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vide the characteristics of welded rails quality in accor-
dance with the requirements of standards in force.

Evaluation of the efficiency of different methods 
of welding the railway rails was based on technologi-
cal peculiarities of formation of welded joints, values 
of mechanical properties, macro- and microstructure 
of the joints, probability of defect formation, suitabili-
ty for testing (prediction) of butt joint quality, produc-
tivity and possibility of welding process automation.

Since thermit, electric arc, gas-pressure and flash-
butt welding have found practical application in con-
struction and repair of railway tracks, this review will 
be dedicated to analysis of exactly these methods.

THeRMIT (ALUMOTHeRMIC) weLDING
thermit welding (tw) is the method in which heating 
and melting of rail ends is carried out by the heat of 
chemical reaction of a powder-like thermit mixture. 
It consists of oxidized iron and metallic aluminum 
as reacting components and of alloying components. 
The composition of the thermit mixture is specified in 
such a way that the composition of weld metal is close 
to that of the rail steel.

Reliable fixing of rails [18] is provided for the pur-
pose of elimination of possible weld defects. a thermit 
mixture is poured into a crucible installed above the 
mould and the reaction is started using a pyrotechnic 
reagent. the time of the reaction is 15–30 s, the tem-
perature during tw reaches 2000 °c or higher and 
molten steel and alumina slag are formed. they remain 
molten and are separated in the crucible due to a differ-
ence in the specific weight. Molten steel produced in 
such a way is poured between the rail ends. the pro-
cess from release to solidification takes approximately 
4 min. the total time of performance of one rail joint is 
approximately 30 min. The equipment for TW includes 

a torch for preheating, a crucible, a set of moulds and a 
flash-remover with a hydraulic drive.

as can be seen from the photo of tw weld mac-
rostructure (figure 1), the width of cast zone is up to 
75 mm and the haZ width is approximately 20 mm 
on both sides of the weld [19]. the values of hardness 
of the metal of the weld and haZ in tw of thermal-
ly-hardened rails are significantly lower in comparison 
with the characteristics of base metal. to reduce the 
hardness gradient (figure 2) in tw of high-strength 
rails, heat treatment is sometimes used, i.e. reheating 
of the weld to austenite region and accelerated cool-
ing with compressed air.

weld metal structure is characterized by grain size 
number 1 typical for overheated steel. formation of 
defective structures with large grain size promotes a 
loss of steel ductility [20]. Presence in the weld of 
nonmetallic inclusions of manganese sulphide type 
can significantly influence formation of defects, which 
considerably decrease the ductility and strength val-
ues of welded joints at cyclic loads.

In tw the rail length during welding does not 
change, therefore this method is successfully used 
under field conditions for the final stage of rail instal-
lation. Quality of welding mainly depends on com-
pliance with the conditions of preparatory works and 
quality of thermit mixture. This is responsible for 
low suitability of tw to automated control and pre-
diction of weld quality. The necessary level of joint 
metal hardness depends on the rail grade, and it can be 
controlled by the quantity of alloying elements [20]. 
Despite the comparatively low productivity and im-
possibility of process automation, the tw technology 
due to high mobility and versatility has been used for 
more than 100 years for joining rails for various ap-
plications (on tram and railway tracks), as well as for 
welding railway crosses [18, 19, 23, 37].

Figure 1. Sequence of technological operations at TW (a) [19], macrostructure of the weld (b) [23]
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eLeCTRIC ARC weLDING (eAw)
the simplest variation, namely manual bath eaw 
using coated electrodes, is mainly applied for joining 
of tram and crane rails [21]. however, this method 
does not provide a satisfactory quality of joining the 
railway rails, it depends on welder’s qualification and 
is significantly inferior to other welding methods in 
terms of productivity. semi-automatic bath eaw has 
higher productivity. It was used, in particular, in re-
pair of underground railway tracks [21]. crack for-
mation in the welded joint zone was eliminated using 
preheating to 300–350 °c temperature. work [22] 
describes the experience of application of hidden arc 
eaw using high-carbon electrodes for joining high-
strength steel rails. the technological cycle of weld-
ing included preheating and postweld heat treatment. 
higher productivity was achieved at automatic fusion 
welding using a combination of consumable electrode 
gas-shielded eaw technology (for the rail foot) and 
narrow-gap electroslag welding [22].

there is experience of successful application of 
eaw in construction of a high-speed railway line in 
Japan, where the quality of welded joints [23] was dra-
matically improved due to upgrading of the technolo-
gy and welding consumables, as well as application of 
special heat treatment. Process of eaw of rails includes 
deposition of a root bead with full penetration, multi-
pass welding of the foot, continuous welding from web 

to head and multipass welding of the rail head. weld-
ing wire of 800–1100 MPa class was used for standard 
carbon steel rails. weld metal has a bainitic structure, 
due to a low content of carbon in the wire. high-carbon 
welding wire was used to produce a pearlitic structure 
in weld metal [23] that improves wear resistance and 
resistance to wear-out of weld metal of high-strength 
rails. welding productivity (one butt joint in 60–75 min) 
is at a low level even under the conditions of modern 
equipment application.

figure 3 shows weld macrostructure and hardness 
distribution in the zone of the joint of thermally-hard-
ened rails. weld width is approximately 20 mm and 
total haZ width is approximately 100 mm. weld 
metal hardness is close to base material hardness of 
390 HV 30, but zones of lower hardness are present 
from both sides of the weld. reheating and accelerated 
cooling of welded butt joint, carried out for reduction 
of hardness gradient, promote a shifting of lower hard-
ness zones for 60 mm distance from the weld center 
[23]. work [24] shows that in eaw of rails the haZ 
metal is the most dangerous area of the joint in terms 
of cold crack nucleation. elimination of cold cracking 
in the joints is problematic without application of pre-
heating to the temperature of at least 250 °c. Increase 

Figure 2. hardness distribution in joining rails of r350ht (a) 
[23] and r260 (b) strength class [37]: 1 — after reheating and 
accelerated cooling; 2 — after welding

Figure 3. Macrostructure of weld (a), distribution of hardness in 
haZ (b) of a joint of thermally-hardened rails [23]: 1 — after 
reheating and accelerated cooling; 2 — after welding



7

Modern technologies of welding railway rails (review)                                                                                                                                                                                                    

                                                                                                                                                                               

of welding heat input promotes only deceleration of 
the processes of cold cracks development in the weld-
ed joints, but it does not prevent their nucleation.

Known eaw variations have low characteristics 
of efficiency in terms of guarantee of a defect-free 
weld, suitability for automated control (prediction) of 
welding quality, and process productivity.

PwI has developed a technology of automatic bath 
eaw using a consumable nozzle [25, 26]. Its peculiar-
ity (figure 4, a, b) is application of self-shielded flux-
cored wire fed through a longitudinal channel in a flat 
nozzle being melted that allows welding performance 
at 12–16 mm gap and in some cases at 8–22 mm [25]. 
Owing to welding process mechanization, the devel-
oped eaw technology allows 2–3 times increase of 
work productivity and a considerable improvement 
of quality characteristics of welded joints, while pre-
serving the high mobility and versatility of equipment 
(figure 4, c). special welding consumables and tech-
nology of automatic eaw provide satisfactory values 
of mechanical properties of the joints [25, 26]. thus, 
weld metal hardness in welded joint of r65 rails is 
equal to HB 2600–3200 MPa, yield strength is 800–
900 MPa [25], fracture load at static bend testing is 
1500–1650 kN at deflection of 16–22 mm. This tech-

nology is suitable for welding of rail tracks of indus-
trial enterprises, tram and crane tracks, as well as for 
performance of urgent repair operations on railways 
in the future.

GAS-PReSSURe weLDING (GPw)
gPw is a method of pressure welding, at which end 
faces of the rails are pressed together and a gas flame 
is used for heating [23, 27, 28]. gPw process (fig-
ure 5) consists of the stages of heating, upsetting, 
forging and flash removal. The process of heating is 
carried out manually by a welding operator using an 
oxyacetylene mixture, so that the level of welding 
process automation is low. since the tightness of con-
tact of the ends being welded has a significant effect 
on the joint quality, the end faces are treated using 
special grinding devices which determines the corre-
sponding requirements to the staff qualification and 
organization of preparation work.

During heating the end faces and adjacent areas of 
the weld are heated to 1200-1300ºc temperature. Pres-
sure on the ends is usually constant, P = 20–30 MPa 
during the entire heating process. During gPw the 
rail ends are subjected to plastic deformation, the val-
ue of rail shortening is 20–40 mm. convexity formed 

Figure 4. scheme of the process (a), direction of nozzle movement (b) [25, 26], mobile equipment for EAW using a consumable nozzle (c)
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during forging is removed in the hot condition using 
flash-remover with a hydraulic drive. GPW provides 
sufficiently high productivity, namely time of weld-
ing of one butt joint is 6–7 min, depending on the rail 
profile. Equipment for GPW consists of a gas-heating 
device, a system for rail pressing together and a hy-
draulic flash-remover.

width of the haZ of a rail joint is about 100 mm 
(figure 6), hardness value decreases approximately to 
270–290 HV 30, therefore postweld heat treatment is 
used at GPW of thermally-hardened rails that signifi-
cantly decreases the efficiency of operations. Typical 
defects, formed in GPW joints, are oxide films. In work 
[27] the gPw process using hydrogen as a heating gas 
was studied, in order to reduce oxide formation.

Regardless of the fact that the quality of welded 
joints in gPw depends on the level of operator train-
ing, quality of heating gas and preparation of rail end 
faces, suitability for control (prediction) of welded 
joint quality is higher in comparison with TW and 
EAW. Subject to qualified staff availability, correct 
organization of auxiliary and welding operations, 
gPw provides reliable welding of rails at relatively 

low investments. It is proved by successful experi-
ence of application of this technology in Japan [23]. 
this method did not become widely used in the eU 
countries and the Usa.

FLASH-BUTT weLDING (FBw)
FBW can be carried out using continuous or pulsed 
flashing [36‒39] and also flashing with resistance pre-
heating [35, 43-47]. In FBW with continuous flashing 
(figure 7, a) the rails are gradually brought closer at 
turned-on current source that leads to formation and 
melting of contact-bridges. this continuous process 
results in heating of rails to a set depth, and forma-
tion of a layer of liquid metal at the ends. After that 
the speed of drawing together is increased for a short 
time (intensive flashing stage) (Figure 8, a) and upset-
ting is carried out. The liquid metal with oxide films is 
pressed out from the joint outside and flash is formed 
at solidification, which is usually removed while hot.

FBW process with preheating includes the stages 
of resistance preheating (main preheating of rails), 
intensive flashing, upsetting and flash removal. In re-
sistance preheating (figure 7, b) the ends of rails are 

Figure 5. Sequence of technological operations in GPW [19]: 1 — dressing of rail ends; 2 — setting up GPW unit; 3 — GPW process 
(heating stage); 4 — end of GPW process (upsetting); 5 — flash removal; 6 — welded part immediately after GPW
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periodically pressed together with a small axial force 
and current is switched on, then they are separated and 
withdrawn which causes equalization of temperature 
fields in the rail cross-section. In resistance preheating 
the source of energy emission and preheating zone al-
most completely cover the metal located between the 
clamping jaws of the welding machine. after heating 
of rail edges to the necessary temperature, flashing 
and upsetting are carried out. Until the middle of the 
60s of the XX century the rails were joined by FBW 
method with preheating under stationary conditions 
in bulky equipment of 20–30 t weight with available 
powerful (600–700 kva) power sources.

a known current developer of technology and 
equipment for FBW with preheating is Schlatter 
company (switzerland) [35], which manufactures 
rail welding complexes, in particular stationary ma-
chines (figure 8, b) for operation under plant condi-
tions. Significant limitations for application of this 
technology are the necessity to use power sources of 
considerable capacity, relative complexity, large di-
mensions and high cost of the equipment, in particular 
of mobile rail welding complexes.

In 1960s PWI for the first time in the world devel-
oped the technological fundamentals and designed 
highly efficient mobile equipment for welding of rail-
way rails under field conditions. They are based on 
FBW technology with continuous flashing with a pro-
grammed change of the main parameters of the weld-
ing process. Programmed change of parameters is car-
ried out together with application of feedbacks which 
automatically correct the set values of parameters at 
welding conditions change. successful realization of 
this technology is due to development of an original 
design of welding transformers with lower short-cir-
cuit resistance, in particular the idea was realized of 
application of elements of power hydraulic drive as 
current-carrying elements of the secondary circuit of 
the transformers.

The disadvantage of FBW technology with con-
tinuous flashing of rails are sufficiently large values 

of flashing allowance (around 40 mm) and total time 
of welding (180–240 s). FBW technology with pulsed 
flashing developed at PWI became a revolutionary 
improvement of the technology of FBW of rails [3, 
4, 36, 38]. Multifactor regulation of flashing provides 
intensification of contact heating, reduction of metal 
consumption, and increase of thermal efficiency of 
the process. Due to highly concentrated heating, the 
total heat input, process duration and allowance for 
welding are reduced 1.5–2.0 times.

For evaluation of the efficiency of different FBW 
technologies it is necessary to consider the current 
standards of Ukraine and eU concerning welded 
joints of railway rails. table 1 provides comparison 
of the requirements of current standards with quality 
characteristics of welded joints of rails during FBW.

Figure 6. Macrostructure (a), hardness distribution in the haZ 
(b) of the joint in gPw of thermally-hardened rails [23]: 1 — after 
reheating and accelerated cooling; 2 — after welding

Figure 7. Typical cyclograms of FBW process with continuous flashing (a) and FBW with resistance preheating (b): tfl, tup; tpre — dura-
tion of stages of flashing, upsetting, preheating; Δfl and Δup — allowance for flashing and upsetting; P — pressure; S — displacement; 
I — current
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according to normative documents, namely do-
mestic [8, 9] and european [10, 11] standards, the 

requirements to welded joints of railway rails can be 
conditionally divided into the following groups:

Figure 8. Mobile rail welding machine K922-1 during FBW with flashing (a), stationary rail welding machine schlatter gaas 80 (b) [35]

Table 1. Main requirements to quality characteristics of welded joints of rails at FBW

Parameter being controlled en 14587-1:2018 en 14587-2:2009 tU U 24.1-40075815-
002:2016

Mechanical properties at static bend testing

Minimum fracture load at its application to rail head, kn 1600 1650

Sagging deflection, mm, not less than 20 30

Presence of defects at magnetic powder inspection

cracks Unallowable Unallowable

Presence of defects in the fracture of a joint after forced destruction of butt joints 

lack of penetration Unallowable Unallowable

flat spot (not lens) allowable L < 10 mm,  
δ < 0.7 mm not more than 3 spots 

of the area of up to 15 mm2

flat spot (lens) allowable L < 4 mm,  
δ < 0.7 mm

Defects and haZ parameters at macrostructure analysis

Presence of lacks of penetrations, inclusions, cracks, shrinkage Unallowable

Minimum haZ width hhaZmin, mm 25 20 not controlled 

Maximum haZ width hhaZmax, mm 45 45 not controlled

allowable difference of haZ width 
HhaZ max – HhaZmin, mm 10 20 not controlled

Microstructure

Presence of martensite and bainite at ×100 Unallowable Unallowable not controlled 

hardness distribution

non-thermally hardened rails 
(r260, r220, r260Mn, M76, HV 30)

Min: P – 30 HV 30 
Max: P + 60 HV 30 Min: P – 10 % HV 30

thermally-hardened rails (r350nt, K76f), HV 30 Min: P = 325 HV 30 
Max: P = 410 HV 30 Min: P – 15 % HV 30

fatigue tests

number of cycles, mln 5 5 not controlled

load, kn 190 190 not controlled

Note. P is the average value of hardness of the rail base metal.
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● values of mechanical properties — deflection 
and fracture loading in static transverse bending test 
of butt joints;

● presence of defects — types of unacceptable and 
maximum dimensions and number of acceptable de-
fects;

● parameters of HAZ — its width and non-uniformi-
ty along the length and across the section of rails during 
analysis of welded joint macrostructure;

● distribution of hardness in the HAZ (minimum 
and maximum values);

● microstructure of metal in the joint zone and 
the HAZ — allowable pearlitic structure of different 
fineness (pearlite, sorbite, troostite), presence of areas 
with martensitic or bainitic structure is excluded;

● characteristics at fatigue testing of the joints.
analysis of the data in table 1 shows that there are 

considerable differences in the requirements of domestic 
and European standards, first of all, as regards the need 
to determine the strength values under cyclic loading of 
welded joints, and, secondly, quantitative evaluation of 
joint haZ parameters. the information in the available 
foreign publications [43–47] indicates that the haZ pa-
rameters (width, uniformity over rail section) and fatigue 
strength values are extremely important for prediction of 
wear resistance of welded joints and service life of the 
railway track (that is one of the defining criteria of eval-
uation of welding method efficiency).

that is why, it was a well-substantiated and timely 
decision of the Ministry of Infrastructure of Ukraine 
to approve the list of national standards, correspon-
dence to which gives a presumption of conformity to 
the requirements of Technical Regulations on Safety 
of Infrastructure of railway transport (Order dated 
20.11.2019 no. 815). the mentioned list includes na-
tional standard DstU en 14587-2:2015 (en 14587-
2:2009, IDt), harmonized with the corresponding 
european regulatory document [11]. It means that in 
construction and repair of domestic railway tracks us-
ing rails of foreign manufacture the quality character-
istics of the joints should be evaluated based on the 
requirements of the European standard.

therefore, haZ parameters, hardness distribution 
in the joint zone, microstructure (absence of harden-
ing structures) are important criteria for evaluation of 
the efficiency of FBW technology. Available publi-
cations and many years of practical experience indi-
cate that similar to any other method of welding of 
railway rails, a problem for FBW is formation of a 
hardness gradient in the haZ (figure 9): for thermal-
ly-hardened rails — zones of reduced hardness from 
both sides of the fusion line (Double Dip hardness) 
[43‒47], for non-thermally hardened rails — signifi-
cant increase of hardness in overheating zone [4].

The main problem of FBW method with preheat-
ing is stabilization of the thermal field appearing 
during welding. Increase of cross-sectional area of the 
rails leads to a significant drop of the process energy 
efficiency and also a decrease of power coefficient. 
Practical experience indicates that appropriate devel-
opment of the technology of FBW with preheating al-
lows meeting the requirements to welded joint quality 
(table 1). however, realization of this technology of 
welding is complicated under field conditions because 
of considerable dimensions of the mobile rail welding 
machines.

Technology of FBW with pulsed flashing al-
lows regulating the thermal cycles in wide ranges 
in welding of steels of different composition and 
properties, and with optimization of the technologi-
cal modes it provides specified by standards in force 
[10, 11] quality of rail joints made both by station-
ary and mobile rail welding machines [4, 39].

Figure 9. Macrostructure of welded joint of rails in FBW (a); dis-
tribution of hardness in the joint of rails of r350ht (b) and r260 
grades (c)
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COMPARISON OF DIFFeReNT MeTHODS 
OF RAIL weLDING
table 2 provides evaluative comparison of the consid-
ered rail welding methods by several characteristics 
from reference [23] and table 3 gives evaluation by 
other considered criteria.

Practical experience shows that despite a compar-
atively low productivity and complexity of process 
automation, fusion welding methods (tw and eaw) 
due to low initial investments, high mobility and ver-
satility, have been used for more than 100 years for 
joining of rails for different applications on tram and 
railway tracks, and crane tracks of industrial enter-
prises, and tw is successfully used for welding of 
crosses on railway tracks.

gas-pressure welding provides reliable welding 
of rails under the condition of availability of qual-
ified staff and proper organization of the auxiliary 
and welding operations, despite a low level of au-
tomation of the processes of rail end preparation, 
heating and joint quality control. It was demon-
strated by successful experience of application of 
this technology in Japan.

Practical experience of application of FBW with 
resistance preheating, in particular from schlatter 
Company, indicates a correspondence of quality char-
acteristics of rail welded joints to the requirements of 
standards in force. the main limitation for applica-
tion of this technology is a relative complexity, large 
dimensions and high cost of rail welding equipment.

From 1960s till 2010s the technology of FBW with 
continuous flashing was successfully used in rail join-
ing under stationary and field conditions, in particular 
for all types of rails of open-hearth production. the 
disadvantages of FBW technology with continuous 
flashing of rails are relatively high values of flashing 
allowance, total time of welding and complexity of 
provision of thermal cycles specified by the norma-
tive documents that are necessary for sound joining of 
modern wear-resistant rails.

FBW technology with pulsed flashing allows 
regulating in wide limits the thermal cycles when 
joining railway rails of different profiles or grade 
from steels of diverse composition and provides 
joint quality specified by standards in force. Pro-
duction of mobile and stationary rail welding ma-
chines equipped with computer systems for control 

Figure 10. stationary rail welding units K1100 (a), K924 (b) designed at PwI

Table 2. comparison of the methods of railway rail welding [23]

welding methods welding time, min
Equipment 

Operator skills Welding quality
Initial investments Mobility

FBW 2‒4 considerable low Not required high
gPw 5‒7 considerable Medium Required high
eaw 60 low high Required satisfactory
tw 30 low high Not required satisfactory

Table 3. evaluative comparison of the methods of railway rail welding

characteristic (value) FBW gPw eaw tw

Process metallurgy forging forging Melting Melting 
Process automation high Medium Medium low

haZ width, mm 20‒45 120‒150 80‒100 115‒140
Suitability for control (prediction) of joint quality high Medium low low
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of the process and the main welding parameters 
was mastered in the 2000s. the base of the systems 
is the principles of controlling the pulsed flashing 
process [48–50]. a system for automatic control is 
based on application of fast acting hydraulic drive, 
industrial computer with a monitor for data visual-
izing, controller, and sensors of displacement, volt-
age and pressure. welding of each joint includes 

self-regulation of the parameters that provides op-
timization of the program of their change at all the 
stages of flashing and on the whole during welding. 
computer control system registers all the welding 
parameters, determines their allowable deviations 
from set values and provides evaluation of the joint 
quality directly after welding in accordance with 
the established algorithms [49, 51].

Figure 11. Mobile rail welding machines K920 (a), K922-1 (b)

Figure 12. Mobile machines K960 (a), K945 (b), rail welding complex with K945 machine (c) for FBW of rails with “tension”
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The scientific, technological and design develop-
ments of PwI were realized in a series of stationary 
(K1000, K1100, K924) and mobile machines (K900, 
K920, K921, K922-1, K930, K945, K950, K1045), 
which are included into the mobile rail welding com-
plexes (figures 10–14). the distinctive characteristics 
of these machines are the kinematic diagram, pecu-
liarities of design of the clamping and axial displace-
ment mechanism, upsetting force (650–2000 kn), etc. 
the advantage of most of the models of the machines 
is presence of a built-in flash remover with a separate 
drive for flash removing in the hot condition without 
unclamping the rails being welded.

these machines realize a series of internationally 
patented innovative technical solutions in the field of 
welding, control systems, designing the assemblies of 
welding machines, fast-acting hydraulic drives and 
principles of rail alignment. In recent years several 
hundred stationary and mobile rail welding machines 
were manufactured and delivered to different coun-
tries (USA, Canada, Austria, Great Britain, China, 
singapore, thailand, Malaysia, taiwan, Kazakhstan, 
slovakia, etc.).

Current scientific, technological and design devel-
opments of PwI are focused on maximum adaptation 
to the customer requirements from the point of view 
of efficiency of welding of rails of different categories, 

grade and composition (in particular, of hypereutectoid 
class and those alloyed by cr, Mn, ti, v) [52, 53], design 
solutions and technical characteristics of the machines, 
increase of manufacturability of separate assemblies and 
mechanisms, and they are implemented in the design of 
new mobile rail welding machines.

CONCLUSIONS
1. Permanent joints of railway rails are performed by 
fusion welding (thermit, electric arc, electroslag) and 
pressure welding methods (gas-pressure, electric re-
sistance, induction, linear friction).

2. Thermit, electric arc, gas-pressure and flash-butt 
welding methods found practical application in con-
struction and repair of railway tracks. The flash-butt 
welding method has the following variations, namely 
FBW with continuous flashing, FBW with resistance 
preheating and FBW with pulsed flashing.

3. Despite a comparatively low productivity, im-
possibility of process automation, thermit welding, 
due to its high mobility and versatility, has been used 
for more than 100 years for joining rails for different 
applications (on tram and railway tracks), as well as 
welding railway crosses.

4. Developed at PwI technology of automatic elec-
tric arc bath welding using a consumable nozzle is suit-
able for welding of rail tracks of industrial enterprises, 

Figure 13. Prototype of machine K1045 (a) and welding complex with machine K1045 for FBW of rails in difficult-to-access locations (b)

Figure 14. Rail welding complex KCM 005 on a combined chassis equipped with machine K920 (a), K922-1 (b)
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tram and crane tracks, as well as for performance of op-
erative repair on the railways in the future.

5. Despite a comparatively low level of process 
automation, gas-pressure welding with availability 
of qualified staff and correct organization of auxiliary 
and welding operations provides reliable welding of 
rails. It is proved by successful experience of applica-
tion of this technology in Japan.

6. Practical experience of application of FBW with 
resistance preheating, in particular from schlatter com-
pany, demonstrates the correspondence of quality char-
acteristics of welded joints of rails to the requirements 
of current standards. the main limitation for application 
of this technology is a relative complexity, large dimen-
sions and high cost of rail welding equipment.

7. Technology of FBW with pulsed flashing al-
lows providing optimum thermal cycles in welding 
of steels of different composition and properties and 
guarantees joint quality specified by current standards. 
Scientific, technological and design developments of 
PwI were realized in a series of stationary and mobile 
rail welding machines, which are included into mo-
bile rail welding complexes successfully introduced 
in many countries of the world.

8. Development of FBW technology and equip-
ment is driven by the need for their maximum adap-
tation to modern requirements of efficient welding 
of rails of different categories, strength classes and 
composition, requirements to design solutions and 
technical characteristics of rail welding machines, 
increase of manufacturability of separate assemblies 
and mechanisms.
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ABSTRACT
the effect of change in the speed of movement of the heating source in plasma-arc welding of aluminium alloys of 2.0 mm 
thick of three al–Mg–Mn (aMg5M, aMg6), al–cu–Mn (1201) and al–cu–li (1460) alloying systems on the microstructure 
and hardness of the weld metal and near-weld zone, on the formation of inner pores and mechanical properties of welded joints 
was considered. Changes in the distribution of temperature fields and indices of the stress-strain state of welded specimens 
were analyzed. It was found that for each type of alloys there is a certain “peak” welding speed, with exceeding of which there 
is no significant reduction in residual deformations and stresses, as well as a decrease in the width of the base metal heating 
zone. Instead, mechanical properties of welded joints are deteriorated because of an increase in the number of pores in the weld 
metal and the formation of inadmissible undercuts in the upper part of the weld in the area of transition from the weld to the 
base metal. On the example of al–Mg–Mn alloy it is shown that such regularities are also typical not only for the thickness 
of 2.0 mm, but also observed during welding of specimens with the range of thicknesses of 4–8 mm. this allows using these 
results to predict indices of strength of the welded joint and weld metal for these thicknesses when the speed of plasma-arc 
welding at a variable polarity asymmetrical current is increased higher than the “peak” value.

KeYwORDS: plasma-arc welding, variable polarity pulses, aluminium alloys, weld structure, pores, joint formation, strength, 
temperature distribution, stress-strain state

INTRODUCTION
structures manufactured of high-strength aluminium 
alloys are used in many fields of the modern indus-
try, namely in the aerospace industry and in ground 
and water transport production [1]. In order to reduce 
the total weight of such structures, it is rational to use 
high-strength aluminium alloys (e.g., al–Mg–Mn, 
al–cu–Mn and al–cu–li). aluminium alloys of al-
loying systems al–cu–Mn and al–cu–li have high 
indices of specific strength, but these alloys are sensi-
tive to excessive heating during welding. this causes 
a need in creating welding technologies to reduce the 
heat input into the base metal during welding, includ-
ing due to the use of higher welding speeds. tradition-
ally, the joints of parts of al–cu–Mn and al–cu–li 
alloys were produced with the help of a well-known 
process of argon tungsten-arc welding (tIg) at a vari-
able polarity current [2]. this process is characterized 
by a low concentration of power in the heating spot. 
here, wide and shallow welds are formed. such low 
penetration capacity of the heating source in argon 
tungsten arc welding at a variable polarity current 

necessitates the edge preparation in welding parts of 
more than 4 mm thickness. the heat released during 
tIg welding at a low power concentration in the heat-
ing spot causes softening of high-strength aluminium 
alloys in the heat-affected zone (haZ) under the ef-
fect of arc heat [3]. In addition, aluminium alloys with 
the lithium content are prone to the formation of de-
fects in the form of oxide inclusions in the process of 
argon-arc welding. to solve this problem, it is rational 
to use welding methods providing an increase in the 
concentration of power in the heating spot and allow 
increasing the welding speed, reducing the heat input 
into the base metal due to these factors, that will al-
low reducing the level of softening of the base metal 
in the haZ of the heating source and improving the 
mechanical properties of welded joints.

Despite that the process of plasma-arc welding at 
a variable polarity asymmetrical current exists many 
years at the market (the first publications date back to the 
mid-1980s), this method of welding is relevant and in 
demand nowadays thanks to the use of welding sources 
on the basis of inverter technology of current conversion 
and a widespread use of welding robots [4–7].
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ANALYSIS OF LITeRATURe DATA 
AND PROBLeM STATeMeNT
It is rational to use plasma-arc welding at a variable polarity 
asymmetrical current for the formation of high-strength alu-
minium alloys welded joints, which provides a power den-
sity of at least 300 w/mm2, which is 5 times higher than 
this index compared to tIg, as well as up to 3 times in-
crease in the speed of welding for parts of certain thick-
nesses [8]. welding speed is one of the important factors 
to increase the efficiency of producing welded joint. At 
the same time, with an increase in the welding speed, an 
increase in the indices of strength of welded joints, as 
well as reducing the deformation of the structure during 
welding are observed. Despite the advantages of weld-
ing at high speeds, it is required to use more powerful 
power sources of welding current, plasmatrons with a 
more complex design and more complex and more accu-
rate mechanisms for movement of plasmatrons. a logi-
cal question arises concerning the limit to which welding 
speed can be increased and whether there is such a limit 
in the welding speed, on reaching which, there is no lon-
ger a significant decrease in the level of deformation of 
a structure and a significant increase in strength indices. 
as the criteria for evaluating such welding speed, it is 
necessary to consider a significant decrease in the incre-
ment of strength indices, negative changes in the forma-
tion of welded joint geometry and arising of probable 
defects in the weld metal. It is rational to consider this 
issue both from the standpoint of the influence of speed 
on the formation of macrogeometry and microstructures 
of the weld, and from the standpoint of its influence on 
the residual stress-strain state of the structure.

the effect of plasma-arc welding speed on the 
produced joints from different materials was studied 
to some degree by various researchers. for example, 
such data were obtained by optimizing the process of 
plasma-arc welding (Paw) of duplex stainless 2205 
steel of 2 mm thickness [9]. the parameters consid-
ered for experimentation and optimization include 
welding current, welding speed and length of the pilot 
arc, respectively. the experiment included the change 
in parameters and further registration of penetration 
depth and weld width. welding current of 60–70 a, 
welding speed of 25.0–30.0 cm/min and pilot arc 
length of 1–2 mm is a range, in which the mode pa-
rameters were changed. During the experiments, a 
neural network with feedback was used. a genetic al-
gorithm and taguchi methods were used to predict the 
width and penetration depth. It was determined that 
the calculated forecasts are well confirmed by exper-
imentally achieved results, and welding on optimized 
parametric values provides an increase in the strength 
of the weld with a reduction in consumables and time.

In [10] the issue of the effect of plasma-arc welding 
speed in the mode of a keyhole formation (K-Paw) on 
the quality of penetration and hot cracks formation in 
welding of the hastelloy X alloy was studied. K-Paw 
welding was carried out in one pass at speeds of 21.0, 
19.0, 17.0 and 15.0 cm/min. welding at a speed of 170 
mm/min provided the best depth to width ratio in the 
weld compared to all other speeds, and hot cracks were 
detected at 15.0 cm/min due to a high heat input at a 
low speed. at welding speeds of 21.0 and 19.0 cm/min, 
insufficient penetration depth was detected as a result of 
a reduction in the heat input and the lack of keyhole pen-
etration on the back side. the maximum vickers micro-
hardness was observed at a welding speed of 21.0 cm/
min, and the lowest one at 15.0 cm/min, i.e. the value of 
the microhardness is inversely proportional to the weld-
ing speed. the speed of 170 mm/min provided the best 
welding quality in view of the depth/width ratio and al-
most the highest value of microhardness.

the comparison of plasma welding with conven-
tional tIg welding showed [11] that in the case of us-
ing plasma process, it is possible to increase the weld-
ing speed, which causes an increase in the strength 
of joints during rupture tests, an increase in ductility 
indices, reduction of dendrites sizes, haZ sizes and 
residual deformations. however, researchers in [12] 
have found that with a significant increase in welding 
speed (up to 150–200 cm/min), a constricted arc be-
gins to burn unstable, and at even greater increase in 
welding speed, even the weld formation is stopped.

however, there were no comprehensive studies 
on determination of the limit of plasma-arc welding 
speed, after reaching which there is no more signifi-
cant increment in strength indices, as well as reducing 
the width of haZ and deformation of the structure.

AIM AND TASKS OF ReSeARCH
the aim of the work is to set reasonable limits for 
an increase in the speed of plasma-arc welding at a 
variable polarity asymmetrical current on the basis of 
determination of the effect of this parameter on the 
formation of welds, structure, change in mechanical 
properties of joints, distribution of temperature fields 
and stress-strain state of welded joints.

to achieve this aim, the following tasks were 
solved:

● determination of dependencies of formation, struc-
ture and change in mechanical properties of butt joints 
of alloys of the alloying systems al–5Mg–Mn, al–3cu–
1.8li and al–6cu–Mn on the speed of plasma-arc weld-
ing at a variable polarity asymmetrical current;

● determination of distribution of temperature 
fields in welded plates from aluminium alloys, de-
pending on the speed of plasma-arc welding;
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●investigation of residual deformation of welded 
joints produced by plasma-arc welding (by a con-
stricted arc) at different welding speeds.

MATeRIALS, eQUIPMeNT 
AND ReSeARCH MeTHODS
as welded specimens, aluminium alloys of alloying 
systems al–Mg–Mn, al–cu–Mn and al–cu–li with 
the thickness of sheets of 2.0 mm were considered 
(table 1).

the studies were performed using a robotic com-
plex PlaZer Paw-r for plasma-arc welding at a 
variable polarity asymmetrical current with the smart 
automatic system for control and monitoring of weld-
ing equipment (LLC “Scientific and Production Centre 

“PLAZER”, Ukraine) (Figure 1). In addition to plas-
ma-arc welding at a variable polarity asymmetrical 
current, the robotic complex allows performing a com-
bined and hybrid welding with a combination of plas-
ma-arc welding at a variable polarity with consumable 
electrode inert gas welding both without the formation 
of a common pool between two processes (combined 
welding), as well as with the formation of one common 
pool (hybrid welding).

PD-174M2 plasmatron designed at PwI (figure 2, 
a, b) was used to carry out studies of weldability of 
selected aluminium alloys in wide ranges of a variable 
polarity asymmetrical current [13]. this plasmatron 
includes a set of replaceable plasma-forming nozzles 

Table 1. chemical composition of aluminium alloys being welded, wt.%

grade al cu Mg Mn Zr ti Zn fe si li

aMg5 Base 0.1 5.0 0.8 – 0.02 0.5 0.5 –
1201 –”– 6.0 – 0.4 – 0.06 0.2 0.4 0.4 –
1460 –”– 1.8 0.7 0.06 0.03 0.02 – 0.08 0.10 1.8

Figure 1. General appearance of the robotic complex of equipment PLAZER PAW-R for plasma-arc welding of lengthy welded joints 
at a variable polarity asymmetrical current with an up to 2000 mm extension of the robot hand and a system of the robot movement to 
3000 mm (a, b) and a rack with power sources of the robot, plasmatron, cabinet with adaptation of commands for the robot and smart 
automatic system for monitoring of welding equipment (c): 1 — anthropomorphic welding robot; 2 — welding plasmatron; 3 — smart 
system for control of robotic welding process; 4 — plasma module; 5 — power source of plasma welding; 6 — welding table with an 
assembly and welding device; 7 — system for linear movement of robot on rails; 8 — double-axial rotator-manipulator; 9 — mecha-
nism for filler wire feed
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with the holes of diameters from 2.0 to 4.5 mm with a 
step of 0.5 mm. for welding alloys with an increased 
fluidity of liquid metal, plasma-forming nozzles with 
2 or 4 additional holes with a diameter of 1.0 mm are 
included in the set. the task of additional holes is to 
reduce the excessive gas pressure on the axis of a plas-
ma-forming nozzle and to provide additional elonga-
tion of the plasma arc. Also, for the efficient operation 
of this plasmatron in the specified range of currents, 
there is an option of using tungsten electrodes with 
a diameter from 3.2 to 6.0 mm by replacing a collet 

and a washer-current-lead for electrode unit, as well 
as a ceramic insulator-aligner, which is made of spe-
cial thermal-resistant ceramics. for welding at high 
speeds (above 120 cm/min) using this plasmatron, a 
nozzle with elongated gas protection with a length of 
200 mm and a width of 50 mm was used (figure 2, c).

As a criterion “high-speed welding”, an excess 
of speed of the base process of arc welding of high-
strength aluminium alloys (with the strength higher 
than 300 MPa) by 2 or more times, tIg welding at a 
variable polarity current was chosen. a limiting factor 
in plasma-arc welding at a variable polarity asymmet-
rical current in our case were the technological capa-
bilities of welding plasmatrons, namely the maximum 
current load of up to 325 a.

the maximum speeds of plasma-arc welding at a 
variable polarity asymmetrical current in the flat posi-
tion on the substrate with a forming groove and the use 
of a filler wire are shown in Table 2. Figure 3 shows the 
outer appearance of welded joint of aMg5M alloy in 
the assembly and welding device immediately after the 
end of plasma-arc welding at a variable polarity asym-
metrical current of 200 cm/min speed. In welding, the 
change in the indices of strength of the welded joint and 
weld metal were taken into account. the following al-
loys were considered: aMg5M (al–5 % Mg–8 % Mn), 
which is thermally unstrengthened and should be little 
sensitive to the loss of strength in the haZ, thermal-
ly strenghtened alloys 1201 (al–6 % cu–0.4 % Mn) 
and aluminium-lithinum alloy 1460 (al–3.0 % cu–
1.8 % li). the base metal of 1201 and 1460 alloys tend 
to lose strength in the haZ of the arc.

ReSULTS OF STUDYING THe eFFeCT 
OF SPeeD OF PLASMA-ARC weLDING 
AT A VARIABLe POLARITY 
ASYMMeTRICAL CURReNT

STUDyING THE EFFECT 
OF PLASMA WELDING SPEED ON WELDS FOR-
MATION, THEIR STRUCTURE 
AND MECHANICAL PROPERTIES
an increase in the speed of plasma-arc welding of 
sheets of 1.8 mm thick 1201 alloy (al–6cu–Mn) 

Figure 2. appearance (a), cross-section of 3D-model (b) of weld-
ing plasmatron PD-174M2 for welding of aluminium alloys at 
a variable polarity asymmetrical current in the range from 80 to 
350 a at Dc 100 % and the process of robotic welding using an 
elongated gas protection nozzle (c)

Figure 3. appearance of welded joint of aMg5M alloy in the as-
sembly and welding device immediately after plasma-arc welding at 
a variable polarity asymmetrical current at a speed of 200 cm/min

Table 2. Maximum welding speeds depending on thermophysical 
properties of aluminium alloys

alloy thickness, 
mm

Maximum 
welding speed, 

cm/min

aMg5M 
(al–5 % Mg–0.8 % Mn) 2.0 300

1201 
(al–6 % cu–0.4 % Mn) 1.8 200

1460 
(al–3.0 % cu–1.8 % li) 2.0 300
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from 30 to 300 cm/min causes a 40 % decrease in the 
amount of input energy (from 124 to 74 kJ/m), as well 
as a 33 % reduction in area of the base metal soften-
ing zone under the influence of heat action from the 
welding arc (figure 4).

In welding at a high speed, dendrites are oriented 
clearly perpendicular to the weld axis, unlike the op-
tion with a low speed, where twisting of dendrites and 
their coupling along the weld axis at an acute angle is 
observed. Microstructure of welded joints of sheets of 
1.8 mm thick from 1201 alloy produced by plasma-arc 
welding at a speed of 30 cm/min is shown in figure 5.

In the weld metal of 1201 alloy of the alloying 
system al–cu–Mn produced by a constricted arc of 
a variable polarity asymmetrical current at a weld-
ing speed of 30 cm/min, the pores of up to 60 μm 
are observed. these pores are mainly localized on the 
boundaries of the fusion area with the base metal. In 
the weld metal dendrites are observed, the first-order 
axes of which are located mainly along the weld axis. 
On the boundaries of grains, coarse clusters of eutec-
tic are observed. Zones of loosenings are encountered.

Microstructure of joints of sheets of 1201 alloy of 
1.8 mm thick, produced by plasma-arc welding at a 
variable polarity current at a speed of 300 cm/min in 
the flat position on the substrate without using filler, 
is shown in figure 6. the comparison of welds pro-
duced at a speed from 30 to 300 cm/min showed that 
with an increase in plasma-arc welding speed, the 

amount of pores in the weld metal increases, but their 
sizes decrease by 1.5–2.0 times.

In plasma-arc welding of sheets of 1.8 mm thick 
of 1201 alloy (Аl–Сu–Мn) at a speed of 300 cm/min 
with the filler wire, the molten metal formed during 
melting of the wire, does not have time to mix with 
the molten metal of the welding pool. an excess of 
metal, which should form the upper bead of the weld, 
does not spread normally, the upper bead of the weld 
is formed unevenly and deep undercuts are formed 
along the boundary of the weld fusion zone with the 
base metal. The use of a filler in the form of an insert 

Figure 4. Distribution of hardness in the cross-sections of joints 
of sheets of 1201 (А1–Сu–Мn) alloy of 1.8 mm thick, produced 
by plasma-arc welding at a variable polarity current in the flat 
position at a speed of 30 and 300 cm/min; 1 — 18; 2 — 180 m/h

Figure 5. Microstructure (×150) of welded joint of sheets of 1.8 mm thick from 1201 (al–6cu–Mn) alloy produced by plasma-arc 
welding in the flat position without a filler at a speed of 30 cm/min
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from a strip cut out from the base metal also does not 
provide the qualitative formation of the weld surface. 
the strip melts unevenly. splashing of the molten 
metal under the influence of a plasma jet is observed. 
On the surface at the center of the weld, a chain of 
pores coming to the surface remains.

the presence of deep undercuts (up to 0.5 mm or 
more) and the presence of pores over the whole weld 
metal, produced at a speed of 300 cm/min, cause not 
too high strength of the welded joint (249–251 MPa). 
as the welding speed is reduced to 200 cm/min, a 
clearly expressed chain of surface pores disappears 
from the surface, as well as the conditions of forma-
tion of the transition from the weld to the base metal 
are improved. In this case, the strength of the weld-

ed joint is 279–280 MPa, which exceeds the strength 
of the welded joint of 1201 alloy of 2.0 mm thick 
(246 MPa) produced by tIg welding at a speed of 
20 cm/min (figure 7).

the welds produced at a speed of 40 cm/min 
(24 m/h) have a cellular-dendritic structure typical of 
the cast state with the formation of a central crystal-
lite. the structure of welds produced at speeds of 120 
and 200 cm/min, is characterized by the absence of 
a central crystallite and a narrower region of colum-
nar elongated small crystallites with a large number 
of cells and small equiaxial dendrites in the central 
part of the weld. an increase in crystallization rate at a 
welding speed of 120 cm/min provides the formation 
of branched dendrites of a solid solution and phases 
evenly located between them, which did not become 
a part of their composition, the shape and sizes of 
which are determined by the value of crystallization 
rate (figure 8).

In the structure of welds produced at 120 cm/min, 
dendrites 3–4 times smaller are observed than in weld-
ing at a speed of 40 cm/min. the orientation of axes of 
the first-order dendrites is changed. Unlike welding at 
a low speed, these axes are directed perpendicularly 
to the longitudinal axis of the weld, which may be a 
consequence of not only high welding speed, but also 
a power concentration in the plasma jet and additional 
forced effect of plasma-forming gas.

Figure 6. Microstructure (×150) of welded joint of sheets of 1.8 mm thick from 1201 (al–cu–Mn) alloy, produced by plasma-arc 
welding in the flat position without a filler at a speed of 300 cm/min

Figure 7. Diagram of change in strength of welded joints de-
pending on speed of welding sheets of 1.8 mm thick from 1201 
(al–cu–Mn) alloy produced by plasma-arc welding at a variable 
polarity current: 1 — welded joint; 2 — weld metal
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a change in the strength indices at different weld-
ing speeds is also observed in plasma-arc welding of 
a thermally strengthened 1460 alloy, which contains 
Cu and Li. The introduction of 1.9–2.3 % Lі into the 
chemical composition of 1460 alloy allowed reducing 
the specific weight of 1460 alloy compared to 1201 
alloy and increase its strength to 574 MPa (compared 
to 439 MPa for 1201 alloy).

an increase in the interval of increment of strength 
indices and their smooth decrease at a speed of 
300 cm/min may be explained by a higher fluidity of 
the liquid metal of 1460 alloy compared to 1201 al-
loy by introducing li. the reduction in strength at a 
welding speed of 300 cm/min is predetermined by the 
start of undercuts formation and deterioration of con-
ditions of weld degassing (figure 9).

In 1460 alloy, the process of reduction in strength 
begins after an increase in the welding speed above 
200 cm/min. as in 1201 alloy, the process of reduc-
tion in strength is also predetermined by the formation 
of undercuts along the fusion line and an increase in 
porosity in the weld metal.

In plasma-arc welding of a thermally unstrenght-
ened aMg5M (al–Mg–Mn) alloy of 2.0 mm thick, 
also an increase in the growth of strength indices of 
welded joints with the growth of speed of plasma-arc 
welding is observed (figure 10). however, unlike 

1201 and 1460 alloys, which are thermally strength-
ened and more sensitive to heat input, in the men-
tioned alloy, the growth in strength indices occurs 
more slowly. at the same time, an increase in the 
welding speed above 200 cm/min, a decrease in the 
strength indices of the welded joint by the formation 
of undercuts in the fusion zone is observed. In this 
case, the size of undercuts is smaller compared to al-
loys containing cu.

INFLUENCE OF PLASMA WELDING SPEED 
ON DISTRIBUTION OF TEMPERATURE FIELDS 
IN WELDED SPECIMENS
to calculate the regularities of temperature change, 
depending on the speed of plasma-arc welding, a 
procedure for calculating the temperature field in the 
plate at welding speeds of up to 20 cm/min (12 m/h) 
and from 30 to 300 cm/min (from 18 to 180 m/ h) was 
used [14]. The calculation was performed by the finite 
element method. for welding speeds of up to 20 cm/
min, the calculation scheme was chosen using a point 
moving heating source, and for welding speeds above 
30 cm/min — a powerful linear heating source.

the maximum temperatures were determined from 
the temperature distribution diagrams for welding at a 
speed of up to 20 cm/min (figure 11) and diagrams 

Figure 8. Microstructure (×150) of weld metal produced by plasma-arc welding of sheets of 1.8 mm thick from 1201 (Аl–Сu–Мn) 
alloy by a variable polarity current at different welding speeds

Figure 9. Diagram of change in strength of welded joints de-
pending on speed of welding sheets of 2.0 mm thick from 1460 
(al–cu–li) alloy produced by plasma-arc welding at a variable 
polarity current: 1 — welded joint; 2 — weld metal

Figure 10. Diagram of change in strength of welded joints de-
pending on speed of welding sheets of 2.0 mm thick from aMg5M 
(Аl–Mg–Mn) alloy, produced by plasma-arc welding at a variable 
polarity current: 1 — welded joint; 2 — weld metal
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of thermal cycles for the processes at a speed above 
30 cm/min, for example, 200 cm/min (figure 12).

figures 13 and 14 show the diagrams of maximum 
temperatures in the cross-section of the welded joint 
obtained thanks to performed calculations.

when analyzing the diagrams of distribution of 
maximum temperatures (figures 13, 14) in plasma-arc 
welding of sheets of 1.8 mm thick from 1201 alloy at 
a variable polarity asymmetrical current and welding 
speeds from 40 to 300 cm/min, it was found that at 
the same step between the speeds of 80 cm/min, the 
difference in the temperature between the curves of 
the distribution of maximum temperatures depends 
on the range of speeds changes (in the range from 40 
to 120 cm/min, the differences in the temperature be-
tween the points at a distance of 5 mm from the weld 
axis are 3–4 times higher than in the speed range from 
120 to 200 cm/min).

at a distance of more than 4 mm from the axis, in 
plasma-arc welding of aluminium 1201 alloy of 1.8 
mm thick at a variable polarity asymmetrical current 
with a change in welding speed from 120 to 180 cm/
min, the temperature changes on average by 50 °c, 
which does not significantly affect both the change of 

hardness, as well as the change of mechanical proper-
ties of welded joints.

STRESS-STRAIN STATE IN WELDED JOINTS 
PRODUCED By WELDING USING 
CONSTRICTED ARC AT DIFFERENT 
WELDING SPEEDS
In order to improve the influence of plasma-arc welding 
speed on the obtained results, a study of a stress-strain 
state was conducted according to the procedure described 
in [15], making the necessary calculations with the use 
of the MatcaD software. the calculation was carried 
out on several indices of stress-strain state of plane spec-
imens after welding. the calculations took into account 
the thickness of welded plates and their thermophysical 
and mechanical properties.

figure 15 shows the features of changing the 
width of the plastic deformation zone depending on 
the speed of plasma-arc welding of aluminium alloys 
of specimens of 2.0 mm thick from aMg5M (al–Mg–
Mn) alloy and specimens of 1.8 mm thick from 1201 
(al–cu–Mn) alloy at a variable polarity asymmetrical 
current. a similar regularity is observed for other indi-
ces, such as longitudinal reduction in area of the spec-

Figure 11. Diagram of temperature distribution in plasma-arc 
welding of aluminium 1201 (al–cu–Mn) alloy of 6.0 mm 
thick at a variable polarity current in the flat position at a speed 
of 20 cm/min (12 m/h)

Figure 12. thermal cycle in plasma-arc welding of sheets of 1.8 
mm thick from 1201 (al–cu–Mn) alloy at a variable polarity cur-
rent and a speed of 200 cm/min (120 m/h)

Figure 13. Distribution of maximum temperatures occurring in 
the sheets of 1201 alloy of 1.8 mm thick joined by plasma-arc 
welding at a variable polarity current at welding speeds of 40 
(curve 1) and 120 cm/min (curve 2)

Figure 14. Distribution of maximum temperatures occurring in 
the sheets of 1201 alloy of 1.8 mm thick joined by plasma-arc 
welding at a variable polarity current at welding speeds from 120 
to 300 cm/min




