 0.00182 0.93400 
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Figure 1. Value of voltage of DCSP arc at L, = 0.3 (/, 3, 5, 7) and 
1.2 mm (2, 4, 6, 8) in argon(/, 2), neon (3, 4), mixture He+ 15 % Ne 
(5, 6), helium (7, 8). 

zation of gases. High arc voltage in neon allows the arc 
power and heat input to the parent metal to be increased, 
thus approaching it to helium by this characteristic. The 
voltage increase at extension of the arc gap length is ex­
plained by an elongation of the arc column and corre­
sponding voltage drop at it. 

The weld surface quality was evaluated by an appear­
ance. In argon welding the weld surface is dark due to a 
low-quality cleaning. Attempts to perform argon welding 
with a complete penetration of the parent metal do not 
provide the quality weld as a rule, because of unproper 
weld pool cleaning from the oxides [1]. The application 
of neon during weld deposition cleans satisfactory the 
weld surface. Welding in a mixture gives similar results. 
However, the best quality of the pool cleaning from the 
oxides and weld formation is attained by using helium. 

In all versions the weld formation is typical for the 
process of welding at a straight polarity current. Geomet­
ric parameters of the weld depend mainly on the power 
input to the metal, which is determined by the arc voltage, 
providing all the rest parameters similar [5]. As the type 
of the gas influences the arc voltage, then this can explain 
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Ar Ne He+ 15%Ne He 

Figure 2. Effect shielding medium composition on penetration depth 
in welding at straight polarity current: 1 -I,= 150 A, L, = 1.2 mm; 
2-1, = 200 A, L, = 1.2 mm; 3-1,1 = 200 A, L, = 0.3 mm. 
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Figure 3. Effect of shielding medium composition on weld width in 
welding at straight polarity current (designation are given in Figure 2). 

the results obtained (Figures 2 and 3). The largest depth 
of penetration is observed, respectively, in helium weld­
ing. In argon welding it is minimum and the neon gives 
the intermediate values. Addition of neon to helium. i.e. 
welding in mixtures of gases, increases the depth of pene­
tration and makes it similar to welding in a pure helium. 

Weld formation depends also on the arc gap. During 
its changing the opposite-directed processes proceed in 
the weld pool. The decrease in the arc gap leads to the arc 
deepening into the parent metal, increase in energy con­
centration in an anode spot and increase in a heat genera­
tion in the metal, thus contributing to the increase in pene­
tration and reduction in weld width. At the same time, 
here, the decrease in voltage drop and in power share in 
the arc column is observed, thus decreasing the amount 
of heat transferred by it to the weld pool [5, 6] . Evidently, 
the action of the second process dominates in this case. 
Therefore, the decrease in the arc gap length from 1.2 to 
0.3 mm leads to the reduction in the penetration gap. 

Similar situation is observed during evaluation of the 
effect of welding parameters on the weld width. The 
change in welding parameters and type of the gas leads 
to the change in the arc power and weld width (Figure 3). 
The decrease in arc gap length leads to some arc deepening 
to the parent metal and reduction in power that decreases 
the thermal action of arc on the weld periphery. 

The change in weld geometry depending on the type 
of the shielding gas is seen in macrosections (Figure 4 ). 
Minimum volume of the weld pool is typical of welding 
in argon, the maximum volume -- in helium. The pool 
volume and geometric characteristics of weld in neon wel­
ding occupy the intermediate position. 

Process of AC welding 

During A C welding the 6 mm thick plates of alloy of Al­
Cu-Li system were used. The set length of the arc gap 
was 2 and 4 mm. These sizes were selected to have a fa­
vourable weld formation. Power source MW-450 of 
«Fronius» company was used. To study the effect of gas 
on the weld formation the welding current was varied 
within 125- 190 A and in construction of volt-ampere 
characteristics it was varied within the wider range l 0 -
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Figure 6. Effect of shielding gas medium on penetration depth in AC 
weldmg (L, =2 mm): 1-1. = 150A; 2 - 175 A; 3-190 A 

50 % Ar + 50 % Ne 
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Volt-ampere characteristics in AC welding are similar 
for all the gases examined (Figure 5). At current up to 
60 A they are falling, but they are rigid at 60 - 120 A. At 
~her increase in current the characteristics have a gently 
:1smg nature. The arc voltage in neon is higher than that 
rn argon. During welding in mixtures the characteristics 
occupy the intermediate positions. The effect of neon 
causes the arc voltage increase. In this case the charac­
teristics occupy the maximum position. 

Taking into account that the energy characteristics of 
the arc in neon are higher than those in argon the life of 
tungsten electrodes was studied during AC welding. This 
wa~ evalu~ted by the condition of the working surface 
durrng fuswn. Increase in neon percentage in mixture in-
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Figure 7. Effect of shielding medium composition on weld width in AC 
welding (designations are given in Figure 6). 

Figure 8. Effect of shielding medium composition on weld formation 
111 AC welding in argon (a) and neon (b) at!,= 190 A, L, = 4 mm (x2) 
(reduced by 0.50). 
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creases the heat load on the electrode, thus increasing the 
extent of electrode fusion and decreasing its life. 

The quality of weld surface, as to the appearance, is 
changed negligibly at neon addition to the shielding mix­
ture up to 100 %. Both in pure argon welding and in neon 
application the weld surface is clean without any films or 
exogenous inclusions. 

Figures 6 and 7 show relationships of weld geometric 
characteristics using various gases. The following fea­
tures ofthe welding process using power source MW-450 
(50 V open-circuit voltage) should be noted. The use of 
neon, having a higher potential of ionization, leads to in­
stability of arc burning during transition of impulses to 
half-periods of a reverse polarity. The application of AC 
power sources, having higher open-circuit voltage, for 
example UDG-501 type, provides high stability of the 
welding process if the neon content in mixture with argon 
does not exceed 50-60 %. This can explain the decrease 
in the penetration depth at growing the neon percentage 
in its mixture with argon. At the same time the weld width 
is somewhat increased. 

Macrosections of specimens (Figure 8) illustrate the 
formation of welds in AC welding. As compared with the 
current of a straight polarity an increase in weld width­
depth ratio and comparative decrease in penetration are 
observed in this case [7]. 
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CONCLUSIONS 

1. Cost of helium-neon mixture with 3 - 25 % neon 
content, formed in decomposition of gases, is lower 
than that at their finer separation. The use of such mix­
ture as a shielding gas is feasible in welding aluminium 
alloys with a non-consumable electrode both at AC and 
DCSP. 

2. Energy characteristics of the arc in neon, and also 
in mixtures with argon or helium occupy the intermediate 
position as compared with the arc in pure argon or helium. 
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MATHEMATICAL MODELLING OF THERMAL STATE 
OF THE BONDING ZONE BETWEEN DISSIMILAR METALS 

IN GLOW-DISCHARGE DIFFUSION BONDING 

G.P. BOLOTOV, D.I. KOTELNIKOV and A.F. ROGOVOJ 
Chemigiv Technological Institute, Ukraine 

ABSTRACT 

The determinate mathematical model of the ion heating process has been developed on the basis of analysis of distribution of 
heat flows Withm the zone of contact between dissimilar materials. The model allows temperatnre of the bonding zone in bodies 
of the simplest shape (cylinder, paral lelepiped) to be related to the process parameters and characteristics of the billets. The 
error m the calculation oftemperatnre using this model is no more than 15 %. 

Ke y words: dijfitsion bonding, dissimilar metals, glow discharge, 
heating, modelling 

~iffusion bonding in the glow-discharge plasma of me­
dmm pressures ( 4- 15 kPa) in inert and active gases is 
used to manufacture comparatively small parts from simi­
lar ~nd dissimilar metals and parts with sufficiently large 
matmg surfaces, such as hard-alloy bonded dies and ul­
trasonic magnetostictive transducers [ 1]. The glow dis­
charge used as a heat source is characterized by a slight 
dependence of the heating intensity upon the shape of 
billets joined, which provides a uniform and well-control­
led heating of the joining zone in bonding pieces of vari­
ous shapes. 

Diffusion bonding is done at temperatures of0.5- 0.7 
of the melting point of materials being joined, which 
makes it possible to produce parts with a minimum resid­
ual strain. As shown by numerous experiments [2], de­
pendenc: of strength of the joint upon the bonding tem­
perature IS of an extreme character (Figure 1 ), as the maxi­
mum strength can be achieved within a sufficiently nar­
row range of heating temperatures. Therefore, a special 
onsideration in diffusion bonding is given to the accu­

racy of maintaining the temperature conditions and meth­
ods used to contro I the temperature [3]. However, the high 
temperature and emission of the glow-discharge plasma 
hamper the control of a thermal state of the bonding zone 
using both contact (thermocouples) and con tactless ( op­
tJcal and photoelectric pirometers) methods, which limits 
the capabilities of the efficient control at different stages 
of the process. At the same time, energy of the glow dis­
charge consumed for haating of the billets joined is de­
termined by parameters of the process: current and volt­
age of the discharge, and pressure and kind of the plasma 
gas, which allows an indirect control of the heatina tem­
perature by characteristics of the discharge and ma~erials 
joined, i.e. on the basis of a mathematical model of oc­
currence of the thermal process in time. 

The g.lo': di~charge is a heat source characterized by 
normal ~1str1butwn of the heat flow in the cathode spot 
of the discharge located on a side surface of the billets 
joined. The wire-type anode which approximately copies 
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contours of cross-sections of the billets is installed at a 
distance of (5 - 20) x 1o-3 m from the surface near the 
zone of their contact (Figure 2). In this case the cathode 
spot of the discharge through which the energy is fed to 
the billets joined is a strip closed on the perimeter of the 
billets, whose width is determined by the concentration 
coefficient which under the bonding conditions is equal 
to K = 0.2-0.5 cm-2, depending upon the discharge cur­
rent and the gas pressure. This strip-type source may be 
replace.d by a concentrated circular source [4] acting on 
the penmeter of the contact zone of the billets the heat of 
which has been fed by a time period to earlier. Duration 
of to= 1 I 4aK for the above values of the concentration 
coefficient of different metals with thermal diffusivity 
:rom a= 6 X 1 o-2 cm2 Is for titanium to 0.96 for copper 
IS to "' 1 - 20 S. 

As noted above, the glow discharge as a heat source 
is efficient for joining diverse sizes and shapes of pieces. 
Since capacities of the currently used industrial and labo­
ratory units are as a rule not higher than 10 kW (which is 
att~ibutable to a decrease in stability of the discharge at 
an mcreased power), sizes of the billets within the heatina 
zone are limited to an actual or reduced (for bodies of a~ 
arbitrary shape) diameter of2R < 0.1 m. For such pieces 
the Biot criterion Bi =aR I A. (a is the convective surface 
heat exchange factor the value of which at mean heating 
temperature ofT= 873 - 973 K is a= 60 - 80 Wl(m2xK) 

cr 1 , MPa 

3 

2 
600 

400 

1 

200 / 
873 1073 1273 T, K 

Figure 1. Dependence of strength of a bond upon the bonding tempera­
ture: I- copper Ml; 2- steel45; 3- alloy EI-602. 
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3 

2 

Figure 2. Diagram of heating in glow-discharge bonding: 1 - cathode 
(billets bonded) ; 2- anode; 3- cathode spot of the discharge (heating 
spot). 

[4] and 'A is the thermal diffusivity of the piece material 
at the same temperatures) that characterizes thermal re­
sistance of the bodies in a direction of action ofthe out­
ward heat flow is insignificant, Bi ::; 0.25. This suggests 
that these pieces are «thin» from the heat engineering 
standpoint [5]. They are characterized by the dominant 
distribution of heat from the surface, where the source is 
effective, in a radial direction deep into the piece, and by 
a sufficiently uniform heating across its section. Accord­
ing to [4], the process of levelling of temperatures in a 
thin round disk, which is the contact zone of the billets, 
due to the effect of an instantaneous circular source ar­
ranged in the form of a circumference with radius R on 
the surface of the billets joined can be described by the 
following function: 

00 ~ Jo !lkR 2 a t1 
<P (r, fJ) = L 11 exp (- J..l k --;TJ· (1) 

k =l Or- k R 

where Ilk are the roots of equation J1 (!lk) = 0; Jo and J1 
are the Bessel's functions of the first kind and of the zero 
and first orders and r is the current radius. 

As it follows from (1 ), duration of heating the section 
t1 is determined by the radius of the billets joined and their 
thermal diffusivity and is characterized by a dimension" 
less time (Fourier criterion) 't = at1 I R. Heating the sec­
tion close to being uniform, where the gradient of tem­
peratures between surface and central regions ofthe billets 
is not higher than 5 %, occurs according to relationship 
<l>(r, t1) from Figures 17,21 in [6] at 't ~ 0.25. The latter 
condition in real time allows estimation of the time of 
through heating of the joining zone, which is t1 = 0-40 s 
for the above materials and sizes of the billets. Therefore, 
it can be suggested that a plane heat source will be formed 
in a time period of t1 with regard to the moment of actual 
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ignition of the glow discharge in a plane of contact of the 
billets (Z = 0). 

Variations in temperature within the joining zone be­
tween the similar materials billets, caused by the effect of 
the instantaneous plane heat source located in this zone, 
in the case of symmetrical heat sinking, can be described 
by the following relationship: 

qdt 
dT= , ~exp (-bt), 

2Fvn'Acpt 

(2) 

where q is the discharge power ; F is the cross section 
area of the billet; cp is the volume heat capacity of the 
billet material and t is the heating time. 

As the time of heating with the glow discharge for 
different conditions is (3- 12) x 102 s, it is necessary to 
take into account heat transfer to the environment at the 
surface of the billets joined, which is shown in expression 
(2) in terms of thermal diffusivity 

b= aP ( _1) cpF c , 

where P is the perimeter of the cathode (billets joined). 
For joining dissimilar metals, where the use of diffu­

sion bonding proves most efficient, expression (2) should 
take into account the uniformity of distribution of the heat 
flows (from the zone where the assumed source is effec­
tive to the billets joined), which is determined by the dif­
ference of both thermal-physical properties of the mate­
rials heated, characterized by the heat accumulation co­
efficient .Y!vcp [7] , and their cross section area within the 
contact zone. 

In the case of the instantaneous plane source with 
power q, acting at the interface of Z = 0, heat q1 and q2 
will transfer to the billets joined, respectively, on condi­
tion that q1 + q2 = q. 

It follows from this condition, as well as from the 
conditions of equality of temperatures ofthe mating ends 
of the billets that 

F1~ (3) 
ql =q . 

F(V AJCJPl +F2..J A.2c2P2 

Expression for the flow of q2 is of a similar type (ex­
cept for indices in the numerator that change). 

To determine increase in temperature within the zone 
of contact of dissimilar metals in the case of a continuous 
plane source, transform (2) allowing for (3) and integrate 
the resulting expression in an interval from 0 to th 

'" 
Tir )- q sexp(- bt)d (4) 

\th - t, 
..Jn [F1~ + F2-.JA2c2P2] o -ft 

where fh = t + to - t1 and t is the current time. 
To simplify it, assume b, to and t1 in expression ( 4) to 

be the arithmetic means of the corresponding values of 
the materials joined. This simplification appreas to add 
certain errors to the calculation dependence, but since the 
temperature transfer coefficients for different metals dif-
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:er just slightly and the values of the given time constants 
::onstitute an insignificant part of the total heating time, 
- an be considered acceptable. 

As it is impossible to take the integral in expression 
- in its explicit form, the solution can be found either 
,. expansion into a Taylor series with a termwise inte­

pation [8], or by replacement of the integration limits in 
:der to reduce it to the error function, the values of which 
e tabulated [7] or can be calculated by approximation 

..;Sing the rational functions [9]. In the second case the 
mtergand has the following form: 

..JOt; 
· exp(- bt) 2 J 2 .f1t _,--;--: (5) 
. r. dt = .r.- exp(-x)dx = 'V 0 erf(vbth) . 

'I t 'lb 0 

In the above expressions, the power of the discharge 
:ntroduced into the billets joined, which has the following 
-b nn: 

(6) 

:n a general case is determined by the discharge current 
'ct and by the voltage drop at the electrode spacing, Ud, 
·.e. parameters which are controlled and can be readily 
:--egulated during the bonding process; 11 is the net effi­
~ien cy of heating using the glow discharge (for argon 
;] = 0.75- 0.80). 

Allowing for (5) and (6), expression (4) will have the 
following form: 

Experimental validation of adequacy ofthe developed 
model was done by results of heating components ofthe 

_-lindrical samples steel 12Khl8NIOT- copper MB 
and steel 12Khl8N10T- titanium alloy VTZ-1, using 
ille glow discharge in the argon atmosphere. The samples 
ad a diameter of0.028 m, and their length was 2.5 times 

!arger than their diameter. This makes it possible to con­
·ider the distribution of heat to be uniform along the bil­
:ers, and use expression (7) characterizing heating two 
·emi-infinite mating bodies with the plane heat source to 
estimate temperature ofthe joining zone. The temperature 
of the contact zone was controlled using a chromel-alumel 
thermocouple installed at the centre of the sample (Fi­
gure 3). To decrease the measurement errors, the thermo­
couples were attached to each pair of metals in a sample 
with a lower thermal resistance (copper and steel, respec­
tively). Heating was done following the diagram shown 
in Figure 2. The anode was a steel wire ring and the elec­
trode spacing was 0.006 m. For the first pair of the sam­
ples heating was done at a discharge current of 6 A and 
the second- at 4 A. The pressure of gas in the chamber 
was 13.3 kPa. In the calculation dependencies the values 
of thermal-physical characteristics of the materials joined 
were assumed to be corresponding to those at a tempera­
rure of 873 K. 
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~rK------------------------~ 

673 

b 

Figure 3. Diagram of control of temperatures (a) and character of their 
variations within the contact zone (b) in dissimilar rod-type samples 
(heating parameters are given in the text): T, - point of connecting the 
thermocouple; / , 2- steel 12Khl8NIOT- alloy VTZ-1; 3, 4 - steel 
12Kh l8N I OT- copper MB; dotted curve- calculation; solid cirve­
experiment. 

ments for each pair of the samples and those obtained by 
calculations are indicated in Figure 3, b. It follows from 
this Figure that the calculated values of the temperature 
are close to the actual values, being ahead of them by 40-
90 K for copper-steel samples and 70 - 190 K for tita­
nium-steel samples at different stages of heating. 

While developing the model, no such task was posed 
as to use it to estimate the distribution of temperatures in 
the plane ofthe contact, since, as it was noted above, for 
the earlier indicated materials and standard sizes ofbillets 
the parts bonded are classed with the «thin» ones in terms 
ofheat engineering, characterized by an insignificant tem­
perature gradient across the section in surface heating. 
Levelling the temperatures is aided also by a compara­
tively low density of energy of the glow discharge and a 
substantial heating time. 

Upon reaching the bonding temperature, to avoid 
overheating, the power of the glow discharge is decreased 
by decreasing the discharge current to a value required to 
ensure the preset thermal parameters of the parts at a stage 
of isothermal holding. The power of the discharge re­
quired for this stage can be determined by assigning in 
(7) the bonding temperature instead ofT Cth) and by taking 
the heating tem~ature to beth ~ oo. In this case the error 
function erf ('1/bth) = 1, which corresponds to the limiting 
thermal state of the heating zone. 

The value of the current temperatures of heating de- For the titanium-steel samples used in the experi-
termined experimentally by the results of five experi- ments, this state at a bonding temperature of Tbond = 
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= 1373 K can be achieved (according to the calculation 
results obtained using expression (7) at erf (1bfh) = 1) by 
decreasing the discharge current to 2.8 A at a heating time 
of th "' 240 s. The character of variation in temperatures 
within the joining zone after correction of the discharge 
power is also shown in Figure 3. 

New designs are available now [10], which provide a 
substantial increase in the power of the glow discharge 
without any degradation in its stability. They allow joi­
ning of billets of considerable dimensions, having a mar­
ked thermal resistance within the heating zone. An incre­
ase in dimensions of the parts joined makes inefficient the 
use of the suggested diagram of heating with the glow 
discharge as a plane heat source, as it causes an increase 
in the temperature gradient between the surface affected 
by the actual heat source and the central regions, which 
requires the use of the calculation methods, allowing the 
temperature fields in the contact plane of the billets to be 
estimated during the heating process. 

CONCLUSIONS 

The process of heating in glow-discharge bonding of ex­
tended billets (cylinder, parallelepiped, etc.) from dis­
similar metals, the transverse sizes of which allow non­
uniformity of temperatures across their sections to bene­
glected, can be reduced to a diagram of heating semi-in­
fmite bodies with a plane heat source acting within their 
contact zone, the power of the source corresponding to 
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that released by the glow discharge at a side surface of 
the billets, allowing for the net efficiency of heating. 

Error of the suggested diagram of heating at tem­
peratures close to the bonding ones is 11 - 16 % and 
can be decreased by adding to the calculation depend­
ence a correction factor equal approximately to 0.85-
0.9. In this form, the developed model can be recom­
mended for prediction and control of a thermal state of 
the joining zone between dissimilar metals in glow-dis­
charge bonding. 
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IMPROVEMENT OF HEAT AND WEAR RESISTANCE 
OF PARTS USING THE METHOD OF THERMAL SPRAYING 

OF COATINGS OF CHROMIUM-BASED ALLOYS 

V.F.GORBAN 
I.M. Frantsevich Institute for Materials Science Problems, NASU, Kyiv, Ukraine 

ABSTRACT 

Effect of initial state of chromium-based materials used for thermal spraying on the properties of coatings is investigated. 
Interrelation between physical-chemical properties of coatings and technology of spraying and their effect on service charac­
teristics of chromium coatings are studied. 

:- ey words: thermal spraying, wear, coatings, chromium-based 
oys. 

~hromium, due to its high heat and wear resistance, fmds 
.::"·ide application in different electrolytic coatings. Ap­
_lication of thennal coatings on the chromium base is 
~ted until now because of a lack of industrial methods 
0 ·producing quality materials for spraying. 

The use of methods developed at the I.M. Frantsevich 
- ·ritute for Materials Science Problems of NAS of 
:...tJaine for the improvement of ductility of refractory 
-~tals [1- 3] made it possible to develop the composi-

ons of alloys and technologies and to produce materials 
Lhe form ofrods, flexible cord [4] and powder [5]. 

The present work was aimed at the investigation of 
~ect of thermal spraying methods on the formation pro­
:;;-sses and service characteristics of coatings made from 
:nromium-based alloys. 

The coatings were deposited by the methods of flame, 
~' asma and detonation spraying on cast iron without using 

termediate sublayers. The thickness of coatings was 
;Tom 0.3 to 0.6 mm. The chromium alloy 4 mm diameter 
rod and granulated powder of20- 160 f.-LID fractions were 

·ed as initial material. Structure of coatings was exa­
;::llned by scanning and transmission electron microscopy. 
Composition of coatings was controlled by a chemical 
:malysis and Auger-spectroscopy. The phase analysis was 

ade by X-ray examination in «Dron-4» installation us­
ing Cr-Ka radiation. To measure microhardness the in­
illU!Ilent PMT-3 at 1 and 10 N loading was used. The 
:.:dhesion strength was determined by an adhesion method 
o specimens of 25.4 x 25.4 mm diameter, that corre­
sponds to standard ASTM C6 3-79. Total porosity was 
~etermined on coatings, separated from a substrate, in ac­
::ordance with GOST 18898- 89. The wear of chromium 
:oarings was examined on high-strength cast iron of grade 
\Th-42- 12 (HB 2.5 - 2.7 GPa) in the condition of a 
ooundary lubrication using equipment of a face friction. 
The procedure of testing is described in [6]. The coating 

·as deposited on specimen of 1 cm2 area. Investigations 
were performed at 3 - 14 m/s sliding rate, 1 - 6 MPa 

ressure and 298 and 473 K temperatures. 
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To determine an effect of a size of initial particles on 
characteristics of coatings, they were deposited by spray­
ing with powder of different fractions. Coatings were de­
posited by a supersonic air-gas plasma as the most effi­
cient and economic method of spraying. [7] . 

Table 1 shows some characteristics of plasma coatings 
depending on a fraction composition of the powder. 

The powder fraction greatly influences the charac­
teristics of coatings. Microhardness, porosity and rough­
ness of surfaces depend directly on the fraction. The finest 
fraction is characteristic of a maximum hardness and 
minimum surface roughness and also, porosity. At the 
same time the maximum adhesion strength is attained 
when 40 - 60 1-1m fractions are sprayed. The use of finer 
fractions leads to the fact that the adhesion strength of the 
coating is determined by cohesion characteristics which 
in this case are lower than the forces of coating adhesion 
with a substrate due to increase in the area of contact of 
oxidized surfaces. 

The process of formation of structure of the thermal 
coatings is associated with a deformation of particles, gas 
saturation of the coating material with interstitial impuri­
ties, appearance of new chemical compounds or their de­
cay, thus influencing the properties of the coatings. 

For BCC metals the deformation, dispersion and 
solid-solution mechanisms are the main mechanisms of 
strengthening [2] whose action is also manifested in struc­
ture formation of thermal chromium-based coatings. 

It is impossible to define precisely the size of a struc­
tural component (lamella) for the thermal coatings be­
cause of a high randomness in their distribution, large 
difference in longitudinal and transverse directions. 

Table 1. Effect of a size of particles of the material being sprayed on 
the characteristics of coatings produced by an air-gas spraying 

Powder Micro- Adhesion Porosity, Surface 
fraction , hardness, strength, val.% roughness, 

!J-nl GPa MPa Ra, !J-111 

20 - 40 9.0-11.5 30-40 0.5- 1.5 5 - 6 

40-60 7.5-10.5 50-55 0.5 - 1.5 8-10 

<50 7.0-9.5 40 - 50 1.0 - 3.0 7-9 

50- 100 5.5-8.0 30 - 40 1.0 - 3.0 10-12 

100-160 4.0-6.5 20 - 25 2.0-5.0 10-15 
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Table 2. Distribution of elements from lamella surface in chromium­
based thermal coating 

Distribution of elements (wt. %) at the distance 

Element jrom lamella swface (~m) 

-1 7 10 

Chromium 48.0 53.6 54.0 57.0 

Iron 12.8 11.5 16.0 15.5 

Nickel 5.9 6.4 8.1 10.5 

Aluminium 6.3 7.5 10.0 10.0 

Oxygen 27.0 21.0 7.9 6.0 

lfto take into attention that the initial hardness of pow­
ders is similar, and the contribution of mechanisms of 
deformation and solid-solution strengthening is identical 
for all the fractions at the same technology, then the dif­
ference in values ofmicrohardness can be explained by a 
different saturation oflamellas with interstitial impurities. 
Results of Auger-spectroscopical examination of thermal 
coatings produced from the powder of1 00 - 160 11m frac­
tion and 4 mm diameter rod showed the great difference 
in saturation oflarge lamellas with oxygen across the sec­
tion (Table 2). 

The data obtained showed that the oxygen content 
decreases from 27.0% at the surface to 7.9% at the 
7 11m depth. For coating particles, which preserve a 
spherical shape (that confirms the absence of deforma­
tion) the difference in microhardness across the section 
was observed. The larger duration of particles in the 
plasma stream the greater difference in microhardness: 
from 25 % for supersonic air-gas plasma up to 50 % for 
flame spraying. 

The main forming characteristics of the structure of 
thermal coatings is the level of kinetic energy at particles 
collision with a substrate. The methods of thermal spray­
ing can vary the flying rate of particles within the range 
from 25 to 600 m/s, that influences the properties of the 
coatings. 

Table 3 gives the data about the effect of spraying 
technology on some characteristics of coatings on the 
chromium base. 

As the flying rate of particles increases, the porosity 
decreases and adhesion strength, microhardness and ten­
sile strength increase. Difference between the parameters 
of characteristics of flame and detonation coatings ex­
ceeds 2 - 3 times. 

Electron-microscopic examinations of structure of ther­
mal coatings from complexly-alloyed chromium alloys 
showed that the lamellas represent a polycrystal formation 
from equiaxial grains of size from 0.1 to 10 11m (most part 

of grains has sizes of 1 - 5 f.!m). From the data of diffrac­
tion of electrons, the phase composition corres-ponds to 
BCC-lattice with parameters which are close to chromium. 
This composition is typical both of large grains and also of 
fme grains. Sometimes, a characteristic growthof«colonies» 
of small elongated grains around the large grain is observed. 
The equiaxiality of grains inside the deformed lamella indi­
cates the proceeding of polygonization processes that occur 
within the 900- 1100 K temperature interval for chromium­
based alloys [2]. 

The grain boundaries are rather smooth (similar to the 
grain boundaries in a recrystallized metal). However, the 
banded contrast on them is not usually observed, this be­
ing explained by a high level of an intragrain defectness 
and defect clustering at the boundaries and near them. 
Defects in a chromium coating are distributed non-uni­
form!((- Their mean density does not exceed 1x109 -

1 x 10 ° cm2. In the major part of grains a dislocation struc­
ture is revealed in the fonn of coils and interlocks and 
also clusters and spot defects, forming «fringing » near 
the dislocations. In some grains the clusters of dislocation 
loops of sizes of not less than 0.1 11m are observed. Loops 
are usually distributed within the grain volume non-uni­
formly , their density is decreased towards the grain cen­
tre, while near the boundary it is so high that separate 
loops are not distinguishable. In grains of small sizes the 
density of defects exceeds often lxl0 11 cm2. Here, it is 
impossible to distinguish separate defects and the rela­
tively uniform contrast in the form of ripples is observed. 

X-ray and electron microscopic examinations of 
surface layers of the chromium-based coatings showed 
that the main factors , which influence the phase com­
position formation, are an atmosphere of spraying and 
a cooling rate. The results of these examinations are 
given in Table 4. 

1n coatings produced in adynamic vacuum (lxlo-2 Pa) 
using inert gases of a commercial purity only a chromium 
matrix is observed. In the rest cases of a thermal spraying 
where the contact of a heated matrix material with oxygen 
and nitrogen is inevitable the different oxide and nitride 
phases are observed. Phases of chromium nitride in chro­
mium-based coatings, sprayed in air, were nor earlier ob­
served. 

High values of heating temperature (more than 
1300 K) and cooling rates (lxl03 - 1x105 K/s) promote 
the formation of high-temperature, instable phases of 
chromium oxide Cr304 and CrO. The formation of 
tetragonal oxide of chromiwn in thermal coatings was 
revealed earlier [3], while the presence of oxide CrO is 
observed for the first time. 

Table 3. Effect of technological characteristics on properties of chromium-based thermal coatings 

Method of spraying 

Flame 

Plasma 

Supersonic air-gas plasma 

Detonation 

26 

Size of material 
to be sprayed, 

~m 

Rod, dia. 3000 

Powder, 40 - 80 

Powder, 40 - 60 

Powder. 20 - 40 

Total porosity, Adhesion strength, 
vol. % MPa 

6.0-8.0 16 - 25 

3.0 - 6.0 21-32 

1.0 - 3.0 40-50 

0.5 - 1.5 45-60 

Microhardness, Ultimate tensile 
MPa strength, MPa 

- 4500 75 

-6500 100 

-9000 180 

- 10000 185 
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SCIENTIFIC AND TECHNICAL 
Table 4. Phase composition of chromium-based coatings depending on technological parameters of spraying in initial state and after friction 
:omact 

Method of spraying Plasma-forming Phase composition of coating 

and transportation gas 
Initial Ajier annealing After fri ction 

~arne C2H2, 02 Cr, Cr203, Cr304, Cr, Cr203, CQN Cr, Cr203, Cr2N 
Cr2N 

:l13SJTia in dynamic vacuum Ar, He Cr Cr Cr, Cr2N 

?lasma Ar, 02 Cr, Cr203, Cr304, Cr, Cr203, CrN Cr, Cr203, Cr2N 
CrN 

- :Ipersonic air-gas plasma CN4, 02 Cr, Cr203, Cr304, Cr, Cr203, CrN Cr, Cr203, CrN, Cr2N, 
CrO, CrN 

Jetonation CH4, air Cr, Cr203, Cr304, Cr, Cr203, CrN Cr, Cr203, CrN, Cr2N, 
CrO CrN 

In [8) the presence of oxide CrO in subsurface layers 
; the oxidized chromium was revealed at heating tem­

:J<?ratures up to 1474 K that was due to the chromium oxi­
.:izing in the conditions of a scarce oxygen. 

We have observed the formation of oxide CrO only 
~ the coatings produced in the streams of a high-speed 

:: asma (detonation and supersonic air-gas spraying). A 
:· ort-time stay in the plasma stream and formation of a 

apour jacket of products of sublimation around a flying 
::article of chromium makes their heating above 1400 K 
;jfficult, and high rates of cooling contribute to the oxide 
CrO preservation in the coatings. 

The presence of a low-temperature phase of chro­
""'·um nitride CrN in the mentioned coatings testify the 
2ct that the particles of chromium powder at high-speed 
--erma! spraying are not heated above 1400 K. The pre­
:ence of phase of chromiwn nitride Cr2N in initial layers 
~f coatings testify the metal overheating during spraying 
].i)()Ye 1400 K. Chromium nitride Cr2N was revealed only 
.:rrring producing coatings from a rod (flame spraying) 
. hen the metal is heated to the melting temperature. In 

-;.,;- case the oxide CrO is also absent. 
Phase composition of thermal coatings on the chro-

ium base undergoes changes both during heating and 
- ·ction. The annealing of coatings, as is seen from Tab-
-= 4. leads to the decay of high-temperature instable 
:- ases of chromium oxides CrO and Cr304. During fric-
·on. alongside with a decay of high-temperature instable 
~ ases of chromium oxides CrO and Cr304, the appear­
.m e of nitride Cr2N in the surface layer of the coatings 
-- :"eYealed, while in initial state it was not observed. This 

is explained by a more probable formation of nitride Cr2N 
in the conditions of friction at low temperatures and a lack 
of nitrogen. The removal of a surface layer for 2- 5 11m 
depth leads to the recovery of initial phase composition 
of the chromium coating. 

The high stability of structure and mechanical prop­
erties of alloys on the chromium base suggests their high 
serviceability at contact interaction under the conditions 
of high temperatures and pressures. The investigation of 
wear resistance of chromium coatings in a pair with a 
high-strength cast iron, which is a base metal in manufac­
ture of sleeves of inner combustion engine cylinders, 
showed that at loads above 2 MPa and sliding rate of more 
than 2 m/s the advantage of thermal coatings as compared 
with wide-used galvanic chromium coatings becomes 
more evident (Table 5). 

The above-given data indicate that the change in a 
sliding rate and load has no similar influence on the wear 
of the pairs examined. Increase in sliding rate by 9 times 
(from 1 to 9 m/s) leads to the wear of cast iron in a pair 
with a galvanic chromium from 0.4 to 2.5 11in. Increase 
in pressure by 3 times (from 1 to 3 MPa) intensifies its 
wear from 0.4 to 8.41.Lm. The effect of parameters oftest 
for wear of cast iron in a pair with a flame-sprayed chro­
mium is less remarkable. In similar conditions the cast 
iron wear increases, respectively, from 0.5 to 2.5 and from 
0.5 to 3.1 11m. 

The change in test parameters has a lower effect on 
the wear of the coating itself. Increase in sliding rate from 
1 to 9 m/s leads to the increase in wear of the galvanic 
and flame-sprayed coatings by 6.5 and 2.111m, respec-

Table 5. Wear of cast iron and chromium coating depending on the spraying technology and test conditions 

?ressure. 
.\!Pa 

2 

3 

0.4 
2.5 

3.0 
5.0 

8.4 
7.0 

Galvanic coating 

2 ./ 

0.7 1.5 
2.9 5.0 

5.3 7.6 
7.8 9.5 

14.0 16.4 
10.0 12.0 

Wear 6wt) at deposition rote (m I s) 

Flame coating 

9 3 6 

2.5 0.5 l.O 1.2 
9.0 2.0 2.5 3.0 

0.6 1.2 1.5 
2.1 2.1 2.7 

32.0 3.1 4.2 5.6 
16.0 4.0 7.0 8.5 

\' o 1 e. ln numerator the wear of cast iron is given, in denominator - the wear of coating. Test duration is 10 h. 
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9 14 

2.5 2.7 
4.6 6.2 

3.2 4.5 
4.7 7.0 

7.2 7.9 
8.6 9.0 
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SCIENTIFIC AND TECHNICAL 
Table 6. Wear of piston ring and bushing (mm) for 1000 h operation of medium-speed diesel of8000 kW capacity 

Material and method of spraying 

Chromium-based Pair offric/ion Chromium alloy Molybdenum. Steel, Steel- molybdemun, Chromium, alloy VKh -2K, electric arc electric arc electric arc galvanic 
flame (20% alloying), 

plasma 

Ring 0.020 0.024 0.013 0.015 0.011 0.019 
Bushing 0.050 0.060 0.040 0.032 0.009 0.011 

tively. Increase in wear at pressure increase from 1 to 
3 MPa was 4.5 1-1m for the galvanic coating and 2.0 1-1m 
for the flame-sprayed coating. 

The abrupt increase in wear of an abradant as com­
pared with a coating leads in some cases (piston ring­
cylinder sleeve pair) to more intensive wear of the part, 
whose sizes restoration will require great expenses as 
compared with a replacement of a piston ring. 

The analysis of results obtained showed that increase 
in pressure for the chromium galvanic coatings leads to 
the growth of wear of the abradant as compared with the 
coating. At pressure of more than 2 MPa the ratio of an 
abradant wear to coating wear exceeds the unity, which 
is not observed in thermal coatings even at 6 MPa pres­
sure. 

The values of chromium flame coating wear intensity 
Jch in a pair with a high-strength cast iron under the con­
ditions of a boundary friction indicate the high wear re­
sistance of the coatings. This is confirmed by the results 
of bench tests (Table 6). 

It should be noted that for the above-mentioned pair 
Jch in the conditions ofbench tests on 2000 h base reaches 
2x 1 012

, that is by one order lower than that atthe boundary 
friction. The lubrication conditions greatly influence the 
wear intensity. Thus, Jch is increased to 4x1o-10 for the 
above pair under the conditions of a dry friction. Never­
theless, it should be noted that independently of the lubri­
cation conditions the lower values of wear of an abradant 
as compared to the coating are characteristic of cast iron­
flame chromium-based coating pair of friction. 

For other pairs (high-strength cast-iron - coating) 
the increased wear of a bushing is typical. There is a ten­
dency to increasing the wear of a bushing with a hardness 
increase in the coating, while the wear of the coating itself 
does not coincide with the values of hardness. Here, such 
parameters of the coating have an influence as porosity, 
cohesion strength, ductility margin of a lamella and its 
structural size. Thus, the wear of a chromium galvanic 
and flame coating is differed negligibly as compared with 
the bushing wear. 

The problem of improving heat resistance of products, 
in power engineering in particular, is actual. The creation 
of coatings capable to increase the operating temperature 
of products is very important. The study ofheatresistance 
characteristics of chromium thermal coatings showed that 
the porosity influences the level of heat resistance in the 
specimens only at the initial stage of oxidizing that is due 
to filling of voids. It is noted that the rates of oxidizing of 
both the coating itself and also the steel with deposited 
chromium coating are not differed essentially. The rates 
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of cooling over the rest 30 h are close to each other, thus 
proving good protective characteristics of thermal coa­
tings on the chromium base, mg I (em x h): low-alloyed 
chromium-0.0092; chromium alloy coating - 0.0101; 
steel St.3 with chromium coating- 0.0107. 

CONCLUSIONS 

1. Saturation of surface layers of slightly-deformed par­
ticles of the coatings with oxygen and nitrogen leads to a 
significant (up to 50%) increase in microhardness as 
compared with a base metal. 

2. Heating of powder particles during spraying under 
the conditions of temperature of more than 1400 K and 
high rates of cooling lead to the formation of a high-tem­
perature phase of instable oxide CrO in the chromium 
coatings. 

3. Contact interaction of chromium-based coatings 
during friction causes the appearance of nitride Cr2N in 
surface layers which is inactive to iron. 

4. Advantages of thermal chromium coatings as com­
pared with galvanic coatings are visually manifested at 
friction using specific loads above 2 MPa. 

5. Deposition of chromium thermal coatings can in­
crease the operating temperature of the part surface up to 
1300 K. 
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DEVELOPMENT OF THE TECHNOLOGY 
FOR THE MANUFACTURE OF ARTILLERY STEEL 

CARTRIDGES AND BOTTOMS BASED 
ON HIGH-TEMPERATURE INDUCTION BRAZING 

L.I. BONDARENKO and L.G. PUZRIN 
STC for Artillery and Rifle Arms, Ministry for Industrial Policy, Kyiv, Ukraine 

ABSTRACT 

Economical technology based on high-temperature induction brazing for the manufacture of cartridges and bottoms is suggested. 
Peculiarities ofthe technology are described and characteristics of the brazed joints are given. 

Key words: high-temperature induction brazing, capillary braz­
ing, auto-vacuum effect, artillery steel cartridge, bottom. 

According to the known technology, 100 - 152 mm steel 
cartridges and bottoms are made by gradual drawing of a 
thin p01iion from a solid billet. This is a very labour-con­
suming operation which is carried out using an expensive 
equipment and comprises many runs, intermediate an­
nealing and etching of billets and phosphatizing their sur­
faces. As a result, out of 45 operations used for the manu­
facture of cartridges, almost half involves forming and 
processing of the thin-walled portion. 

In addition to a considerable cost of the basic equip­
ment, a high labour consumption of the process of forming 
the thin-walled portion of a cartridge is also responsible 
for the high manufacture costs. Therefore, to arrange pro­
duction of steel cartridges and bottoms in Ukraine, it is 
necessary to consider all alternative methods for their 
manufacture, which would be less labour-extensive, re­
quire no expensive equipment and, as a result, provide 
more competitive products. 

One of such alternatives available for the manufacture 
of steel cartridges and bottoms is a method proposed by 
the STC for Artillery and Rifle Arms, based on a separate 
manufacture of a massive bottom and a thin-walled case, 
followed by their joining by high-temperature induction 
brazing. Using no special expensive equipment, this 
method allows the bottoms to be made from cast hot­
formed billets or even billets cut out from a plate by ma­
chining, and the thin-walled cases to be made by drawing 
from the plate using automatic presses readily available 
at the relevant facilities of Ukraine and used to manufac­
ture enamelled steel kitchen utensils. 

This article describes the technological process deve­
loped for joining the thin-walled cases to the massive bot­
toms by high-temperature brazing by an example of the 
125 mm steel tank bottom [1]. 

High-temperature brazing was selected as a basic join­
ing method owing to its advantages, the main of which 
being that it provides full-strength joints with a high de­
gree of reliability. For example, it is reported that in the 
modern rocket engines which are manufactured by mak-
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ing an extensive use of high-temperature brazing, the rate 
of failure of the brazed joints is ten times lower than in 
the welded engines. The brazed joints exhibit superior 
reliability under alternating pulsed loading. 

According to the terminology standards in force, 
high-temperature brazing is brazing which requires heat­
ing to a temperature above 4 75 °C. This allows the use of 
more refractory and stronger filler metals. Therefore, the 
use of high-temperature brazing for joining parts ofbot­
toms subjected to a high force effect in firing stems from 
the need to produce the strong joints. 

To join the cylindrical portion having an ultimate 
strength of about 350 MPa to the massive portion of the 
bottom, the suitable filler metal is brass L63 (37% zinc, 
balance - copper) which provides tensile strength of the 
brazed joints equal to more than 300 MPa in St.3 steel. 
This filler metal, which is extensively used for brazing 
steels of different grades, has a high power of penetrating 
into the brazing gap, that is why it is especially attractive 
for capillary brazing. The temperature of brazing using 
the L63 filler metal is 950- 1000 oc [2]. 

Capillary brazing is the most commonly used type of 
brazing. With this method the filler metal is placed near 
the brazing gap, and after melting it spontaneously fills 
out the gap under the effect of the capillary force. This is 
the simplest method of brazing, requiring no extra ma­
nipulations during heating. 

The filler metal penetrates into the gap under the effect 
of the capillary force only on condition that it wets the 
base metal. For this, surfaces of the base and filler metals 
should be cleaned from an oxide film which is inevitably 
formed in heating. This can be done by different methods. 
For example, brazing fluxes are widely used in this case 
to dissolve oxide films formed during heating. The 
PV 200 and PV 201 fluxes (GOST 23178- 78) or borax 
are applied for brazing using the brass filler metals. 

Flux brazing is successfully employed in the case of 
relatively shallow brazing gaps (to 10 mm). The filler 
metal penetrates into such a gap only after it is filled with 
a flux that removes the oxide film. This circumstance 
should be taken into account while designing a brazed 
joint, allowing for conditions of forcing out the flux with 
the molten filler metal. In brazing deep gaps extending to 
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...:;cd type of 
-:ilced near 
=uusly fills 

·--ce. This is 

JgUTe 1. Billet for induction brazing of a bottom or cartridge: I -
~ - ive bottom; 2 - removable process allowance; 3 - filler metal ; 
- - brazing flux; 5- thin-walled case. 

:ens of millimeters, as is the case of brazing cartridges 
:!D.d bottoms, one can hardly expect their reliable filling 
• ith the flux and subsequent forcing out the flux with the 
.-:.Iler metal, as the flux , causing dissolution of refractory 
xi des on the gap walls and partially the base metal, loses 

_-- fluidity. The flux penetrates into the narrow gaps to a 
small depth and hermetically seals the gap. This is suffi­
;:ient for deep gaps to be reliably filled out with the filler 
:netal, as steels are capable of dissolving the oxide film 
.iuring heating with no access for air, which was found 
'ut by the E.O. Paton Electric Welding Institute as far 
aack as 1963 [3]. This is so-called «auto-vacuum effect». 
:- point is that heating the steel parts to be joined is ac­
~ompanied by dissolution of oxide films and atmospheric 

5 ases contained in the sealed gap. The filler metal easily 
: ows into such a gap because of the absence of gases in 
·r and reliably wets the walls, since they have no oxide 
-'ilms on them . In this case there are no limitations on 
jepth to which the filler metal may flow. 

This effect was used for the development of a design 
of the joint to be used in the bottom brazed. The gap in 
jlis case is sealed with the flux and the filler metal is 
Dreliminarily placed in the feed groove open to the gap at 

Figure 2. Induction brazing of a simulation sample. 
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Figure 3. Microstructure of the brazed joint near the feed groove (x50) 
(reduced by 0.50) . 

a certain depth, from which it flows to the gap to wet both 
parts joined under the effect of the capillary force and 
gravity. 

The suggested design of a sectional bottom (Figure 1) 
provides for a process allowance for the circular feed 
groove to be made at an external part of the massive bot­
tom to accommodate the filler metal. In addition, this al­
lowance provides fixation of the thin-walled case in braz­
ing and serves as the location of induction heating. After 
brazing, during finish treatment the allowance with the 
feed groove is removed, except for its lower part, which 
is used then to form a flange to choke the bottom in shoot­
ing and to extract it after a shot. 

The induction method provides a local heating of the 
joining zone, which makes it possible to avoid intensive 
oxidation of a larger part of the bottom. Therefore, the 
bottom can be made in the near-net shape for brazing, and 
after brazing machining might be done only from the out-

Figure 4. Brazed bottoms. 
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side, i.e. within the allowance zone. Induction heating of 
the process allowance should be done under moderate 
conditions to provide a uniform heating of the bottom 
within the joining zone and heating of the thin-walled case 
from the bottom due to thermal conductivity. For a more 
uniform heating, the bottom is imparted a rotary motion 
in an induction coil. The temperature is monitored using 
a contactless thermocouple or optical pyrometer. 

In our experiments the single-winding induction coil 
powered from the VPCh 100- 8000 machine transformer 
(power 100 kW and current frequency 8000 Hz) was 
used for heating, although any other high-frequency cur­
rent source can be tolerated. 

The technological process was optimized on simula­
tion samples of steel20 at a set optimal electrical parame­
ters. Brazing of the simulation sample is shown in Fi­
gure 2. Using the optimal diameter ofthe filler metal wire, 
it was established that sound joints over the entire surface 
could be provided with baked borax used as the flux (Fi­
gure 3). 
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The shear tests of the brazed joints showed that their 
strength was 265 - 285 MPa, which fits the values cha­
racteristic of this type of the joints (260- 270 MPa). 

Brazing of a batch of the bottoms intended for field 
tests was done under the optimized conditions. Appear­
ance of the brazed bottoms for the field tests is shown in 
Figure 4. 

The investigations conducted proved the possibility 
of producing the 100-152 mm steel bottoms and cart­
ridges by making separately the bottom and the thin-wal­
led case, followed by their joining to each other by high­
temperature induction brazing. 
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ARGON-ARC SURF ACE QUENCHING- METHOD FOR 
HARDENING ARTILLERY BARRELS 

L.l. BONDARENKO and L.G. PUZRIN 
STC for Artillery and Rifle Arms, Ministry for Industrial Policy, Kyiv, Ukraine 

ABSTRACT 

Surface quenching using concentrated heat sources and travel speed of the source needed to heat a layer of the required thickness 
and hardness are considered. The method, equipment and operational parameters have been developed for argon-arc surface 
quenching of the inside surfaces of barrels. Quenching of the full-scale barrels for the service life tests has been conducted. 

~.T wo rds: argon-arc quenching, surface, hardening, artillery 
~. 

e of the causes oflosses in viability of threaded barrels 
--automatic guns is their mechanical wear within the zone 
-ere a leading ring of the shell enters into the thread. It 
:::..::: suggested to try out hardening of this zone by sub­

- ::-:ing it to surface quenching to check the possibility of 
- -reasing resistance of the barrels to the above type of 

ear. The barrel of the 30 mm automatic gun was used as 
object for the investigations. It loses viability ahnost 

--=:er 6000 shots with a maximum wear taking place in 
_eas of the polygonal thread, extending to 0.35 per side. 

In view that quenching leads to a decrease in metal 
_ til ity and a risk of brittle fracture , thickness of the 
_ enched layer should be not much in excess of the to­
=rated value of wear, and for a 30 mm barrel it should be 
~ut 0.5 mm. The metal layer of such a small thickness 
-;,ould be heated to a temperature above the quenching 
-:'IJint for a limited time to avoid heating of a thicker metal 
-.,.. ·er due to thermal conductivity. This can be achieved 
.::-y us ing a movable concentrated heat source. 

The most convenient source for surface quenching is 
er [ 1], as it allows the energy density within the heating 

zone, size of this zone and speed of its movement to be 
aried within wide ranges. Available are the dependencies 
~·hich make it possible to preliminarily evaluate the pro­
::ess parameters for hardening a workpiece to a desirable 
depth [1] . 

The use of the laser equipment, which is very expen­
.::ive, for quenching is justifiable only under mass produc­
tion conditions. In addition, the current economical situ­
ation makes it necessary to look for less expensive ways 
of solving this problem. 

Since surface quenching requires a lower energy den­
sity, as compared with welding [1], plasmatrons which 
showed themselves to advantage in surface hardening of, 
e .g. wheelsets [2], can be used in this case as the concen­
rrated heat sources. Detailed investigations into the qual­
ity of the quenched layer showed high mechanical pro­
perties of wheelsets achieved by plasma hardening 
through varying the heating process parameters [3]. 

With the plasmatrons used for quenching the gun bar­
rels, we face an extra difficulty associated with a limited 
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work space inside a 30 mm barrel. This generated the need 
to develop a technological process and equipment for 
hardening the surface of the barrel channel using a con­
ventional tungsten arc burning in argon [ 4] as a heat 
source. For this, a special torch with a tungsten electrode 
4 mm in diameter was developed. It maintains the elec­
trode in a required position inside the barrel, serves as a 
reliable water-cooled current conductor and feeds argon 
to the arc burning zone (Figure 1). The outside diameter 
of the torch without the electrode is 14 mm, which makes 
it possible to accommodate it not only in a 30 mm barrel, 
but also in smaller caliber barrels. 

The arc quenching process was investigated using the 
experimental-industrial unit designed for electric-spark 
hardening of barrels. The basic element of this unit is a 
lathe of the 1 K62 grade with a frame extende(i to a suffi­
cient length to locate on it the 30 mm barrels". 

During the quenching experiments the barrels or sam­
ples were mounted in a chuck of the lathe to make them 
rotate at a required speed, while heating their inside sur­
faces with the argon arc. The torch with the tungsten elec­
trode was mounted in an insulator on the support. The 
current was supplied directly to the chuck and torch casing 
using a special sliding contact. The direct-polarity current 
(minus at the electrode) was fed to the arc from the VD30 1 
welding rectifier through the RB300 ballast. 

The barrels should be subjected to surface quenching 
in a finished form. Therefore, no surface melting is tole­
rated in this case. At the same time, the barrel wall should 
be heated to a sufficiently high temperature, so that metal 
can be heated to a required depth within a short period of 
time. 

Quenching of steel involving an increase in hardness 
occurs after rapid cooling from a temperature ensuring 
partial or full dissolution of carbides. Sufficiently rapid 
cooling of the hot surface layer is done at a travel speed 
of the heat source varied over wide ranges, as it is deter­
mined by a high rate of removal of heat to the cold metal. 
Besides, the time required for at least partial dissolution 
of carbides is determined by the heating temperature, the 
type of carbides, i.e. steel alloying system, and by pecu­
liarities of its structure in the initial state. 

The unit was developed by V.P. Melnik, STC for Artillery and Rifle 
Arms. 
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Figure I. Torch for argon-arc quenching of inside surfaces of the barrels. 

In surface quenching of the finished barrels, it is pos­
sible to vary only the time of heating and the temperature 
of the surface heated, which depend upon the energy den­
sity in the heating spot, size ofthe spot and its travel speed. 

Like laser and plasma, the arc heats up the spot which 
is close to a circle in shape. The time ofheating the metal 
layer under the spot centre is equal to a ratio of diameter 
of the heating spot to its movement speed. This time and 
the energy density in the heating spot determine the maxi­
mum temperature and depth to which the metal is heated. 

In carbon steels, carbides at a normal quenching tem­
perature are fully dissolved for a time of over 1 min, 
whereas in alloyed steels this time is more than 2 min [5]. 

At the high rates of heating characteristic of surface 
quenching, the metal temperature is such that it provides 
dissolution of carbides for just a few seconds. In plasma 
quenching ofwheelsets, the time ofheating, according to 
our estimation based on the dataof[3] , is from 1.5 to 3.0 s. 
This suggests that dissolution of carbides and subsequent 
quenching can take place only within the layer of metal 
which is heated to a temperature much in excess of the 
normal quenching temperature. However, in this case the 
time is too short for grain to grow and ductility to drop, 
as is the case of furnace high-temperature heating. 

In surface quenching, it is a short time that seems to 
be responsible for just a partial dissolution of carbides. 
The absence of a full dissolution of carbides shows up in 
a decrease in hardness with an increase in the heat source 
travel speed [6]. When this speed is increased from 20 to 
40 m/h, hardness of the quenched surface for steel45 de­
creases from 740 to 600 HV and that for steel 
30KhGSA- from 630 to 460 HV. At a speed of 50 m/h 
hardness falls almost to 300 HV, i.e. here quenching 
hardly has any effect. In this case the depth of the 
quenched layer is reduced to 0.1 mm. 

Analysis of the known data on surface quenching al­
lowed formulation of requirements for this process asap­
plied to the barrels. To produce the quenched layer with 
a thickness of about 0.5 mm, it is necessary to have a heat 
source with an energy density of about 30 W/mm2, which 
when it moves ensures heating for approximately 3 s. 

The energy density in the argon arc is extremely non­
uniform. It is more than 200 W/mm2 in the central col-
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Figure 2. Micro hardness of the channel surface of the 30 mm barrel 
after argon-arc quenching along a region 150 mm long. 

umn and dramatically decreases towards the peripheral 
regions. This gives rise to difficulties for using the argon 
arc as a heat source for surface quenching, which is the 
main reason for the plasma heaters, having a much more 
uniform energy density, being the sources of choice. De­
creasing the intensity of heating by increasing the arc 
travel speed appears to have no potential as a result of a 
dramatic reduction of the time of heating and the absence 
of the hardness increase effect. Decreasing the travel 
speed with a simultaneous overall decrease in the current 
is also ineffective because of an unstable burning of the 
arc and an extremely low productivity of the process. 

So, the way out was found and it consisted in the fact 
that during the arc quenching process the rotary motion 
at a speed of about 5 rps was imparted to the barrel, which 
ensured a uniform heating of the circumferential zone on 
the surface of the barrel channel, while the time ofheating 
needed for carbides to dissolve was provided by selecting 
the proper speed of displacement of the circumferential 
zone of heating along the barrel. 

Quenching carried out under optimal conditions pro­
vided the layer of an increased hardness and a required 
thickness (Figure 2). These conditions were used for sur­
face quenching of experimental barrels to conduct the fa­
tigue tests. The developed method for argon-arc quenc­
hing of the inside surfaces of the barrels is suitable for 
hardening the channels of arms of any caliber. 
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STRUCTURE AND PROPERTIES OF HYPEREUTECTOID 

GRAPHITIZED ROLL STEEL AFTER PLASMA HARDENING 

S.S. SAMOTUGIN 
Priazov State Technical University, Mariupol, Ukraine 

ABSTRACT 

rructure, hardness, impact toughness and character of fracture ofhypereutectoid steel 150KhNM under dynamic loading after 
plasma hardening, as compared with volumetric quenching, are investigated. Hardness and Impact toughness of steel after 
plasma hardening are higher than after volumetric quenching, which is caused by a highly dispersed martensite-carbide structure 
formed by plasma treatment. Fracture of metal of the hardened zone occurs by the mechamsm of dispersed quasi -cleavage, 
while that of metal after surface micro- and macro-melting occurs by the mechamsm of mtercrystallme cleavage. 

'<!_ -...·o rds: swface plasma hardening, graphitized roll steel, 
- - e. service properties, character of fracture. 

• .._ e treatment using a highly concentrated plasma jet 
--~efficient method for hardening metal-cutting tools 
. : :. High thermal power density of the plasma jet (ap­
ximately 105 W/cm2) provides a high-rate hardening 

- . arious-application steels and alloys, such as low-car­
alloyed deposited metal [1 , 3], tool steels [2], cast 

, ,., [-+] and sintered hard alloys [ 5]. 
_ Ietallurgical production equipment and prnts present 
~of the most promising fields for application of plasma 
::-C.ening. The effect of plasma treatment on structure 

-;:properties of roll materials, such as hypoeutectoid and 
=-.:-ectoid steels (50KhN, 65KhZMF, 90KhF) [1], roll cast 

{-+] and deposited metal of the Kh5MF type used for 
-~air of rolls [1 , 3], was investigated earlier. Hypereu­
;.:oid graphitized steels [6] are also among materials 
·-ich hold promise for the manufacture of hot rolls. 

The work described in this article was dedicated to 
':estigation of peculiarities of phase and structural trans­

-- rmations, service properties and character of fracture of 
.:aphitized steel 150KhNM in plasma treatme~t,_ as com­
::::red with the as-received state (after normaltzmg) and 

olumetric quenching. 
Plates measuring 60 x 40 x 160 mm of steel 

~ .:: OKhNM(1.40 %C, 0.54 %Mn, 0.90 %Cr, 0.84 %Ni, 
-. .::..t % Si, 0.12% Mo) in the as-received (normalized) 
::ondition were subjected to plasma treatment and volu­

etric quenching in a furnace. The specific thermal power 
"- the plasma jet (transferred-arc plasmatron with a sec­
·onal inter-electrode insert [1]) was 1.2x1 05 W/cm2 and 

- e treatment distance was 5± 1 mm. The travel speed of 
:b.e plasmatron varied from 15 to 30 m/h to achieve maxi­
mum hardness without surface melting, and with micro­
and macro-melting, according to recommendations given 
in [7]. Volumetric quenching in a furnace was done under 
~onditions commonly accepted for hypereutectoid steels: 
heatino to 800 oc (50- 70 °C higher than critical tem-

'=' . . 
perature) and oil quenching. Sections for m1croscop1c 
studies using the «Neophot-21» microscope and un­
notched specimens for impact toughness tests using pro-
edure described in [1] were cut out from the plates in 
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different conditions. After the tests, fractography was 
done to analyse fracture using the SEM-200 scanning 
electron microscope. Results are given in the Table below 
(mean values for 10 specimens of each series) and shown 
in Figures 1 and 2 . 

In the as-received condition, graphitized steel has a 
heterogeneous structure. The matrix consists of coarse­
grained laminated pearlite (Figure 1, a). The harde~ing 
phase, i.e. redundant cementite, has_ the form ofa~ontm~­
ous mesh extending along the pnmary austemte gram 
boundaries, as well as the form of eutectic clusters of the 
acicular-laminated shape with inclusions of spherical or 
flaky graphite particles inside it (Figure 1, b). In the c~se 
of volumetric quenching, acicular and plate cementites 
and graphite are partially dissolved to form a ternary struc­
ture: coarse-acicu Jar martensite, cementite comprising 
the continuous mesh and the remaining acicular particles, 
and local light-colour regions of retained austenite, sur-
rounding cementite (Figure 1, c). . . 

Heating hypereutectoid steel to be hardened to a cnti­
cal temperature or higher involves two processes that oc­
cur simultaneously. These are transformation of pearlite 
into austenite and dissolution of redundant cementite 
starting from the boundary with pearlitic ferrite. Comple­
tion of transformation of pearlite into austenite and le­
velling of the carbon concentration in the bulk of prior 
pearlite grain are followed by acceleration of the process 
of dissolution of redundant cementite. 

Unlike volumetric quenching, in plasma treatment 
without surface melting the temperature of heating is 
much in excess of the critical point (it may reach T melt) 

[1] , which leads to almost complete dissolution ofredun-

Properties of steel 150KhNM subjected to different hardening meth­
ods 

Hardening Vickers Impact 
toughness, method hardness Jlcm2 

As-received condition 285-300 4.8 

Volumetric quenching 695-715 2.1 

Plasma hardening: 

without surface melting 865-880 4.3 

with micro-melting 895-910 3.2 

with macro-melting 865 - 880 3.0 
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Figure 1. Microstructure of steel l50KhN M: a, b-as-received state; c- after volumetric quenching; d- transition zone; e - g - after plasma 
hardening without melting and with micro- and macro-melting, respectively (a - x500; b, d - x200, c,j, g- x700, e - x400) (reduced by 
0.60). 

dant cementite (individual fragments of undissolved par­
ticles of acicular cementite persist only in lower layers of 
the hardened zone, i.e. near the transition zone) (Figure 1, 
d). Solid solution is additionally saturated with carbon 
and alloying elements, and is characterized by a high con­
centration heterogeneity. This is attributable to very high 
heating and cooling rates and to an extremely short time 
ofholding(approximatelyO.l- 0.01 s), which causes ho­
mogenization to slow down. No growth of austenite grain 
occurs under such temperature-time conditions. As are­
sult, the structure of the plasma-hardened zone is charac­
terized by a high degree of dispersion. 

Extra hardening of the plasma-hardened zone metal 
is achieved owing to partial dissociation (self-tempering) 
of martensite and precipitation of the secondary carbide 
particles of a globular shape along the boundaries and in 
the bulk of grain [6]. Thermal-physical peculiarities of 
plasma hardening cause dispersion strengthening to be 
fixed at the initial stage [2]: the precipitating particles are 
of submicroscopic sizes, have no time to coagulate and 
are uniformly distributed in the highly dispersed marten­
sitic matrix (Figure 1, e). Hardness of steel 150KhNM 
after plasma hardening is much higher than after volu­
metric quenching (see the Table). 

Structural heterogeneity of graphitized steel in the as­
received condition results in a heterogeneous structure of 
fractures formed under dynamic loading~, i.e. intercrys­
talline cleavage in the cementite mesh and eutectic ce­
mentite (Figure2, a) and transcrystalline cleavage accom­
panied by the formation of a specific groove-shaped pat­
tern on the pearlitic matrix (Figure 2, b). The similar struc-

Participating in the investigations were A.V. Puiko and 
N .Kh. Solyanik. 
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ture of fracture in such steels was observed by the authors 
of [6] . Fracture after volumetric quenching is more uni­
form in character. Here intercrystalline cleavage is domi­
nating in the cementite mesh and at the austenite grain 
boundaries (Figure 2, c). This leads to a more than two 
times decrease in impact toughness (see the Table). 

In the zone affected by plasma hardening the structure 
of fracture changes in a qualitative manner. The highly 
dispersed martensitic structure and the submicroscopic 
carbide particles uniformly distributed in the martensitic 
matrix cause fracture to occur by the micro-mechanism 
of dispersed quasi-cleavage (Figure 2, d). It should be 
noted that this mechanism is characteristic of static and 
dynamic conditions of loading different compositions of 
materials hardened by the highly concentrated heat 
sources, the plasma jet in particular [1 - 5]. Impact tough­
ness of steel 150KhNM after plasma hardening also de­
creases, although to a much lesser degree than after volu­
metric quenching (see the Table). 

One of the methods of surface treatment is treatment 
involving melting of a surface layer, i.e . hardening from 
a liquid state. In some cases this method is considered 
more preferable than treatment without melting, espe­
cially in laser and electron beam hardening. Specific pe­
culiarities of plasma melting, as compared with beam 
melting, are described in [7]. Because of a high gas-dy­
namic pressure of the plasma jet and melting to a substan­
tial depth (to 1 mm or more - macro-melting), this 
method provides partial removal (splashing) of molten 
metal and results in a lower quality of the hardened sur­
face. In melting to a depth of about 0.1-0.3 mm (micro­
melting) the rate of solidification of metal is very high 
(105 °C/s), this making molten metal solidify almost im­
mediately and preventing splashing, i.e. there is almost 
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Hgnre 2. Electron microfractograms of fracture of steel ISOKhNM samples: a, b - as-received state, cleavage in cementite and pearlite, 
~ rjvely; c - after volumetric quenching; d - f- zone of plasma harden ing in treatment without melting and with micro- and macro-melting, 
~ lively (x400) (reduced by 0.60). 

-o deterioration in the hardened surface quality. Ensuring 
:m increase in the total depth of the hardened zone, 
; asma treatment with micro-melting has high potential 
·or hardening large-sized tools (rolls, dies, etc.) . Prac~ 
:ical application of either method of plasma treatment 
'- based on adjustment of its parameters , i.e. the travel 
speed of the plasmatron being kept unchanged, the 
:ravel speed of the plasmatron is selected depending 
:~pon the application [7] . 

Plasma treatment of steel 150KhNM with micro­
melting of the workpiece surface leads to a complete 
dissolution of the cementite and graphite phases and 
:o an extra saturation of solid solution with carbon 
and alloying elements. Hardness of the zone affected 
by micro-melting is higher than that of the zone hard­
ened without melting. The degree of dispersion of 
the structure during melting decreases, which is at­
tributable to an increased heating temperature, 
longer holding time and decreased heat sink to the 
unaffected metal. At the same time, structure of the 
hardened zone treated by micro-melting is suffi­
ciently homogeneous and consists of martensite with 
cells 2 - 8 ~-tm in size (see Figure 1, f). Fracture of 
the hardened zone in the upper (melted) layer occurs 
by the micro-mechanism of dispersed intercrys­
ralline cleavage which is gradually transformed into 

quasi-cleavage within the hardening zone in the solid 
state. A decrease in the degree ofdispersionofthe struc­
tureandtheintergranulamatureofcrackpropagationlead 
toadecreaseinimpacttoughness,ascomparedwithtreat­
mentwithoutmelting(seetheTable ). 

Elevation of the heating temperature and an increase 
in the molten metal pool volume under conditions of 
high-rate solidification (in plasma macro-melting) results 
in the formation of a cast structure with the equiaxed crys­
talline grains, which are degenerated dendrites. Unlike 
treatment without melting and with micro-melting, in this 
case we have a clearly defined structural heterogeneity: 
there are regions of coarse-acicular martensite and light 
regions of retained austenite (see Figure 1, g), the content 
of which, according to the data ofX-ray diffraction analy­
sis, increases almost by 50 % [7]. 

An increase in the content of retained austenite is ca­
used by oversaturation of solid solution with carbon and 
alloying elements and, as a consequence, by a decrease 
in temperature at which martensite transformation begins. 
Under conditions ofhigh-rate solidification the processes 
of diffusion and homogenization of austenite have no time 
to be completed. The zones with a higher content of car­
bon and alloying elements, more resistant to decomposi­
tion during high-rate cooling, replace the former cemen­
tite and graphite phases. An increased content of retained 
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austenite causes a partial decrease in the effect of solid 
solution hardening [2]: hardness of steel 150KhNM after 
plasma treatment with macro-melting is at a level of that 
achieved by treatment without melting (see the Table). At 
the same time, an increase in size of actual austenite grain, 
structural and chemical heterogeneity of the melted layer 
lead to a decrease in impact toughness and extra embrit­
tlement. Fracture of the macro-melted layer occurs by 
the intercrystalline mechanism to form coarse facets of 
cleavage at the intergranular boundaries (Figure 2, f) . 
Therefore, plasma hardening of steel 150KhNM invol­
ving surface macro-melting causes no increase in hard­
ness, deteriorates quality of the hardened surface and ag­
gravates brittleness. 

CONCLUSIONS 

1. Plasma surface treatment is an efficient method for 
hardening tools made from hypereutectoid graphitized 
steels of the 150KhNM type. It provides an increase of 
HV 150 - 180 in hardness and doubles impact toughness, 
as compared with volumetric quenching, owing to the for­
mation of the hardened zone with a highly dispersed 
martensite-carbide structure. Fracture of the hardened 
zone metal under dynamic loading occurs by the mecha­
nism of dispersed quasi-cleavage. 

2. Extra increase in hardness ofthe surface is achieved 
by plasma treatment with micro-melting. However, this 
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method is characterized by a high probability of the in­
tercrystalline fracture mechanism, which can lead to a 
decrease in resistance of hardened tools to in-service 
crack initiation and propagation. 

3. Plasma hardening of steel 150KhNM with macro­
melting does not lead to an extra increase in hardness, 
causes deterioration in quality of the hardened zone and 
increases brittleness. 
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ELECTRON BEAM REMELTING OF OPERATING SURFACE 
OF EXHAUST VALVES OF AIRCRAFT ENGINES 

A.V. BONDAR 1
, M.V. ERYOMIN 1

, S.N. FYODOROV 1 and V.V. SHURUPOV2 

1Mechanical Works, Voronezh, Russia 
2State Technical University, Voronezh, Russia 

ABSTRACT 

Problems of repair of flaws of a discontinuity type, which are formed in a layer of the operating surface of aircraft engine exhaust 
valve, surfaced with a flame method, is considered. It is shown that, when using electron beam treatment with an ellipsoid scanning 
of beam, the flaws are eliminated in the deposited surfaces. During electron beam treatment the inner structure of the deposited layer 
IS changed by refining and reorienting chromium carbides that increases the microhardness of the working surface. 

Key words: electron beam remelting, valve, surfacing zone, mi­
crostructure, chromium carbide. 

The aircraft engine exhaust valve is operating under com­
plex conditions, such as: an increased temperature, ero­
sion action of gas medium, dynamic loads. To ensure a 
service reliability an operating surface of the valve made 
from EI-69 heat-resistant steel is subjected to surfacing 
into a shaping groove using a cast 6.0 ± 0.5 mm diameter 
rod of VKhN-1 alloy. The surfacing is performed from 
two sides manually using an oxyacetylene flame. Often, 
the flaws in the form of pores, cavities, slag inclusions 
are formed in the deposited layer, which are difficult to 
repair completely by a flame method, and, due to a large 
zone of heating, the geometric sizes of the valve itself are 
deviated from the preset data, thus leading to the valve 
rejection. In addition , the iron content in the deposited 
!ayer is limited and should be within ranges of 10 %, that 
1s not always provided when the repair technology is used. 

The electron beam remelting of the valve operating 
surface is aimed at the elimination of flaws and improve­
ment of physical and mechanical characteristics of the 
deposited layer. 

Experiments were carried out in the ELU-98 type in­
stallation using an electron beam equipment ofELA-15 
type. It was assumed that, due to a complicated configu­
ration of the valve deposited zone, and also necessity in 
providing better conditions of degassing and uniform re­
melting in the whole depth ofthe deposited layer of the 
metal, the electron beam should be directed normal to the 
surface of treatment, and the geometry of the beam scan­
ning should be selected in the form of ellipse with an 
arrangement of a large axis along the radius of the valve 
operating surface. This procedure can decrease the 
amount of pores and discontinuities in the deposited layer. 

A batch oLvalves with flaws (pores, cavities, slag in­
clusions), which were revealed by X-ray technique, was 
examined. 

Swjace 

A 

B 

Current, mA 

Emission 

27 

37 

Focusing 

790 

721 

Focusing 
distance, 

mm 

450 

458 

N ote. Rate of treatment of both surfaces is 20 m/h, accelerating voltage 
is 60 kV. 
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Table shows optimum remelting conditions which 
were established experimentally. The angle of electron 
beam deflection from the gun axis is 7°, while an angle 
of valve axis deviation from the gun axis at the surface A 
is 30 ± 1°, at the surface 8 it is 48 ± 1°. Shape of the beam 
scanning is an ellipse with axes X= 6 mm and Y = 2 mm. 
Vacuum in chamber reaches 1.33 x 10-2 Pa, and in the 
cavity of the electron beam gun- 5 x 1.33 x 10-3 Pa. 

The selected conditions could provide melting of the 
deposited layer without its dilution with the valve parent 
material (Figure 1). 

Geometry of the surfacing and electron beam remelt­
ing zones is given in Figure 2. 

The elimination of flaws was examined by X-ray 
method. Examination confirmed the complete absence of 
flaws after the electron beam remelting. 

The spectral analysis before and after the electron 
beam remelting showed that the iron content was changed 
negligibly (within 1.5 %) after remelting and corre­
sponded to the admissible standards. 

Microanalysis of the material of zones deposited by 
the flame method and remelted by the electron beam 
showed the following. Structure of the deposited material 

2 

Figure 1. Zones of valve treatment: I - parent metal (steel ET -69); 
2- deposited zone (alloy VKhN-1 ); 3- electron beam remelted zone. 
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Figure 2. Metallography of geometry of as-deposited and as-electron 
beam remelted valve zones (xl.S) (reduced by 0.75). 

F igure 3. Microstructure of metal of deposited (a) and remelted (b) 
zones (x200) (reduced by 0.75). 

is a solid solution on the base of nickel and chromium 
carbide. Microstructures of the material of deposited and 
remelted zones are differed by the way of arrangement, 
shape and sizes of the chromium carbides. Chromium car­
bides in the material of the deposited zone have a random 
arrangement. Inclusions of hexahedral and needle-like 
shape are greatly larger in their sizes than the inclusions 
in the remelted zone. 

Near the parent metal+deposited metal boundary 
(Figure 3, a) the sizes of carbides are increased. Chro-
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Figure 4. Distribution of iron, nickel 
I- electron beam remelted zone: ::- ;"; 
metal. 
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mium carbides in the remelted zo.:::: l:::'..:::~a: 'Figure 3, 
b) have a more uniform distribt..'Tio~ ::::.C. :5-ecrivity of 
growth, oriented normal to the ,.?.>:: ~g surface, 
as compared with the zone of sur:'a:::::; 

X-ray diffraction microanal~ sis ._, 25 ~-..::~ ro examine 
the distribution of alloying eleme::1ts c. ;i::: material of 
deposited and remelted zones. and~ :G ~-:imare quan­
titatively the degree of a chemical inhor::~ogeneity. Distri­
bution of iron, chromium and nic:-:el •. , as determined in 
X -ray microanalyzer of MAR-2 ~ pe frorr:: rbe lines taken 
conditionally in the middle of deposi:ee and remelted 
zones. From analysis of the distributions obtained (Figu­
re 4) it can be noted that the distribution or iron and nickel 
after the electron beam remelting became more uniform 
in depth of the remelted zone. At the same rime, the dis­
tribution of chromium near the boundary of the deposited 
and remelted zones is changed abrupt!~ . and then (on ap­
proaching the surface of the remelted zone) becomes uni­
form . This is, evidently, caused by the formation of the 
chromium carbides and their further refining. 

Microhardness was measured to confirm the effect of 
the uniformity of distribution of a refined structure of the 
chromium carbide on the stability of hardness values of 
the deposited metal in the whole depth of the remelted 
zone. It was established that the mean values of material 
hardness of the electron beam remelted zone are higher 
than those of the material of the zone deposited by the 
flame method, by 12 %, that corresponds to the upper 
limit of admissible values. 

CONCLUSIONS 

1. Electron beam remelting of operating surfaces of air­
craft engine exhaust valves with experimentally selected 
optimum parameters allows the flaws in the form of dis­
continuities in the deposited zone to be eliminated without 
deterioration of required geometric sizes of the part. 

2. The use of electron beam remelting contributes to the 
more uniform distribution of iron, chromium and nickel. 

3. In electron beam remelting the structure of carbide 
inclusions is refmed that promotes their more uniform 
distribution in the material of the surfacing zone and ori­
entation of needle-like chromium carbides normal to the 
operating surface. This increases hardness of the valve 
deposited material to the maximum admissible limits and, 
being one of the important factors, improves the service 
life of the aircraft engine. 
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APPLICATION OF HEAT SINKS FOR REDUCTION 

OF WELDING STRAINS AND STRESSES (Review) 
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East-Ukrainian University, Lugansk, Ukraine 

ABSTRACT 

The possibilities of controlling the strains and stresses in the joints .with artificial heat sink are considered. Classification of 
welding processes with heat removal by the technological and physical features, IS proposed. It IS found that for up to 3 mn~ 
thick metal the most effective is the application of the heat-absorbmg pastes and crystallme heat-absorbmg rods, and for 3 
8 mm thick metal it is water cooling. Welding with heat sink should be regarded as a resources-savmg process. 

Key words: welding, stress, strain, heat removal, artificial, de­
vices, methods. 

One of the principal possibilities to reduce the welding 
strains and stresses, is reduction of the plastic deformation 
of shrinkage or of the width of the zone of its propagation 
in heating, 2B, by controlling the thermal impact in weld­
ing [1 , 2]. This is the basic principle of the m~thods _of 
controlling the welding strains and stresses, which envis­
age an impact on the thermal characteristics of the process 
[3 ], related to selection of the appropriate we!ding ~odes, 
allowing for reduction of the extent ofplast1c shrinkage, 
total or local preheating of the parts prior to welding and 
heat removal from the weld zone. In welding in the opti­
mal modes, the thermal pattern cannot be regulated by 
changing their parameters. The preheating and ~on current 
heating require considerable power consumptwn (of gas 
in heating with gas torches, of power at high-freque~cy 
and resistance heating, etc.). Therefore, the heat smk 
proper during welding can be regarded as resources sav­
ing. It is rational to apply it in welding of low-carbon 
steels which form no quenching structures, of copper and 
aluminium alloys, austenitic steels prone to grain coars­
ening in overheating. Several dozens of methods and d~­
vices for heat removal in welding are known, but the1r 
classification or evaluation of their effectiveness in any 
form, are absent. This paper is exactly devoted to analysis 
of the methods and devices for cooling during welding. 

Heat removal from the welded joint occurs naturally 
(convection, radiation) or artificially. The natural heat r~­
moval depends on the environmental temperature, a1r 
flow velocity, degree of welded joint blackness, its surface 
roughness, etc. The heat losses through natural heat re­
moval being negligible, artificial heat removal is used. 

Welding with heat removal is understood to be weld­
ing with a forced removal from the welding zone of th_e 
heat put into the welded joint by the heat s~urc~ (~1-
gure 1). Heat q introduced by the heat source, IS diStrib­
uted for melting of the base metal and the filler and propa­
gates in the item in keeping with the laws of heat conduc­
tion% and then goes from the workpiece surf~ce ~hrough 
natural convective heat exchange qn and artifiCial heat 
removal qa into the process fixtures and heat sinks w~ich 
are located on the face I or reverse 2 side ofthe workpiece. 

© A. I. GEDROVICH and A.B. ZHIDKOY, 2000 
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Thus, any welding process in which the heat removal from 
the workpiece is intensified can be regarded as t~e we~d­
ing process with artificial heat removal. ~ keepmg _w1th 
the theoretical calculations of N .N. Rykalm, the rat1o of 
the heat required for complete penetration, to the heat put 
into the workpiece in butt welding of sheets, i.e. the ther­
mal efficiency, cannot exceed 48.4% [4], and the rest of 
the heat does not participate in the welded joint formation, 
but leads to development of welding stresses and strains 
(parasitic heat). 

During welding the heat can be removed from the 
weld, the heat-affected zone (HAZ) or the weld and the 
HAZ simultaneously. The available heat removal meth­
ods can be classified by the following features: 

aggregate state of the heat-absorber (HA) prior to 
welding (heat removal into the solid, liquid and gaseous 
HA); 

combination of functions (only heat removal; weld 
root formation and heat removal; clamps and heat re­
moval); 

HA temperature (room temperature HA; low-tem-
perature HA); . 

degree of the devices mobility (heat removal usmg 
both stationary and moving heat sinks); 

physical effects (heat removal at the expense of the 
difference in heat capacity; heat removal using latent heat 
of phase transition (melting or boiling); combin~d heat 
removal (heat capacity and melting; heat capacity and 
boiling, heat capacity, melting and boiling)). 

The simplest heat sinks are copper backings used _for 
weld root formation in welding with complete penetratwn 
(for instance, Cl8 joints, GOST 8713-79) [5 - ~]. A~­
cording to the above classification, these are dev1ces m 

2 
2 

2 

Figure 1. Schematic of welding with forced heat removal: 1 - parts 
being welded; 2 - fixtures. 
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Figure 2. Devices washing the workpiece with water jets (a- c) and blowing it with gas (e,j): a - c- stationa.; 
and backing [12]; d- mobile device [16]: 1 - welding head; 2 - parts being welded; 3 - device case; 4- 51!'. 

stationary and mobi le device, respectively: I- welding head: 2 - parts being welded; 3- injector; 4- chan::c.:-1--::~· ~­

gas dissector grid; 7- plate with holes; g - copper-flux backing [18]: 1- copper bar; 2- channels; 3- pans;; 
forming groove. 

which the heat removal is performed through a solid body, 
the device is used for weld root formation and heat re­
moval with room temperature HA, the device is stationary 
and the heat removal is due to heat capacity. The effec­
tiveness of the heat removal with backings, depends on 
their dimensions, difference between the temperatures of 
the backing and the welded joint, heat resistance of the 
zone of contact between the backing and the welded joint. 

Cooling channels increase the effectiveness of the 
heat removal and stabilize the heat-removal properties 
of heat-removing backings [8]. With a forced heat re­
moval, the cooling rates in the weld can exceed the 
critical ones. Therefore, in order to lower them, back­
ings are used in the weld, which, alongside the cooling 
channels, also incorporate the heating elements located 
under the weld root [9]. To achieve a better formation 
of the weld root, the backings can be made of individual 
sections [ 10, 11]. This, however, does not essentially 
reduce the heat resistance of the workpiece-backing in­
terface. The total area of direct contact is extremely 
small, because of roughness of the surface of the back­
ing and the welded joint, as well as the presence of 
oxide films [12]. Heat transfer mainly occurs through 
the air gap whose thickness depends on the degree of 
surface finish. For instance, for quality grade 6 the heat 
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resistanceoftheairgap(15 )lm is=~ 
tance of 30 mm carbon steel. th 

0 3}. This 
::::::e heat­

removing backings designed for :ow~g == . ..,·elding 
stresses and strains. Nonetheless. i>::.:-1.....::.~~ ~: ~ ell into 
the welding fixtures and permit be~ -::=±=::Zed and 
manual welding by different proc~s=s: :.:.-~::-d-elec­

trode welding, gas-shielded and s::Z==-==:.-arc wel ­
ding). 

Besides the backings, also heat-re:::.c· :::.~ .:2mps can 
be applied which simultaneously serw ;~~.:-~ ... "?ieee fas­
tening and heat removal. The heat is r::;:;:;m =C into the 
solid (HA is at room temperature. the :.:~ ~o·:al being 
due to difference in heat capacity) [2j. 

The clamps and backings are ofte.:::~ ::...'-'=d simultane­
ously. As they are stationary devices a.-:.c oi 2 similar de­
sign, they have common advantages and drawbacks. A 
common disadvantage of the station~ de,·ices is their 
length, which should be equal to the weld l~gth. If shorter 
clamps are to be used, it is necessary to place them with 
a smaller spacing for a more uniform cooling of the 
welded joint along its length. Moreo\·er. they are charac­
terized by poor contact and high heat resistance of the air 
gap. In the case of elimination or an essential lowering of 
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Figure 3. Example of porous materials application without [19] and 
with continuous [20] water circulation: I - weld; 2 - 1tems bemg 
welded; 3 - porous materials; 4- feed tube; 5- fixtures. 

the heat resistance of the air gap, the effectiveness of the 
backings and clamps is essentially increased. 

The next kind ofheat-sinks used in welding with cooling, 
are shoes (heat removal into a solid, weld root formation, 
room temperature HA, mobile device, heat removal at the 
expense ofheat capacity). The shoes have a smaller material 
content as their length does not usually exceed 250 to 
300 mm, but they are applicable only for the welding pro­
cesses with a constant speed of the heat source displacement 
(automatic welding). They are mounted from the reverse 
side of the welded joint and are rigidly fastened to the weld­
ing head via the gap. Such a design limits the range of the 
performed welded joints (it is impossible to make joints with 
a zero gap), and it is also difficultto provide a sufficient force 
of clamping to the surface being cooled, this lowering the 
cooling efficiency. 

Thus, for manual welding the best suited are station­
ary devices, not requiring welding at a constant speed, 
and for automatic welding the mobile devices with a low 
material content. 

Another kind of welding with cooling, is welding with 
application of heat-sinks blowing the surface being 
cooled with gas or washing it by a water jet (Figure 2). 
The devices can be mobile, using gas (argon, helium, car­
bon dioxide or their mixtures or compressed air) [14] and 
water [15- 17], and stationary. Some can combine the 
functions of the heat sink and formation of the back side 
of the weld [18], or can serve just for heat removal [12]. 
Their common merit is a close contact of the heat carrier 
with the surface being cooled. 

Surface blowing with gas has a low effectiveness, as 
with the forced convection into the gas medium, the heat 
removal coefficient is by two to three orders of magnitude 
lower than with the forced convection into the water. 
Cooling by jets of running water is the most effective, but 
poorly adaptable to fabrication, as it is difficult to provide 
the sealing of the channels with the water and eliminate 
the influence of the air film forming around the workpiece 
being welded each time it is placed on top. During mount­
ing, the water level should be below the device edge so 
that the water does not flow out. After sealing, the water 
level is increased up to the upper point of the outlet nozzle 
which invariably turns out to be below the surface of the 
item and, as a result, an air film forms under the item 
which is a thermal insulator. 

A great number of devices have been proposed using 
porous materials and capillarity effects [ 19 - 21] (Fi­
gure 3). All of them have a common advantage, namely 
a close fitting to the surface of the workpiece being cooled 
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Figure 4. Process diagrams of application of heat-absorbing p_aste_ in 
welding [25]: a, b-prior application of the paste; c, d-paste feedmg 
behind the torch concurrent with welding: 1 - plates being welded; 
2- applied paste; 3 - torch; 4- protective stationary screen; 5 -
outlet nozzle of the paste feeding device; 6- mobile protective screen. 

and good contact ofHA (water) with the cooled surface. 
Moreover, in impregnation of porous materials with 
water, their heat conductivity can exceed the heat conduc­
tivity of the material and water taken together [13]. Their 
common disadvantage is that at a high heating energy, an 
intensive boiling ofthe water occurs in the porous material 
zone adjacent to the heated surface, with formation of a 
steam film which does not disintegrate because of the ab­
sence of stirring and is a thermal insulator. 

Cooling methods based on allowing for the phase tran­
sition heat, are related to the application ofheat-removing 
pastes [22, 23] (Figure 4) and crystalline heat absorbers 
[24]. The heat-removing pastes are a mixture of water or 
salt melts with technological additives increasing their 
viscosity and other properties. Heat absorption in appli­
cation of the heat-removing pastes is due to heating and 
evaporation of the water contained in them. The pastes 

a 

Figure 5. Example of application of dry ice [17, 27]: a- cooling of 
heat-affected zone; b- cooling of the weld and heat-affected zone: 
1 - welding head; 2 - weld; 3 - dry ice; 4- parts being welded; 
5 - pneumatic hose; 6- channel-bar. 
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are applied onto the surface of the workpiece being 
welded and cool it. 

Crystalline heat absorbers are crystalline hydrates of 
salts. Heat removal is the result of crystallites melting 
with formation of water and its subsequent heating and 
evaporation. The advantages of the processes of heat re­
moval using heat removing pastes and crystalline heat 
absorbers, are their simplicity, high adaptability to fabri­
cation and versatility. The disadvantages consist in the 
pastes and crystalline heat absorbers being consumable 
materials capable of removing a limited amount of heat, 
therefore, they are only used for low-melting materials 
(aluminium and magnesium alloys) or thin metal (up to 
3 mm) [25). 

Methods using low-temperature media as heat absor­
bers, are described in publications. For instance, some 
authors recommend cooling the weld by a liquid nitrogen 
jet (-196 °C) [26] or dry ice (- 78.5 °C)) [17, 27] (Fi­
gure 5). Such methods are quite effective in terms of heat 
removal, but poorly adaptable to fabrication, because of 
the complexity of using the low- temperature media, also 
being quite expensive. 

CONCLUSIONS 

1. Designs of cooling devices and methods of cooling are 
highly diverse. Selection of a concrete design and cooling 
method depends on the item being welded, material and 
welding process. 

2. For extended welds made by automatic welding, 
preferable are the mobile devices, and stationary devices 
for manual welding. The most effective is the use of water 
and low-temperature HA. The best adaptable to fabrica­
tion are the methods using heat-removing backings and 
clamps, their effectiveness being low, however. 
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SELECTION OF EQUIPMENT FOR MECHANIZED ARC 
WELDING, SURFACING AND CUTTING 

V.A. LEBEDEV and V.F. MOSHKIN 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABSTRACT 

The results of analys is, development and selection of equipment for mechanized arc welding, surfacing and cutting are considered. 
It IS shown that the mtllltlve approach to selectiOn and development of the semi-automatic machines can lead to non-rational 
solut1ons. Methods of system approach are suggested which allow performance of a highly objective analysis and selection of 
the eqUipment, lowenng the probability of taking wrong decisions, also at the stage of development of new semi-automatic 
machmes. Selection ofmodular design using a basic model as a principle allowing development of semi-automatic machines 
for vanous purposes w1th ratiOnal techmcal and service parameters, is substantiated. 

KeY words: arc welding, surfacing, cutting, system approach, 
analyszs, development,fabrication, production, criteria. 

Alongside a noticeable reduction of the volume of output 
and use of semi-automatic machines for metal-arc weld­
ing and surfacing, the number of developments of this 
type of equipment has markedly increased lately [1]. The 
n~w semi~automatic machines largely reproduce the de­
stgn solutiOns of the past years, differing from each other 
only by the arrangement, outer design and use of advanced 
materials and components. Some developments of 
mechanized equipment are indeed based on advanced en­
~ineering solutions which expand their areas of applica­
twn up to use m allied technologies [2]. This concerns the 
~emi-automatic machines which allow performance, for 
mstance, of gas-shielded welding with smaller loss of 
electrode metal, improved formation of a weld of steel 
[3], ~luminium and its alloys [4]; strengthening and res­
toratwn surfacing with self-shielded flux- cored wires· 
cutting of various metals with specially selected cuttin~ 
electrode wires. o 

It should be specially noted that the main components 
of t~e sen: i-automatic machines, also with the required 
modificatiOns, are used to advantage in such allied tech­
nologies as surfacing and cutting. Analysis of the techni­
cal information. materials of exhibitions and consumption 
market leads to a conclusion that different evaluation cri­
teria are used eYen for equipment of one type for any 
purpose whatsoeYer. in deYeloprnent of mechanized 
equipment. its rnanuta . and -election bv the user. The 
following of the main eri-e. ·a be :in2: l~d our: 

minimal consumption of rime andmo~e,· for election 
of the optimal solutions and de ign (for de~·elopers) : 

prompt reaction to the market needs. i.e. aYailabilitv 
of reproducible design solution for the majority or eve~ 
the full range of the user inquiries with minimal produc­
tion costs (for manufacturer ): 

minimal price, broad technological capabilities and 
performance with minimal co t of repair and service (for 
users); 

technical and ecological safety (for man and environ­
ment). 

© VA LEBEDEV and Y.F. MOSHJ(D;. =ooo 

It is obvious that for all the participants of the cycle 
of de~elopment-manufacture-use of mechanized equip­
ment m metal-arc processes, some criteria can coincide 
completely or partially and others may not coincide or 
even contradict each other. The purpose of this work is 
selection and substantiation of the most general criteria 
of evaluation of semi-automatic machines for various pur­
poses, which allow the developers, manufacturers and us­
ers of mechanized equipment to take the most optimal 
decisions. 

In v_iew of the fact that any type of equipment for 
mechamzed arc welding, surfacing and cutting, in terms 
of s~ch _f~rmal characteristics as integrity and divisibility, 
~vmlab1hty of e~sential stable associations and organisa­
twn, as well as mtegration qualities [5], is a system of a 
certain complexity, its analysis, can be performed using 
the system approaches. 

It should be noted in advance that the procedure of 
determination of the actual quality characteristics of 
~echanized equipment is quite complicated. Therefore, 
It should be conducted in an integrated manner, mainly, 
at the stages of development and design of any new sys­
tem, taking into account the interests of the manufacturer 
a~d the user, as well as addressing the problems oftech­
mcal and ecological safety. This circumstance, certainly, 
d?e.s not eliminate the possibility of such analysis by in­
dtvtdual parameters of the semi-automatic machines at 
the stages of manufacture or introduction into the market. 

. ntil recently. assessment and analysis of welding 
eqmpment. also of semi-automatic machines of various 
purpose and different design. has mainly been conducted 
us~~ different types of classifications [ 6] , and subjective 
opmwns allowing for the technical and technological ca­
pabilities of the machines and the ensuing complexity of 
the engineering solutions, as well as the equipment cost. 
In practice it means a purely empirical approach to con­
structing the equipment quality criteria. 

When just such methods are used, errors are highly 
probable, which inevitably lead to development and de­
sign of non-optimal systems for implementation of met­
al-arc welding, surfacing and cutting. 

A similar situation can be in place also in selection of 
the equipment for coping with the production problems. 
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Figure 1. Confidence functions: a- for electrode wire diameters used 
in the semi-automatic machines ,u1 (E1); b - for reliability indices 
Jl2 (E2). 

From the above-said it follows that development of suf­
ficiently precise, unambiguous criteria for the evaluations 
which allow a practical comparison of equipment by the 
degree of its preference, is an urgent problem. 

According to [7], the evaluation criteria can be ofthree 
kinds, namely: representative, indirect and non-repre­
sentative. The latter, as shown by analysis, being loosely 
associated with the preference relations in the equipment 
for mechanized processes, we will use only the repre­
sentative and indirect ones. They can be determined as 
the following ratios : 

for the representative criterion lim f.!.( E) = I; 
£ --->0 

for the indirect criterion 0.5 < lim f.!.( E) < I, 

(I) 

where J..l.(E) is the confidence function or repre­
sentativeness and o is the value characterising a concrete 
criterion (reliability, cost, etc.). 

The confidence function J..l.(c) can be regarded as a 
criterion only in the case, if it is of a continuously growing 
nature foro. Various approaches can be used to determine 
the kind ofJ..l.( £) dependence.ln our case, the expert evalu­
ation method is the simplest and sufficiently accurate, as 
shown by the work experience and studies of the market 
for semi-automatic machines for gas-shielded welding 
with solid electrode wires. 

Let us consider as an example, selection of a semi­
automatic machine for C02 welding with small- diameter 
solid electrode wires by preference from the viewpoint of 
a plant-manufacturerofsheetmetal structures. Let us limit 
the set of such semi-automatic machines by the economic 
capabilities of the enterprise for their purchase, as well as 
the conditions related to the insufficient repair facilities. 
The simplest and relatively inexpensive designs of this 
type of semi-automatic machines are A547 Urn, A825 M, 
Al230 machines. They have similar specifications and 
are close as to their technical capabilities. Considering 
conditions (1), as well as the results of the conducted ex­
pert opinion survey, which defme the confidence func­
tions J..l.(c) as monotonically growing, two principal crite­
ria of evaluation of the above semi-automatic machines 
can be singled-out: number of electrode wire diameters 
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accommodated by the semi-automatic machine and reli­
ability of operation. 

Figure 1 shows the confidence functions produced by 
expert opinion survey: 

J..l.I(£1)- for electrode wires when one diameter is 
used cJJ = 1; £12 = 2; £13 = 3; £14 = 4; 

J..1.2(£2)- for reliability which here is understood to 
be the probability of faultless operation for a year after 
the guarantee period is over for the reliability values P1 = 
= 0.85 = t2l; p2 = 0.9 = t 22; p3 = 0.95 = £2). 

The values ofthe reliabi lity characteristics are derived 
partially by expert opinion survey and partially from the 
data in [8] and for semi-automatic machines correspond 
to: A547 Urn- 0.875 ; A1230 - 0.9: A825 M - 0.95. 

The electrode wire diameters used in the semi-auto­
matic machines are taken from the certificate data and 
have the following values: A547 Urn- 4 (0.8; 1.0; 1.2; 
1.4 mm); A825 M - 3 (1.0; 1.2: 1.-f mm); Al230 -
2 (1.0; 1.4 rom). 

Consideration of dependencies J.ll(£,) and J..1.2C£2) 
leads to the conclusion that all the equipment being 
analysed has the criteria with the function of confidence 
or representativeness J.l(c) 2 0.5 which. therefore, can 
be used for selection of the semi-automatic machine 
design . It is obv ious that any other dewlopments of the 
semi-automatic machines where electrode "·ire of one 
diameter is used, or the probability of failure -safe op­
eration after the guarantee period is owr. is below P = 
= 0.85 , will not be much in demand by the users. In thi s 
case it is quite easy to give preference ro A8~5 M semi­
automatic machine, as the one hav ing the highest ge­
neral values of representativeness J.l· E 1. In practice, 
however, the user can prefer some other type of the 
semi- automatic machine in which one ofthe criteria, 
in his opinion, the most important can be raken as the 
basis to the detriment of the others. 

Often enough when the tasks of deYelopment. manu­
facture and selection of the semi-automatic machines are 
addressed to solve the production problems. equipment 
assessment must be performed by more than 
Hence, the multi-criteria problem which. if r• 
be solved by the methods of plotting integral cri~eria for 
each specific case by the procedures of [9]. From the 
above-said it follows that at any stage of decision raking 
on the mentioned equipment, system approaches should 
be used alongside the intuitive selection. 

This method of evaluation of the equipmen;: is quite 
simple and accessible. It is based on preferab:e choice 
proceeding from the expert data (confidence f~crion), 
i.e. incorporates the subjective elements. Its disaevamage 
is the need to perform extensive work on g~crmon of 
expert data. 

A more accurate (objective) evaluation oftl::.e equip­
ment can be provided by such a criterion as the 
of the semi-automatic machine. It is quite im~: for 
the problems related to the mechanized systems ?or the 
developer and the designer, the complexity is 
tion of the number of implemented research-e:::g-.::;:-ering 
solutions; for the manufacturer an indication ofi.he casks 
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of preparation for production: for e user an indication 
of the ability of the semi-automari !!lachines ro effec­
tively perform the technologi al proces-es. to be repair­
able, etc . It should be noted tha;:thecri e~on of complexity 
is, as a rule, associated with the :e:i ility of the equip­
ment, and its cost. It follows from the above said that the 
complexity criterion is quite re resentati e. 

Let us consider the exiry criterion based on the 
system approach conce ts ~.:::as the most objective one. 

Any serni-autornari machine for implementation of 
mechanized rneral-arc welding. surfacing and cutting in 
the general form can be represented hierarchically as a 
two-level strucrure where the first level are the local con­
trol systems and the determinant components ofthe equip­
ment, namely arc power source, controllable motor-drive 
and electrode w·ire feed mechanism, system of shielding 
media feed (gas, flux) . The second higher level is a system 
of control of the semi-automatic machine operation and 
regulation of the process (welding, surfacing, cutting). 
Such a structure of the semi- automatic machine, formal­
ised in keeping with the procedures of [10] , is shown in 
Figure 2. It can contain, alongside elements, blocks and 
individual components, a rather large number of ties of 
different purpose for the aims of interaction, control and 
information acquisition. 

There is a great number of different procedures of 
determination ofthe degree of complexity of any system, 
allowing only for the complexity of the equipment design 
and relying on a certain number of the system compo­
nents, as well as a number of others. None ofthern fully 
enough reflects the complexity of the currently used 
equipment for metal-arc welding and surfacing. Their use 
is possible only on the level of rather simple engineering 
solutions. At present an increasing number of develop­
ments in Ukraine [ 11] and abroad ( «Kernppi», «Miller», 
etc.) make full use ofthe computational means. The com­
plexity of such an equipment can no longer be evaluated 
without allowing for different kinds of associations, in­
formation level of the system, its possible variability and 
organisation. 

In our opinion, for mechanized equipment, the most 
objective can be the complexity index Cs described in [5] 
in the following form: 

(1 +La) [io + n*y Dk (L + 1) In n-f] (2) 
Cs = + ' 

where La is the degree of the system lability allowing for 
the variability of both the structure and its functions ; Io is 
the amount of information which should be available to 
the deYeloper. designer ~d technologist when forming 
the system as a ,-· ole: n is the number of the system 

componen--: y i5 _,_;: a•. e:age n ber of the techno logical 
operations o:::.e ze:::.,.. ":::.e;".:: of- e system element tie. 
component. =cz . :; ::; -:.. e 2ep-e-e o:·- e system differen­
tiation allo :......g: ~;: ..:· :::: · . o:· ±e e :ements and ties: 
k is the Bo ~~~- ::: .. .......::~''-

cal leYels: nroduct of the 
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I Structure of control and regulation 

I of a mechanised process 

y11 y1 2 Y13 y14 Y1s Y 1s 

System of Arc power Shielding 
electrode wire source medium feed 

feed system 

01 1 012 013 0 14 0 15 0 16 

I Processes of welding, surfacing and cutting I 
Figure 2. A formalised structure of a semi-automatic machine for weld· 
ing, surfacing and cutting: Y1 ~o Y1, Y13, Y14, Y15, Y16 - ties of control 
and interaction; 0 11 , 0 1,013,014,015, 0 16 -feedbacks and information 
links. 

number of components and ties and Tis is degree of the 
system organisation (0 > Tis> 1 ). 

From expression (2) it follows that determination of 
the index of the system complexity it a quite difficult task 
and can only be fulfilled with a common approach used 
for assessment of all of its components. In this case it is 
only possible to derive comparative values of Cs for dif­
ferent systems of mechanized equipment, which will cor­
rectly reflectthe actual complexity of the equipment. Such 
a procedure of determination of the complexity index 
must be performed at the stage of selection and taking the 
decisions in development and design of mechanized 
equipment. 

Expression (2) can be simplified, considering that Io 
parameter incorporates k constant, and 1 + Tis values, as 
shown by analysis, are close enough for the majority of 
the semi-automatic machine designs. In ·view of the 
above-said, expression (2) will assume a simpler form 

C,=(I+L0 )[N+n*y D(L+l)lnny], (3) 

where N is the parameter characterising the number of the 
possible combinations which provide for the formation 
of certain properties ofthe equipment components. 

With the practical use of expression (3) determining 
the degree of complexity of the equipment, it is necessary 
to assume certain rules of calculation of some of its im­
plicit components. The mechanical ties which are the 
same for the majority of the semi-automatic machine de­
signs, are ignored. Only the ties which provide mechani­
cal adjustment of the electrode wire feed rate, are an ex­
ception. From all the components of the semi-automatic 
machines only those are selected, which are active in pro­
vision of the machine performance and its adaptability to 
the technology. 

The complexity indices have been calculated for a 
number of semi-automatic machines produced by the in­
dustry of Ukraine, which are designed for C02 welding, 
as well as for self-shielded flux-cored wire welding and 
surfacing. namely A547 Urn w ith VS300 power source, 
~-\82 - ~1 \Yith VS300B power source, Al230 with 
\ TIG303-3 power source, PDG508 with VDU506 power 
source. PDG516 with VDU506 power source, PDG312 
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with VDG303 power source, PSh107V with VS300B 
power source. 

The simplest design is that of A54 7 Urn semi-automa­
tic machine. During investigations, this semi- automatic 
machine came to be regarded as a certain standard of sim­
plicity and rationality of design. In this case, the complex­
ity index of this semi-automatic machine can be taken as 
a criterion and used as a guideline in consideration of all 
the other designs. The results of calculations in the order 
of the increase of the complexity indices and reduction to 
the complexity index of A547 Urn semi- automatic ma­
chine, taken as a unity, are as follows: A825 M ~ 1.2; 
Al230 ~ 1.7; PDG508 ~ 2.08 ; PShl07V ~ 2.8; 
PDG312~4.6; PDG516 ~ 5.5. 

Analysis of the results showed that the majority of 
them correspond to expert opinions (of designers, tech­
nologists, operators) and some require clarification. The 
higher indices of complexity of A825 MandA 1230 semi­
automatic machines are attributable to the availability of 
a mechanical switch of the transmission ratio and a more 
complex arc power source. The complexity of PDG508 
and PDG516 semi-automatic machines is determined by 
inclusion ofVDU506 power source into their set. 

Two main trends can now be singled out in design and 
development of mechanized equipment for arc welding 
and surfacing: 

development of as simple as possible in design semi­
automatic machines for each of the processes using new 
highly efficient materials, processes (modulation, pulsed 
modes, etc.), engineering solutions (pulsed feed of elec­
trode wire, co-ordinated control, etc.); 

development of quite sophisticated perfect systems of 
mechanized equipment using a greater amount of computa­
tional means (synergistic systems, adaptive control, etc.). 

It is known that the system complication invariably 
leads to lowering of the reliability characteristics [ 12] and 
to increase of its cost, as a result of increasing of the num­
ber of elements and ties between them, the components 
and modules . The equipment complexity, however, is 
compensated for by its high technological capabilities, 
simplicity of setting up, and in a number of cases also by 
multi-purpose use (combined engineering solutions). 

It is obvious that the simple designs of the semi-auto­
matic machines in terms of the complexity criterion, in­
variably come into conflict with the more complex ones. 
This is manifested in all the stages of development, de­
sign, manufacture and operation of the semi-automatic 
machines. The possibility for elimination of the above 
contradiction should be searched in compromise variants 
of developments, which satisfy both the developers and 
manufacturers and the users. Equation (3) allowing for 
the most important aspects of the system approach, can 
in full measure serve as a practical basis for selection of 
such variants. 

The most optimal method for development, design, 
manufacture and introduction of equipment for mecha­
nized welding, surfacing and cutting of various metals, 
can be the modular design using a basic model which is 
applied with success in the Experimental Design-Tech-
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nological Bureau of the E.O. Paton Electric Welding In­
stitute when developing a wide range of semi-automatic 
machines for various purposes [13]. The complexity of 
the semi-automatic machines of modular design is mini­
mised. Let us demonstrate that by a number of obvious 
statements which follow from the systemic expression of 
the complexity index (3). The design of the basic variant 
used in such development has a quite low complexity 
index, and its main components are applied in all the fur­
ther modifications of the semi-automaric machines. 
Therefore, all the subsequent required by industry models 
of the semi-automatic machines will ba,·e lower values 

of N, Io, y components, and. hence. a lower complexity 
index compared to the new deYelopmenrs performed. This 
is also true for equipment of an~ le,·eJ of technical per­
fection . 

Another argument is based on an essential lowering 
of the degree of differentiation D (diversity of elements 
and ties) for each modification of the sen;.i-automatic ma­
chines of a modular design, compared tO rhe semi-auto­
matic machine being developed for sol•.-ing more than one 
technological problem. Hence. a number of obvious ad­
vantages of the modular principle of de•. elopment of a 
semi-automatic machine using a basic oodel for the 
manufacturer and the user, of ·which :he 
lows: lower cost of establishing the prod!Icrion. abil ity to 
quickly react to the market needs with the availability of 
simple diverse designs, relatively low cosr_ reliability, 
easy maintenance and repair, etc. 

Use of the methods of system approach ior solving 
the problems of mechanized equipmen~ fo:- welding and 
surfacing with a high fmal result, allo'' ec e.\.-cending them 
also to another kind of equipment. name~ ~o automated 
systems for repair and strengthening s:.xr2....cing. The ex­
perience of applying the system approach :o ce·.·elopment 
of such units is set forth in [14]. The proposeC. method of 
analysis and evaluation of welding equipr.::CLt based on 
the system approach, by its principles anc in~erpretation 

is, obviously, still far from perfect and sho!l:d De regarded 
as one of the attempts of clarifying this issue. 

CONCLUSIONS 

1. Methods of system approach in analysis an.:i design of 
equipment for mechanized arc weld ing and surfacing, 
provide the most rational solutions, both in ce· ·e~opment 

of equipment and in its assessment by the user. 
2. For relatively simple designs of the semi-am:ornatic 

machines, the most accessible method of their eYcluation 
by certain representative criteria, is the ;Jre~erence 
method. In the case of the more complex desig:r:s ofthe 
semi-automatic machines, the most objecti\·e mc..b.od is 
that of determination of the system complexi~ indices, 
allowing consideration of the engineering soluricr-...s '"'ith 
the aim oftheir rational use at the stages of den~lo;:ment, 
manufacture and introduction of the equipmenL 

3. The methods of system approach in their '-rious 
applications, can be used in development, ana:.~ sis and 
evaluation of the kinds of welding and surfacing Ct.:,""liip-
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ment, whose diversity and se > -- -e o:f production are 
essentially greater than o- olurions and 
single-job production. 

For mechanized and a o:::<L:ed -eiding and surfacing 
equipment, the most ratio al me-illod of deYelopment, ma­
nufacture and introdu ·on. <:.:ermined through system 
approach, is the method o: modular de ign using a basic 
model. 
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PROSPECTS OF UTILIZATION OF A HARD COMPONENT 
OF WELDING AEROSOLS 

A.A. E~AN, P.A. IVANCHENKO and G.N. SHIKHALEEVA 
Physical-Chemical Institute for Environment and Human Protection of the Ministry of Education and NASU, Odessa Ukraine 

ABSTRACT 

New feasibility of utilization of a hard constituent of welding aerosol is described. Realization of a directed ,·apour-pbase 
synthesis with producing highly dispersed powders of a preset composition and a developed surface of a phase contact will, 
probably, open up new prospects in the field of creation of materials of different functional purposes. 

Key words: welding aerosol, composite materials, hard compo­
nent, dispersity, catalysts, fillers, strain-strength characteristics. 

It is known that the welding industry belongs to the 
ecologically hazardous industries. Expenses for environ­
ment protection and maintenance of level of the safe air 
contamination of the working zone can reach up to 20 % 
of expenses for the welding processes [ 1]. In this connec­
tion the reduction in non-productive expenses is a rather 
actual problem. 

This article presents results of systematic investiga­
tions directed to a practical application of a hard compo­
nent of welding aerosols (HCWA), i.e. the non-utilized 
toxic waste of welding industry. 

When a series of successive experiments was planned 
we were coming from known general theoretical con­
cepts, namely: the welding processes are proceeding, in 
principle, in open-type «reactors», where components of 
coatings and fluxes , and also metals, which form the fmest 
aerodispersed particles in oxidation and condensation 
beyond the welding arc, are intensively evaporated under 
the action of high temperatures and infrared radiation. In 
addition, we used data, summarized in manuscript [2], 
about the dispersed and chemical composition, morpho­
logy ofHCWA, whose producing was stimulated mainly 
in the interests of hygienists, designers of gas purification 
equipment and means of individual protection of respira­
tory organs of welders. 

Physical-chemical properties of HCWA 

For investigations the HCWA samples were used, which 
were obtained by burning of electrodes AN0-4 (4 mm 
diameter, burning rate is 0.3 of electrode per minute, I= 
= 200 A, U = 28- 30 V, power source is rectifier VDU-
506 with a rigid characteristic) on l 0 mm thick substrate 
from St.3 grade steel. 

Element composition of HCWA was determined by 
the method of X-ray photoelectron spectroscopy (instru­
ment«Krab-3UM»), wt. %: 37.0Fe, 5.5Mn,2.5 Si, 8.5 K, 
3.6 Na, 0.9 Ti, 0.5 Mg, traces of aluminium and calcium, 
the rest- oxygen and microimpurities. 

Judging from the results of analysis of a dispersed 
composition of particles of several samples ofHCWA [3] , 
obtained with the help of a laser analyser «Analisette-22» 
of «Fritch» company and electron microscopy (EM 
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UEMI-lOOK, x29,000), they have a spherical shape and 
their diameter does not exceed 0.78 )..lll1 , the maximum 
size of formed agglomerates is not more than 1.5 f.!m, the 
specific geometric surface is 2.1 -2.5 m2 I g. The specific 
surface ofHCWA determined by the BET method using 
instrument «Quantisorb» is about 22 m2 I g, i.e. exceeds 
the specific geometric surface approximately by 10 times. 
The latter testifies a slightly expressed porosity ofHCWA 
particles. 

The thermographic examination (derivatograph of 
MOM company) and results of volumetric measurements 
of ethane yield during the HCWA sample treatment with 
triethylaluminium showed that all the volatile elements 
(2 - 3 wt. %) are removed from HCWA within the 100-
200 °C temperature interval , content of water and - OH 
groups at the surface of particles being decreased from 
0.21 to 0.002 mmole I g. The further heating (to 970 °C) 
leads to the increase in mass and subsequent changing of 
HCW A colour (brown~ red-brown ~black) due to in­
crease in depth of metal oxidation. This is proved by 
exoeffects in a differential curve at 360 and 785 °C, and 
also by reflexes in the diffractograms caused by the pre­
sence of iron oxides with a structure of the corundum type 
(hematite a-Fe203) and spinel (MnFe20 4 , FeFe20 4). The 
application of method of a paramagnetic resonance could 
establish the clearly expressed ferro- and paramagnetic 
properties of HCW A and products of its thermooxidizing 
treatment. 

Catalytic properties ofHCWA 

The basic component of a natural gas is methane which 
is used instead of an oil raw material to produce valuable 
petrochemical products, and, first of all, ethylene (up to 
40% of total output of petrochemical products). Reaction 
of oxidative condensation of methane (OCM) which pro­
ceeds according to data of works [ 4, 5] only in the presence 
of catalysts, i.e. complex systems containing oxides of 
transition metals (titanium, tungsten, chromium, manga­
nese, iron, etc.) and also silicon, aluminium, calcium, so­
dium, potassium, H20, - OH group, is one of the prom­
ising production reactions. As was above-mentioned, 
HCW A contains all necessary components for OCM re­
alization. 

Experiments in 16 mm diameter quartz reactor with 
a fixed layer ofHCW A (p = l 01 .3 kPa, mole ratio ofCH4 : 
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Table 1. Effect of temperature on ~~ =,.s;:;~ 
tivity of the OCM reaction 

and selec- Table 2. Variation of strain-strength characteristics of mixture-type 

Tem- Composition ofOL _ _\[ 

pera- reaction produa .. 
lure, oc Cjf, C2H6 co CO: C'-' ::.."'-·- r :::--=! co C02 

700 3.2 1.76 0 - C _.!: 6.80 0 80.8 
800 3.4 0.55 .8 1 - ~0- - ~_ -- 24.6 58.6 
900 4.3 0.38 16.6 I .v 10.0 0. 75 46.4 42.8 

0 2 = 2, T= 700-900 oc. tc = 1.5 s) showed that ethyle­
ne, ethane , oxide and dioxide of carbon, hydrogen, water 
were the products of OCM reaction under these conditi­
ons [6]. The Table 1 shows that with an increase in tem­
perature up to 900 oc the ethylene yield is respectively 
increased as a result of dehydrogenation of ethane. How­
ever, maximum of OCM reaction selectivity for the yield 
of hydrocarbons with two molecules of carbon was ob­
served at 700 °C and amounts to 19.2% at the 20.3% 
methane conversion. At 900 oc the methane conversion 
increases up to 41.8 %, but, unfortunately, due to deeper 
oxidation of methane. ln our opinion, implementation of 
catalysts on the base ofHCW A will require the more tho­
rough study of the OCM mechanism and selection of op­
timum composition of the catalysts to ensure selective 
transformation of CH4 ~ C2H4 and high yield of there­
action. 

HCWA is a filler of polymeric composites 

Increase in cost of an oil raw material and also in the 
requirements to the polymeric materials used under the 
extreme conditions and in new branches of engineering 
[7] makes the production of filled polymers actual. 

Highly dispersed and fibrous materials, whose high 
cost is attributed mainly to the power consumption at the 
stages of dispersion and drying, are used as fillers of poly­
meric composite materials (CM). It is evident that the cost 
of composite materials can be significantly decreased by 
eliminating both or one of these stages. 

Due to a peculiar combination of physical-chemical 
characteristics (size, shape, dispersed composition of par­
ticles and negligible content of moisture), HCWA can 
serve as the ready filler for mixture-type CM, while tita­
nium oxides contained in it are, in addition, the catalysts 
of the ethylene polymerization [8, 9]. 

To produce the mixture-type CM the thermoplastic 
high-molecular compounds, such as: polyethylene (PE) 
of a low pressure (GOST 16338-77), superhigh molecular 
PE (SHM-21 5) (TS 6-05-1896-80) and PE of German 
company «Hostalen Gur» (HG) were used. 

The proce s was realized in two stages: mixing of 
polymer and HC'i\'A: hot pressing (PEHG and PESHM-
215), die casting (PE of a low pressure). 

Table 2 gives data about the effect of a degree of filling 
the PEHG on the strain-strength properties of the mix­
ture-type C. 1. As it follows from this Table the rupture 
strength CJr ofC\1 is omewhat increased with an increase 
in the HCWA omem of up to _0 wt. % and decreased 
abruptly at the degree of C~1 filling of more than 
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CM depending on the degree of filling ofPEHG with HCWA 

HCWA content 

:J?a ~ cr" E" 
MPa '% 

wt.% vol. % 

0 0 25.7 15 38.1 350 
0.5 0.14 24.7 15 52.9 360 
2.0 0.58 23 .0 12 43.0 350 
10.0 3.10 23.3 12 39.8 340 
15.0 4.80 23.7 11 40.3 325 
20.0 6.70 24.2 12 37.3 285 
25.0 8.70 25.0 Jl 34.2 270 
30.0 1LO 24.8 10 33.5 240 

35.0 13.0 25.1 10 26.8 70 
50.0 20.0 19.0 5 21.0 10 

No 1 e. Here, cr, is the load which corresponds to a conditional yield 
strength; c;, is the elongation at yield strength. 

35 wt. %. Elongation at rupture (Er) is decreased mono­
tonically from 350-360 to 10% (50 wt.% HCWA). In 
this case the material becomes brittle. 

Polypropylene, emulsion polystyrene and polyvinyl­
chloride can be used as thermoplastics alongside with PE 
of different grades, thus saving the polymer and reducing 
the cost of the composite. 

The idea of producing synthetic CM using HCWA 
both as a filler and a catalyst is correlated with data about 
the feasibility of realization of polymerization processes 
at the surface of solid bodies, i.e. materials of a natural 
and synthetic origin, which contain active centres [10, 
11]. This method of CM synthesis, called a polymeriza­
tion filling, is theoretically grounded in [12- 14]. 

The HCWA surface was activated by complex metal­
loorganic catalysts [TiCI4 + Al(iso-C4H9)3] or [VOCI) + 
+ Al(iso-C4H9)3] in inert medium with a subsequent po­
lymerization of ethylene at the activated surface of 
HCWA in the medium of a dearomatized benzine in a 
suspension condition. 

lt was established [3] that PE- HCWA (synthetic CM 
containing up to 40 wt.% HCWA) can be produced using 
a high-pressure installation (T= 60-70 °C, p = 0.3 -
1.0 MPa, HCWA concentrations 50 g I l, 'tc = 30 min). 
Other conditions being equal the rate of polymerization 
of ethylene in the case of using the [VOCI) + Al (iso­
C4H9)3] system is by an order higher than when using 
[TiCl4 +AI (iso-C4H9)3]. 

Strain-strength characteristics of synthetic and mix­
ture-type composites PESHM-HCWA, containing up to 
30 wt.% HCWA, are almost similar. With the increase of 
the filling degree the synthetic CM possess higher (by 
10 -20 %) characteristics of strain-strength properties 
due to a decrease in aggregation and a uniform distribution 
ofHCWA particles in the polyethylene matrix. 

As to the combination of properties, the mixture-type 
and synthetic composites PE-HCWA containing 20-
40 wt.% HCWA can be used as structural materials and 
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Table 3. Properties of polymeric composites on the base of epoxy resins filled with HCW A 

!?at io of components, wt. %' Duration Rupture stress Shear Heal 
Composition solidification, at compression, stress, resistance, 

II Jll IV h MPa MPa oc 

Known [17] tOO 6 50 ** 6 - 7 60 5.0 120 

Suggested 50 50 6 40 6 75 7.0 270 

50 50 5 45 7 80 7.5 270 

48 52 4 38 8 69 5.5 120 

' Here, 1- epoxidian resin ED-20; 11 - epoxysi licon organic resin; JJJ - simplified of polyethylenepoliamine; I V- fi ller HCWA. 
" Filler is the waste of potassium pomegranate production. 

for the manufacture of containers, pipes (gas distribution, 
sewerage, irrigation), pickers for looms and other pro­
ducts of household and special application. 

Synthetic composites PE- HCWA containing 60 -
95 wt. % HCWA are the concentrates of a filler for pro­
ducing a secondary composite which is processed by ex­
trusion and die casting. Producing of cellular ceramics, 
membranes and filters by burning of an organic phase 
(polymer) from them in an oxygen flame is another pro­
mising application ofPE-HCWA concentrates. 

In accordance with data of [15 - 16] the HCWA can 
be used as a filler of epoxidian and epoxysilicon organic 
resins (degree of filling is 40- 45 wt. % ). 

As is seen from Table 3, the epoxidian and epoxysili­
con organic resins filled withHCWA (up to 50 wt. %) can 
be recommended as heat-resistant coatings, putties and 
pastes for repair of metallic surfaces and parts, including 
those used under the conditions of an increased humidity. 

The pressed polymeric plates are imparted the deco­
rative properties: at a low degrees of filling (0.5-
2.0 wt. %) the HCWA causes colouring of a polymer and, 
thus, it can be used as a pigment for thermoplastic and 
thermosetting plastic materials. 

The feasibility of producing CM with a high degree 
of filling on the base of oligomers (polyethylene wax, 
atactic polypropylene, drying oils «Oksol» , oligoether ac­
rylates, etc.) was grounded [17]. For example, on the base 
of drying oil «Oksol» the aerobically dried paints of 
brown, red-brown and black colours for protection of wo­
oden, metallic and reinforced-concrete structures were 
produced. 

Sorption properties ofHCWA 

As has already been noted, there are functional groups at 
the surface of HCWA particles. This fact served a basis 
for the development of a unique technology of HCWA 
modifying with the demethyldichlorsilane in an ultra­
sonic field [ 18] with producing a highly dispersed hydro­
phobic material «Oilfil». The estimation of its effective­
ness during cleaning the water area surface from the film 
oil impurities showed that the complete removal of the 
oil film is attained at a 2.5 mass ratio of sorbent to the oil. 
When the sorbent is used the spraying process becomes 
highly efficient, the sorbent is distributed instantaneously 
(in seconds) along the surface of the oil film, being ac­
companied by its quick disintegration and formation of 
afloat aglomerates, which, due to paramagnetic properties 
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of sorbent «Oilfil», are easily removed from the water 
surface using a magnetic device [ 19]. 

As is shown in [20], HCWA is an effective chemisor­
bent of fluorine-containing gaseous compounds (150 mg 
F-Ig of dust). Therefore, it should also sorb the rest acid 
gases, i.e. in interaction of metal oxides with acid gases 
in the presence of water vapours, the acid-basic reactions 
are proceeding with a formation of appropriate salts. 

In this connection, it can be stated apriory that the 
filtering elements, used for HCWA trapping (for exam­
ple, in FYI of the «Mriym> type), play simultaneously the 
role of gas absorbing elements of acid gases. However, it 
should be noted thatearlierthis problem was not discussed 
and, thus, it will require a special study. 

The results given in this article are the first attempt to 
demonstrate on different examples the feasibility of utili­
zation of HCWA to improve the economical charac­
teristics and ecology of the welding processes. 

In our opinion, the realization of a purposeful vapo­
ur-phase synthesis for producing h ighly dispersed pow­
ders of a preset composition and a highly developed sur­
face of a phase contact is a problem of a higher level, 
whose solution will open up the new. hardly now predict­
able, prospects, first of all , in the fie ld of the development 
of new materials of different functional purposes. 
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