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INFLUENCE OF COMPOSITION OF DEPOSITED METAL 
AND THERMODEFORMATION CYCLE 

OF SURFACING ON STABILITY OF JOINTS 
OF WHEEL STEELS WITH DISPERSION NITRIDE 

AND SOLID SOLUTION STRENGTHENING 
TO COLD CRACK FORMATION

V.D. Poznyakov, O.A. Gaivoronskiy, A.V. Klapatyuk, A.M. Denysenko and S.V. Shmygelskyi
E.O. Paton Electric Welding Institute of the NAS of Ukraine 

11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua
Current trends in the development of railway transport increase the load on the axle and speed of freight trains. The 
relevant task is to create technologies for the production and restoration of railway wheels, which provide the extension 
of their service life in different operating conditions. To solve the specified problem, it is necessary to study the influ-
ence of different factors on the technological and operational strength of welded joints of wheel steels with dispersion 
nitride and solid solution strengthening and develop the technology for restoring the rolling profile of all-rolled wheels 
of freight cars. It was established that the change in resistance of the HAZ metal of wheel steels with dispersion nitride 
and solid solution strengthening to delayed fracture is significantly influenced by the carbon content in steel and cool-
ing rate during welding. Diffusion hydrogen, contained in the deposited metal, getting into HAZ, significantly reduces 
its resistance to delayed fracture. In the new wheel steel, the carbon content should not exceed 0.55 %. Under other 
conditions, it will be impossible to provide the proper level of resistance of joints to the cold crack formation during 
surfacing of new railway wheels. 11 Ref., 3 Tables, 4 Figures.

K e y w o r d s :  arc surfacing, wheel steel with dispersion nitride and solid solution strengthening, heat-affected-zone, 
structure, cooling rate, diffusion hydrogen, cold cracks

Today in Ukraine to manufacture wheels of freight 
cars, wheel steel of grade 2 with a carbon content of 
0.55–0.65 % is used [1, 2]. Having a relatively low 
cost, wheels made of such steel have a sufficiently 
high reliability during operation. The level of loading 
on the axle of the wheel pair of freight cars during op-
eration on the railway tracks of Ukraine and the CIS 
countries amounts up to 23.5 t.

Current trends in the development of mainline rail-
way transport in Ukraine are aimed at increasing the 
load on axle to 27.5 t and the speed of freight trains 
to 150 km/h, which leads to the use of wheels of im-
proved strength and wear resistance. In this regard, to-
day several directions of creation of new wheel steels 
are considered. First, it is proposed to increase the 
carbon content in steel to 0.75 %, as it is done during 
the manufacture of wheels in the EU, USA and Ja-
pan. This is the simplest way, which does not require 
additional costs and changes in the technological 
process of manufacturing railway wheels. However, 
during operation of such wheels on the main tracks of 

Ukraine, this can lead to a sharp increase in defects on 
the rolling surface.

The second direction is based on microalloy-
ing of the existing wheel steel with carbide- and 
nitride-forming elements, due to which it is pos-
sible to provide the dispersion of the metal struc-
ture. This will promote the improvement of ductile 
properties of the wheel metal at a higher level of 
its strength [3–5]. At the same time, to reduce the 
probability of «shelled treads» formation on the 
rolling surface of the wheel, the carbon content in 
the steel should be limited.

All directions of creation of new wheel steels are 
actively worked out today. However, to increase the 
strength of railway wheels, the most promising area 
of development is microalloying of wheel steel with 
carbide- and nitride-forming elements. At the same 
time, while creating new railway wheels of higher 
strength, it is also necessary to predict whether it will 
be possible to restore them after wear by surfacing in 
the conditions of domestic production.

V.D. Poznyakov — https://orcid.org/0000-0001-8581-3526, O.A. Gaivoronskiy — https://orcid.org/0000-0002-8146-7790 
S.V. Shmygelskyi — https://orcid.org/0000-0003-2058-3269
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Investigation procedures. Investigation of the in-
fluence of cooling rate during surfacing on the resis-
tance of HAZ metal to delayed fracture. The investi-
gations were carried out using the method Implant [6, 
7] in a specialized installation developed at the PWI. 
Cylindrical specimens-inserts made of experimen-
tal steel were subjected to tests. They did not have a 
stress concentrator in the form of a notch. The spec-
imens were cut out along the rolled metal. From the 
same steel the plates with a size of 300×250 mm were 
prepared, in the hole of which specimens–inserts were 
placed on the yield fit, which during the tests were 
welded-on to the plate.

As the object of investigations experimental 
wheel steels with dispersion nitride and solid solution 
strengthening (conditional reduction of KS-DnTR3) 
were used, having the following composition with 
different carbon content, wt.%:

No.1 — 0.52 С; 0.70 Sі; 0.81 Мn; 0.37 Сr; 0.17 V; 
0.0173 N; 0.030 S; 0.025 Р.

No.2 — 0.64 С; 0.70 Sі; 1.30 Мn; 0.42 Сr; 0.15 V; 
0.0174 N; 0.030 S; 0.025 Р.

For comparison, wheel steel of grade 2 with a carbon 
content of 0.54 % and steel 65G (0.65 % C) were used.

Welding of the specimens was performed using a 
wire of a solid cross-section of grade Sv-08G2S with 
a diameter of 1.2 mm and a flux-cored wire of grade 
PP-AN180MN/98 (12GSKhNFT alloying system). 
During welding using wire Sv-08G2S the conditions 
were as follows: Iw = 180–200 A; Ua = 28–30 V; vw = 
= 13–15 m/year, wire PP-AN180MN/98: Iw = 250–
280 A; Ua = 28–30 V; vw = 15–18 m/year. The input 
energy of surfacing in both cases was approximately 
at the same level and amounted to 8.6–10.0 kJ/cm.

The cooling rate of HAZ metal was changed due to 
preheating of the plates, which depending on the tech-
nological variant of welding varied from 20 to 250 °C. 
This approach allowed changing the cooling rate w6/5 
of welded joints in the range from 25 to 10 °C/s.

Static loading of the specimens was started after 
cooling to a temperature of 50 °C. The speed of load-
ing to its constant value was approximately 10 MPa/s. 
As the index of resistance of HAZ metal of welded 
joints to delayed fracture, critical stresses (σcr) were 
taken, at which the specimen did not break for 24 h.

Investigation of effect of diffusion hydrogen on re-
sistance of HAZ metal to delayed fracture. As in pre-
liminary investigations, the quantitative evaluation 
of the effect of the diffusion hydrogen content in the 
deposited metal ([H]dif) on the resistance of the HAZ 
metal to delayed fracture was performed applying the 
Implant method. As the object of investigations, the 
experimental wheel steel KS-DnTR3 No.1 with a car-
bon content of 0.52 % was used. During the tests a 

mechanized method of surfacing in a mixture of gases 
82 % Ar + 18 % CO2 was used applying the flux-cored 
wire PP-AN180MN/98. The specimens were depos-
ited during preheating to a temperature of 100 °C. 
Under such conditions of surfacing, the cooling rate 
w6/5 amounted to 12–15 °С/s, and in the HAZ metal 
a martensitic-bainitic structure was formed, where 
the volume fraction of martensite was approximately 
85 % and the hardness of the quenched metal was in 
the range of 4440–4640 MPa.

The hydrogen content in the deposited metal was 
regulated by changing the temperature and time of the 
flux-cored wire annealing. To determine the number 
of [H]dif, the method of «pencil» test was used, which 
consisted in the following. A specimen of weld met-
al with the size of approximately 60×14×14 mm was 
deposited into a copper water-cooled mold. Then, di-
rectly after surfacing it was extracted from the mold 
and additionally cooled in the water flow till the room 
temperature (cooling time is 10 s) and placed to the 
eudiometer, where as a locking medium a hydrogen 
solution of glycerol was used, preheated to the tem-
perature of 40–45 °С. The process of evolution of 
diffusion hydrogen from the deposited metal speci-
mens lasted for 72 h until its complete cessation. The 
amount of diffusion hydrogen was calculated by the 
following formula

 
[ ] 100 / ,

diff
ml g

ahH P= ⋅
 

where α is the coefficient of the eudiometer; h is the 
height of the column in the eudiometer, mm; P is the 
weight of the specimen of deposited metal, g.

Investigations of resistance of joints to cold crack 
formation. Investigations of the stability of joints of 
wheel steels with dispersion nitride and solid solution 
strengthening to cold crack formation were performed 
during welding of technological specimens «rigid seal 
welding» [6, 8].

The rigid specimen represents a massive plate with 
a size of 300×400 mm and a thickness of 45 mm, to 
which around the whole perimeter the plates of the 
butt joint with a V-shaped opening (angle is 60°) of 
the investigated steel with 20 mm thickness, 300 mm 
length and 100 mm width are welded-on with the leg 
of 10–12 mm. The total 200 mm width of the joint 
corresponds to the maximum level of the specimen 
rigidity — the level of residual tensile stresses in the 
HAZ metal is approximately 400 MPa [9]. Further, the 
butt joint is welded with a constructive lack of fusion 
(gap is 1.5–2.0 mm, blunting is h = 4 mm), which is 
a stress concentrator for cold crack formation. Weld-
ing of specimens during testing of welded joints of 
experimental wheel steels for resistance to cold crack 
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formation was performed applying the mechanized 
method in shielding gases (82 % Ag + 18 % CO2) us-
ing flux-cored wire PP-AN180MN/98 with a diame-
ter of 2.0 mm on the following conditions: welding 
current is 250–300 A, arc voltage is 28–30 V, welding 
speed is 15–18 m/h.

Multilayer welding was performed under the condi-
tions when after each layer of deposited metal the joint 
was cooled to a temperature of 20–30 °С, after which 
filling of the groove was continued. To fix the moment 
of formation and the process of cold crack propagation 
during cooling of a butt after welding, the method of 
acoustic emission was used [10]. After welding, the 
specimens were subjected to 3 days exposure. Further, 
the reference butt joint was separated from the plate 
and mechanically cut on templates, from which macro-
sections were later made to carry out visual inspection 
for the presence of cold cracks. The templates were cut 
out in the places of welded joints, where the most in-
tense acoustic signals were recorded.

Results of experiments and their analysis. The 
generalized results of testing specimens applying the Im-
plant method on determination of the effect of preheat-
ing temperature (cooling rate in HAZ) on the resistance 
of the deposits of the experimental wheel steel with a 
carbon content of 0.52 and 0.64 % to delayed fracture 
are presented respectively in Figures 1 and 2.

During surfacing with preheating of metal to 
100 °C, the cooling rate in HAZ is reduced to 12–
15 °C/s (Table 1). Under such conditions of cooling, 
the formation of the metal structure in the compa-
rable wheel steels is already significantly different. 
Thus, in the HAZ metal of wheel steel of grade 2 a 
bainitnic-martensitic structure is formed, in which 
the share of martensite does not exceed 30 %, and 
in the experimental wheel steel KS-DnTR3 No.1 the 
martensitic-bainitic structure is formed, in which the 
volume fraction of martensite is already predominant 
and amounts up to 80 %. According to structural dif-
ferences, the resistance of steels to delayed fracture 
also changes. During preheating at a temperature of 
100 °С, the critical fracture stresses for KS-DnTR3 
No.1 are approximately 1.5 times lower. For the wheel 
steel of grade 2 (0.58 % C) this preheating tempera-
ture is already optimal to prevent the development of 
delayed fracture processes in the HAZ metal during 
surfacing, and for wheel steel with dispersion nitride 
and solid solution strengthening (0.52 % C) is still in-
sufficient.

It is possible to increase the critical fracture stress-
es for the HAZ metal of the experimental wheel 
steel KS-DnTR3 No.1 to the level of the wheel steel 
of grade 2 (σcr = 460 MPa) by increasing the heat-
ing temperature to 130 °С. Under such conditions, 
the cooling rate is reduced to 8 °C/s and in the HAZ 
metal of the experimental steel a strengthening struc-
ture is formed, in which the share of martensite does 
not exceed 50 %. According to the preliminary data, 
such share of martensite in the structure is critical for 
a significant probable increase in resistance of the 

Figure 1. Resistance of HAZ metal of wheel steels of grade 2 (1) 
[11] and KS-DnTR3 No.1 (2, 3) to delayed fracture: 1, 2 — Sv-
08G2S; 3 — PP-AN180MN/98

Figure 2. Resistance of steel of grade 65G (1) [11] and wheel steel 
KS-DnTR3 No.2 (2, 3) to delayed fracture of HAZ metal: 1, 2 — 
Sv-08G2S; 3 — PP-AN180MN/98

Table 1. Parameters of thermal cycle in the HAZ metal during arc 
surfacing of specimens applying the Implant method

Input energy 
Qsurf, kJ/cm

Preheating 
Tpr, °C

Thermal cycle parameters

w6/5, °С/s τ8/5, s τ8/1, s

8.6‒10.0

‒ 25‒30 8 170
50 20‒25 10 230
70 15‒20 11 250
100 12‒15 12 450
150 8‒10 14 760
200 5‒7 18 890
250 3‒4 25 1050
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quenched HAZ metal of high-carbon steels to delayed 
fracture [11].

It should be noted that during surfacing using the 
flux-cored wire PP-AN180MN/98 similar results were 
obtained. In contrast to the variant of welding using the 
wire Sv-08G2S, it was possible to significantly inhib-
it the development of delayed fracture processes (σcr = 
= 460 MPa) in the HAZ metal of the wheel steel KS-Dn-
TR3 with a carbon content of 0.52 % (experimental steel 
No.1) at a temperature of preheating of 150 °С.

The indices of critical fracture stresses during the 
tests of specimens of the experimental wheel steel 
KS-DnTR3 No.2 with a carbon content of 0.64 % as 
compared to steel 65G (0.65 % C), differ more sig-
nificantly (Figure 2) than in the previous case while 
comparing wheel steels of grade 2 and KS-DnTR3 
No.1 (0.52 % С).

The critical cooling rate, at which up to 50 % of 
martensite is formed in the HAZ metal structure of 
steel 65G, amounts to 6–7 °С/s, which can be achieved 
by surfacing with an input energy of 8.6–10.0 kJ/cm 
using preheating to a temperature of 200 °C. At such 
a cooling rate in the HAZ metal of the experimental 
wheel steel KS-DnTR3 No.2, the share of marten-
site is predominant and amounts to approximately 
99 %. Therefore, the critical fracture stresses of the 
HAZ metal of the experimental wheel steel are more 
than 1.5 times lower. Even at an increase of preheat-
ing temperature to 250 °С, the level of resistance of 
the HAZ metal of steel KS-DnTR3 No.2 to delayed 
fracture increases to 350–380 MPa, but still does not 
reach the level (σcr = 460 MPa), when the develop-
ment of processes of a delayed fracture is impossible.

The data on the content of diffusion hydrogen in 
the deposited metal, depending on the conditions of 
preparation of the flux-cored wire PP-AN180MN/98 
before surfacing are given in Table 2.

The generalized results of investigations of influ-
ence of the content of diffusion hydrogen in the depos-
ited metal on the indices of the HAZ metal resistance 
of the experimental wheel steel KS-Dn-TR3 No.1 to 
the delayed fracture are given in Figure 3.

As is seen from the abovementioned data, at a 
proper heat treatment of flux-cored wire before sur-
facing, as it is recommended during its use (annealing 
at T = 230 °C for 2.5 h), when the content of diffu-
sion hydrogen in the deposited metal is minimal ([H]diff = 
= 0.3 ml/100 g), the critical fracture stresses are the 
highest and amount to σcr = 300 MPa. Increasing the 
amount of diffusion hydrogen in the deposited metal 
to 1.5 ml/100 g leads to a sharp decrease in the resis-
tance of the HAZ metal to delayed fracture. Critical 
fracture stresses are reduced by almost 2.5 times (to 
125 MPa). At a further increase in the diffusion hy-

drogen in the deposited metal to 2.2 ml/100 g, the pro-
cesses of delayed fracture proceed even more rapidly 
and the critical stresses amount to only 75 MPa. As 
compared to the initial state, when the flux-cored wire 
was annealed at 230 °C for 2.5 h, the overall decrease 
in the resistance of the HAZ metal to delayed fracture 
amounted to 4.5 times.

Therefore, while performing investigations, it was 
found that in the case of mechanized surfacing of the 
wheel steel with dispersion nitride and solid solution 
strengthening, diffusion hydrogen, which is contained 
in the deposited metal, getting into HAZ, significantly 
reduces its resistance to delayed fracture. The process 
of nucleation and propagation of microcracks is ac-
celerated, and the critical fracture stresses at an in-
crease in the content of diffusion hydrogen from 0.3 
to 2.2 ml/100 g are reduced to 4.5 times.

The generalized results of tests of technological 
specimens on resistance of welded joints of experi-
mental wheel steels to cold crack formation are pre-
sented in Table 3 and typical examples of cold crack 
formation are in Figure 4.

While performing tests, it was found that during 
welding without preheating in welded joints of exper-
imental wheel steels with dispersion nitride and solid 
solution strengthening, the probability of cold cracks 
is 100 %. However, depending on the carbon con-
tent of wheel steel, there are differences in the nature 
of cold crack formation and propagation. In welded 
joints of the wheel steel KS-DnTR3 No.1 (0.52 % C) 

Table 2. Content of diffusion hydrogen in the deposited metal 
(wire PP-AN180MN/98)

Conditions for preparation of flux-cored wire before 
surfacing

[Н]diff, 
ml/100 g

Annealing at T = 230 ° C for 2.5 h 0.3
Annealing at T = 200 ° C for 2.5 h 1.5

Without annealing 2.2

Figure 3. Influence of diffusion hydrogen content on resistance of 
HAZ metal of wheel steel KS-DnTR3 No.1 (0.52 % C) to delayed 
fracture
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a cold crack is formed from the concentrator and prop-
agates in two directions. As is seen from Figure 4, c a 
cold crack propagates along the weld metal (area from 
the crater of up to 100 mm long), passing further into 
the HAZ along the fusion line (area of up to 50 mm 
long) and extends to the joint surface. In both cases, a 
crack originates in the HAZ metal. At the same time, 
the total length of a crack amounts to approximately 
50 % of the length of the welded joint.

In welded joints of the wheel steel KS-DnTR3 
No.2 (0.64 % C) a cold crack is formed from the 
concentrator, it has the beginning in HAZ, as in the 
previous case, propagates to the depth to 5 mm, and 
further — exclusively along the weld to the entire 
thickness of the joint, also coming to the surface. In 
this case, the fracture occurs along the entire length of 
the welded joint.

It is possible to avoid the cold crack formation 
in welded joints of the wheel steel KS-DnTR3 No.1 
(0.52 % C) by applying preheating of the metal to a 
temperature of 100 °C. During welding of the wheel 
steel KS-DnTR3 No.2 (0.64 % C), cold cracks are 
formed even at preheating to a temperature of 250 °C. 

Welding of the technological specimen of this steel at 
a higher preheating temperature was not performed.

Conclusions

1. The change in resistance of the HAZ metal of 
wheel steels with dispersion nitride and solid solution 
strengthening to delayed fracture is significantly in-
fluenced by the carbon content in steel and cooling 
rate during welding. In surfacing using a wire of a 
solid cross-section of grade Sv-08G2S or a flux-cored 
wire of grade PP-AN180MN/98 (12GSKh1NFT) at 
an input energy of 8.6–10.0 kJ/cm, an increased resis-
tance to delayed fracture is provided under the condi-
tions when the carbon content in the wheel steel does 
not exceed 0.55 %. Here, the preheating temperature 
should be up to 150 °C. At a higher content of carbon, 
the preheating temperature should be increased to not 
lower than 250 °С.

2. In mechanized surfacing of the wheel steel with 
dispersion nitride and solid solution strengthening, 
diffusion hydrogen, which is contained in the depos-
ited metal, getting into HAZ, significantly reduces its 
resistance to delayed fracture. Therefore, the content 

Table 3. Cold cracks in welded joints of experimental wheel steels KS-DnTR3 No.1 (0.52 % C) and KS-DnTR3 No.2 (0.64 % C) (arc 
method of welding rigid specimens)

Steel Welding wire, welding modes Tpr, °С Presence and nature of cold crack (CC) formation

KS-DnTR3 No.1, 
δ = 20 mm

PP-AN180MN/98 with a diameter 
of 2.0 mm, Iw = 250–300 A, 

Ua = 28–30 V, vw = 15–18 m/h

Without preheating
СС from the concentrator in HAZ and the weld 

along the fusion line for the entire thickness 
of the joint

100
СС were not detected

150

KS-DnTR3 No.2, 
δ = 20 mm

Without preheating
СС from the concentrator in HAZ to a depth 

of 5 mm, then along the weld for the entire thickness 
and length of the joint

150
200
250

Figure 4. Examples of cold crack formation in welded joints of experimental wheel steels with dispersion nitride and solid solution 
strengthening in welding using flux-cored wire PP-AM180MN/98: a — KS-DnTR3 No.2, Tpr = 150 °C, through CC (HAZ, weld); b — 
KS-DnTR3 No.2, Tpr = 200 °С, through CC (HAZ, weld); c — KS-DnTR3 No.1, welding without preheating, CC from concentrator in 
HAZ along the fusion line for the entire thickness of the joint; d — KS-DnTR3 No.1, Tpr = 100 °C, CC are absent
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of diffusion hydrogen in the deposited metal should be 
limited to not more than 0.3 ml/100 g, which is pos-
sible at a preliminary annealing of a flux-cored wire 
PP-AN180MN/98 (12GSKh1NFT) before its use at a 
temperature of 230 °C during 2.5 h. At a higher con-
tent of diffusion hydrogen in the deposited metal, the 
process of nucleation and propagation of microcracks 
in the HAZ metal is accelerated, and the critical frac-
ture stresses are reduced by up to 4.5 times.

3. During welding of experimental wheel steels 
with dispersion nitride and solid solution strengthen-
ing, the formation and propagation of cracks in the 
deposits is significantly affected by the structural state 
of HAZ metal, which depends on the carbon content 
in steel and cooling rate. It is possible to avoid cold 
crack formation under the conditions when the carbon 
content in steel does not exceed 0.55 % by applying 
preheating of metal to 100–150 °С.
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With the purpose of expert evaluation of welded joint performance a large number of computer programs have been 
developed now for prediction of the weld metal structural composition and their mechanical properties. Such programs 
are usually based on multivariate analysis of the processes occurring in the welding arc, and thermodynamics and kinet-
ics of the processes in the weld pool. It should be noted that at analysis of crystallization and recrystallization reactions 
in the weld metal, such programs usually do not take into account the nature of nonmetallic inclusion distribution in 
the structural components. There are many studies, which point to a significant impact of the inclusion, depending on 
whether they are present on the boundaries or in the body of the grains. The paper shows the need to take into account 
the probability of nonmetallic inclusions being in the body of structure grains or on their boundaries at construction of 
the numerical models that will allow improving the correspondence of the predicted data and the experimental results 
of determination of the mechanical characteristics of weld metal. 5 Ref., 5 Figures.

K e y w o r d s :  metals science, low-alloy steels, welds, microstructure, numerical modeling, nonmetallic inclusions

The impact of nonmetallic inclusions on the structure 
and properties of welds on iron alloys has been giv-
en a lot of attention already for about one and a half 
centuries. It should be noted that this problem remains 
relevant over time, and this is related to the change of 
ideas about the peculiarities of their impact. While the 
first works provided convincing proof of the negative 
effect of increased volume fraction of inclusions in 
welds on formation of metal mechanical properties, 
lateron the researchers found that the size distribution 
and chemical composition of the inclusions should 
be taken into account. At the end of the XX centu-
ry studies were performed, which demonstrated the 
positive role of certain inclusions in the processes of 
secondary crystallization of low-alloy steel welds. In 
studies conducted in recent years, attention was paid 
to the impact of nanosized inclusions on increasing 
the level of mechanical properties of welds of high-
strength low-alloy steels. Proceeding from the results 
of scientific research, laboratory testing and industrial 
practices, one can come to the conclusion that anal-
ysis of the impact of nonmetallic inclusions on the 
structure and properties of welds requires application 
of a complex approach, which allows not only for the 
topological indices, but also for the physicochemical 
characteristics of both the inclusions proper, and the 
nature of their interaction with the metal solution and 
the crystalline phase. Here, it was noted more than 
once that the inclusions impact depends on where ex-

actly they are located: in the center of large grains or 
on the intergrain or intragrain boundaries. However, 
while a large scope of research was devoted to the 
issues of inclusion distribution in welds by size and 
chemical composition, their impact on formation of 
the structure and mechanical properties of weld metal, 
the problem of distribution of inclusions in the micro-
structural components is given much less attention.

The problem of modeling the processes, which af-
fect formation of weld microstructure, in order to pre-
dict the level of its performance, requires conducting 
multivariate analysis. Modern possibilities of comput-
er processing of large data bases, and numerical anal-
ysis of thermodynamics and kinetics of nonequilibri-
um processes enable solving such tasks. Over the past 
decade, there were publications, in which the authors 
show the ability of such an approach to solve the com-
plex problem with optimization of the technology of 
welded metal structure fabrication, for instance [1‒5]. 
The role of nonmetallic inclusions is taken into ac-
count in these works, in terms of their distribution by 
size and chemical composition. However, the nature 
of inclusion distribution in the structural components 
proper is ignored. In our opinion, modeling of the im-
pact of nonmetallic inclusions without allowing for 
the nature of their distribution in the structural com-
ponents will not enable sufficiently reliable prediction 
of the mechanical properties of weld metal.

The work gives an idea about the processes, which 
determine the nature of distribution of nonmetallic in-
clusions in the microstructure of metal of low-alloy 
steel welds.

V.V. Holovko — https://orcid.ord/0000–0002–2117–0864
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Inclusion formation. Most of the welding pro-
cesses are accompanied by melting of the base and 
filler metal simultaneously with slag-forming material 
in the form of electrode coating, flux-cored wire core, 
or welding flux. High energy concentration between 
the melting electrode and weld pool promotes for-
mation of a plasma discharge of up to 20000 K tem-
perature, in which the welding wire and the flux melt, 
evaporate and decompose into constituent elements. 
These elements are transferred from the electrode into 
the weld pool by three main methods (Figure 1):

● as ions in the plasma column;
● as fine drops on the plasma periphery;
● as large drops, which separate from the electrode 

tip and are transported through the plasma during a 
brief time period.

In addition, loss of certain elements occurs through 
evaporation in the welding arc atmosphere.

Welding process parameters have a strong impact 
on arcing stability, effectiveness and mode of element 
transfer into the weld pool. Therefore, despite, for 
instance, the fact that the flux almost entirely con-
sists of oxides and fluorides, they are not transferred 
through the arc in the form of the initial compounds 
at all, but rather as constituent elements. Only rather 
coarse particles of the electrode coating, which are ca-
pable of remaining unchanged while passing through 
the welding arc, can penetrate into the weld pool and 
significantly impair the mechanical properties of weld 
metal. The weld pool cast metal (T > 2600 °C) con-
tains alloying elements (Ti, Al, Si, Mn, etc.), which 
passed from the welding material and base metal, and 
a large amount of oxygen, as its solubility in liquid 
alloys of iron with carbon is high (0.22–0.29 % in iron 
melting point) and rises (up to 0.33 %) at 1700 °C.

Oxygen comes from the ambient atmosphere or 
from the shielding gas, which often has CO2 in its 
composition. This process should be controlled, as 
oxygen content in metal drops at the electrode tip can 
be up to 5000 ppm, and this requires a large amount of 
deoxidizers for oxygen removal from the weld pool at 
its cooling. In addition, presence of oxides in the flux, 
which readily decompose (SiO2 type), leads to in-
crease of oxygen content in the weld metal, which en-
ters it from the slag. Increase of the content of higher 
basicity compounds (CaO, MgO and CaF2) in the flux 
promotes reduction of the amount of oxygen in the 
weld, although oxygen potential and basicity are not 
necessarily connected. In welding using highly basic 
fluxes, oxygen content can be lowered to the level be-
low 200 ppm, but this necessitates application of such 
strong deoxidizers as aluminium. Depending on their 
tendency to oxidize, the oxides can be arranged in a 
certain sequence, and oxygen potential can be deter-

mined based on partial pressure of oxygen, which is 
found from the decomposition energy of pure oxides. 
The oxides were arranged in the direction of lowering 
of their tendency to decompose, in the following or-
der: SiO2 > TiO2 > Al2O3 > ZrO2.

In arc welding methods with slag phase participa-
tion, oxygen transfer is determined by the conditions 
of FeO formation in the slag, as a result of flux oxide 
decomposition. The amount of FeO which enters the 
weld pool, increases with reduction of free energy of 
flux oxide formation, so that MnO, SiO2 and Cr2O3 
essentially affect weld metal oxidation. In most cases, 
however, up to 90 % FeO is removed from weld pool 
metal into the slag.

Oxygen solubility in iron drops abruptly with tem-
perature lowering (at 1345 °C oxygen solubility in 
γ-iron is equal to 0.003–0.007 wt.%), here the driving 
force of oxide formation becomes greater. This results 
in appearance ahead of crystallization front, of pre-
dominantly oxide particles with a higher temperature 
of formation, i.e. it can be assumed that refractory ox-
ides, based on Al, Si and Ti form in the metal melt in 
a homogeneous manner. Such conditions of inclusion 
formation can be predicted, proceeding from Ellingham 
diagram (Figure 2).

Processes, controlling inclusion distribution in 
weld metal structure. The strongest oxides are lo-
cated in the lower part of the diagram and form at a 
lower activity of oxygen, assuming that its activity is 
constant over the entire metal volume. Silicates form 
at much lower temperatures, than do oxides. On the 
whole, it is real to assume that they form during the 
process of metal solidification in interdendritic spac-
es which are enriched with impurity and alloying el-
ements. This process can be promoted by presence of 
primary high-temperature oxides. Such a conclusion 
is confirmed by the nature of location of inclusions in 
interdendritic spaces (Figure 3).

The resultant complex of inclusions is determined 
by the time of segregation action and of inclusions 
growth, so that in the general case the oxides should 

Figure 1. Main modes of chemical element transfer in the weld-
ing arc: 1 — weld pool; 2 — plasma; 3 — flux; 4 — electrode; 
5 — large drops in arc column; 6 — drops on the periphery
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be larger (> 1 μm) than the silicates, as they are able to 
grow for a longer time. However, as the oxides form 
in a melt with high flow velocities and turbulence, a 
certain part of them is removed into the slag, others 
can be carried to the high-temperature zone of the 
melt, where their dissociation takes place. The pro-
cess of separation of nonmetallic inclusions from the 
weld pool does not reach its completion, as certain 
particles are entrained by the solidifying metal front, 
thus forming an inclusion population in it.

Stokes law, that is flotation and separation as a 
result of the impact of the lifting force, does not ap-
ply to inclusions in the weld pool metal, because of 

insufficient time of the action of this force, and also 
because the metal flows have a much stronger effect. 
Two regions can be singled out in the weld pool by the 
intensity of these flows (Figure 4). The «hot» region 
with very turbulent metal flow, from which the parti-
cles are rapidly removed, and the «cold» one, located 
closer to the pool edges, in which the velocity of flow 
movement is much lower that leads to entrainment of 
a larger quantity of particles by the moving crystal-
lization front. This explains why oxygen content in 
the deposited metal is usually higher than can be an-
ticipated, proceeding from the conditions of thermo-
dynamic equilibrium, approximated to the region of 
temperatures below the solidification temperature. In 

Figure 2. Ellingham diagram of the change in free energy of oxide formation

Figure 3. Precipitates of coarse nonmetallic inclusions in the 
grain body (×200) Figure 4. «Hot» and «cold» zones of the weld pool
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addition, Ellingham diagram applies only to spherical 
oxides, and gives the standard energy of their forma-
tion, referred to one mole of oxygen at this tempera-
ture, although high-temperature inclusions can have 
such carbides and nitrides in their composition with 
high melting temperature as, for instance TiN.

Interaction of the crystallization front with the 
inclusions, causes segregation of solid products of 
deoxidation, associated with segregation of alloying 
elements. Crystallization front advance can have such 
an impact on the inclusion, which makes it move for-
ward, ahead of the crystallization front. Other mecha-
nisms of impact can be also manifested, of the type of 
Marangoni effect, which is the result of the change in 
interphase tension. The effect of the last type depends 
essentially on melt composition, as segregation occur-
ring on the crystallization front during the solid-phase 
growth, is caused by gradients of concentration and 
interphase tension, which lead to convection, direct-
ed towards the solidification boundary. Moreover, 
surface tension can cause nonuniform distribution of 
oxide particles. Coarse inclusions are characterized 
by low mobility, and that is why they are entrapped 
by the solidifying solution, while finer inclusions ac-
cumulate on the interphase front and are distributed 
along the grain boundaries.

The impact of any forces arising as a result of 
processes taking place in the melt flows, is propor-
tional to the area of its contact with the inclusion, (r2 
for spherical inclusions), while the particle inertia is 
proportional to the volume (r3 for spherical particle). 
Therefore, the segregation tendency should decrease 
with increase of the volume/surface ratio at increase 
of the spherical particle radius. Such dependence can 
be violated by the effect of particle floating, however, 
such an effect has not been detected up to now. Sili-
cates, which form later, have a tendency to create a 
chain of inclusions along the interdentritic boundaries 
(Figure 5).

Experimental verification of such a nature of seg-
regation is difficult, as the metal structure undergoes 
transformations during weld cooling, which violate 
the primary crystallization structure. Application of 
special etching methods that allow detecting the pri-
mary structure boundaries, allows establishing a cor-
respondence between them and inclusion distribution. 
During weld metal cooling, further growth of inclu-
sions, often in the form of sulphides, takes place, they 
often precipitating on the already existing inclusions. 
Many researchers noted the presence of CuxS film, 
which covers the oxide particles in the metal of welds 
of low-alloy steels. Increase of sulphur content in the 
weld metal leads to replacement of compounds rich 
in titanium oxide, by a film of (Cu, Mn) S type in the 
surface layer of the inclusions.

Conclusions

Reliable prediction of the structural composition of the 
metal of welds and their mechanical properties based on 
multivariate analysis is impossible without application 
of numerical modeling. With this purpose, researchers 
developed computer programs, which allow taking 
into account both the chemical composition of the base 
metal and welding consumables, and the parameters 
of welding technology. Application of such programs 
demonstrated the possibility of greatly increasing the 
effectiveness of such research developments in the 
field of fabrication of welded metal structures, on the 
one hand, and it also showed the presence of a notice-
able discrepancy between the calculated data and ex-
perimental results in certain situations, which can be 
related to insufficiently full description of the features 
of formation of weld metal structure. The work gives 
an idea on the processes which determine the nature of 
nonmetallic inclusion distribution in metal microstruc-
ture of low-alloy steel welds.
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Figure 5. Precipitation of silicate inclusions in the form of chains 
on grain boundaries (×500)
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Polyethylene raw materials used for production of polyethylene pipes are constantly being improved. At the beginning 
of the construction of plastic pipelines, the so-called low pressure polyethylene, currently known as PE-63 grade was 
used. Subsequently, new, more advanced types of raw materials, which represent a copolymer of polyethylene with 
hexane, were developed. Today, almost all pressure pipes are made of PE-80 and PE-100 grades of polyethylenes. 
However, during the repair and reconstruction of plastic pipelines, there is an urgent problem of joining pipes of PE-63, 
which have been operated for a long time, with new pipes made of polyethylenes of grades PE-80 and PE-100. In the 
paper, complex investigations of thermophysical properties of technical polyethylenes were carried out and significant 
differences were revealed, which should be taken into account during the repair of polymer pipelines. Experimental 
welding of pipe specimens from both single- as well as different-type polyethylenes was carried out. Morphological 
and mechanical studies of welded joints of polyethylene pipes of grades PE-63, PE-80, and PE-100 were performed. 
According to the results of investigations, the influence of their thermophysical properties and parameters of the weld-
ing process on the morphological structure and quality of welded joints of different-type polyethylenes was determined. 
Mathematical modeling of temperature fields during butt welding was carried out. A two-zone heating tool for butt 
welding of pipes with an outer diameter of up to 110 mm of different-type polyethylenes of pipe grades PE-63 and 
PE-80, PE-100 using a heated tool was designed and created. In order to test an experimental specimen of a two-zone 
heating tool, a series of experiments were carried out, which showed an improvement in the strength characteristics of 
the produced welded joints. 8 Ref., 4 Tables, 10 Figures.

K e y w o r d s :  polyethylene raw material of different types, polyethylene pipes, welded joints

The problem of repairing polyethylene pipes is im-
portant in terms of their safety and reliability of oper-
ation. As is known, the old pipelines were built using 
polyethylene of grade PE-63, which is already tech-
nologically outdated and no longer produced, and a 
complete replacement of the pipeline instead of its 
separate section is not advisable. Therefore, to pro-
vide the repair of such pipelines, it becomes necessary 
to study the possibility of welding polyethylenes of 
different grades. In the work the results of complex 
thermophysical and structural investigations of poly-
ethylenes PE-60, PE-80 and PE-100 are given. The 
main differences of materials were established af-
fecting the possibility of producing a quality welded 
joint. Technological approaches to welding of differ-
ent-type polyethylenes were developed.

At the beginning of the construction of plastic 
pipelines, the pipes of polyethylene of grade PE-63 
were used, but with the development of the polymer 
industry in the 2000s, it was replaced by more tech-
nological polyethylenes of grades PE-80 and PE-100. 
This has led to a global problem of repair and recon-

struction of old polyethylene pipes because of the 
need to weld materials with different thermophysical 
properties and the lack of available information and 
investigations of the quality characteristics of joints 
of different-type polymers, even at a short-term use. 
Joining parts and pipes of different grades of poly-
ethylene have different physical and mechanical 
properties, and therefore require special technologi-
cal parameters of their welding process. The available 
information on the possibilities of welding pipes and 
parts of polyethylene composites of different types, 
reliability and service life of their welded joints is 
significantly contradictory and limited. Some stadard 
documents allow welding different-type polyeth-
ylenes between each other, if they have close values 
of melt viscosity, which is estimated according to 
the value of melt flow index. However, the problem 
of optimizing the process of welding heterogeneous 
polyethylene pipes is not easy and requires additional 
investigations and appropriate adaptation of welding 
equipment [1]. While choosing the parameters of the 
process of welding polyethylene pipes, it is necessary 
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to take into account the peculiarities of the thermo-
physical properties of the base material, as well as the 
presence and amount of impurities. In particular, the 
material of pipes that have already been in operation 
may have impurities that have appeared as a result of 
adsorption from the environment [2].

Materials and procedures of investigations. To 
perform welding works, as the model objects, poly-
mer pipes with a nominal outer diameter of 63 mm 
and a wall thickness of 5.8 mm were used, made 
of three grades of technical HDPE with a different 
minimum long-term strength MRS, namely PE-63 
(density is 0.940 g/cm3, MRS6.3 according to GOST 
16338 [3], GOST R 50838 «Polyethylene pipes for 
the supply of gaseous fuels» [4]), PE-80 (density 
is 0.941 g/cm3, MRS8 MPa) and PE-100 (density is 
0.954 g/cm3, MRS10 MPa) [5, 6].

At the first stage, the thermophysical properties 
of the polymer material of polyethylene pipes of all 
three grades were investigated applying differential 
scanning calorimetry (DSC) in the calorimeter TA In-
struments DSC Q2000 and applying thermomechan-
ical analysis (TMA) in the device TA Instruments 
TMA Q400 EM.

At the second stage, experimental welding of poly-
mer pipes, both single-type as well as those of differ-
ent grades, was performed using «butt» method with 
a heated tool according to the conventional flowchart 
(Figure 1). The parameters of the welding mode were 
set according to the requirements of the standard [7] – 
temperature of the heated tool is 210 °C, heating time 
is 60 s, technological pause is 3 s, upsetting pressure 
is 0.2 MPa, cooling time under pressure is 6 min.

At the third stage, the produced welded joints of sin-
gle- and different-type polymer pipes in different com-
binations were laid in an environment that simulates the 
operating conditions — into the ground to a depth of 10 
cm, and on the surface, where they were under the influ-
ence of climatic factors during 1 and 2 years.

At the fourth stage, comprehensive investigations 
were carried out to study the long-term effect of the en-
vironment on the experimental specimens. The struc-
tural features of the specimens were investigated by 
means of wide-angle X-ray scattering (WAXS in the 
X-ray diffractometer DRON-4-07) and optical micros-
copy in the Versamet-2 microscope. The service char-
acteristics of polymer pipe welds were evaluated ap-
plying the methods of visual inspection in accordance 
with DSTU EN13100-1:2017 and mechanical tensile 
tests in the rupture machine FP-10 in accordance with 
DSTU EN12814-2:2018 and DBN V.2.5-41.

Thermal processes during welding of pipes of dif-
ferent-type polyethylenes were theoretically investi-
gated applying mathematical modeling using the fi-
nite element method.

Results of thermophysical studies. Thermograv-
imetric analysis (TGA) of the specimens of technical 
polyethylenes showed that as to the character of TGA 
curves (Figure 2, a), polyethylenes of all three types are 
similar, however, the temperature of the beginning of 
thermal oxidative destruction of polyethylene PE-63 is 
lower as compared to PE-80 and PE-100 (Table 1). The 
rate of thermal oxidative destruction of polyethylene 

Figure 1. Flowchart of conventional process of butt welding us-
ing heated tool

Figure 2. TGA of curves of specimens of technical polyethylenes PE-63, PE-80 and PE-100

Table 1. Characteristic temperatures of thermal oxidative destruc-
tion of specimens of technical polyethylenes PE-63, PE-80 and 
PE-100

Specimen Td, °C Td max, °C

PЕ-63 252 418
PЕ-80 264 420
PЕ-100 274 450
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PE-63 is much higher (Figure 2, b) at a temperature 
of intensity maximum Td.max ≈ 418 °C as compared 
to PE-80 and PE-100 at the temperatures of intensity 
maxima Td.max. ≈ 420 and 450 °C, respectively.

The corresponding curves were obtained apply-
ing the DSC method for the specimens of technical 
polyethylenes PE-63, PE-80 and PE-100 during the 
first (Figure 3, a) and second (Figure 3, b) heating. 
During the first heating, exothermic processes on the 
curves at a region of about 250 °С are seen, which are 
absent during the second heating, which may be asso-
ciated with thermal relaxation of stresses remaining 
in the polymer after pipe formation or during a final 
polymerization of polyethylenes. During the second 
heating, the change in the character of maxima of en-

dothermic processes in the region of temperatures of 
130‒140 °C is observed. Therefore, melting of poly-
ethylenes, shift of their temperatures and a decrease in 
enthalpy occurs during the first heating.

It should be noted that DSC curves of the first and 
second heating and characteristic thermophysical pa-
rameters of melting (Table 2) differ in some way for 
all three grades of technical polyethylenes.

The comparison of the thermal conductivity curves 
(Figure 4) shows that this parameter for all three 
grades of polyethylenes both according to isothermal 
values as well as with the changes in temperatures can 
differ in several times, which can not but affect the 
melting processes during welding.

The creep and stress relaxation curves of the spec-
imens of three grades of polyethylenes at different 
temperatures were also compared (Figure 5). If at 
the temperatures much lower than the melting point 
of individual polyethylenes the isothermal deforma-
tion curves of polyethylenes during creep and stress 
relaxation are similar, then with an approach to the 
melting point their behavior differs significantly. For 
the specimen of polyethylene PE-63, the deformation 
values  are the lowest, which is probably connected 
with its high viscosity, and the specimen of PE-100 is 
deformed as an already low-viscosity melt.

Thus, the carried out investigations showed signif-
icant differences in the thermophysical characteristics 
of technical polyethylenes, especially between the 
polyethylene of grade PE-63 and the polyethylenes 

Figure 3. DSC curves of specimens of pipe polyethylene grades PE-63, PE-80 and PE-100 during the first (a) and second (b) heating

Figure 4. Thermal conductivity of technical polyethylenes PE-63, 
PE-80 and PE-100

Figure 5. Deformation behavior of technical polyethylenes PE-
63, PE-80 and PE-100

Table 2. Characteristic thermophysical parameters of melting 
specimens of pipe polyethylenes PE-63, PE-80 and PE-100

Specimen Tm, °С ΔН, J/g

1st heating
PЕ-63 141.3 112.0
PЕ-80 136.9 116.1

PЕ-100 137.6 120.9
2nd heating

PЕ-63 138.9 93.5
PЕ-80 137.5 95.6

PЕ-100 133.0 112.3
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of grades PE-80 and PE-100. These differences, of 
course, should be taken into account while welding 
pipes of different grades of polyethylene. Howev-
er, the flowchart of the conventional method of butt 
welding of polymer pipes using a heated tool does not 
take into account these features.

Results of investigations of experimental welds. 
In a year after laying into the experimental environ-
ment, a study of the morphology and mechanical 
characteristics of experimental welded joints was 
carried out. Sections of welds of pipes from the sin-
gle- and different-type polyethylenes are presented in 
Figure 6.

There was a significant difference in the shape and 
volume of the welded flash was revealed in the welded 
joints on the side of different-type polyethylenes (Fig-
ure 6, c, d) as compared to the welded joints of sin-
gle-type polyethylenes (Figure 6, a, b). It is important 
to note that according to the valid standards [7], the 
flash of such shape is characteristic of poor quality 
welded joints, and the welded joint itself is considered 

to be unsuitable for use. According to the valid stan-
dards for a high-quality weld, the flash beads on both 
sides of the welding plane should have the same shape 
and volume, as is seen in welded joints of pipes of sin-
gle-type polyethylenes. In the case of welded joints of 
pipes of different-type polyethylenes, a nonuniformly 
distributed flash is observed on both sides of the weld-
ing plane, and therefore, such welded joints may be 
considered as poor. The difference in the shape and 
volume of the flash for different-type welded joints is 
predetermined by the difference in their thermophysi-
cal characteristics, which was shown above.

The structure and properties of welded joints 
of pipes of different-type polyethylenes, which for 
2 years were exposed to the action of climatic fac-
tors, were studied using an X-ray diffractometer. The 
analysis of wide-angle X-ray diffraction patterns of 
the specimens of welded joints PE-63/PE-100, which 
were in the air and on the ground showed that they 
all have an amorphous-crystalline structure, which 
is indicated by the presence of diffraction maxi-
ma at 2θmax = 21.2 and 23.6 against the background 
of an imaginary amorphous halo with an apix at 
2θmax ≈ 21.0° (Figure 7).

Figure 6. Morphology of welded joints of polymer pipes of different- and single-type polyethylenes: a — PE-63/PE-63; b — PE-100/
PE-100; с — PE-100/PE-63; d — PE-63/PE-80

Figure 7. Wide-angle X-ray diffraction patterns of welded joints 
of polyethylenes PE-63/PE-100, which were in the air and on the 
ground

Figure 8. Modulated change of the size of specimens of welded 
joints of PE-63/PE-100, which were under the influence of factors 
of the operating environment, on temperature
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It is noteworthy that for the welded joints of PE-
63/PE-100, which were in the air under the action of 
ultraviolet radiation, a change in the intensity of dif-
fraction maxima in the planes (110) and (200) occurs, 
which indicates significant changes in the structure 
of the welded joint material. During the analysis of 
wide-angle X-ray diffraction patterns of the spec-
imens of welded joints of PE-63/PE-63 and PE-63/
PE-80, which were in the air and on the ground, sig-
nificant changes in their structure organization were 
not revealed.

Figure 8 shows the curves of the modulated change 
in the size of the specimens of welded joints of PE-63/
PE-100, respectively, which were exposed to the in-
fluence of factors of the working environment, from 
temperature.

With the exception of an increase in the value of 
thermal expansion before melting of the crystalline 
phase of polyethylenes in the specimen of welded 
joint of PE-63/PE-80, which was on the surface, and 
a somewhat sharp process of melting the specimen 
of welded joint of PE-63/PE-80, which was on the 
ground, a significant difference between the behavior 
of the thermomechanical curves of both specimens is 
not observed. This is most likely explained by the ab-
sence of significant changes in the structure of both 
welds. A completely different situation is observed for 
the specimens of welded joints of PE-63/PE-100. The 
curves of the modulated change in the size of the spec-
imens of welded joints of PE-63/PE-100, which were 
exposed to the influence of factors of the working 
environment, on temperature namely on the surface 
and on the ground, have a significant difference in the 
region of melting crystalline phase of polyethylenes. 
This can certainly be explained by the change in the 
structure of the crystalline phase of polyethylenes in 
the weld, which is confirmed by the results of X-ray 
structural examinations, which are shown in Figure 9.

The service properties of welded joints were stud-
ied in the course of mechanical tests in the mode of 
uniaxial tension (Table 3). It is seen that welded joints 
of PE-63/PE-80 has the most significant effect on the 
deterioration of mechanical properties, regardless of 
the environment. However, it should be noted that the 
specimens in the ground underwent the major chang-
es in mechanical strength. This is probably associated 
with the lack of action of ultraviolet radiation, which, 
as is known, firstly leads to the cross-linking of poly-
ethylene, accompanied by an increase in its strength, 
against the background of its aging, which to some 
extent, as is seen from Table, is typical for all spec-
imens.

Results of mathematical modeling of tempera-
ture fields. In order to evaluate the influence of the 
difference in thermophysical characteristics of the 
material on the process of welding different-type 
polyethylenes, mathematical modeling of temperature 
fields was performed during the welding process.

Figure 9 shows the isolines of the temperature field 
at three moments of the butt welding process: a — 
at the beginning of the technological pause of 75 s; 

Figure 9. Isolines of temperature field at different time points 
during butt welding of pipes PE-63/PE-100 (see description a‒c 
in the text)

Figure 10. Temperature distribution along the midline for differ-
ent time points during butt welding of pipes PE-63/PE-100

Table 3. Change in mechanical strength of welded joints speci-
mens over time

Specimen
PЕ-63 

1 year/2 years
PЕ-80 

1 year/2 years
PЕ-100 

1 year/2 years

Ground
PЕ-63 19.38/19.68 18.76/18.03 19.69/18.79

Air
PЕ-63 19.23/19.48 17.84/16.5 19.53/19.55
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b — at the time of joining of the ends and the be-
ginning of compression of the pipes during upsetting; 
c — approximately in the middle of cooling duration. 
Because to differences in the thermophysical prop-
erties of polyethylenes on different sides of the pipe 
butt joint, nonuniform thermal fields are formed. In 
Figure 10 a gradual equalization of temperature in the 
middle side surface of the pipe is seen.

Designing and testing of two-zone heating tool. 
The abovementioned investigations of the difference 
in properties of technical polyethylenes PE-63, PE-80 
and PE-100 showed that the use of the conventional 
scheme of butt welding of different-type pipe poly-
ethylenes using a single-zone heated tool leads to a 
technologically incorrect weld formation, which ac-
cording to the nature of the welding process and the 
appearance of the welded flash does not meet the valid 
building standards, and therefore a need appeared to 
create special equipment to provide a quality welded 
joint during butt welding using a heated tool. To solve 
the problem of increasing the efficiency of repair and 
extending the life of plastic pipelines, in the course 
of the work, a two-zone heating tool for butt welding 
of pipes with an outer diameter of 110 mm from dif-
ferent-type polyethylenes of pipe grades PE-63 and 
PE-80, PE-100 using a heated tool was designed and 
created.

At a regulated heating at different temperature, on 
the surfaces of a two-zone heater on the ends of pipes 
on both sides the same quantity of melt is formed, 
during upsetting the symmetrical weld with the iden-
tical sizes of beads of a flash around the whole orbit 
of a butt is formed.

The conclusion about the mechanical strength of 
the weld of different-type polyethylene pipes, pro-
duced with the help of a two-zone heating tool, is 
provided by destructive tensile tests of the specimens 
carried out in accordance with the requirements of the 
standard DSTU EN12814-2: 2018 [8].

The fracture of the specimens had the similar plas-
tic nature. During plastic deformation of the spec-
imen, the «neck» was formed in the region of the 
fusion line and propagated towards the less strength 
polymeric material. The maximum tensile load for the 

specimen of PE-80/PE-63 (No.1), welded using the 
conventional technology, was 710 N, and for the spec-
imen of PE-80/PE-63 (No. 2), welded using the two-
zone heated tool, was 880 N. After the corresponding 
calculations, the yield strength value of the polymeric 
material was obtained — 25.8 MPa for the specimen 
No.1 and 29.4 MPa for the specimen No.2. Thus, the 
strength of the welded joint of different-type poly-
ethylene pipes welded applying the new technology 
appears to be by 15 % higher. Since the specimens 
with a narrowed working part were tested, in this case 
the strength of the weld material was determined. Ac-
cording to the results of experimental studies, the rec-
ommended values of temperature on the surfaces of 
the two-zone heating tool in different environmental 
conditions were determined (Table 4).

Conclusions

In the work the influence of heterogeneity of polyeth-
ylenes on the process of their welded joint formation 
was investigated. The solution to the problem of weld-
ing pipes from different-type polyethylenes applying 
the two-zone heating tool for butt welding using the 
heated tool created within the framework of this study 
is given. The technological approaches were devel-
oped, that allow producing high-quality welded joints 
of different-type polyethylenes.
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Table 4. Recommended temperature of operating surfaces of double zone heater during welding of different-type polyethylenes

Temperature of sur-
rounding air, °C

Combinations type of polyethylenes

PЕ-63 PЕ-80 PЕ-63 PЕ-100 PЕ-80 PЕ-100

–10‒0 230 220 220 230 220 230
0‒20 220 210 210 220 210 220

20‒45 210 200 200 210 200 210
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INSIDE WELDS: ADVANCED CHARACTERIZATION 
OF RESIDUAL STRESSES BY NEUTRON DIFFRACTION
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Welding processes involve often very high temperature gradients, which can induce elevated residual stresses (RS). 
It is essential, therefore, to know these RS, especially by determining them experimentally e.g. before and after ther-
mal treatments. Neutron beam techniques contribute in general to the solution of important questions and problems 
related to the methodological restrictions of the analysis systems normally used: complementary to these investigation 
methods, they provide concrete and fundamental help to optimize the finished industrial product and increase its per-
formance. Neutron diffraction, in particular, is a powerful tool to assess in a non destructive and non invasive way the 
RS status in materials and components of technological interest. In this paper, the basic theoretical aspects and some 
examples are reported, regarding the possible determination of RS by using neutron diffraction in different kinds of 
welded structures. 39 Ref., 7 Figures.
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In diverse industrial sectors involving welded joints, the 
requirements to rise materials and products performanc-
es, correspond with market needs and protect more and 
more public safety and environment, make pressure for 
continuous innovation and technological adaptations.

During the welding process, steep temperature gra-
dients occur, generating thermal stresses large enough 
to produce plastic deformation as shape misfits between 
dissimilar regions of the joint’s material. Phase transfor-
mations at different times in different locations of the 
joint can be also induced. From these non-uniformities in 
temperature, very significant RS — usually, large tensile 
residual macrostresses (RMS), sometimes of the order of 
magnitude of yield strength of the materials being joined 
— can be developed in solidification. Since RS are the 
stresses occurring in the non-existence of any external 
load or force (excluding the gravity), they must balance 
to zero within a component, stresses of one sign being 
equalized by stresses of opposite sign elsewhere. Surface 

RS, in particular, can be either tensile or compressive, 
depending on size and sign of the volume change with 
transformation. As the welded material solidifies due to 
the involved temperature gradient, it cools and begins to 
contract. The fluid in unsolidified regions cannot support 
stresses and accommodates the contracting surrounding 
areas. When this material later solidifies, it will try to 
contract more than the cooler zones around it, leading to 
RS, as schematized in a general sense in Figure 1.

RMS in welding also lead to problems of distortion 
and dimensional control in components [1]. Signifi-
cant levels of RS are developed, in particular, in the 
production of thick-section steel welds [2]. Intercrys-
talline and intergranular stress corrosion cracks, e.g., 
can occur in tanks and pipeline narrow welded zones, 
and they are due to the RS produced by the construc-
tion technique, and to the presence of aggressive el-
ements [3]. It is of primary importance, therefore, to 
be able to determine experimentally these stresses and 
their eventual relaxation following heat treatments, 
assumed that calculation techniques, such as those 
based on the finite element method (FEM), are not 
fully reliable in all cases. These simulation models, 
actually, miss important information on the real state 
of the material before and after the welding process, 
particularly concerning internal RS and nano(micro)
structural characteristics that influence remarkably on 
mechanical features and behaviour of welded joints. 
The creation of FEM to forecast RS in welded joints 
is very arduous deprived of evidence from direct mea-
surements. Similar problems are found in other types 
of assembly, in which gradients of certain critical 
physical parameters are even higher.

Knowledge of the real performing conditions of 
welded joints and the effect on material behaviour due 
to RS and other nano(micro)structural factors should 

M. Rogante — https://orcid.org/0000-0002-6846-0826
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Figure 1. RS induced by welding: a — longitudinal shrinkage; 
b — transverse shrinkage; c — weld seam; d — stresses
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play a crucial role also in the planning phase of a 
welding process and in the debugging of new welding 
project methods [4].

Various techniques exist to determine RS but few of 
them offer the capability to assess completely the RS 
spatial distribution through the thickness. If the stress 
distribution does not change (constantly along the weld-
ed seam), RS must conform the equilibrium relation:

 
0,A ijdAσ =∫  

(1)

where A is the area over which the stresses will bal-
ance to zero. The smallest dimensions of this area de-
fine a characteristic length which can be adopted to 
delineate different types of RS. Since RMS are those 
that balance to zero when integrated over a cross sec-
tion of a component, the characteristic length for RMS 
is on the order of the component’s dimensions [1].

Some analytical and experimental methods deter-
mining RS in welded joints can provide good knowledge 
and understanding of the effects of component geometry 
(e.g., concerning thin welded joints, see [5–7]), weld-
ing process, thermal and mechanical properties, phase 
changes and transformation plasticity on the magnitudes 
and distributions of these RS. This can help studying the 
RS role in failure mechanisms, improving the existing 
techniques for reducing RS in sensitive locations and 
preparing standardised RS profiles useful to calculate 
the acceptability of defects in welded structures [8, 9].

Refined numerical modelling techniques are gener-
ally adopted, particularly in nuclear applications [10], to 
reproduce the welding process and to model the RS rise 
during welding, after post weld heat treatment (PWHT), 
after proof testing and in service under normal and ab-
normal operating conditions. Despite numerical mod-
elling is a powerful instrument for RS calculation, also 
in this field of application a validation with reference to 
experimental results is essential [11].

Neutron beam techniques (NBT) are gaining more 
and more interest in industrial research and component 
diagnostics. Among the principal advantages, we can 
mention their non-destructive and non-invasive character 
and the possibility to investigate relative massive sam-
ples and components, due to the high penetration power 
of neutrons (order of centimeters in various engineering 
materials), as compared to other kinds of radiation (e.g., 
X-rays). Concerning the maximum sample dimensions 
for measurement in laboratory conditions, they depend 
on the neutron instrumentation being employed: one of 
the largest industrial component already investigated by 
ND, e.g., is the NiCrMoV wheel of an axial compressor 
for a heavy-duty gas turbine, having a diameter of 482 
mm and thickness of 86 mm [12].

NBT results, eventually combined with simulation 
models such as FEM, can help knowing when failure 
is likely to occur and whether use of different materi-
als and welding processes would produce a part or a 

structure that will last longer. NBT can also contribute 
in completing the database of structural nano(micro) 
investigations of welded joints and base materials, de-
veloping the nanoscopic safety criterion to forecast and 
prevent possible fracture processes in joints [13, 14].

Neutron diffraction (ND) has been already adopted 
to study non-destructively the RS profile through welds 
and joints and in adjacent zones. Nano(micro)structure, 
texture [15] and RS analysis can be studied in general 
by ND, and dedicated diffractometers are continuously 
developed involving a careful selection and optimization 
of the diverse mechanical and optical parts, based on in-
tensive examination of the respective purposes.

Neutron diffraction. Diffraction methods allow 
measuring both RMS and microstresses in crystalline 
materials, since each phase will have its own diffrac-
tion pattern supplying information on the stresses in 
that phase. Using ND to evaluate interplanar spacings 
in diverse directions, the complete strain tensor may 
be determined [16]. The main characteristics of ND 
measurements are:

● determination of the elastic strains only and of 
one component of the elastic strain tensor by each sin-
gle measurement;

● strains can be converted to stresses using appro-
priate elastic moduli;

● selective determination only from grains which are 
suitably oriented with respect to the scattering vector;

● strain values are averaged over those grains.
In the typical scheme of a strain measurement, a 

collimated neutron beam with a wavelength λ is dif-
fracted by a polycrystalline sample, then it passes 
through a second collimator and reaches the detector. 
Both collimators slits define the investigated volume 
(see Figure 2), whose cross section, generally, can be 
as small till 1×1 mm2 or, in singular cases, smaller.

Neutron diffractometers (strain scanners) have in 
general two axes and include: a wavelength selection 
system (e.g., a bent perfect crystal focusing mono-
chromator), a system of slits allowing sample volume 
to be estimated; an Euler’s cradle, enabling different 
orientations of the sample and connected to an auto-
mated travelling table xyz allowing for sample posi-
tioning; a neutron multidetector or position sensitive 
detector, which isolates and localises neutron signals 
on a line or surface, allowing the full diffraction peak 
to be directly recorded at a certain angular interval; 
eventual auxiliary equipment to heat up and/or to 
stress the investigated sample. The resolution of these 
scanners derived from the full width at half maximum 
(FWHM) of the diffraction lines, nevertheless, is ad-
equately high for small sample gauge volumes (when 
the width of the irradiated part of the sample is about 
2 mm or less) but rarely better than 8∙10–3 for bulk 
samples, hence they are adopted to measure the elas-
tic strain effects due to the variations of lattice con-
stants and angular shifts of the diffraction lines. To 
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analyse micro-strain effects resulting in a change of 
the FWHM and shape of broadened diffraction pro-
files, a significantly higher resolution is needed which 
can be achieved just by a 3-axis diffraction set-up re-
cently proposed [17].

Concerning RS calculation, the Bragg law:

 
2 sin ,nkln dλ = θ

 
(2)

(where the integer n is the diffraction order; 2θ is the 
ample take-off angle related to the maximum of the 
Bragg diffracted intensity peak, hkl are the Miller in-
dices of the investigated lattice planes) allows calcu-
lating the lattice spacing dhkl. The corresponding lat-
tice strain is given by the relation:

 

0,

0, 0,
cot ,hkl hkl hkl

hkl hkl hkl
hkl hkl

d d d
d d
− ∆

ε = = = − θ ∆θ
 

(3)

where θhkl is the diffraction angle and d0,hkl is the lat-
tice spacing in a stress-free reference material. As 
the assessment of RS by ND is always related to the 
stress-free material state, a correct evaluation of the 
unstressed lattice parameters (e.g., the interplanar dis-
tance) is one of the key tasks, in order to avoid im-
proper errors during the real material strain and stress 
evaluation. The accessibility of carefully measured 
zero-strain standards is also essential to confirm the 
absence of methodical instrumental effects determin-
ing the diffraction profile at a chosen scattering angle. 
The stress-free n particular, Some efforts are under 
way, hence, to develop new methods allowing more 
and more precise and practical evaluations of the 
unstressed lattice parameters, hence of the residual 
strains and stresses [18, 19]. Furthermore, at welding 
structural steels, phase microstructural transforma-
tions undergo in the fusion zone and in the HAZ. Each 
phase possesses its own lattice spacing and it is not 
known in advance in what volume the phase transfor-
mations have occurred. In ND measurements, hence, 
the microstructural phase composition, distributed 

non uniformly in the volume of welded joint metal 
should be taken into account.

The RS values can be obtained, in general, by 
knowing the elastic constants of the considered mate-
rial and using the relations:
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σ = − ν ε + ν ε + ε
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σ = − ν ε + ν ε + ε
+ ν − ν  

(4)

where σxx, σyy and σzz are the principal stresses; E is 
the Young’s modulus and ν is the Poisson’s ratio in an 
elastically isotropic model.

Uniaxial or biaxial RS are usually determined by 
ND as standard, and by rotating the triaxial compo-
nent (4) RS can be determined with nominal accura-
cies of about ±30 MPa (e.g., in steel) and ±10 MPa 
(e.g., in aluminium).

In a ND analysis to determine RS, finally, peak 
shifts not associated to strain changes — i.e., pseudo 
peak-shifts or pseudo strains — should be avoided or 
corrected, as well as errors and uncertainties for mea-
surements near surfaces eventually created by beam 
optics. Many possible systematic effects, indeed, may 
affect the interpretation of of ND data. For a full treat-
ment of the theoretical bases, see ref. [1, 12, 16, 18–21].

Some application in the welding sector. Among 
the examples of application of ND to determine the 
RS profile, the following cases can be mentioned [22]:

● double-V welds — see, e.g., the analysis of a 50D 
C–Mn steel sample having dimensions of 13.5×240×42 
mm (x, y, z), using the Bragg reflection (21l), obtaining 
RS values along the y and z directions determined as 
function of coordinate z, in good agreement with con-
ventional destructive method (strain gauge rosette);

● T weld — see, e.g., the analysis of a steel part 
from the offshore industry, in which deformation mea-
surements in three directions were carried out for two 
series of point, confirming, as expected, the further 
away from the weld, the smaller the deformations;

● V welds — see, e.g., the analysis of an AISl 303 
stainless steel part, with an investigated volume of 
2.5×2.5×200 mm, using the (111) reflection to draw 
a deformation map.

RS measurements by ND have been performed be-
fore and after relaxation heat treatment in a 2.25Cr1Mo 
ferritic steel arc welded pipe adopted for heat exchang-
ers, having the following dimensions (mm): outside 
diameter = 218; internal diameter = 178; total length 
= 355. The 2.25 Cr1Mo steel is one of the most ex-
tensively used and best characterised grade among 
the chrome-molybdenum steels: it is generally used in 
steam generators and it is often preferred to austenitic 
steels, since its reduced weldability problems. Exercise 

Figure 2. General scheme of a strain measurement by neutron 
diffraction
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temperature and pressure ranges are respectively 350–
540 °C and 100–200 bar. Points of the pipe have been 
investigated at the following depth (mm): 2.5; 5; 7.5; 
10. Figure 3 shows the considered welded pipe during 
the analysis.

Figure 4 represents hoop RS before and after the 
relaxation heat treatment (5 mm depth).

The gap between the RS values self-explains the 
resulting deviation trend between heat treated and not 
heat treated material [23]. An asymmetric progression 
of RS appeared across the welding: values shifted in 
high passing from one hand to the other of the weld 
zone, following the passes direction. Such trend can 
be ascribed to the asymmetry of the welding process, 
scheduling in the fibre the latest to cool a greater ten-
sional level in comparison with the adjacent regions. 
RS after the heat treatment appear nothing along the 
radial direction, while along the axial one they are 
lower than before the heat treatment, exhibiting a mo-
no-dimensional status [24].

Two 2.25CrlMo butt welded steel plates (A and B) 
have been investigated by ND before and after weld-
ing by shielding metal arc. Strain measurements have 
been performed in the plate A (before welding) along 
the three main directions x, y and z, in 11 aligned points 
inside the material, at the following depths (mm): 6.25, 
12.5 and 18.75. Low tensile RS (<100 MPa) resulted 
in each direction. From strain measurements carried 
out in two points of Plate Β near the calking, low ten-
sile (40 MPa) and very low compressive (–10 MPa) 
RS have been found, perpendicular and parallel to the 
calking respectively, uniform through the thickness. 
Post welding RS resulted to change their trend close 
to the weld bead, and a symmetrical behaviour has 
been observed in x and y RS components at the depths 
of 6.25 mm and 18.75 mm. In correspondence of the 
middle thickness (12.5 mm), the effect of welding on 
the RS field appeared lower, as compared with other 
depths. Analogous trends have been found for the z 
RS component. Results obtained by ND have shown 
a good agreement for two measured points in compar-

ison with data from ultrasonic testing (UT) averaged 
through the whole thickness (see Figure 5) [25].

Figure 6 is referred to the determination of resid-
ual micro-strains by ND in a pipe-flange welded joint 
made of steel.

A 2×2×5 mm3 gauge volume was adopted, and 
the dimensions of the joint were the following (mm): 
thickness of the pipe wall = 8; diameter of the pipe = 
= 100; thickness of the base = 12 [12].

In the Oil & Gas sector, the consistency of the sev-
eral welded joints involved in a pipeline and the even-
tual occurrence of micro-cracks due to the welding 
processes can favour a yielding of the whole pipeline 
structure. A correct method to assess RS, in this case, is 
essential in achieving the desired safety and reliability 
levels. Knowledge of RS status and other micro-struc-
tural factors (e.g., inhomogeneities, micro-voids, pre-
cipitates) present in pipelines can help also correcting 
the processes of selecting pipe manufacturers, speci-
fying quality of materials, establishing safe operating 
pressures and better planning maintenance and rehabil-
itation plans. Some components of the combined total 
stress may exceed a particular design stress limit for the 
constitutive material of these pipelines, involving, thus, 
the risk of an early structural failure.

RS, consequently, represents a peculiar problem in 
pipelines, where their evaluation is usually performed 
through typical methods such as ultrasonic measure-

Figure 3. 2.25Cr1Mo ferritic steel arc welded pipe positioned at 
the neutron diffractometer during the ND investigation (Image 
credit: Rogante Engineering Office)

Figure 4. Hoop RS (5 mm depth) determined by ND in a 2.25 
Cr1Mo ferritic arc welded pipe before and after relaxation heat 
treatment

Figure 5. Through-the-thickness averaged σx–σy RS components 
determined in a 2.25CrlMo butt welded steel plate by ND, com-
pared with data obtained by UT
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ments, magnetic flux leakage or in-situ direct measure-
ment of absolute levels of biaxial stress in ferromagnetic 
pipelines, based on magnetic anisotropy and permeabil-
ity. This evaluation results difficult and incomplete, due 
to the lack of essential information related to the real 
state of the involved bulk material, which favours pessi-
mistic estimates and risks of failures.

The correct assessment of RS levels performed by 
ND allows revealing the hidden cause-effect connec-
tions between the current condition of a given pipeline 
material under study and its potential failure modes un-
der operating conditions. Knowledge of such relation-
ships consents forecasting which types of failure modes 
are likely to occur and the pipeline material resistance to 
crack propagation under operating conditions.

A feasibility study has been carried out by the Ro-
gante Engineering Office (REO) on the determination 
of RS in pipelines. A failure predictive model has 
been proposed, in such work, based on nano(micro)
scale level investigations and able to penetrate into 
the design and development procedure of pipelines. 
This model involves ND, to identify the cost-effective 
materials minimizing the production of RS, reducing 
stress-related failures and improving the pipelines re-
liability. It includes also the planning of a relational 
database formed by a collection of catalogued mate-
rial parameters obtained also from ND for fresh sam-
ples which represent, statistically, the population of 
pipelines on which the forecasting tool is intended to 

be employed [23, 26]. Concerning the criteria of col-
lecting samples for ND investigation, e.g., suggested 
dimensions concerning samples from pipe of large ex-
ternal diameter (> 500 mm) are reported in Figure 7.

By cutting the original pipe to obtain the sample, a 
change occurs of the RS due to manufacture (not due 
to the welding process); before cutting the sample, 
consequently, it is necessary to apply extensometers 
at both the inner and the external surface of the pipe, 
to check the signal before and after cutting and re-
cord the RS alteration. Since thermal cutting of such 
samples adds heat-affected zone (HAZ) effects, the 
most adequate and less contaminating cutting proce-
dure is grinding, also involving a cooling medium, to 
avoid temperatures ≥ 300 °C. Samples should be very 
precisely cut, to possess identical geometry with not 
more than 2 mm error in the sizes: the time necessary 
for sample alignment at the neutron instrumentation, 
consequently, would be reduced.

Another example of possible applications of ND 
concerns the railway sector, i.e. the determination of 
inner and sub-surface RS arising in the welds of struc-
tural connections of the frame of wagons [27].

A further possible application concerns the welding 
of steels as constitutive materials of moulds, for their 
repair. The welding processes usually adopted in this 
case are manual metal arc welding (MMA), tungsten in-
ert gas welding (TIG), laser beam welding (LBW) and 
electro-spark deposition (ESD). In planning these pro-
cesses, it must be taken into account that they generally 
implicate high temperature gradients from which both 
undesirable metallurgical modifications in the portions 
affected by the heat contribution and RS are created. 
The thermal gradients originating during the shrinkage, 
in particular, would lead contiguous areas of material 
to simultaneously assume different lengths, but this is 
impossible. These zones, to maintain the same length 
at all times, must therefore be subjected to tensions — 
compression or traction, depending on the temperature 
gradient. Critical situations can arise, therefore, with 
the appearance of fixed deformations and even cracks. 
The latter can occur in correspondence with both the 
HAZ and outside that zone. An advanced characteriza-

Figure 6. Determination of residual strains by ND in a pipe-flange welded joint [12]

Figure 7. Suggested dimensions (mm) of the sample for ND in-
vestigation. External diameter of the pipe > 500 mm
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tion of such welds by NBT, therefore, can be beneficial 
since it contemplates the various parameters responsi-
ble for performance and quality, including inner and 
sub-surface RS stresses [28]. Similarly happens for the 
welding of cast irons [29].

The following other examples can be reported of 
ND investigation for RS determination: AISI 304 butt 
welded 28ʺ pipe (two TIG passes, and lastly twenty-six 
SMA passes distributed on ten layers) [30]; X welded 
sample (50 D C–Mn steel), a fillet weld of a steel com-
ponent for offshore applications [31]; Al-2219 welded 
plate (62×48×6.5 mm) for spacecraft industry [32]; de-
termination of RS longitudinal to electron beam weld 
in a Ni-based superalloy [33]; electron beam welded 
Ti-834 plate [34]; an Alloy 600 plate filled with three 
Alloy 82 weld beads, simulating a repair weld, in the 
frame of an international measurement round robin on 
an Alloy 600/82 multi-pass weldment [35]; near surface 
and inner RS around the weld toe of Weldox 1300 plates 
with a thickness of 15 mm, joined by robotic gas metal 
arc welding (GMAW) with Ar + 18 % CO2 as shielding 
gas [36]; fillet welds in 8 mm 900 MPa steel, with RS 
mapping perpendicular and parallel to the weld line and 
through the thickness in the vicinity of weld toe position 
[37]; bead-on-plate weldment, showing the significance 
of the weld start and end sites on the residual strain/stress 
distribution [38]; a rolled joint of a pressure tube made 
of three axial symmetric parts, modified SUS403 stain-
less steel as an inner extension, Zr–2.5Nb as the pressure 
tube and an Inconel 718 outer sleeve, to study the RS re-
laxation after a short-time aging treatment at 350 °C car-
ried out to simulate thermal aging over the lifetime of an 
advanced thermal reactor at operating temperature [39].

Further applications concerning RS determination 
by ND in manual metal arc repair, alumino-thermic 
and friction-based welds are reported in [20].

Conclusion
A huge amount of work has been performed on the 
field of welded joints and materials weldability, to 
solve standard issues present in welding manufactur-
ing [4]. The increase of the investigation in welds is 
fundamental to develop a correct design and weldment 
performance, with the main aim to improve strategies 
for prolonging component and plant lifetime.

The ND method is of great interest to specialists in 
welding, since it allows determining the distribution 
of RS over the thickness of different types of structural 
elements. There are high potentials that the ND meth-
od will make it possible to determine the complex RS 
state, which is formed during multipass welding of 
thick-walled elements made of steels with structural 
phase transformations. ND, indeed, has shown to be 
a valuable tool both to advance new joining process-
es and to enhance more traditional techniques. This 
method is also capable to validate FEM adopted for 
weld process optimization, to study in-situ post-weld 

heat treatments and to analyse the result of phase 
transformations during welding.

Since the thermal treatment due to the welding 
process influences also the nano(micro)structure, 
moreover producing the growth of some inclusions 
(e.g., precipitates), another NBT, i.e. small angle neu-
tron scattering (SANS), is indicated to complete the 
analysis of welded joints: by knowing their chemical 
nature, it allows obtaining key characteristics of these 
defects (e.g., number and size distribution).

For industrial applications of NBT, the REO has 
long been developing dedicated methodological ap-
proaches with appropriate processing and treatment 
procedures of data from neutron measurements, in-
cluding those for RS assessment in welding.

Achnowledgements. Dr. O. Makhnenko and Dr. A. Zav-
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In order to ensure the technological strength at reconditioning of the side sealing element of a sector of nozzle blades 
from ZhS6K alloy with the required deposition volume of 7‒13 cm3, a less heat-resistant material with sufficient 
deformability was selected. At microplasma powder surfacing it is characterized by the following level of values of 
short-time strength relative to the deposited metal ZhS6K: 0.7‒0.8 at 20 °С; 0.5‒0.55 at 1000 °С. Compared to the 
known technological solutions based on filler materials of ІN625 type, it allowed increasing the level of deposited 
metal high-temperature strength by practically 2 times at 1000 °С at effective limitation of high-temperature ductility 
ε1000 °С ≤ 1.0‒1.5 %. Proceeding from the described materials science studies, PWI developed a new repair technology 
of microplasma powder surfacing that has successfully passed experimental-practical trials at SE «Lutsk Repair Plant 
«Motor». 10 Ref., 2 Tables, 5 Figures.

Keywords:  high-temperature nickel alloy ZhS6K, microplasma powder surfacing of 7‒13 cm3 volume, deformability, 
technological strength, short-time strength values, repair technology

It is known [1] that after operation for more than 
700 h the relative quantity of damaged parts rises 
significantly in one of the modern bypass gas turbine 
engines with an afterburner. A typical representative 
of such parts is the sector of nozzle blades (SNB) of 
a high-pressure turbine (HPT) from high-tempera-
ture nickel alloy (HTNA) ZhS6K (Figure 1, a and 
Table 1), which belongs to the group of stator parts. 
One of the main types of operational damage of this 
SNB are thermal fatigue cracks, making it impossible 
to apply the currently available reconditioning tech-
nologies using methods based on fusion welding and 
brazing, (Figure 1, b) and loss or damage of the design 
shape of a large number of sections of the side sealing 
element, as a result of corrosion-erosion damage at 
high temperatures (Figure 1, c). Cutting out such de-
fects requires practically complete removal of the ma-
terial of HPT SNB side sealing element (Figure 1, d).

Design-technological analysis of a typical repair 
cutting out of HPT SNB side sealing element (Fig-
ure 2, a, b) showed the need for deposition of large 
volumes of HTNA — vd = 7–13 cm3, depending on the 
number of its damaged sections. Use of IN625 type 
alloys without dispersion strengthening by γ′-phase as 
the deposited metal for the side sealing element (see 
Table 1) for this SNB was considered unpractical, 
because of the risk of loosing the spatial stability of 
the reconditioned structural element as a result of a 
reduced high-temperature strength and increased duc-
tility of such a material in operation at T ≥ ≥ 1000 °C. 
It should be noted that the authors of this work are 
unaware of any previous examples of application of 
repair technologies of aviation GTE parts with such 
an increase of the volume of deposition of HTNA 
with a high content of strengthening γ′-phase. Anal-
ysis of publications in the post-Soviet space showed 

Table 1. Content of the main alloying elements in nickel alloys ZhS6K and IN625, wt.%

Alloy C Cr Ni Co Al Ti Mo W Nb Ta Re Fe B

ZhS6K 0.13‒0.2 9.5‒12.0 Base 4.0‒5.5 5.0‒6.0 2.5‒3.2 3.5‒4.8 4.5‒5.5 1.4‒1.8 <2.0 <0.4 <0.4 < 0.02
IN625 0.10 max 20.0‒23.0 Same 1.0 max 0.4 max 0.4 max 8.0‒10.0 ‒ 3.15‒4.15 ‒ 5.0 max ‒
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that operational damage of nozzles from HTNA of 
ZhS32 type was repaired using practically the tech-
nologies of microplasma powder surfacing (MPPS) 
and laser-plasma surfacing with vd of up to 2 cm3, for 
instance, [2‒5].

A priority task at development of the technology 
for restoration of the side sealing element of the above 
HPT SNB was evaluation of cracking susceptibility 
for a typical structure of ZhS6K alloy deposited by 
MPPS method (Figure 3) at successive increase of its 
volume in the direction of the respective increase of 
height H and length L of the deposited bead, in order 
to ensure the technological strength of such a weld-
ed joint (see Figure 2, b) in as-deposited condition. 

Similar to previous work [6], devoted to assessment 
of cracking susceptibility of ZhS32 alloy at MPPS, 
respective evaluations in terms of determination of 
the main indices of total heat input into the product 
were conducted also for the deposited ZhS6K met-
al (Figure 4). It was established that no cracks form 
in the «base metal–deposited metal» welded joint of 
ZhS6 type alloy under the conditions of typical MPPS 
applications for restoration of blade shroud platforms 
(L ≈ 35–40 mm; H ≤ 5 mm; vd ≤ 2.0 cm3). However, 
already at increase of bead length above L = 100 mm 
during multilayer deposition of more than 5–7 mm 
height (vd > 4–6 cm3), the susceptibility to reheat 
cracking begins to be manifested in the deposited 
metal of ZhS6K alloy in most cases. Their appear-
ance is due to the cumulative action of two factors: 
formation of residual longitudinal stresses [7] and 
established low deformability of the formed depos-
ited ZhS6K metal (Table 2). Thus, the impossibility 
of ensuring the technological strength at application 
of ZhS6K alloy as deposited metal is established for 
the conditions of restoration of HPT SNB side sealing 

Figure 1. Appearance of HPT SNB from ZhS6K alloy (a), its operating damage (b, c) and cutting out of defects on the side sealing 
element (d)

Figure 2. Characteristics of the required cross-section of the deposited bead at restoration of HPT SNB side sealing element from 
ZhS6K alloy (a) and appearance of its surface restored by multilayer MPPS after liquid-penetrant testing (b, c)

Table 2. Results of static tensile testing of ZhS6K deposited metal 
in as-deposited condition (without heat-treatment)

Number, 
type

Тtest, °С σ0.2, MPa σt, MPa ε, % 

1 20 1004 1004 0.5
2 900 639 641 0.8
3 1000 377 386.5 0.65
4 1100 ‒ 256 0.1
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element by multilayer MPPS, because of low deform-
ability of the alloy during surfacing.

Periodical increase of deformability of ZhS6K de-
posited metal (to the level of ε1000 °C = 5.8–7.2 % [7]) 
by conducting vacuum heat treatment at the homog-
enization temperature could not be implemented in 
this HPT SNB, because of the design-technological 
limitations by the heat treatment temperature. They 
were due to the presence of brazed joints in it (sign 
hole cover, mounting threaded bushings), made us-
ing Vpr11-40N braze alloy. The temperature of such 
a brazed joint formation is much lower than that of 
ZhS6K alloy homogenization [8].

In view of impossibility of ensuring the techno-
logical strength at restoration of the side sealing ele-
ment of HPT SNB at application of deposited metal 
of ZhS6K alloy, a decision was taken to apply de-
posited metal of reduced high-temperature strength. 
Static tensile testing of witness-samples of such de-
posited metal (Figure 5), conducted in servohydraulic 
machine MTS-810 by the procedure of [9], showed 
that the following level of short-term strength values 
is achieved compared to ZhS6K deposited metal: 0.7–
0.8 at 20 °C and 0.5–0.55 at 1000 °C.

Compared to existing/known technology solu-
tions that envisage application of filler materials of 
IN625 type with high-temperature strength σt 1000 °C ≈ 
≈ 110 MPa, the new technological approach, in ad-
dition to stable provision of technological strength of 
multilayer MPPS of volume vd = 7–13 cm3, allowed 
increasing the level of high-temperature strength of 
the deposited metal practically 2 times at 1000 °C and 
in addition effectively limited its high-temperature 
ductility ε1000 °C ≤ 1.0–1.5 %. Considering the known 
level of service loads of this HPT SNB (≈ 20 MPa 
[1]), the assessed values of high-temperature strength 
of the deposited metal allow prediction of the pres-
ence of the required set of functional properties for its 
restored side sealing element, in particular spatial sta-
bility, necessary to ensure reliable operation in mod-
ern aircraft GTE of RD-33 type.

Proceeding from the materials of the conducted in-
vestigations, repair of a test batch of the above HPT 
SNB from ZhS6K alloy was conducted for Lutsk Re-
pair Plant «Motor» by the technology developed at 
PWI (see Figure 2, c) and respective technological 
instructions were developed.

Figure 3. Microstructural features of ZhS6K deposited metal in as-deposited condition, scanning electron microscopy

Figure 4. Analysis of the regularities of ensuring the technolog-
ical strength in ZhS6K deposited metal, depending on a number 
of indices of the amount of heat input into the product (qd — effi-
ciency of microplasma arc; Σqd/v — sum of heat inputs of all the 
deposition layers; QΣ — total heat input into the product) and its 
volume. Technological variant «0» corresponds to the conditions 
of MPPS of shroud platforms of HPT blades, described in the text: 
H — 10–15 mm; I — 15–30 A; L — 50 mm; LL — 100–200 mm
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The work was performed under the integrated pro-
gram of the NAS of Ukraine «Problems of residual 
life and safe operation of structures, constructions 
and machines in 2016–2020».
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Figure 5. Analysis of short-time mechanical properties of different variants of deposited metal and regularities of ensuring its techno-
logical strength at restoration of HPT SNB side sealing element (BM —base metal; DM — deposited metal; êDM — selected system 
of deposited metal; TS+ and TM‒ — technological strength is or is not achieved, respectively). Short-time mechanical properties of 
ZhS6K base metal are given by the data of [10]: a, b — 20; c, d —1000 °C; (d — ×25)
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AUTOMATIC ARC SURFACING OF WORKING PATHS 
OF LIFT GATES OF KANIV NAVIGATION LOCK
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The paper gives the results of development and introduction of the technology of automatic arc surfacing of vertical 
embedded parts of navigation locks without dismantling them in the case of repair of rails of working paths of lift gates 
in the Kaniv navigation lock. 2 Ref., 8 Figures.

K e y w o r d s :  navigation locks; lift gates, working path rails, automatic arc surfacing

Geographic position of Ukraine promotes develop-
ment of its transportation potential, integration into 
the European transportation system, primarily as a 
country that takes a special place in providing transit 
cargo transportation with the most rational option for 
implementing West-East transport flows.

Four out of nine European transport corridors pass 
through the territory of Ukraine. The most important 
for inland water transport is corridor No.9 which con-
nects the ports of White and Baltic Seas with those of 
Black Sea-Mediterranean basin.

Inland navigable river routes of Ukraine pass 
mainly through the waters of the Dnipro and Danube 
and, according to the European agreement on the ma-
jor inland waterways of international importance they 
are classified as navigable river routes of the highest 
category E [1].

There are six shipping locks on the Dnieprovskyi 
cascade: Kyiv, Kaniv, Kremenchug, Dniprodzer-
zhynsk, ZRHS (Zaporizhzhya region of hydraulic 
structures) and Kakhovka.

A navigation lock is a hydraulic structure in the 
navigable and waterways to ensure the passage of 
vessels from one water basin (pool) to another with 
different water levels in them. It is limited on two 
sides by penstocks, located between which is the pen-
stock chamber that allows controlling the water level 
within its limits. Transfer of ships with the help of a 
navigation lock is carried out by sequential passage to 
the penstock chamber after aligning the water level in 
them. Lock usage is mainly aimed at making naviga-
ble the water spaces with different water levels.

Each lock has three main elements:
● waterproof chamber, connecting the upper and 

lower parts of the channel and having a volume suffi-

cient for containing one or several vessels. Chamber 
position is fixed, but the water level in it may change;

● gates — metal shields, located at both ends of 
the chamber, which are used for letting the vessel into 
and out of the chamber before the beginning of lock-
ing and seal the chamber during locking.

● water supplying device, designed for filling or 
draining the chamber. A flat panel penstock is usually 
used as such a device. Transfer pumps can be used in 
large locks.

Kaniv shipping lock (Figure 1) is located at 727 riv-
er kilometre of the Dnipro river. The lock design was 
developed by Ukrainian Department of S.Ya. Zhuk 
Institute with the participation of SDB «Zaporizhhi-
droproekt», SDB «Lenhidroproekt» and «Ukrhidror-
ichtrans» Institute. The lock construction was carried 
out by the following trusts and associations: «Dnipro-
bud», «Hidromontazh», «Hidrospetsbud», «Hidroelek-
tromontazh», and «Spetshidroenergomontazh».

The lock was put into operation on 22.07.1972 by 
locking «T.G. Shevchenko» motor ship. The naviga-
tion chamber is 270 m long, 18 m wide, and design 
head is 12.75 m. Upper lock head is fitted with emer-
gency flat gates and work lift gates The lower head is 
fitted with work two-leaf gates, repair gates and pen-
stocks. All the technological equipment of the lock 

G.V. Kuzmenko — https://orcid.org/0000-0001-6764-5389
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work gates and penstocks is activated by volumetric 
hydraulic drives.

From the beginning of operation the lock performed 
200470 lockings, with 477545 ships passing through 
it, i.e. the average monthly number of ships that have 
passed through the lock during the last year is equal to 
97, while the design value is 34 (data as of 2017) [2].

In November, 2017 the Kaniv navigation lock was 
closed for internavigation repair to perform unique oper-

ations on replacement of the work lift gates of the lock. 
The new gates were made by «Ukrhidromekh» Plant 
(Nova Kakhovka), and dismantling-mounting opera-
tions were to be performed by a specialized contactor 
«Kyivhidromontazh». It was planned to finish the work 
by May 2018, but because of a lack of funding it was 
moved to the internavigation period of 2019‒2020.

Figure 2. Lift gates of Kaniv navigation lock

Figure 3. Support carriage of lift gates in Kaniv navigation lock

Figure 4. Cross-section of a concreted rail of the working path of 
lift gates in Kaniv navigation lock (schematic)

Figure 5. Characteristic damage of working path rails of lift gates 
in Kaniv navigation lock

Figure 6. Specialized experimental equipment for automatic arc 
surfacing of vertical surfaces

Figure 7. Sample with a deposited region 150 mm wide and its 
cross-section
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The work lift gates (Figure 2) take the water 
pressure and transfer it through the support carriage 
wheels to the embedded parts of the working paths 
(Figure 3), made in the form of cast rails from steel 
45L to GOST 977, that were concreted during their 
installation in the walls of the guiding grooves of the 
lift gates (Figure 4). The load on the rails from each 
gate wheel is equal to 980 kN in the work zone.

Many years of operation resulted in accumulation 
on the rolling surface of the working path rails of 
damage in the form of a nonuniform mechanical wear 
and corrosion pits (Figure 5), the depth of which was 
equal to 3–5 mm. No cracks in the embedded element 
base metal or element deformations, not envisaged by 
design, were detected.

Under Project 8.8 «Development of the technology 
for repair and restoration of vertical guides of working 
paths of navigation lock lift gates in the water bodies 
of the Dniprovskyi basin» of the Purpose-oriented 
Scientific Research Program «Problems of residual 
life and safe operation of structures, constructions and 
machines», PWI developed specialized experimental 
equipment (Figure 6) for automatic arc surfacing. It 
was used in the laboratory to optimize the technique 
and technology of gas-shielded surfacing (CO2, Ar + 
+ 21 % CO2 mixture) of vertical surfaces with 1 mm 
solid wire of Sv-08G2S grade. The above-mentioned 
equipment allows continuous surfacing of vertical re-
gions of up to 220 mm size across the width and of up 
to 600 mm in the height, providing the deposited layer 
thickness within 2.5–4. 0 mm in one pass (Figure 7). 

Hardness of metal deposited on steel 45 sample is en-
sured in the range of HB 180 – 220, that is on the level 
of base metal hardness. This development was used at 
repair of the working paths of lift gates in the Kaniv 
navigation lock.

After measuring the working paths and their fault 
detection marking and scraping of the rail sections to 
be surfaced was performed. Scraping was conducted 
by electric grinders using steel brushes. The machine 
was fastened on the respective rail region and its sur-
facing was performed (Figure 8) across the entire 
width (190 mm) in the mode that guarantees the re-
quired geometrical parameters of the deposited layer. 
No preheating of the rail was applied, as self-heating 
of the base metal is ensured during continuous surfac-
ing. After surfacing is over, the machine is moved to 
the next rail region.

Thus, on the whole, more than eleven linear meters 
of the right and left rails of the working paths were re-
paired, which were commissioned in June, 2020, after 
grinding and replacement of the gates.

The developed technology and equipment can fur-
theron be used during repair performance in naviga-
tion locks and other facilities, where there is a need 
for surfacing the working surfaces of assemblies and 
parts of technological equipment without its disman-
tling, that will allow restoring their serviceability and 
extending their operating life.

1. Burmaka, I.O. (2014) Organization aspects of regulating navi-
gation in internal waterways of Ukraine. Mytna Sprava, 1, 87–
93 [in Ukrainian]. http://nbuv.gov.ua/UJRN/Ms_2014_1_15.

2. http://ukrvodshliah.org.ua/index.php/kanivskyj-shluz/

Received 13.10.2020

Figure 8. Automatic surfacing of working path rails of lift gates in Kaniv navigation lock
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AND RECONSTRUCTION OF THE LINEAR PART 
OF THE MAIN GAS PIPELINES OF UKRAINE
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More than 37 thou km of gas pipelines were laid through the territory of Ukraine. Their safe operation is based on prop-
er technical maintenance and timely repair or reconstruction. At present manual arc welding is the main welding meth-
od used during performance of repair. Its low productivity necessitates shortening the duration of welding operations 
with simultaneous improvement of their quality. The objective of the work was development of the main principles and 
technology of semi-automatic arc welding of position circumferential butt joints of pipes of up to 1420 mm diameter 
inclusive that will enable shortening the time of welding operations performance, with the corresponding acceleration 
of laying of the restored sections of the main gas pipelines and simultaneous improvement of welded joint quality. 
Welding was performed by gas-shielded flux-cored wire ОК Tubrod 15.19 of 1.2 mm diameter in Ar + СО2 atmosphere 
and self-shielded flux-cored wire Coreshield 8 of 1.6 mm diameter. Analysis of the obtained results shows that the site 
of sample destruction is located in the base metal in all the cases. Such results indicate that the welded joint strength is 
higher than that of the base metal for these combinations of welding consumables and shielding gas. With the proper 
welding practices and strict adherence to the welding mode, butt joints of pipe steels comply with the normative docu-
ments, and flux-cored wire ОК Tubrod 15.19 can be recommended for welding pipe steels of strength class K-60, while 
self-shielded flux-cored wire Coreshield 8 can be used for welding pipe steels of strength class К-52. 15 Ref., 6 Tables.

K e y w o r d s :  main gas pipeline, semi-automatic arc welding, circumferential butt joint, flux-cored wire

Pipeline network of Ukraine is characterized by con-
siderable length (up to 37 thou km), large pipe diam-
eters (up to 1420 mm inclusive), high working pres-
sure (up to 7.4 MPa) and considerable service life 
(25 years and more). The latter circumstance makes 
stringent requirements of the linear part of the main 
gas pipelines in terms of ensuring the operational re-
liability and industrial safety [1, 2]. Safe operation of 
the main gas pipelines is based on proper engineering 
maintenance and timely repair or reconstruction [3, 
4]. Repair performance envisages taking a package 
of technological measures, which are aimed at resto-
ration of the main parameters and characteristics of 
the linear part of the main gas pipelines (LPMGP) up 
to design values [5‒7].

Experience of repair operations in the main pipe-
lines shows that manual arc welding is the most wide-
ly accepted method of their performance [8]. Practical 
experience shows that it takes a welders team of two 
workers not less than 5 h to weld just one circum-
ferential position butt joint on a 1420 mm pipeline at 
wall thickness of 16 mm. That is why there is the need 

for shortening the duration of welding operations with 
simultaneous improvement of their quality.

For economic conditions of Ukraine, solution of 
this problem is seen in the application of mechanized 
arc welding as a sufficiently simple and progressive 
method, on the one hand, and a comparatively inex-
pensive one, on the other. Application of solid wires 
allows increasing the productivity of welding opera-
tions by not less than 1.5–2.0 times, depending on the 
wire diameter. It is clear that increase of the diameter 
requires increase of the welding parameters for a sta-
ble running of the process of metal transfer into the 
weld pool. However, in welding in the modes, ensur-
ing short-circuiting transfer of liquid metal into the 
pool, welding consumable consumption rises 1.5–3.0 
times, as a result of spattering of liquid metal drops 
[9]. This results in greater time consumption, because 
of the need for additional cleaning of the welding zone 
from spatter [10]. Therefore, in order to keep a bal-
ance between welding productivity and welded joint 
quality, application of solid wires of up to 1.2 mm is 
acceptable in mechanized gas-shielded welding [11].

S.Yu. Maksymov — https://orcid.org/0000-0002-5788-0753, A.A. Gavrilyuk — https://orcid.org/0000-0001-5443-6553 
D.M. Krazhanovskyi Д.М. — https://orcid.org/0000-0001-7292-7188
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Rutile-type flux-cored wires for mechanized 
gas-shielded welding have quite significant advan-
tages over solid wires, due to reduction of spattering 
and time required for scraping the deposited metal, 
30–50 % increase of welding process productivity, 
ability to increase weld ductility by special alloying of 
the material [12]. The main advantage of self-shield-
ed wires is believed to be the need for shielding gas 
application during welding. This feature enhances the 
mobility, facilitates operation performance under the 
field conditions, and eliminates the need for applica-
tion of tents for protection from the wind. Unfortu-
nately, the enterprises of SC «Ukrtransgas» now do 
not have any experience of application of these mod-
ern welding consumables.

The objective of the work as a whole was devel-
opment of the main principles and technology of 
semi-automatic arc welding of circumferential position 
butt joints of up to 1420 mm pipes inclusive, that will 
enable reducing the time of welding operation perfor-
mance with the respective acceleration of laying of the 
restored sections of the main gas pipelines with simul-
taneous improvement of welded joint quality.

In order to study the mechanical properties and 
impact toughness of butt welds, samples were weld-
ed in different positions with edge beveling by 30° to 
each side. Welding was performed using Evomig 500 

semi-automatic machine in the downhand position 
with gas-shielded flux-cored wire OK Tubrod 15.19 
of 1.2 mm diameter in Ar + CO2 atmosphere and with 
self-shielded wire Coreshield 8 of 1.6 mm diameter. In 
both the cases, Sv08G2S wire of 1.2 mm diameter was 
used for root layer welding with Ar + CO2 shielding.

In the first case, X70 steel plates of thickness t = 
= 16 mm were used as the base metal. Welding was 
performed in four layers: root, two filling and facing 
layer. In the second case, 09G2S steel 12 mm thick 
was selected as the material for welding. Welding was 
performed in five layers: root, three filling and facing 
layer. All the layers were made in one pass with trans-
verse oscillations of the electrode (except for the root 
layer). Welding modes and chemical composition of 
the materials are given in Tables 1 and 2.

After welding, Mi-18 samples were cut out across 
the weld, which were tested by static tension. Test re-
sults are given in Table 3.

Analysis of the obtained results shows that the site 
of sample fracture is located in the base metal in all 
the cases. Such results indicate that the welded joint 
strength is higher than that of the base metal for these 
combinations of welding consumables and shielding 
gas. Therefore, further laboratory studies were aimed 
at determination of mechanical characteristics and im-
pact toughness of the weld metal. During the experi-
ment, performance of each subsequent pass was start-
ed at the moment, when the base metal temperature 
was 120–150 °C in the specified points at cooling. Re-
sults of weld metal testing are given in Tables 4 and 5.

Comparison of the obtained test results shows that 
the yield and strength limits of the metal of welds, 
made by gas-shielded wire OK 15.19 in different po-
sitions, are on the level of normative values of the 
base metal of pipes of K60 strength class. Ductility 
characteristic (δ5) of the base metal is also higher than 

Table 1. Modes of mechanized welding in different positions

Layer Welding consumable Vw, m/min Iw, А U, V

Downhand position, 1G
Root Sv-08G2S 4.0 135 19.2

Filling
ОK 15.19 9.4 207 28.4

Coreshield 8 2.5 188 21

Facing
ОK 15.19 9.4 210 28.2

Coreshield 8 2.5 191 22
Vertical position, 3G

Root Sv-08G2S 2.8 103 18.8

Filling
ОK 15.19 7.5 192 22.6

Coreshield 8 2.5 202 23

Facing
ОK 15.19 7.5 198 22.4

Coreshield 8 2.5 214 24.2
Overhead position, 4G

Root Sv-08G2S 2.9 115 16

Filling
ОK 15.19 8.0 185 26.3

Coreshield 8 2.3 200 23.5

Facing
ОK 15.19 7.5 180 26.0

Coreshield 8 2.3 210 23

Table 2. Chemical composition of materials, wt.%

Material C Si Mn Cr Ni Nb Ti Al Mo V Cu S P

Sv-08G2S 0.09 0.065 1.65 ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒
ОK 15.19 0.05 0.4 1.3 ‒ 1.0 ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒

Coreshield 8 0.19 0.14 0.5 0.1 0.25 0.01 ‒ 0.43 0.03 0.02 0.1 0.02 0.02
Х70 0.08 0.26 1.60 0.03 0.03 0.062 0.002 ‒ ‒ ‒ ‒ 0.006 0.022

09G2S 0.09 0.63 1.51 0.06 ‒ ‒ ‒ ‒ ‒ ‒ ‒ 0.035 ‒

Table 3. Tensile testing of Mi-18 samples

Welding 
consumable

Position
Strength limit 

σt; MPa
Sample destruc-

tion site

ОK 15.19
Downhand, 1G

575.3 Base metal
Coreshield 8 504.1 Same

ОK 15.19
Vertical 3G

579.1 »
Coreshield 8 505.2 »

ОK 15.19
Overhead, 4G

570.9 »
Coreshield 8 503.3 »
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the minimum required one — δ5 ≥ 24 %. One can see 
that the values of mechanical characteristics are prac-
tically the same in welding in the downhand, vertical 
and overhead positions. At application of self-shield-
ed wire Coreshield 8 the yield and strength limits of 
the weld metal are on the level of the normative val-
ues of the base metal of pipes of K50‒K52 strength 
class. Ductility is higher than the minimum required 
one — δ5 ≥ 20 %. Impact toughness results are high 
even at testing temperature of ‒40 °C of the Charpy 
samples.

In order to evaluate the limit ductility of the weld 
metal, testing of standard samples for static bending 
was performed. These tests allow assessment of the 
ability of the welded joints to withstand the speci-
fied plastic deformation, the magnitude of which is 
determined by the bend angle. For circumferential 
butt joints of pipelines, this angle should be less than 
120°. In all the variants of the combinations of the 

positions of welds and electrode wires, the bend angle 
was equal to 180°.

Analysis of the obtained results shows that with the 
proper welding practices and selected welding modes, 
the butt joints meet the normative requirements.

It is known that in gas-shielded welding of 
low-carbon and low-alloyed steels, such accompany-
ing elements as nitrogen and oxygen are impurities 
[13, 14]. Under certain conditions, they can influence 
the lowering of welded joint ductility. Therefore, in-
vestigations were conducted with determination of 
the impact of shielding gases on the content of these 
elements in the weld metal. Investigation results are 
given in Table 6.

Obtained data show that a higher nitrogen content 
is recorded in welding with self-shielded wire Coresh-
ield 8. There may be several reasons for this, name-
ly higher voltage; poor gas shielding of the deposited 
metal from air. In self-shielded wires of carbonate-flu-
orite type, the gas shielding of the metal occurs due to 
carbonate decomposition. The quantity of nitrogen in 
the weld metal depends on the welding mode. It rises 
with increase of arc voltage. With greater length of the 
arc gap during the wire melting, the evolving gas can 
be insufficient to press the air away from the molten 
metal surface, partial pressure of nitrogen in the arc 
zone increases and its quantity in the metal becomes 
greater [15]. Increase of welding current will intensify 
the carbonate decomposition, but at the same time it 
will increase the nitrogen content in the deposited met-
al [11]. A more detailed answer can be given at thor-
ough and directed performance of further experiments.

Conclusions

1. Conducted investigations showed that the weld-
ed joints produced on X70 steel with application of 
gas-shielded wire OK Tubrod 15.19 in Ar + CO2 mix-
ture ensure mechanical characteristics of welded joint 
strength on the level of σt = 574–580 MPa, while me-
chanical characteristics of the weld metal in different 
positions are σt = 600–670 MPa.

Charpy impact toughness of weld metal is equal to 
79–98 J/cm2 for ‒40 °C temperature. Ductile charac-
teristics of the weld metal are δ5 = 28% that is higher 
than those specified for X70 steel (δ5 ≥ 23 %). Thus, 
summing up the resultant technological indices, as 
well as the obtained mechanical properties in welding 
X70 steel with gas-shielded wire OK Tubrod 15.19 

Table 4. Mechanical characteristics of weld metal

Welding con-
sumable

σy, MPa σt, MPa δ5, % ψ, %

Downhand position, 1G

ОK 15.19 467‒491 
479

598‒603 
600.5 28.0 73.0

Coreshield 8 382.2‒374 
378.1

532.1‒533 
532.0 27.0 70.0

Vertical position, 3G

ОK 15.19 567‒571 
569

669‒679 
674 24.0 69.0

Coreshield 8 327.8‒389.7 
358.7

503.0‒518.5 
510.7 31.0 69.8

Overhead position, 4G

ОК 15.19 534‒541 
537.5

648‒653 
650.5 25.0 68.0

Coreshield 8 354.0‒384.0 
369

514.0‒517.0 
515.5 26.4 70.4

Table 5. Impact toughness (KCV) of weld metal

Welding con-
sumable

Impact toughness a, J/cm2 at temperature, °C

+20 ‒20 ‒40

Downhand position, 1G

ОK 15.19 137‒173 
164

126‒160 
139

98‒101 
98

Coreshield 8 122.3‒151.5 
137.3

70.2‒135 
124.6

64.2‒84.3 
73.5

Vertical position, 3G

ОK 15.19 109‒154 
134

99‒111 
104

82‒99 
88

Coreshield 8 127‒152 
139

90.3‒115 
99.6

54.2‒58.4 
56.1

Overhead position, 4G

ОK 15.19 109‒152 
136

116‒143 
132

67‒99 
79

Coreshield 8 124‒143 
134.3

87.1‒89.2 
87.4

48.4‒52.0 
50.6

Table 6. Nitrogen [N] and oxygen [O] content in the deposited 
metal, %

Welding consumable [N], % [О], %
ОK 15.19 0.0079 0.0428

Coreshield 8 0.0433 0.063
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in Ar + CO2 mixture we can say that welding of pipe 
steels of strength class K-60 (σt = 588 MPa) is per-
missible.

2. Obtained results of testing samples welded with 
self-shielded wire Coreshield 8 shows that strength 
(σt = 515 MPa) and yield (σy = 369 MPa) of the weld 
metal are on the level of normative values for base 
metal of pipes from steels of K-50‒K-52 strength 
class. Charpy impact toughness of weld metal at test-
ing temperature of –40° is equal to 56–73 J/cm2.

3. Analysis of the obtained results shows that with 
proper welding practices and strict adherence to the 
welding mode butt joints of pipe steels correspond to 
the normative documents.

The work was performed under the integrated pro-
gram of the NAS of Ukraine «Problems of residual 
life and safe operation of structures, constructions 
and machines in 2016–2020».

1. Khrutba, V.O., Vaigang, G.O., Stegnii, O.M. (2017) Analysis 
of environmental hazards during operation and repair of main 
pipelines. Ekologichna Bezpeka, 24(2), 75–82 [in Ukrainian].

2. Poberezhnyi, L.Ya., Yavorskyi, A.V., Tsykh, V.S. et al. (2017) 
Increase of level of environmental safety of pipeline systems 
of gas-and-oil complex of Ukraine. Tehnogenno-Ekologichna 
Bezpeka, 1, 24–31 [in Ukrainian].

3. Fedorovych, I.V. (2013) Reliable operation of linear part of 
main gas-and-oil pipelines and examination of accident caus-
es. Agrosvit, 5, 42–44 [in Ukrainian].

4. Bunko, T.V., Safonov, V.V., Strezhekurov, E.Ie., Matsuk, Z.M. 
(2018) Safety of long-distance gas transmission. Geotehnich-
na Mehanika, 139, 106–115 [in Ukrainian].

5. Askarov, R.M., Tagirov, M.B., Kukushkin, A.N., Askarov, 
R.G. (2020) Repair of main pipelines. Neftegaz RU, 4, 140–
145 [in Russian].

6. Shlapak, L.S., Prysyazhnyuk, P.M., Lutsak, L.D., Lutsak, 
D.L. (2017) Repair of corrosion-mechanical defects of main 
pipelines by method of flux-cored electrode surfacing. Visti 
Donetskogo Girnychogo Instytutu, 1, 254–257 [in Ukrainian].

7. Islamov, I.M., Chuchkalov, M.V., Askarov, R.M. (2018) Esti-
mation of residual life of main gas pipeline under conditions 
of transverse corrosion stress cracking. Transport i Khranenie 
Nefteproduktov i Uglevodorodnogo Syria, 2, 35–38 [in Rus-
sian].

8. Gorshkova, O.O. (2020) Welding of main gas-and-oil pipe-
lines. Sovremennye Naukoyomkie Tekhnologii, 2, 7–11 [in 
Russian].

9. Lobanova, M.A., Klimovich, V.S., Fesenko, N.V. et al. (2019) 
Investigation of process productivity in consumable electrode 
gas-shielded arc welding (CO2 and its mixture with argon) of 
low-carbon and low-alloy steels. In: Proc. of 20th Republ. Stu-
dent Sci.-Tekhn. Conf. on New Materials and Tekhnologies of 
their Treatment. (Minsk, 17–18 April 2019), Minsk, BNTU, 
90‒92 [in Russian].

10. Potapievsky, A.G. (2007) Consumable electrode gas-shielded 
welding. Pt 1: Active gas-shielded welding. Kiev, Ekotekh-
nologiya [in Russian].

11. (1989) Constuction of main and industrial pipelines. Welding: 
DBN 006–89. Introd. 1989-07‒01. Minneftegazstroj SSSR [in 
Russian].

12. (1994) General specifications: GOST 26271‒84. Flux-cored 
wire for arc welding of carbon and low-alloy steels. Introd. 
1987-01–01. Moscow, Gosstandart SSSR [in Russian].

13. Pidgaetsky, V.V. (1970) Pores, inclusions and cracks in welds. 
Kyiv, Tekhnika [in Ukrainian].

14. Grigorenko, G.M., Lakomsky, V.I. (1968) Macrokinetics of 
nitrogen absorption by electrode metal from arc atmosphere. 
Avtomatich. Svarka, 1, 10–14 [in Russian].

15. Suptel, A.M. (1976) Mechanized flux-cored wire. Kiev, Nau-
kova Dumka [in Russian].

Received 28.09.2020



36 ISSN 0957-798X THE PATON WELDING JOURNAL, No. 11, 2020

INDUSTRIAL

                                                                                                            

                                                                                                                                                                                                    
https://doi.org/10.37434/tpwj2020.11.08

DIAGNOSTICS OF HYDROGEN-OXYGEN PLASMA JET 
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The problem of obtaining a low-temperature plasma jet, where the plasma-forming gas is a hydrogen-oxygen mixture 
produced by electrolysis-water generators, was considered. The aim of the work is to determine the size of the active 
zone of the jet, along the length of which the melting and heating of the particle takes place, and to control it by chang-
ing the nature of the flow. In the course of diagnosing the plasma jet, the distribution of temperature, velocity and effec-
tive thermal power depending on the nature of the jet flow was determined. It was determined that the sizes of the active 
zone of the plasma jet can be 1.4 times larger at a laminar nature of the flow than at a turbulent one. The maximum 
temperature is observed in the arc part of the plasmatron and amounts to 8400 ± 1000 K, in the jet of hydrogen-oxygen 
plasma the average temperature is 5000 ± 500 K. Taking into account the results of the diagnostics, the material for 
plasma spraying and distance can be chosen. 19 Ref., 1 Table, 2 Figures.

K e y w o r d s :  hydrogen-oxygen plasma jet, laminar, turbulent nature of flow, sizes of active zone of the jet, plasma 
spraying

The use of high-enthalpy gases and mixtures as a plas-
ma-forming medium in the technologies of thermal 
coating is one of the modern research directions. It is 
known that to produce coatings with a high-quality 
performance applying thermal methods of deposition, 
the preference is given to the jets with high kinetic 
and thermal parameters, because an increase in these 
parameters leads to a more intense heat exchange be-
tween the plasma jet and sprayed particles.

The ability to control the power and specific ener-
gy characteristics of the plasmatron by changing the 
composition of the plasma-forming gas allows pre-
dicting the characteristics and comparative sizes of 
plasma jets obtained from different plasma-forming 
media. As a determining factor of efficiency of apply-
ing such a jet, the sizes of an active zone of a plasma 
jet can be chosen, in which heating, melting and ac-
celeration of particles of the material during thermal 
spraying is possible.

Such a source can be a plasma jet using a hydro-
gen-oxygen mixture (HOM) as a plasma-forming me-
dium, which is produced by electrolysis-water gen-
erators. Obtaining plasma-forming gas directly at the 
workplace makes the technological process of ther-
mal treatment of materials mobile and the absence of 
cylinder, transport and storage facilities reduces the 
cost. In addition, in terms of influence on environ-
ment and human health, such a mixture during flaring 

and plasma generation reduces the amount of harmful 
substances.

One of the components of the hydrogen-oxygen 
mixture is hydrogen, which during ionization has high 
thermophysical properties and is a highly efficient 
converter of electric energy into heat.

Analysis of the technical literature showed that the 
use of hydrogen-oxygen plasma in the processes of 
thermal treatment of materials is almost absent, and 
the use of hydrogen as a plasma-forming additive in 
the amount from 10 to 30 % in plasma-forming gases 
is an outdated information, more modern is the use of 
steam-water plasma [1‒4].

Dissociation of hydrogen starts at a temperature of 
2000 K, 90 % occurs at a temperature of 4700 K and 
ends completely at a temperature of 6000 K. In this 
temperature range, hydrogen has an extremely high 
thermal conductivity [5].

The temperature and enthalpy of hydrogen plas-
ma under standard conditions are presented in Table. 
Depending on changes in physical conditions, these 
indices can increase significantly. During electric 
arc heating, the hydrogen-oxygen mixture as a plas-
ma-forming gas can decompose into 23 neutral and 
charged components [6]. To simplify the determina-
tion of thermophysical properties, such dissociated 
products can be used as H2, Н, O2, О, ОН, Н2О + Н. 
By theory, the dependence of enthalpy on plasma tem-
perature of different gases can be determined using 
the reference literature [7, 8]. In practice, these phys-
ical characteristics and other may differ significantly, 
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taking into account changes in pressure, consumption 
and composition of the gas mixture.

The use of diatomic gases leads to a sharper in-
crease in arc voltage (Table). In this case, the energy 
of the arc is also used to dissociate gas molecules into 
atoms. The arc voltage increases significantly while 
using a gas that has a high heat capacity and thermal 
conductivity.

The peculiarity of HOM is featured by the ratio be-
tween the volume of oxygen VO2 and hydrogen VН2 
in the mixture obtained by electrolytic decomposition 
of water 2Н2O = 2Н2 + О2, constant and equilibrium 
β = VО2/VН2 = 0.5. At this ratio of components in the 
mixture, the plasma jet has an oxidizing potential.

A positive factor may be the fact that the presence 
of oxygen in hydrogen volume in the ratio 2:1 in-
creases kinetic characteristics of the jet by increasing 
the density of the plasma-forming mixture.

However, oxygen as a plasma-forming gas has a 
lower ionization potential than nitrogen, so due to 
the lack of electrons, the oxygen atom will seek to 
compensate for it by electrons couple bound with hy-
drogen. As a result, HOM may have a lower ioniza-
tion potential and a higher degree of dissociation than 
hydrogen, respectively, and the values of arc voltage 
will be lower than the values given in Table.

The choice of the mixture as a plasma-forming gas 
medium is determined by the possibility of its use in 
the existing plasmatron and a reliable operation of the 
anode and cathode units of this plasmatron, as well as 
the process technology.

The efficiency of using depends on the design of 
the plasmatron that generates plasma from the plas-
ma-forming mixture. The main directions of improve-
ment of typical designs of plasmatrons are oriented on 
modification of their separate units and elements to 
increase their efficiency factor [11].

Due to the fact that HOM is explosive, high safety 
requirements should be provided in the development 
of equipment and technological processes. Lack of 
information and investigations on the thermophysical 
characteristics of low-temperature hydrogen-oxygen 
plasma and evaluation of their impact on thermal pro-
cesses hinders the development and implementation 
of HOM in the production.

The aim of the work was to generate low-tempera-
ture hydrogen-oxygen plasma of atmospheric pres-
sure obtained by electric arc heating and to diagnose 
the thermophysical properties of the jet in relation to 
application in the plasma coating method.

For this purpose the following equipment was 
used: electrolysis-water generator of monopolar type 
A1803UKhLCh with the maximum efficiency on 
HOM production — 1.6 m3/g; power source of invert-

er type CUT-40 for plasma cutting with an open-cir-
cuit voltage of 300 V and the maximum current of 40 
A [12]. As the basis for the design of the plasmatron 
the cathode unit of the microplasma torch OB-1160A 
was used in the system MPU-4 [13].

The thermochemical cathode represents a wa-
ter-cooling copper electrode containing a hafnium in-
sert. The geometry of the plasmatron nozzle had a nar-
rowing shape, the initial diameter was 3 mm. A safe 
operation, initiation and production of hydrogen-oxy-
gen plasma were carried out with the help of starting 
gas mixtures, such as air. The start and receiving the 
plasma jet took place in air mixture, into which HOM 
was introduced, gradually the air mixture overlapped 
and a hydrogen-oxygen jet was formed. When the 
work is finished, the actions occur in reverse order. 
At a stable operation of the plasmatron on HOM, the 
operating voltage was 100 V.

Procedure of investigations and results. The 
geometric sizes of the plasma jet were fixed. The tran-
sition limits from a laminar to a turbulent nature of 
the flow were determined by maximum and minimum 
lengths of the plasma jet with the control of the mix-
ture consumption. At a laminar nature of the flow, the 
consumption of the gas mixture was 0.4 m3/g and at 
a turbulent one more than 0.6 m3/g at a pressure of 
0.08‒0.1 MPa. As investigations of the geometry of a 
hydrogen-oxygen plasma jet with a laminar nature of 
the flow have shown, when the jet flows into the sur-
rounding atmosphere, it behaves like a hydrogen-ox-
ygen flame, the opening angle of the jet is small and 
can be 2‒5°, and the length is more than 200 mm (Fig-
ure 1, b). With an increase in flow rates of the mixture 
and the transition of the jet into a turbulent nature of 
the flow, the opening angle increases and the plasma 
flame is reduced to 70 mm. As is seen from Figure 1, a 
(through a red light filter), the structure of the plasma 
flame resembles a gas flame, where the core and the 
near-core zone are visible.

To determine the effective thermal power of plas-
ma jets of different flow nature, an experimental 
installation with a water calorimeter was used. The 
amount of heat emitted by the plasma jet was re-

Data on plasma formation in different gases [9, 10]

Gas

Energy 
supplied 

to the 
plasmatron, 

kW

Plasma 
temperature, 

°C

Plasma heat 
capacity, 
kcal/kg

Voltage on 
the arc, V

Energy 
utilization 
factor for 

gas heating, 
%

Ar 48 14000 4670 40 40

Не 50 20000 51100 47 48

N2 60 7300 9950 65 60

H2 62 5093 76600 120 80
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corded by heating the copper plate. At this time, the 
heating time, temperature of liquid in the calorimeter 
were determined, the measurement was performed by 
special Beckman thermometer, and calculations were 
performed according to the standard method [14].

The studies showed that the effective thermal pow-
er at a consumption of HOM being 0.4 m3/g, which 
corresponds to a laminar nature of the flow, amounted 
to 30 mJ at an applied electric power to the plasma-
tron of 4 kW. At perturbation of a flow and transition 
to a turbulent state of a flow with a consumption of 
the mixture being 0.6‒1.0 m3/g, the effective thermal 
power amounted to 54‒60 mJ.

The hydrodynamic method was used to determine 
the velocity distribution along the jet length applying 
a probe based on a Pitot-Prandl tube with a diameter 
of 1.5 mm and inner holes of 0.5 mm. To calculate the 
velocity, an equation known from technical thermo-
dynamics based on the Bernoulli equation was used, 
which takes into account the pressure and plasma 
temperature in the jet region [15].

To study the temperature distribution along the 
length of the plasma jet, the jet was divided into three 
intervals of effective temperatures. Three methods of 
measurement were used: in the temperature range of 
8000‒4000 K — spectral one, 3300‒2200 K — py-
rometric one and 2000‒500 K — thermocouple one. 

To determine the temperature in the first range based 
on the components of the plasma jet, the noncontact 
method of emission spectroscopy was used. To study 
the second temperature range, an optical pyrometer 
LOP-78 was used based on the temperature of the 
heated body, where as a body a tungsten rod with a 
diameter of 3 mm was used, the absolute temperature 
was calculated according to the standard procedure 
[16]. In the third range, a tungsten-rhenium thermo-
couple VR-5/20 with a diameter of 0.5 mm was used. 
To prevent oxidation and burnout, the thermocouple 
was placed in a protective shell of quartz glass. The 
thermocouple was calibrated, the error of thermocou-
ples amounted to 1 % of the electromotive force mea-
surement, and the admissible error of the measuring 
device was 0.2 %. To determine the temperature of 
the plasma jet components, the noncontact method of 
emission spectroscopy was used. The temperatures 
and concentrations of the components of the plasma 
jet were studied along its length (z), at a deviation 
from the central axis (h), taking into account the fact 
that the torch is axisymmetric.

The emission spectra of the plasma flame were re-
corded using a spectrometer based on the CCD line 
Solar TII (S-150-2-3648 USB), which operates in the 
wavelength range of 200‒1080 nm and has a triangu-
lar hardware function with a half-width of 0.2 nm, in 
the wavelength range of 200‒650 and 0.3 nm in the 
range of 650‒1080 nm. The radiation was recorded 
on the rays of vision perpendicular to the axis of the 
plasma flame [17, 18]. Figure 2 shows typical spectra 
of plasma radiation in the case of using HOM at z = 
= 15 mm and h = 5 mm. The spectra are multicompo-
nent, containing components of the electrode mate-
rial, namely, atomic copper lines, components of the 
atmosphere, into which the jet flows, and the working 
gas, oxygen multiplet and molecular bands ОН, NO, 
O2 and N2.

Figure 1. Distribution of temperature and velocity along the length of the plasma jet with different flow characteristics: a — turbulent 
V = 1 m3/g; b — laminar V = 0.4 m3/g

Figure 2. Spectra of plasma flame radiation at z = 15 mm, h = 
= 5 mm in the wavelength range of 200–650 nm
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The values of the excitation population tempera-
tures of the electronic Te

* levels were determined us-
ing the software code Spec Air [19].

The calculations and experiments showed that the 
temperatures determined on copper are Te

* (Cu) = 
= 6700 ± 1000 K. The temperature of atomic oxy-
gen on the axis of the plasma flame is twice higher as 
compared to the random deviation from the axis, i.e. 
at h = 0 mm Te

* (O) = 8400 ± 1000 K, and at h = 5 mm 
Te

* (O) = 4100 ± 1000 K. The population temperature 
of the excited oscillatory and rotational levels of hy-
droxide within the error is the same and equals to Tr

* 
(OH) = Tv

* (OH) = 5000 ± 500 K. The excitation pop-
ulation temperatures of the electron Te

* oxygen levels, 
determined by the method of Boltz charts, have a low-
er value as compared to the use of the software code 
Spec Air, but these differences do not exceed the error 
value. The temperatures that were determined by the 
molecule (OH) and by the atomic components (O and 
Cu) differ, which indicates that the plasma is noniso-
thermal. The reason for the temperature difference 
may be a nonuniform spatial distribution of radiating 
particles and exothermic processes in the flame. As 
was shown by estimation of the population tempera-
tures of the excited electronic levels along the length 
of the hydrogen-oxygen plasma jet, as the average 
mass temperature of the jet the value of the OH mol-
ecule, which represents 5000 ± 500 K, can be taken, 
and as the maximum atomic mass O = 8400 ± 1000 K, 
which coincide with the literature data.

A study in the temperature range of 3300‒900 K 
showed that the distribution largely depends on the 
nature of the flow, and at a laminar nature of the flow 
(Figure 1, b), this area can be 1.4 times larger in rela-
tion to a turbulent one (Figure 1, a). At the turbulence 
of a flow the tendency changes, a more high-tempera-
ture interval 8000‒4000 K is larger at a turbulent na-
ture of a jet flow.

The maximum values of the plasma jet velocity 
grow in the case of increased flow rates at a constant 
nozzle diameter, which is characteristic of a turbulent 
nature of the flow, but as the flame length shortens, 
the range of effective velocities also decreases. With a 
decrease in the flow rates of the mixture and the tran-
sition to a laminar nature of the flow, the maximum 
values of the velocities are lower, but the length of the 
interval of effective velocities is larger.

Taking into account the effective temperature and 
velocity intervals of the plasma jet using HOM as a 
plasma-forming gas, it is possible to set the sizes of 
the active zone of the jet, in which melting and a suf-
ficient velocity of particles are possible, to determine 
one of the important technological parameters of the 
process of thermal coating, spraying distance and to 

produce a quality coating. This distance for such pro-
cess parameters can be 80 mm for a turbulent and 140 
mm for a laminar nature of the jet flow.

Accordingly, the velocity values of the jet can be 
significantly increased by increasing the flow rate of 
the plasma-forming mixture, initial diameters and 
profiling of geometric sizes of the nozzle part of plas-
matrons. Meantime, the lengths of the plasma jet as 
well as the sizes of the active zone may change. How-
ever, the regularity of the temperature distribution in 
the jet of a hydrogen-oxygen plasma may correspond 
to the results of our investigations.

For application of the plasma method of spraying 
functional coatings using HOM as a plasma-forming 
gas, the following approach can be defined. At a lam-
inar nature of the flow, it is possible to apply coat-
ings from metals and alloys. At a turbulent nature it is 
more effective to spray heat-resistant, heat-protective 
and other coatings based on oxides, borides, etc., with 
a high melting point.

Conclusions

1. The distance of spraying while using HOM can be 
1.4 times larger during a laminar nature of the jet flow 
than during a turbulent one. The angle of opening of 
the jet is 2‒5°, which allows concentrating the heat 
flux density on the treated product by reducing the 
heating spot.

2. The effective thermal power of the plasma jet at 
a flow rate of HOM being 0.4 m3/g, which corresponds 
to a laminar nature of the jet flow, was 30 mJ, at a sup-
plied electric power to the plasmatron being 4 kW. At 
a turbulent nature of the plasma jet flow at a flow rate 
being 0.6‒1.0 m3/g, the power was 54‒60 mJ.

3. The maximum temperature of the hydrogen-ox-
ygen plasma is observed in the arc part of the plasma-
tron and at the nozzle-anode section of 9‒12 mm and 
amounts to 8400 ± 1000 K, the average mass tem-
perature of the hydrogen-oxygen plasma jet is 5000 ± 
± 500 K.

4. The presented results can be used in the devel-
opment of technological processes of plasma method 
of coating using HOM as a plasma-forming gas.
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