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ESTABLISHING BORYS PATON STATE AWARD
On April 15, the Verkhovna Rada of Ukraine adopted Law 
5327 «On Amendments to Article 11 of the Law of Ukraine 
«On State Awards of Ukraine», which establishes the Borys 
Paton State Award.

Implementation of this Act will have a positive impact 
on the sphere of scientific and scientific-engineering activ-
ity as a whole, as it is aimed at preservation of the memory 
of Academician B.E. Paton, outstanding Ukrainian scientist 
and organizer of science, who was characterized by dedi-
cation to his calling and tireless creative search that will 
inspire scientific achievements of the next generations of 
scientists.

Academician Borys Paton was a state and public figure, Pres-
ident of the National Academy of Sciences of Ukraine from 1962 
till 2020, Director of the E.O. Paton Electric Welding Institute of 
the National Academy of Sciences of Ukraine, Hero of Ukraine. 
He died on August 19,2020, at the age of 101.

The sum of the State Award is determined every year by 
an Act of the President of Ukraine according to the estab-
lished procedure.

The Law was developed by the Ministry of Education 
and Science at the initiative of the President of Ukraine 

on preservation of the memory of Borys Paton, Hero of 
Ukraine, outstanding Ukrainian scientist and science orga-
nizer.

A NEW ELECTRODE MANUFACTURING PLANT — 
«MONOLIT ASIA» WAS COMMISSIONED IN UZBEKISTAN

In July, 2020 PJSC «PlasmaTek» Company (Vinnitsa, 
Ukraine) under the project for expanding its presence in 
Central Asia countries, commissioned «Monolit Asia» 
Plant for electrode manufacturing in Tashkent, Uzbekistan.

The capacity of the plant production facilities is 
1.5 thou t of electrodes with rutile and basic coating. Af-
ter the equipment has reached the design parameters, the 
total capacity of the Group of Companies with plants in 
Ukraine, Belarus and Uzbekistan will be increased up to 
7 thou t electrodes per month.

ELECTRON BEAM MELTING OF LARGE-SIZED TITANIUM INGOTS
SE «Scientific-Production Center «Titan» of PWI opti-
mized the technology of electron beam melting of large-
sized ingots (1080 mm dia, more than 10 t weight) of tita-
nium alloys with specified oxygen content, not containing 
any high or low density inclusions. This technology allows 
using titanium scrap and low grade titanium sponge as 
raw materials. The ingots are produced with glazed or ma-
chined surface.

SPC «Titan» today:
● main scientific activity — development of titani-

um-based alloys, technologies and equipment for their pro-
duction by electron beam melting (EBM);

● main production activity is making titanium alloy in-
gots and manufacturing equipment for EBM;

● production facilities: six electron units;
● certificate for quality system ISO 9001;

● international deliveries to: Great Britain, China, Ger-
many, USA, France, Sweden, Japan. 
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PATON INTERNATIONAL — ONE OF THE LARGEST MANUFACTURERS 
OF WELDING ELECTRODES IN UKRAINE

PATON INTERNATIONAL Company is the leading 
manufacturer of welding equipment and consumables 
in the territory of Ukraine and CIS countries, which 
are applied with success practically in all sectors of 
the economy: from housing and communal sector to 
heavy mechanical engineering and ship-building. The 
range of PATONTM products includes more than 35 
items of welding equipment, as well as more than 10 
electrode grades for manual arc welding, which the 
Company started manufacturing in 2016.

In December, 2019, a new section for welding 
electrode manufacture was commissioned in the 
main production site of PATON INTERNATIONAL 
in Kyiv at 66 Novopyrogivska Str. This section now 
includes the following areas: charge material prepa-
ration and dosing; rod cutting up, electrode mould-
ing, heat treatment, sorting and packing of finished 
products. Alongside the production areas, the new 
complex for welding electrode manufacturing also 
includes laboratory facilities to ensure monitoring of 
the production process at all the stages: from receiv-
ing the raw materials up to acceptance tests of each 
batch of finished products.

At present the plant has launched production of the 
most common grades of PATONTM electrodes, which 
are well-established in the market and are manufactured 
by the classical coating formulation (ANO-36, ANO-4, 
UONI-13/55, MR-3); and Elite series electrodes, which 
are made by an improved coating formulation (Elite 
ANO-36, Elite ANO-21, 7018 Elite), as well as special 
purpose electrodes (TsL-11, TsCh-4, T-590).

Two production lines were put into operation in 
the section, and in the near future it is planned to fin-
ish commissioning works in an absolutely new third 
line, thus increasing the overall production capacity 
to 1000 t per month. Production is carried out round 
the clock by several teams with overall number of 
50 people.

When a new production site was set up, the main 
objective was to ensure the highest product quality. 
In order to reach this objective, the list of raw ma-
terial component suppliers was revised, and control 
of raw material quality was enhanced. Only the best 
Ukrainian suppliers were selected, and direct supplies 
of high-quality materials from Germany, Slovakia, 
the Netherlands, India and other countries were orga-
nized. Professional training of personnel was conduct-
ed with production skill certification for performance 
of the main manufacturing technology operations. 
Monitoring raw materials and testing finished prod-
ucts are performed by company laboratory complex, 
using high-technology equipment: X-ray fluorescence 
analyzer, carbon and sulphur analyzers, and special-
ized vibrostand.

The above-mentioned laboratory equipment, to-
gether with novel procedures for monitoring the tech-
nological production process ensure the high quality 
and stability of performance of PATONTM welding 
electrodes, which correspond to all the necessary re-
quirements to this kind of products that is confirmed 
by certificates from leading Ukrainian and Interna-
tional certification bodies.

Company products are supplied to more than 50 
countries all over the world, and welding electrodes 
take up one of the key positions in the supply struc-
ture. Overall scope of export supplies of the electrodes 
was equal to more than 4000 t just in 2020.

The near-term plans of PATON INTERNATION-
AL envisage widening the electrode range and in-
creasing the output volumes by entering new mar-
kets. It will allow the Company rising to leading 
positions in this market segment in the near fu-
ture, and consolidating its status of a prominent 
Ukrainian manufacturer of both welding equipment 
and welding consumables.
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Dear colleagues,

It is with great pleasure that I welcome all the participants 
and guests of the International Conference and Exhibition 
devoted to state-of-the-art technologies of material joining.

Welding, as before, remains the leading technology in many 
industries. That is why the range of issues to be discussed 
at the Conference, information about the results and 
achievements in the field of welding production, as well 
as familiarization with samples of welding consumables 
and equipment presented at the Exhibition, will promote 
strengthening of the scientific and business contacts, and 
further development of research and applied work.

The traditional fruitful cooperation of science and industry, 
continuous scientific support, provided by the E.O. Paton Electric Welding Institute of the 
NAS of Ukraine and active position of manufacturers of welding consumables and equipment 
allow ensuring their high quality, and satisfying wide demand both in the domestic and foreign 
markets. As an example, it should be noted that Ukrainian specialists helped establishing a 
number of welding consumable productions in many countries in the post-Soviet space.

Of great interest, in my opinion, are the presentations devoted to plasma-arc and hybrid 
processes of welding, cutting, material processing and coating deposition; 3D-printing 
technologies; robotic welding in welded structure fabrication; brazing and surfacing; 
monitoring flash-butt welding of rails, modern market of welding consumables, etc.

On behalf of the Conference Program Committee, I would like to express my sincere gratitude 
to all the organizations, enterprises, companies and individual specialists, whose active 
support made it possible to hold the Conference.

I believe that consideration of the issues to be addressed by the Conference, exchange of 
information on the achievements, establishing wider scientific and business contacts will 
promote development of new priority directions of research in the field of welding and related 
technologies, and will allow us making our contribution to revival and rise of industrial 
production in our country.

Wishing successful work, great achievements, well-being and good health to all the Conference 
participants

Director of the E.O. Paton Electric 
Welding Institute 
Academician I.V. Krivtsun
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OPERATIONAL CONTROL OF THE PROCESS 
OF FLASH BUTT WELDING OF RAILWAY RAILS 

BY THE METHOD OF PULSATING FLASHING

S.I. Kuchuk-Yatsenko , P.M. Rudenko, O.V. Didkovskyi and Ye.V. Antipin
E.O. Paton Electric Welding Institute of the NAS of Ukraine 

11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua
The article presents a study of the accuracy of reproduction of parameters of operational control of flash butt welding 
of railway rails in order to increase the reliability of evaluating the compliance of the process to the Technical Spec-
ifications (TS) and improve the quality of welded joints. For the statistical analysis of protocols of welding rails at 
rail-welding enterprises the review of existing indices of accuracy and stability of technological processes was made. 
For the analysis, the coefficient of variation Kv was chosen, which is not related to the tolerance of the deviation of the 
process parameter. Evaluations of Kv coefficients according to the welding protocols of more than 10 thou joints and 
more than 100 specimens of a technological test for the stationary machine K1000 showed that the mode parameters set 
directly by the control system, are reproduced with an error of not more than 1.5 %. The Kv coefficients increase sharply 
for the rate of flashing, transition from flashing to upsetting and particularly upsetting, which are included in the TS for 
welding rails and an active electric power, that occurred during flashing at the input of the welding transformer. The 
studies of Kv coefficients with grouping of welding data by six months showed that the variation of process parameters 
had no trends and the process was stable over time with a sufficient accuracy. The mean values and the standard devi-
ation of the parameters of the process of welding rails and specimens of a technological test differ within the statistical 
error, which indicates the possibility of approximating the results of test studies on the rail joints. Evaluation of effect 
of parameters of the process of rate, tolerance and energy of flashing on the heat-affected zone (HAZ) with the use of 
linear regression dependence showed an essential dependence of HAZ on variation of electric energy during flashing. 
For control of active energy, the measuring converter of average active electric power with a pulse output was devel-
oped, which is adapted to the control systems of K1000 and K922 machines with input signals of current to 1000 A 
and voltage to 440 V, a frequency band of these signals to 1 kHz and the resulted error of measurement to 1 %. It is 
recommended to include active electric power released during flashing at the input of the welding transformer in the 
list of control parameters to the TS, and to improve the quality of joints not only to control the parameters within toler-
ance, but to create the conditions of the smallest variation of parameters from obtained data. 7 Ref., 1 Table, 4 Figures.

K e y w o r d s :  flash butt welding, railway rails, statistical control, coefficient of variation, process parameters, quality 
parameters, heat-affected-zone, active electric power during flashing, quality control

Technical specifications of flash butt welding (FBW) 
of railway rails [1, 2] regulate the parameters of weld-
ing mode, deviation tolerances for them, quality of 
a welded joint: width of heat-affected-zone (HAZ), 
hardness of the metal on the rolling surface of the 
welded joint and indices of periodic process control 
according to the specimens of a technological test on 
static mechanical bending: minimum Lfr and fracture 
load Рfr.

The indices of a joint quality, as well as the results 
of mechanical tests of specimens depend on the devi-
ations of more than a dozen process parameters from 
their values, for which the process was adjusted.

Scattering of values of both input parameters and, 
respectively, output quality indices due to the pres-
ence of systematic and random perturbations is usual-
ly characterized by a mathematical expectation or the 

mean value of x  and the variance σ2 or the root mean 
square (r.m.s.) or a standard deviation S = √s2 from 
the average one. If we take into account that the input 
parameters have different physical properties or differ 
significantly in values, it is better to use dimension-
less values to compare them.

At the statistical control of process indices of ac-
curacy and stability: coefficients of accuracy Kacc, ad-
justment Kadj and stability Kst are as a rule used:

 Kacc = 6S/δ, Kadj = ( x  – xδ)/δ, Kst = St1/St2, (1)

where δ = xu – xl is the tolerance field for the parame-
ter; xu and xl is the upper and lower limit of tolerance 
for the parameter; xδ = (xu + xl)/2 is the middle of the 
tolerance field; St1 is the r.m.s. at a fixed moment in 
time t1; St2 is the r.m.s. at the compared fixed moment 
of time t2.

S.I. Kuchuk-Yatsenko  — https://orcid.ord/0000-0002-1166-0253, P.M. Rudenko — https://orcid.ord/0000-0002-7770-2145, 
O.V. Didkovskyi — https://orcid.ord/0000-0001-5268-5599, Ye.V. Antipin — https://orcid.ord/0000-0003-3297-5382

©  S.I. Kuchuk-Yatsenko , P.M. Rudenko, O.V. Didkovskyi and Ye.V. Antipin, 2021
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These evaluations are dimensionless, relative and 
for their further analysis the physical value of the 
parameter can be ignored, and for their control the 
general tolerances can be set, which is convenient for 
comparing different physical parameters. It is consid-
ered, for example, that at Kacc ≤ 0.75 the technological 
process is quite accurate, at Kacc = 0.76–0.98 the tech-
nological process demands careful supervision and at 
Kacc > 0.98 the accuracy is unsatisfactory [3].

Many Japanese enterprises and the US automotive 
industry use similar evaluations for control — process 
capability indices:

● process potential for bilateral tolerance limits

 Cp = (хu – хl)/6S = δ/6S, 
● process efficiency relative to the upper limit of 

tolerance
 CPU = (хu – x )/3S, 

● process efficiency relative to the lower limit of 
tolerance

 CPL = ( x  – хl)/3S, 
● deviation of the average value of the process 

from the middle of the tolerance field

 k = 2|xδ – x |/(хu – хl)= 2|xδ – x |/δ, 
● process efficiency for two-sided tolerance limits

 Cpk = min {CPU, CPL} = Cp(1 – k), 

which form a group of complementary process ca-
pacibilty indices and the indices similar to the coef-
ficients Kacc, Kadj and Kst, also determine compliance 
with the process tolerances and adjustment problems. 
They can be used for one-sided and two-sided toler-
ances and can be generalized for operation with mul-
tidimensional rated values (quality indices) [4].

The mentioned indices refer to the tolerance field 
δ, which determines the probability of a quality prod-
uct when finding a controlled parameter in it. The 
control of the FBW process of railway rails in station-
ary machines K1000 and mobile machines K922 in 
existing machine control systems includes much more 
parameters than those included in the TS (Table), and 
not all of them have tolerances. In addition, the toler-
ances may not be quite «optimal».

Therefore, to compare the spread of parameters in 
the future the variation coefficient Kv (German Varia-
tionskoeffizient m) was used, which is a relative value 
to characterize scattering (variability) of a feature and it 
is used at the moment when it is necessary to compare 
variability of features of an object, expressed in different 
measurement units (synonym: unitized risk) [3].

The article presents a study of the accuracy of re-
production of the parameters of operational control of 
FBW of railway rails in order to increase the reliabil-
ity of conformity evaluation of the process of TS and 
improve the quality of welded joints.

Tolerances for parameters of flash butt welding of rails of grades M76 of type R65, K76F of type R65, 60E1 by pulsating flashing for 
the machine K1000 and K922 (in brackets) according to [1]

Parameter
Tolerance field Study interval

Lower Upper Lower Upper

Welding time *Tw, s 60 100 40 275

Flashing rate Vfl, mm/s 0.07 
(0.065) 0.2 0.03 0.4

Tolerance for flashing Sfl, mm 12(9) 18 5 30

Voltage during transition to upsetting Uu, V 355 440 300 500

Flashing voltage Ul, V 250 360 200 500

Rate before upsetting Vf, mm/s 0.7 2.5 0.1 4

Upsetting rate Vups, mm/s 30(20) 80 10 145

Upsetting pressure Pups, atm 12(9) 15(12)-20 5 40

Tolerance for upsetting Sups, mm 11.5 17 5 35

Time of upsetting with current TupsI, s
1-0.49 
(0.8) 2(1.8) 0.3 3

Flashing current *Ifl, A – – 80 800

Impedance of the secondary circuit at a sh.-c *Zsh.-c, μOhm – – 25 300

Flashing power *Qfl, kW∙h – – 1.0 5.00

*Marked parameters that are not included in the TS.
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Kv is the ratio of the mean square deviation to the 
arithmetic mean and is expressed as a percentage: Kv 
= S/ x ⋅100 %. Variability is considered to be variable 
weak if Kv < 10 %; average, if Kv is from 11–25 % and 
significant at Kv > 25 %.

Evaluation of the accuracy of reproduction of 
process parameters, or variation of parameters was 
performed according to the protocols of welding of 
railway rails during 2015–2020 at rail welding en-
terprises (RWE) of Ukrzaliznytsia. For example, ac-
cording to Kv data of the stationary machine K1000 of 
the Kyiv RWE, which were calculated by the welding 
protocols of more than 10 thou joints, the following 
conclusions may be made (Figure 1).

Among the parameters that determine the com-
pliance of the TS mode, voltage during flashing Ul 
and during transition from flashing to upsetting, Uu 
tolerance for flashing Sfl and upsetting Sups, upsetting 
time under current TupsI are set directly in the control 
system, have a fairly small value of the variation coef-
ficient Kv. Pups is determined by adjusting the pressure 

in the upsetting cylinder and also has a small Kv. The 
accuracy of reproduction of these parameters depends 
entirely on the technical condition of the welding ma-
chine, control system and a proper maintenance of ex-
ternal welding conditions, namely, power electricity, 
pumping station, coolant, etc.

The tolerance for flashing Sfl according to the main 
algorithm of control of FBW of rails is set in the cyclo-
gram of the mode and its correct operation of the sys-
tem for control of the machine should be close to the 
accuracy of the sensor for control of the movement of 
the moving column of the welding machine. Typical-
ly, this sensor is based on an incremental sensor Sie-
mens 6FX2001, it has a measurement discreteness of 
0.1 mm and the effect of electromagnetic interference 
on the measurement accuracy is impossible. In the 
mentioned data, the variation Sfl is much higher due to 
the fact that during welding of a new batch of rails, it 
is possible to adjust the mode, which was usually per-
formed by changing the specified tolerance for flash-
ing. According to Kv data for eight K1000 machines 

Figure 1. Variation coefficients Kv during welding of R65 rails of grade K76F in the machine K1000 (a): 1 — welding data of speci-
mens of a technological test; 2 — welding data of rail joints (hereinafter HAZ was predicted by regression dependence on Vfl, Sfl, Qfl 
and Sups [6] and the change of variation coefficients Kv over time with a period of six months during welding R65 rails of grade K76F 
in the machine K1000. Kv for the same time intervals are shown in the same colour (b)
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and fifteen K922 machines of different RWE it is seen 
that only in the case of mode resetting, the variation of 
parameter Sfl is quite large. At the constant set mode, 
Kv is lower than 1.0‒1.5 % (Figure 2). It is clear that 
according to other algorithms, for example, the task of 
time stages, this parameter can have a random distri-
bution with its mean deviation and r.m.s.

The parameters of flashing rate Vfl, transition from 
flashing to upsetting Vf and upsetting Vups, which are 
included in the TS, shape of current before upsetting 
(time of probable short circuit Tsh.-c), as well as welding 
time Tw and electric flashing power Qfl are set indirect-
ly and result from the FBW process and, accordingly, 
from the action of different uncontrolled disturbances.

The rates of flashing Vfl and transition to upset-
ting Vf

 Vfl, Vf = F(Vu, Vl, Iu, Io, Il, Iw), (2)

where Vu, Vl, Iu, Iu, Io are the parameters of the regula-
tor of the feed drive of a mobile column depending on 
welding current Iw;

Welding time

 Тw = Sc/Vc + Sfl/Vfl + Sf/Vf + Tupsi, 
where Sc, Vc, Sfl, Vfl, Sf, Vf is the tolerance and aver-
age speed at the stages of bevel removal, flashing and 
transition to upsetting.

The upsetting rate Vups depends on the set upset-
ting pressure, technical condition of the upsetting 
drive and the moving column, and the heating of the 
welding rails before upsetting. Impedance of sh.c of a 
secondary circuit Zsh.-c characterizes the technical con-
dition of the machine.

From the listed parameters controlled by the con-
trol system of machines K1000 and K922, in terms of 
Kv the most vulnerable indices are the rates Vfl, Vf, Vups 
and welding time Tw and electrical power released at 

Figure 2. Coefficients Kv for tolerance for flashing Sfl of eight machines K1000 (1–8) and 15 machines K922 (9–23)

Figure 3. Histogram of distribution of process parameters of FBW of 10230 rail joints in the machine K1000, which was calculated on 
the interval of studies for each parameter (Table), number of intervals for all parameters was 50, step of each parameter is ΔX = (Xu.f – 
Xl.f), where Xu.f and Xl.f are upper and lower intervals of studies (for example, for ΔSfl = (30-5)/50 = 0.5 mm)
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the input of the welding transformer at the flashing 
stage, Qfl (Figure 1). It should be noted that in addi-
tion to the action of perturbations, the r.m.s. of rates 
Vfl and Vf is influenced by the fact that the error of 
their measurement approaches the absolute value of 
the measured value.

The measurement of rates is performed according 
to the displacement sensor and the absolute error is 
ΔV = 0.1 mm / Tmeas, where Tmeas is the interval be-
tween measurements. The measurement discreteness 
of the control system in time is equal to 0.01 s. There-
fore, we have either a very large static error or a large 
dynamic error for stabilization of these parameters.

According to the data of histograms (Figure 3) re-
production of FBW process parameters, in particular 
Vfl, Vf, Vups, it is possible to make an assumption that 

the distribution of error of these parameters concern-
ing average value corresponds to the normal law.

The calculation of the accuracy coefficients Kacc 
(1), which take into account the value of the toler-
ance field and are accepted for statistical control of 
technological processes, confirms the general ratio 
of the accuracy of reproduction of the parameters Cv 
(Figure 4). According to the accuracy coefficient Kacc, 
which takes into account the tolerance for deviation of 
parameters according to TS (see Table), it is seen that 
provided that the average value of the rate Vfl, Vf, Vups 
is close to the middle of the tolerance field, we have 
a probability of TS conformity more than 99.7 % of 
joints. For other parameters, the condition of finding 
the average value in the middle of the tolerance is al-
ready not so rigid.

Figure 4. Coefficients of accuracy Kacc (a) and adjustment Kadj (b) during welding of R65 rails of grade K76F in the machine K1000 
(1 — data on welding of specimens of technological test; 2 — data on welding rails)



10 ISSN 0957-798X THE PATON WELDING JOURNAL, No. 5, 2021

JOINING MATERIALS TODAY

                                                                                                            

                                                                                                                                                                                                    

To identify any trends over time, for example, chang-
es in the technical condition of the welding machine, the 
coefficients Kv and Kacc were calculated with an interval 
of six months (Figures 1, b, 4, b). It is seen that during 
the control period the welding process was unchanged 
in terms of variation of FBW parameters and control 
data of technological test specimens (see Figure 1) for 
these parameters correspond to the process of welding 
rails (average values and r.m.s. parameters differ within 
the statistical errors, see Kadj and Kacc in Figure 4) and 
testing data of specimens by technological test can be 
used to evaluate the quality of rail joints.

The influence of output deviation from deviation 
of input parameters, among other factors, depends on 
possible interrelationships between inputs. The total 
variance for multifactor process in the case when the 
factors are not related to each other consists of the 
sum of the variances of each factor. In the case of 
correlated factors, the components of covariance are 
added to this sum with the corresponding sign — the 
measure of joint variability of two random variables. 
The absolute deviation of the output of the function Y 
= f(x1, x2…xn) from the deviation of any parameter Δхі 
= Si at the point хі = ix , і = 1…n, through Kinp depends 
on the value of the parameter хі = ix  and a partial 
derivative ∂Y/∂xi of the parameter хі = ix  at this point 
ΔY = ∂Y/∂xi ix  Kinp. In the same way we can show that 
the accuracy coefficient is equal to

 Kacc = 6 ix Kinp/δ. (3)

The influence of each input factor is a partial deriv-
ative ∂Y/∂xi can be evaluated by the mathematical de-
pendence of an output parameter on input parameters. 
For example, flashing rate Vfl, tolerance for flashing 
Sfl, electric power during flashing Qfl determine the 
temperature field in FBW. Mathematical regression 
dependences of HAZ on Vfl, Sfl, and Qfl were obtained 
using experimental data and a mathematical mod-
el of a temperature field kinetics during continuous 
flashing, taking into account the multifactorial effect 
of transient processes of formation and destruction 
of single contacts on heating intensity, which formed 
during the technological cycle of flash butt welding of 
railway rails [5, 6]. To evaluate the effect of parameter 
deviations on HAZ in the case of using the simplest 
first-order dependence, we have

 LHAZ = а0 + a1Vfl + a2Sfl + a3Qfl – Sups. 

The deviation of the HAZ width from the value at 
the average process parameters has the form:

ΔL = L – L(Vfl = 
fl

V , Sfl = 
fl

S , Qfl = 
fl

Q ) = 
= a1(Vfl – 

fl
V ) + a2 (Sfl – 

fl
S ) + a3 (Qfl – 

fl
Q ) – (Sups – 

ups
S ) = 

= a1 fl
S lKvSfl

 + a2 fl
V KvVfl

 +a3 fl
Q KvQfl

 + ups
S KvSu

 = 
= –23KvSfl + 4KvVfl +34 KvQ – ΔSups.

Thus, despite the fact that KvSfl
 is much lower than 

KvVfl
, the effect of the deviation of tolerance on quality 

of the welded joint is almost the same as flashing rate. 
At the same time, we have a significant influence on 
flashing electric power KvQfl

 ≈ 3KvSfl
, and it becomes 

important to control the electric power during flashing 
Qfl and its introduction into the list of parameters of 
the TS for welding rails (Table).

The complexity of measuring active power is as-
sociated with the fact that the harmonic component of 
active power is determined by those harmonics that 
are represented in the current signal and in the voltage 
signal. According to the computer simulation data, the 
signals of current, voltage and power on frequency 
spectrum are placed at the input of the power trans-
former in the range of angles φ (from 0 to 90°) and an-
gles of switching the thyristor contactor α (from φ to 
120°) in the range of up to 1 kHz. These results were 
confirmed experimentally by recording the welding 
current and voltage at the input of a power transform-
er with a frequency of 10 kHz and a subsequent calcu-
lation of active power. To control the power Qfl at the 
PWI a measuring transducer of average active electric 
power with a pulse output was designed on the basis 
of the industrial controller Siemens CPU 314C-2PTP 
or CPU1512C-1PN with input signals of up to 1000 A 
current and a voltage of up to 440 V, a frequency band 
of these signals of up to 1 kHz and a resulting mea-
surement error of up to 1 %, which is adapted to the 
control systems of machines K1000 and K922.

According to the data of welding specimens of a 
technological test at RWE, which passed testing on 
static bending and were recognized as those which 
meet TS, it is seen that Kv of a deflection Lfr and a 
destructive force Pfr is almost 2 times lower than Kv 
of parameters of flashing rate, forcing and upsetting 
(Figure 1, a). The parameters set directly by the con-
trol system of the machine, on the contrary, have Kv 
almost 2 times lower than that for the indices of a joint 
quality. Thus, we can very cautiously assume the most 
significant contribution of these rates to quality. But 
these parameters are definitely the most vulnerable 
in terms of the abilities of accuracy of operation of 
the control system in the reproduction of the desired 
values of Vfl, Vf, Vups. In addition, taking into account 
the influence of the parameters on the HAZ width it 
is necessary that the list of control parameters in the 
TS (Table) was added by the value of electric power 
released during flashing.

When choosing the tolerance field, it should be 
taken into account that while solving any statistical 
hypothesis, two types of errors are possible:

● the error of the first kind consists in the fact that 
the hypothesis which is actually true is rejected — in 
our case the qualitative joint will be recognized as a 
low-quality one;
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● the second kind of error consists in the fact that the 
hypothesis is accepted, but it is actually incorrect — a 
poor joint will be recognized as a high quality one.

The boundary between the signs of conformity and 
nonconformity of the TS is quite blurred and if the 
probability of errors can be evaluated, it should be cho-
sen taking into account the cost for replacement of a 
quality joint in the lash (in the first case) and the cost 
of tolerance of a poor joint in the lash in the other. It is 
quite natural in this case to choose more rigid toleranc-
es for the control of parameters. According to data on 
HAZ predicting, it is clear that the most objective eval-
uations of tolerances can be obtained from the analyti-
cal dependences of quality indices on process parame-
ters, which in the case of FBW is currently impossible.

It should be noted that although the control of tol-
erances is a very common means of preventing rejec-
tion, the example of setting the tolerance for flashing 
for different batches of rails shows that the tolerance 
Sfl in the TS can meet a wide range of quality values, 
and the variation Sfl itself for the set mode is much 
lower than the tolerance. Thus, the condition of tol-
erance does not use all the features of welding equip-
ment and technology in general.

According to the method of production manage-
ment [7], it is considered that compliance with the 
tolerances of control factors is an insufficient crite-
rion to judge about the quality of products. It is nec-
essary to constantly strive for the rated value, which 
was obtained when setting the mode, and to reduce 
the variation of factors, even within the limits set by 
the project. In this case, the adjustment of the optimal 
levels of control factors of the process is performed 
by achieving the optimal ratio «signal/noise», which 
in our case corresponds to the inverse value of the 
variation coefficient Kv.

Conclusions

1. Statistical studies on the protocols of the FBW pro-
cess of railway rails at RWE showed that the parame-

ters of control of the butt welding process, which are 
given in the TS and set directly by the control system 
of the welding machine, do not significantly depend 
on external perturbations and are reproduced with an 
accuracy of a control system stabilization.

2. The parameters, the values of which are the re-
sult of the welding process and the action of uncon-
trolled perturbations, namely flashing rates, transition 
to upsetting, upsetting and active electric power re-
leased at the joint, are reproduced with an error of 
5‒10 times higher than the control system error.

3. To increase the accuracy of control of the FBW 
process of rails, the list of control parameters in the 
TS for welding rails, it is appropriate to introduce 
the control of active electric power at the input of 
the welding transformer during flashing. At the PWI, 
a sensor for monitoring such power was designed, 
which is adapted to the existing control system of 
welding machines.
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IMPROVING THE EFFICIENCY OF ROBOTIC FABRICATION 
OF STEEL TRUSS WELDED STRUCTURES

V.M. Korzhyk1, A.A. Grynyuk1, V.Yu. Khaskin1, Ye.V. Illiashenko1, I.M. Klochkov1, 
O.V. Ganushchak1, Yu Xuefen2 and Liuyi Huang2

1E.O. Paton Electric Welding Institute of the NAS of Ukraine 
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua 

2Zhejiang Academy of Special Equipment Science 
310016, Jianggan District, Hangzhou, Zhejiang, 211, Kaixuan Road, China

It is shown that to increase the productivity of robotic fabrication of fragments of steel truss RHS (Rectangular Hollow 
Section) structures it is advisable to make workpieces by precision laser cutting with subsequent assembly of frag-
ments by spot tack welds and consumable-arc seam welding with current-carrying (hot) filler wire. Laser cutting with 
radiation power of ~1.0 kW and compressed air blowing at the pressure of 1.5 MPa allows obtaining ready for further 
welding elements of RHS structures with the accuracy of 0‒0.1 mm. It is established that in the case of application 
of consumable-arc welding with hot filler wire, the speed increases by ~1.5 times compared to conventional consum-
able-arc welding. 13 Ref., 6 Figures.

K e y w o r d s :  laser cutting, welding, consumable electrode arc, current-carrying filler wire, fillet joints, carbon 
steel, structures

Structural advantages of tubular steel elements have 
become more and more obvious during the last de-
cades owing to investigations and experience in con-
struction [1, 2]. These elements are often used all over 
the world, particularly in large-span structures. For in-
stance, the first all-welded tubular truss structure of a 
bridge without supports or connections, was recently 
commissioned in the Germany. It is an innovation in 
bridge-building as an integral structure and is an ad-
vanced bridge structure as a whole [3]. The truss girders 
were earlier made from angle-type members, connect-
ed into nodes by welded on gussets. In the XXI century 
new design solutions for truss structures appeared in 
industry, which include, first of all, use of CHS (Cir-
cular Hollow Sections) and RHS (Rectangular Hollow 
Sections) elements joined by welding directly in the 
abutment points around the contour [4, 5].

It is known that the elements of hollow structural 
sections (HSS) have many advantages over the equiv-
alent sections with an open cross-section, including 
better torsion resistance, as well as tensile and com-
pressive loading, aesthetic character and saving in 
terms of material costs [5]. At first glance HSS ele-
ments can be rather easily joined, having cut the edges 
and welding them to each other. However, depending 
on the configuration of the joint connection and num-

ber of connected members, it may lead to producing 
complex and expensive structures.

In order to reduce the costs and accelerate fabri-
cation of such structures, it is rational to divide them 
into individual assemblies, which can be welded by 
industrial robots [6]. In the actual process of truss 
structure fabrication the elements are usually joined 
by spot welding on a mounting platform, and then 
welded entirely in robotic sections [7]. However, this 
leads to a number of problems, related to preparation 
and performance of welding.

Robotic welding requires greater adherence to the 
geometrical dimensions of parts to be welded [8]. This 
primarily applies to uneven gaps, caused by inaccu-
rate set up, i.e. cutting of the parts for welding. As a 
rule, cutting is performed by mechanical method using 
saws. Here, the geometrical dimensions of the parts 
can change, because of wear of the saw surface. More 
over, cutting is performed, mainly, in semi-automatic 
machine tools, so that the human factor is added to the 
accuracy problems. Another problem is the impossi-
bility of obtaining curvilinear shapes of the cut surfac-
es by saw cutting. This peculiarity leads to appearance 
of gaps in the butt joint assembled for welding, so that 
it does not completely meet the requirements of opti-
mum (no gap) assembly. This problem can be solved 
either by application of certain techniques, or addi-
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tional milling for optimum assembly of the joint for 
welding. In both the cases, the productivity decreases, 
while the cost of work performance rises.

Laser technologies are the most promising for 
preparation of billets with the required geometry of 
the cut surface [9]. In particular, rather widespread 
is the process of laser cutting, using industrial robots 
[10]. At up to 6 mm thicknesses the laser beam en-
sures a thin (up to 0.5 mm) cut. It enables greatly re-
ducing the metal consumption in cutting, as the width 
of mechanical CNC cut at up to 6 mm thickness usual-
ly is up to 5 mm. [11]. More over, the affordability of 
modern laser equipment is gradually becoming closer 
to that of CNC machine tools. Compared to plasma 
cutting, at laser process a smaller number of working 
tool parts (primarily cutting nozzles) are consumed, 
and no finishing of the edges is required for further 
welding [10]. Use of a robot enables making cuts with 
complex paths in space, which are required to pro-
duce the welded joint in terms of its produceability 
and strength, and also promotes the flexibility of its 
transition from fillet to butt joints.

In order to produce steel structures from CHS 
and RHS using robots, more rational and adapt-
able-to-fabrication is the method of consumable 
electrode pulsed-arc welding in a mixture of gases 
(GMAW-P) [12]. Nonetheless, this welding method 
has certain features, which do not always have a pos-
itive impact on the welding process. One of the meth-
ods to improve the process of consumable electrode 
pulsed-arc welding is additional application of filler 
wire. It enables increasing the amount of metal during 
welding without raising the welding current. More 

over, to increase the effectiveness of welded joint for-
mation when making the fillet welds, it is rational to 
apply additional filler wire preheated by electric cur-
rent of different polarity [13]. Such a combination of 
consumable electrode and additional heated wire en-
ables a certain increase of the speed of welding the 
fillet welds without increasing the current of the con-
sumable electrode arc, improving the geometry of the 
weld surface due to reduction or complete elimination 
of undercuts, reduction of the structure deformation 
through reducing the heat input at preservation of the 
amount of metal, involved in weld formation. More-
over, such an approach with application of additional 
filler wire will allow improvement of the currently 
available robotic complexes for consumable electrode 
welding with minimum capital expenditures.

Thus, improvement of the effectiveness of fabrica-
tion of truss welded structures from CHS and RHS pipes 
requires application of a complex approach, which will 
consist in using the robotic laser cutting of billets from 
steel shaped pipes and consumable electrode robotic 
welding with additional heated filler wire.

The objective of the work is increase of the effec-
tiveness of robotic manufacture of fragments of steel 
truss structures due to application of precision laser 
cutting of billets with further preparation and con-
sumable-arc welding.

This objective was reached by solving the fol-
lowing task: optimization of the technology of preci-
sion laser cutting of carbon steels up to 6 mm thick; 
preparation of cut billets for consumable-arc robotic 
welding; consumable-arc robotic welding, also with 
additional current-carrying (hot) filler wire.

Figure 1. Appearance of an assembly of a truss structure from RHS elements: a — model with spatial arrangement of welds; b — 
welded fragment
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The assemblies of truss RHS structures were made 
from shaped pipe of 60×60 and 120×60 mm size with 
up to 6 mm wall thickness (Figure 1). Laser cutting 
was used to make from this pipe 50–300 mm long 
fragments with square and bevelled edges. Pipe mate-
rial is Q235 carbon steel (steel St3 analog). This steel 
is not prone to hot or cold cracking during GMAW, so 
that the structure does not require heating or monitor-
ing of the cooling rate after welding. Welding experi-
ments were performed using electrode and filler wires 
of ER-70S grade (Sv-08G2S analog) of 1.0–1.6 mm 
diameter.

In order to conduct technology studies, a robotic 
laboratory complex was developed (Figure 2), which 
includes fiber laser of MFSC-1000 model (MAX 
Company, PRC) of up to 1.0 kW power, Plazer R1 
industrial robot of ingenuous design with arm radius 
of up to 1400 mm and lifting capacity of up to 10 kg; 
GMAW power source of Fronius TPS 450 model, 
power source of EWM Tetrix 421 AC/DC model for 
filler wire heating; gas treatment station, welding 
heads, welding table, welding-assembly fixtures, etc.

The need to apply precision laser cutting was re-
lated to the fact that usually at preassembly of the 
truss structure components time was consumed in 

the preparation section for manual fitting of the parts, 
which became necessary because of noncompliance 
with the dimensions of manufacturing the parts. In-
crease of the accuracy of parts manufacturing up to 
±0.1 mm eliminated this problem.

Laser cutting head of our own design (Figure 2, b) 
was used to conduct a series of experiments on cut-
ting carbon steel sheets, as well as shaped steel pipes 
(Q235 type steel) with wall thickness δ ≤ 6 mm. The 
best results were obtained in the case of application of 
compressed air with approximately 1.5 MPa pressure 
at deepening of the focus for ~1 mm under the surface 
of the material being cut, and not more than 1.0 mm 
distance between this surface and cutting nozzle edge. 
At approximately 1.0 kW power of laser radiation the 
cutting speed decreased from 240 to 60 m/h at in-
crease of sheet thickness from 2.0 to 6.0 mm. The cut 
width was ~0.3 mm, the edges were smooth enough, 
and a small amount of flash was observed, which 
was quite easy to separate (Figure 3). The respective 
shaped pipes were used to cut out the required num-
ber of parts for further welding. The accuracy of their 
preparation was 0–0.1mm that satisfied the require-
ments to preassembly of truss structure components.

Figure 2. Appearance of a laboratory robotic complex (a) and head for laser cutting (b) in the robot arm

Figure 3. Width (a) and edge (b) of a laser cut of shaped pipe from steel of Q235 type (5 mm wall thickness)
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The next stage was acceleration of preparation of 
the cut billets for robotic welding. The main problem 
which arose at this stage was time consumption for 
the process of structure assembly, its clamping and 
disassembly of the clamping devices in the robotic 
welding section, because of the presence of screw 
clamps in the structure. In order to eliminate this 
deficiency, it was proposed to transfer to the robotic 
welding section the structural elements preassembled 
by spot welding. With this purpose, PWI developed 
a project of a section of assembly for welding with 
all-purpose welding-assembly equipment and respec-
tive technology of making the assembly spot welds. 
The design of simplified fixture for fast fixation of the 
truss structure part preassembled for welding was de-
veloped for the robotic welding section. Such a type 
of clamping devices was selected, which ensure the 
minimum time for mounting the billet and its release 
after spot welding.

The last task, which was addressed within the 
framework of this study, was consumable-arc robot-
ic welding (GMAW). The first important problem, 
which was solved here, was caused by the presence of 
rounding-off radius in the fillet zones of shaped pipe 
surface, which led to formation of a gap (1.0–1.2 mm) 
at abutment of the respective elements of the truss 
structure assembly. The second problem was related 
to the impossibility of welding with normal electrode 
extensions (12–16 mm), because of the close arrange-
ment of the structural elements and large diameter 
of protective nozzle of the standard soldering iron, 
which did not provide access to 12–16 mm distance 
from the welding zone (Figure 4, a). The third prob-
lem concerned the need for welding in different po-
sitions in space, as the welded fragment of the truss 
structure was stationary, while the GMAW torch in 
the robot arm moved at different angles of inclination 
by a complex path.

The first of the above problems was eliminated by 
inclination of the torch axis at 20° angle relative to the 
conditional plane, which passes through the butt axis 
normal to the plane of the parts being welded. In order 

to enable performance of consumable electrode weld-
ing in difficult-of-access places with normal elec-
trode extension (12–16 mm), a modified torch was 
developed and applied. It has a narrowed nozzle part, 
which can ensure welding performance at the distance 
of the order of 13–14 mm between the side walls (Fig-
ure 4, b). The third problem was eliminated by ap-
plying adaptive control of welding current, depending 
on the direction of movement in space: in the case of 
uphill welding the current was somewhat reduced, at 
downhill welding it was somewhat increased. Such a 
schematic of robotic welding is urgent to manufacture 
truss structures from steel RHS pipes, but to a great-
er extent — for structures from CHS pipes, as in the 
case of welding of one round pipe into another one the 
torch has to be moved by a saddlelike path.

The robotic experimental complex was used to 
perform the technological studies of welding the ear-
lier cut by the laser method elements of shaped pipes 
from steel Q235 with δ = 4 mm wall thickness with 
shielding by a gas mixture of 82 % Ar + 18 % CO2. 
GMAW welding was used to make butt and tee (fillet) 
joints at shielding gas consumption of approximately 
20 l/min. Investigations were conducted both for the 
case of the conventional GMAW, and with additional 
filler wire (Figure 4). Additional wire was fed back-
wards in the direction of motion (welding) with shift-
ing relative to the electrode forward in the direction 
of motion to 2–5 mm distance. The wire was fed both 
without heating, and with heating. Here, both direct 
and different polarity current was used for heating. Di-
rect current promoted the welding arc deflection and 
impaired the welding result. For this reason, symmet-
rical different-polarity pulses were used for heating 
of additional filler wire, with current IHW = 50–100 A 
at voltage UHW = 10‒15 V, and electric power was in 
the range from 500 up to 1500 W at frequencies from 
75 to 100 Hz.

First, the mode of conventional GMAW at the 
speed of 27–30 m/h was selected by the criterion of 
formation of sound welds without undercuts. Studies 
showed that in this case penetration of the welded 

Figure 4. Application of a standard torch (a) and modified torch with narrowed nozzle part (b) for welding the truss structure assembly
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part wall was equal to about 50 % of the thickness 
(Figure 5, a). In order to raise the welding produc-
tivity, the welding speed was increased by 40 % with 
simultaneous increase of welding current. However, 
weld formation was considerably impaired, and un-
dercuts appeared. Therefore, the speed was reduced to 
the initial value, and at the same time filler wire was 
added. Weld formation became satisfactory, but pene-
tration decreased (to 10–20 % of the wall thickness), 
and productivity increased (Figure 5, b). In the case of 
an attempt to increase the welding speed by 40–50 %, 
lack-of-fusion of the weld metal with the base metal 
was observed (Figure 5, c). Introduction of filler wire 
heating promoted formation of sound welds without 
undercuts with satisfactory (not less than 30 %) pen-
etration depth of base metal wall (Figure 5, d). Here, 
the welding speed increased up to 1.5 times, com-
pared to conventional GMAW.

Analysis of the produced joints by such indices as 
weld formation and their strength, showed that con-
ventional GMAW and GMAW with additional con-
ductive (hot) wire are approximately on the same lev-
el. However, besides productivity, GMAW with hot 

wire features lower spatter and approximately 25 % 
shorter weld pool (Figure 6).

Conclusions

1. To increase the productivity of robotic manufac-
ture of fragments of truss structures from steel RHS 
pipes, it was proposed to produce billets by precision 
laser cutting with further assembly of fragments by 
spot tack and consumable-arc seam welding with cur-
rent-carrying (hot) filler wire.

2. Laser cutting with radiation power of ~1.0 
kW and blowing compressed air at the pressure of 
1.5 MPa allows producing ready for welding RHS 
structure elements with the accuracy of 0–0.1 mm. 
Here, 2.0–6.0 mm thick walls were cut at the speed of 
240–60 m/h, and the cut width was ~0.3 mm.

3. For robotic fabrication of truss structures from 
steel CHS and RHS pipes a scheme was developed for 
welding the stationary fragments of such structures by 
a torch, which is moved by the robot arm in different 
positions in space. It differs by adaptive control of 
welding current, depending on the spatial position of 
the torch with feeding of hot filler wire backwards in 
the direction of welding.

4. To perform consumable-arc welding with hot 
filler wire, a specialized torch (narrower nozzle) was 
developed that enables welding in difficult-of-access 
places with normal electrode extension (12–16 mm) 
at 13–14 mm distance between the side walls.

5. It was established that in the case of applica-
tion of consumable-arc welding with hot filler wire 
the speed rises by ~1.5 times, compared to conven-
tional consumable-arc welding. Here, it is rational to 
apply symmetrical different-polarity current pulses of 
500–1500 W power with 75–100 Hz frequency for 
wire heating.
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Figure 5. Macrostructure of samples with transverse cross-section of fillet welds (left) produced on assembled using tack welds (right) 
samples from Q235 steel (δ = 4 mm): a — GMAW without filler; b, c — GMAW with cold filler; d — GMAW with hot filler

Figure 6. Appearance of welds, produced on samples of an as-
sembly of a truss structure from RHS elements (Q235 steel): a — 
conventional GMAW; b — GMAW with hot filler
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IMPROVING THE EFFICIENCY OF THE SLM-PROCESS 
BY ADJUSTING THE FOCAL SPOT DIAMETER 

OF THE LASER BEAM
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Selective laser melting (SLM) is one of the modern methods of additive manufacturing, which allows creating high-den-
sity parts with a unique geometry from metal powder. To improve the efficiency of the SLM process, it is desirable 
to increase the width of the melt pool, as this will increase the distance between the laser passes and a larger volume 
will be built in a shorter period of time. However, the formation of the outer surface by large tracks will result in its 
higher roughness, which can significantly reduce the overall reliability of a product. To improve the surface quality, it 
is necessary to reduce the size of the melt pools, for example, by reducing the diameter of the laser focal spot. The sam-
ples were examined produced at different focal spot diameters using the same laser power. Based on the results of the 
analysis of technological parameters of the process, it was established that to increase the efficiency of SLM-process, 
printing of the main body of a product can be performed at an increased laser beam focal spot diameter, and to provide 
a high surface quality, printing of a contour part (shell) should be more performed using a more localized focal spot. 
According to the redistribution of power along the cross- section of the beam, a change in the configuration of the melt 
pool, and accordingly the track occurs. It was established that in order to avoid the formation of deep remelting due to 
a high concentration of energy in the center of the beam, it is necessary to reduce the laser power. 29 Ref., 6 Figures.

K e y w o r d s :  selective laser melting, technological factors, quality system, AISI 316L, specific linear energy

Additive manufacturing (AM) as a method of parts 
fabrication is becoming increasingly important in re-
cent years [1]. Selective laser melting (SLM) is the 
process of AM consisting of three main stages: 1 — 
deposition of a layer of powder with a thickness from 
20 to 50 μm on the construction platform; 2 — melt-
ing of the powder layer by a laser source based on pre-
viously imported data of 3D-CAD models; 3 — low-
ering of the construction platform and restart at the 
point 1. The powder is usually applied with a poly-
mer or rubber scraper. SLM allows manufacturing 
high-density parts with a unique geometry from metal 
powder. In addition, due to the possibility of reusing 
unmelted metal powder, SLM is almost waste-free 
technology [2, 3]. Moreover, only a small amount of 
further treatment (polishing, sandblasting, heat treat-
ment) of parts manufactured by the additive method 
is required, so that expensive value-added processes 
can be minimized [4]. Studies of the last two decades 
have mainly focused on the influence of different pro-
cess parameters on its stability and the resulting mi-
crostructure and properties of materials [5–7].

The studies of stainless steel by Gu et al. [8] 
showed that such parameters as laser power and scan-
ning rate affect the porosity and evolution of the mi-

crostructure in different ways. Yang et al. [9] experi-
mentally showed that quality of a product primarily 
depends on scanning rate, laser power and layer thick-
ness. In a statistical study, the relative importance of 
each process parameter was studied and it was found 
that scanning rate is the parameter that has the most 
intensive influence [9]. A low scanning rate provides 
a complete melting of particles and a dense structure, 
but the process efficiency is significantly reduced. 
At very low scanning rates, instability of a melt pool 
causes a nonuniform melting along each track, which 
leads to a high surface roughness and a high volumet-
ric porosity due to the effect of ball formation [10, 
11]. At high scanning rates, a short-term interaction 
between the material and the laser beam causes the 
formation of narrow melt pools, which also leads to 
an increased surface roughness [11]. In addition, very 
high scanning rates can provoke an increased porosity, 
as well as the formation of thermal cracks as a result 
of high cooling rates [12]. According to the results of 
[13], at a high laser power density, a larger melt pool 
with a higher temperature is achieved. A fairly large 
melt pool leads to a good melt distribution and to a 
completely dense printing.
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Thus, finding the optimal scanning rate is a com-
promise between the efficiency and quality of the con-
struction process.

Not only the process parameters have been im-
proved, but also the equipment for the SLM process 
has undergone significant changes. Modern 3D tech-
nologies consider different possibilities of changing 
technological process of growing parts to increase the 
efficiency of the equipment preserving a high quality of 
products. Modern directions of improvement of techno-
logical aspects of SLM include an increase in the speed 
of process by means of a replaceable output chamber, 
closed control of powder processing, automated pow-
der sieving, multilayer simultaneous printing, two 
axes of a coating and hoppers with many cavities [14]. 
Some companies also offer a close cycle powder con-
trol system and removable cylinders as new improve-
ments to increase the speed of manufacturing [15–18]. 
Round platforms prevent powder dispersing and do 
not require filling or unloading of a powder during the 
entire fabrication cycle, even during printing at a full 
capacity [19–21]. This provides a homogeneous pro-
cess of fabrication, shortens operator time and provides 
a high level of system security. Some new machines 
use automatic sieving and powder recycling in order to 
significantly reduce the time of fabrication. Due to the 
automation of the sieving process and recirculation of 
the powder, the time of manual work is reduced, which 
also increases the efficiency of the process [22, 23].

With an increase in the dimensions of construc-
tion a quite large number of technological limitations 
arises, one of which is a complicated operation of the 
kinematic system. At a high load on the construction 
platform, the positioning accuracy of the platform it-
self should reach several microns, and its horizontal-
ity and parallelism relative to the base frame should 
not exceed a few seconds. The physics of the process 
and the physical properties of the scanning system do 
not allow a significant increase in the scanning rate of 
the laser beam and the specific power with it. As the 
sizes of the construction platform increase, the fabri-
cation period also increases in direct proportion. To 
solve this problem, most manufacturers of metal laser 
printing machines increase the number of scanning 
systems in combination with an increase in the num-
ber of laser radiation sources to 2, 4, 8 and sometimes 
up to 12 separate systems that scan one working field. 
On the basis of the analysis of modern 3D printers of 
world manufacturers, the comparative histogram of 
the process efficiency was plotted (Figure 1).

The main task in the development of SLM-tech-
nology is fabrication of high-quality parts. However, 
in order to increase the efficiency of the equipment it 
is necessary to reduce the time spent on fabrication. It 

is necessary to find compromise solutions, or to apply 
fundamentally new approaches to the formation of in-
dividual elements of a part.

One of the ways to improve the quality of a part is to 
reduce the melt pool, as far as the elements of the struc-
ture are refined, which leads to improvement in the set of 
properties, and significantly reduces the surface rough-
ness of a product. However, with a small size of the melt 
pool, the fabrication time increases, which leads to a de-
crease in the efficiency of the SLM-process.

A large melt pool allows increasing the efficien-
cy of manufacturing. However, this will increase the 
surface roughness of a product, and when the power 
is higher than the optimal, the conditions for evapora-
tion of the substrate or powder may arise, which will 
lead to the pore formation and an increase in the total 
porosity of materials [24].

At the same thickness of the working layer, the 
time required to fill a certain area of a product lay-
er decreases proportionally with an increase in a pool 
width, for example: at a pool width of 50 μm, tak-
ing into account the overlap of tracks by 30 % to fill 
the area of 0.1×0.1 mm, it is necessary to perform 28 
scanning passes of the laser beam, and at a track width 
of 200 μm, under the same conditions it is necessary 
to perform 7 passes, spending 4 times lower time.

A new solution to the problem is the use of different 
focal diameters to manufacture individual areas of parts.

The aim of the work is to develop technological ap-
proaches to increase the efficiency of the SLM-process 
while providing a high surface quality of products.

Material and procedure of studies. In accor-
dance with modern trends, LLC «Additive laser Tech-
nology Ukraine» designed a printing machine ALFA-
280 with two scanning systems, each of which can 
operate at different values of a scanning focal spot. 
The size of the working chamber of the mentioned 

Figure 1. Rate of growing parts in the machines of world man-
ufacturers: small machines (1), medium machines (2) and heavy 
machines (3)
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equipment is 280×280×300 mm that allows referring 
it to medium machines.

The studies were performed on samples made of 
powder material. The samples were printed in the 
Alfa-280 3D printer produced by «ALT Ukraine» 
LLC [24]. The material used in this study was stainless 
steel of the austenitic class 316L with a particle size 
from 10 to 45 μm. The chemical composition of the 
powder 316L, wt.% is 17.79 Cr; 12.63 Ni; 2.35 Mo; 
0.78 Mn; 0.64 Si; 0.016 C.

The source material was examined using a scan-
ning electron microscope REM-106 (Figure 2, a) to 
determine the shape and size of the particles. Fig-
ure 2, b shows the results of the analysis.

Record of the power distribution along the cross-sec-
tion of a laser beam with different focal spot diameters 
was performed in the BeamGage Standard program.

Experimental samples of a cubic shape (10×10× 
×10 mm) were manufactured using different focal 
spot diameters. During the manufacture of parts the 
scheme was used shown in Figure 3.

A surface layer (shell) of 1 mm thickness was cre-
ated using the modes different from those used for the 

main body of the sample. The mode of shell scanning 
is the following: focal spot diameter is 75 μm, scanning 
rate is 1000 mm/s, power is 200 W, distance between 
scanning passes is 0.13 mm. To form the area of the 
main body, different construction modes with different 
focal spot diameters in the range of 100–250 μm with a 
step of 50 μm were used. Here, a constant scanning rate 
of 1000 mm/s, power of 350 W and distance between 
scanning passes of 0.17 mm were used.

Based on the previous studies of the strategy of con-
struction of the contours of the sample [25], it was found 
that the order of the beginning of printing the boundaries 
and the main body does not play a big role in the speed 
of construction and the quality of manufacturing. There-
fore, in this paper, the scheme of construction «main 
body–boundary of the sample» was chosen.

Results of studies. The melt pool of a one track 
has an arc configuration. This shape is a consequence 
of the power distribution along the cross-section of 
the laser beam according to Gauss. The shape and 
overlap of the melt pools is seen in the microstructure 
of a product made by SLM [13, 24–26]. Small den-
dritic and cellular structures with the size of structural 
elements of a few micrometers are found within each 
track [24]. For analytical determination of track pa-
rameters, the calculation method according to Rosen-
thal’s formula is common [27].

However, this model includes the calculation 
of local heating only on a single track. In the con-
ditions of the real process an influence of heat from 
the neighbouring constructed track is present. Based 
on this, modeling using the finite element method is 
performed. A number of scientists applied this method 
for calculation [28, 29]. This model was created for a 
two-dimensional coordinate system with a transition 
Ti+1 (Figure 4) with a fixed values of a focal spot and 
working layer thickness.

The calculation was performed on the basis of the 
differential Fourier method, which is based on the re-
placed functions T(x, y) of a grid function ,

j
i kT  where 

(I, K is the numbering of nodal two-dimensional grids) 

Figure 2. Particles of source material 316L (×200) (a) and results of grain-size analysis (b)

Figure 3. Scheme of strategy of construction of studied samples 
from AISI 316L alloy
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under the condition of a uniform grid (step on x is equal 
to step on y). The temperature distribution in each grid 
node is determined by the following formula:
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The temperature field of each moment of time was 
calculated by means of two templates. The first tem-
plate displays the starting moment of time. This tem-
perature distribution is described using the boundary 
conditions of the first kind, i.e. the temperature on the 
surface of the powder layer is set, which is equal to the 
ambient temperature. The second template is used to 
calculate the temperatures at the next moment of time 
(J + 1) based on the formula (1). The results of calculat-
ing the temperature distribution for different focal spot 
diameters of the beam at a constant power of 200 W are 
shown in Figure 5. It can be seen that at a small diam-
eter of a focal spot, an increase in the power density in 
the center of the beam leads to heating the powder to a 
much higher temperature, which can cause a decrease 
in the metal density of a finished product under the 
condition of deep penetration. Taken that into account, 
when reducing the beam diameter, it is necessary to ad-
just the laser power to provide high quality products.

According to the results of the calculation, it 
is shown that a decrease in the diameter of a focal 

spot leads to the redistribution of power along the 
cross-section of the beam, an increase in the ener-
gy concentration in the center of a focal spot, and a 
growth in the gradient. As the diameter of a focal spot 
(defocus) increases in the central part of the beam, the 
energy concentration decreases.

Also from the analysis of calculation results it is seen 
that during construction of the main body of a part with 
application of larger diameter of a focal spot, tracks of 

Figure 4. Scheme of model of moving heat source (grid dia-
gram) [28]

Figure 5. Power distribution along the cross-section of the laser beam with different focal spot diameters (a), results of calculation 
of temperature distribution for different focal spot diameters of the laser beam at a constant power of 200 W and a layer thickness of 
40 μm (b)
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larger width will be formed. Therefore, less time can be 
spent on construction of a product as a whole.

Figure 6 presents the results of metallographic 
analysis of test samples and a schematic representa-
tion of the scheme of construction of the outer layer 
(shell) and the main body of the sample.

During the metallographic examination of the 
samples it was found that it is necessary to adjust the 

laser power with a change in the focal spot diameter 
of the laser beam to achieve a high density of metal 
products manufactured by SLM-technology.

Conclusions

1. The analysis of modern equipment for SLM-pro-
cess realization was performed. It is shown that for 
medium and heavy machines one of the directions of 

Figure 6. Scheme of formation and microstructure of samples manufactured by SLM-technology with different focal spot diameter of 
the laser beam
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increasing efficiency of the process is an increase in 
a quantity of sources of laser radiation and separate 
systems scanning one working field.

2. According to the results of the analysis of tech-
nological parameters of the process it was established 
that to increase the efficiency of the SLM process, 
printing of the main body of a product can be per-
formed with an increased diameter of a focal spot of 
the laser beam, and to provide a high surface quality, 
printing of a contour part (shell) should be performed 
using a more localized focal beam.

3. It is shown that it is necessary to adjust the pow-
er of the laser beam when changing the focal spot di-
ameter of the laser beam to achieve a high density of 
metal products manufactured by SLM-technology.
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The results of studying the influence of the modifier of the Al–Ti–C system, obtained by high-voltage electric discharge 
treatment in a hydrocarbon liquid, on the structure and properties of the cast AK7pch (A357) alloy are presented. The 
prospects for the use of a modifier produced by the method of a high-voltage electric discharge treatment of metal pow-
ders to improve the structure of cast alloys and weld metal are shown. 25 Ref., 1 Table, 4 Figures.
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The introduction of modifiers into the melt is one of 
the traditional methods of producing fine-grained met-
al structures, as far as the more nuclei are in the unit 
volume of a melt, the more crystals are formed and 
the smaller they are, and therefore, the better mechan-
ical properties of the metal in foundry and welding. 
Modern tasks of materials science and engineering 
practice are the study of the efficiency of nanomodi-
fication in welding and surfacing technologies by in-
troducing nanoparticles of refractory chemical com-
pounds into the welding pool [1]. During surfacing 
with heat-resistant alloys based on iron, nickel and 
chromium and carbon steels, which are modified by 
nanoparticles, the stability of the deposited tool is in-
creased. Nanoparticles also eliminate transcrystalliza-
tion zones in the deposited metal or a weld, the sizes 
of dendrites are sharply reduced, the morphology and 
topography of the strengthening phases is improved. 
This increases the heat resistance, structural stability 
and life of welded joints [2, 3]. The efficiency of mod-
ification of cast metal with nanostructured powders 
is confirmed, for example, in the conditions of pro-
duction of gas turbines at modification of heat-resis-
tant SM88U alloy [4]. Taking into account the pecu-
liarities of foundry production and fusion welding in 

terms of modification of liquid metal, the conceptual 
approaches to the creation of modifiers for the men-
tioned technologies are quite close. Thus, the positive 
results of using liquid metal modifiers in the process 
of casting are the basis for creation of technologies for 
modifying the liquid metal of the welding pool under 
fusion welding conditions. Based on the abovemen-
tioned, in the future the modern method of manufac-
turing modifiers for foundry production can also be 
used in welding production.

Most modifiers are manufactured by powder met-
allurgy. Moreover, ultradispersion nanostructured 
powder mixtures are the most promising for use. Now 
the main directions of development of methods of ob-
taining such mixtures are as follows [5–8]:

 improvement of existing equipment and techno-
logical processes based on widespread mechanical 
methods of grinding materials; search for fundamen-
tally new ways of grinding, research and development 
of effective types of equipment and technology on 
their basis.

The first direction is aimed at increasing the efficien-
cy of destruction and specific efficiency and improving 
the existing and creating the new machines (crushers 
and mills) of increased efficiency [7, 8] and is accom-
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panied by an increased power consumption, metal con-
sumption of structures, using of expensive high quality 
steels and alloys along with a disproportionately small 
growth in technical and economic indices.

The second direction is aimed at finding funda-
mentally new methods of grinding, in particular, elec-
trophysical [9–11]. Thus, one of the efficient electro-
physical methods is a pulsed discharge preparation 
of powders by using high-voltage electric discharge 
(HED) in the disperse system «liquid–powder». This is 
a cyclic process, which is characterized by the release 
of power in the discharge channel during microseconds 
and is accompanied by the action of compression waves 
(which under the certain conditions is transformed into 
a shock one), powerful hydraulic flows, cavitation, 
electromagnetic and thermal fields [9–11].

At the cyclic action of HED the possibility of 
fine grinding by pressure waves is created due to the 
presence of a large number of defects in the powder, 
which reduces the power of destruction of crystals 
and the formation of a large number of active centers 
and facilitates the chemical interaction between the 
system elements under a dynamic load.

The use of a hydrocarbon liquid as a working medi-
um in HED-treatment of mixtures of powders allows 
not only eliminating their oxidation, but also creating 
thermodynamic conditions for pyrolysis of kerosene 
with the formation of solid carbon, which is able to 
enter the carbidization reaction with powder particles, 
forming nanostructured strengthening phases [12].

In [13], an example of using a modifier in casting 
showed that the introduction of 0.01 wt.% of the Ti–
TiC modifier, synthesized by a high-voltage electro-
discharge treatment of Ti powder in kerosene and bri-
quetted by spark plasma sintering, allowed reducing 
the grain size from 1–2 to 0.2–0.6 mm in all modified 
specimens of heat-resistant SM88U alloy. In this case, 
the tensile strength at a temperature of 900 °C was 
65–69 MPa, and the long-term strength increased by 
an average of 20 %. This indicates the prospects of 
using metal powders after HED-treatment to modify 
the structure of cast alloys.

However, the possibility of using metal powders af-
ter HED-treatment to modify the cast metal structure of 
welds has not yet been sufficiently studied. To establish 
the prospects of using metal powders after HED-treat-
ment to modify the structure of welds, it is advisable to 
analyze the effect of a modifier of the Ti–Al–C system 
after HED-synthesis to grind the structure and improve 
the properties of cast AK7pch (A357) alloy.

The aim of the work consists in the fact that to es-
tablish the prospects of application of metal powders 
after HED-treatment in fusion welding to modify the 
structure of welds, it is advisable to investigate the 

effect of a modifier of Ti–Al–C system after HED to 
grind the structure and improve the properties of cast 
AK7pch (A357) alloy.

Procedure of studies. Modification of aluminium 
alloys was considered on the example of silumins and 
involved the obtainment of a fine-grained eutectic sil-
icon in a cast structure. Such a structure of eutectic 
silicon increases the mechanical properties of the cast-
ing, including relative elongation, as well as, in many 
cases, casting properties of the aluminium melt. As a 
rule, modification of silumin is carried out by adding 
small amounts of sodium or strontium [14–17].

In silumins with a silicon content of more than 
7 %, eutectic silicon occupies most of the area of the 
metallographic specimen. With a silicon content from 
7 to 13 %, the type of eutectic structure (e.g., gran-
ular or modified) significantly affects the mechani-
cal properties of the material, in particular, ductility, 
which is defined as a relative elongation δ. Therefore, 
when during the tests of the specimen it is necessary 
to increase the value δ, aluminium alloys with a sili-
con content from 7 to 13 % are modified by adding 
approximately 0.0040–0.0100 % of sodium [18, 19].

In silumins with a silicon content of about 11 %, 
especially for low pressure casting, as a long-term 
modifier, strontium is used. The difference between 
strontium and sodium as a modifier consists in the fact 
that it burns out much less from the melt, which is 
especially important in fusion welding. Strontium is 
added in an amount of 0.014–0.040 %.

Since sodium burns out from the melt relatively 
quickly, further modification of silumins with sodium 
should be carried out at certain intervals, which com-
plicates its use in welding, where the process of intro-
ducing a modifier should be continuous. In addition, 
high cost and complexity of the technology of apply-
ing sodium and strontium creates the need in finding 
cheaper and no less effective weld modifiers on the 
basis of those studied in the works [20–22].

To study the effect of modifier on crystallization 
of the cast aluminium AK7pch (A357) alloy, a modifier 
obtained by HED treatment of a mixture of powders 
of 15 % Al + 85 % Ti with an average diameter dav = 
= 40 μm in illuminating kerosene was used. The study 
was performed in an experimental bench, described in 
detail in [9, 10, 23].

To evaluate the degree of influence of HED in ker-
osene on the morphology and size of powder par-
ticles, as well as to study the structure of cast al-
loy specimens, the following equipment was used: 
BIOLAM-I optical microscope with the maximum 
magnification ×1350, JEOL JEM-2100F scanning 
electron microscope with a magnification range from 
50 to 1500000 and Canon digital camera.
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X-ray diffraction and X-ray phase analysis were 
performed in a general-purpose Bruker D8 Discover 
diffractometer (CuKα radiation), and Raman spec-
troscopy was carried out using Renishaw InVia Micro 
Raman.

To study the effect of the selected modifier on the 
mechanical characteristics of the AK7pch alloy in a 
shaft furnace using metal crucibles, three specimens 
were melted: a reference specimen (mass of 650 g) 
and two modified specimens: a modified 0.7 wt.% 
AlTiB (mass of 170 g), which is traditionally used to 
modify the structure of silumins [3, 14, 16–18] and 
with a content of 0.2 wt.% of a modifier obtained by 
HED-treatment of a mixture of powders of 15 % Al + 
85 % Ti (mass of 630 g).

In the reference specimen at a temperature of 
Tm = 760 °C, the slag was removed, and the melt was 
mixed with a mixer for 10 s. After isothermal holding 
for 10 min, the melt was poured into a metal mold 
heated to a temperature of Tk = 280 °C. The cooling 
time until surface solidification was 30 s.

The modified specimen was made according to the 
same scheme, and a modifier was introduced before 
mixing in the form of a «bell» (powder wrapped in 
aluminium foil).

After cooling, the specimens were cut in half, 
ground and the microstructure was revealed using a 
5 % HF solution in a distilled water. A 15 % NaOH 

solution in a distilled water was used to reveal the 
macrostructure of individual specimens.

Research results and their discussion. All acting 
factors in HED can be divided into two groups: me-
chanical, which include a compression wave, hydro-
currents in the pulsation of the vapor-gas cavity and 
cavitation, and thermal, which include a low-tempera-
ture plasma in the discharge channel and microplasma 
formations between particles, as well as the discharge 
current flowing through the particles of the processed 
metal and leading to electroerosion destruction of 
powder particles [24]. At HED the conditions are cre-
ated (pressure in the discharge channel reaches 1 GPa 
and the temperature in the discharge channel can reach 
50000 K) for kerosene pyrolysis with the formation 
of a solid-phase nanocarbon. The synthesized carbon 
nanoparticles of different allotropic modifications, in 
particular, C60 and C70, are able to chemically inter-
act with titanium particles, forming nanostructured 
reinforcing carbide phases [9–13, 23, 24]. Therefore, 
HED-treatment of powders of the Al–Ti system in 
kerosene, in addition to grinding, provides a synthe-
sis of titanium carbide and Ti3AlC and Ti2AlC phases 
without the additional graphite.

After HED-treatment in the mode with a single 
discharge energy W1 = 1 kJ and a specific energy Wsp 
= 20 MJ/kg using an electrode system of the type 
«three-tip anode–plane» the charge contains Аl, Ті, 
ТіС, Ті3АlС + Ті2АlС (Figure 1).

The powder mixture of the initial composition of 
85 % Ti + 15 % Al after treatment has an average par-
ticle size of about 10 μm, with a peak value of the 
amount of particles with a 5 μm diameter of about 
37 % (Figure 2). The particle size distribution has a 
bimodal appearance, approximately 30 % of the mix-
ture particles maintain sizes close to the original.

Figure 3 shows the macrostructures of a reference 
specimen of AK7pch alloy and the specimens of the 
alloy modified by 0.7 wt.% of AlTiB and 0.2 wt.% of 
HED-treated Ti–Al mixture.

The reference specimen has a shrinkage cavity 
depth of 4 mm. The area of columnar grains is about 
10 mm, their width is 2–6 mm. In the center of the 
casting, grains of 2–8 mm in size predominate (Fig-
ure 4, a). The specimen modified by 0.2 wt.% of 
AlTiB has a shrinkage depth of 3 mm. The area of 
columnar grains is about 1.5 mm, their width is up 
to 1 mm. The macrostructure is quite uniform, the 
grain size is from 1 mm to 2.5 mm (see Figure 4, b). 
The melt modified by 0.2 wt.% of HED-treated mix-
ture, has a shrinkage cavity, which reaches 3 mm, the 
looseness under shrinkage is almost absent, the area 
of columnar crystals is up to 5 mm, the grain width is 

Figure 1. Diffractograms of powder mixture of the initial com-
position 85 % Ti + 15 % Al after HED-treatment in kerosene us-
ing an electrode system of type «3V-P» with a specific energy of 
20 MJ/kg

Figure 2. Distribution of particles of the used modifier of the 
Ti–Al system by the size: 1 — before HED-treatment; 2 — after 
HED-treatment
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from 1.5 to 2.0 mm, the structure is uniform, grains 
have a size of 1.5–3.5 mm.

Figure 4 shows the microstructure of reference (a, 
b, c, d), modified 0.7 wt.% of AlTiB (e, f, g, h) and 
modified 0.2 wt.% HED-treated mixture (i, j, k, l) of 
AK7pch alloy.

Metallographic analysis of the reference speci-
men revealed dendrites of α-solid solution, the size of 

which exceeds 1500 μm and a significant amount of 
eutectic silicon, which has a rounded shape.

Melt modification of 0.2 wt.% of AlTiB leads to 
insignificant dispersion of dendrites of α-solid solu-
tion, but at the same time the growth of separate α 
grains is observed. This modifier had a negative ef-
fect on eutectic silicon, which received a needle shape 
with the size of individual needles of up to 80 μm, 

Figure 3. Macrostructure of AK7pch (A357) alloy: a — reference specimen; b — specimen modified by 0.7 wt.% of AlTiB; c — spec-
imen modified by 0.2 wt.% of the Ti‒Al‒C mixture produced by HED-treatment

Figure 4. Microstructures of AK7pch alloy: a, b, c, d — reference specimen; e, f, g, h — specimen modified by 0.7 wt.% of AlTiB; i, j, 
k, l — specimen modified by 0.2 wt.% of the Ti‒Al‒C mixture produced by HED-treatment
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which negatively affects the fatigue strength of the 
modified metal.

Modification of the specimen of alloy 0.2 wt.% 
by HED-treated mixture of powders 15 % A1 + 85 % 
Ti led to a significant reduction in the size of the 
dendrites of α-solid solution from 1500 to 300 μm, 
the grains obtained a round shape, also a significant 
modification of eutectic silicon (Figure 5, i, j, k, l) is 
observed. The obtained grain shape has a positive ef-
fect on the fatigue strength of the metal modified by 
HED-treated mixture. Such results are associated with 
the presence of carbon nanoparticles and nanostruc-
tured particles of refractory ТіС, Ті3А1С + Ті2А1С 
compounds in the powder mixture, which act as addi-
tional crystallization centers.

The hardness of the reference specimen was HB 48, 
and for those modified by AlTiB and HED-treated mix-
ture, it was HB 36 and HB 48, respectively (Table).

Studies of the change in the ultimate strength σt 
and yield strength σ0.2 of modified specimens (see 
Table) show that in contrast to the modification of 
0.7 wt.% of AlTiB, adding 0.2 wt.% of the mixture of 
Al–Ti–C system after HED-treatment does not lead to 
a decrease in these characteristics as compared to the 
reference specimen.

The obtained results in combination with the results 
presented in [13] indicate that the use of HED-treated 
powders of the Al–Ti–C system in a hydrocarbon liq-
uid as a modifier leads to a significant reduction in the 
structural elements of a crystallized alloy. In turn, the 
refinement of the structure of welds allows increasing 
heat resistance, structural stability and fatigue strength 
and long life of welded joints. This allows predicting 
the possibility of using HED-treated particles of met-
al powders metal in a hydrocarbon liquid to modify 
the structure of welds with the prupose of improving 
the service characteristics of parts and structures pro-
duced by different methods of fusion welding.

Conclusions

1. The possibility of using HED-treated particles of 
metal powders in a hydrocarbon liquid to modify the 
structure of welds is shown.

2. It is shown that introduction of the mixture of pow-
ders of the initial composition 15 % Al + 85 % Ti ob-

tained by HED-treatment in kerosene as a modifier by 
the «bell» method allows influencing the structure and 
properties of the cast aluminium AK7pch alloy (A357).

3. Adding of 0.2 wt.% HED-treated mixture of 
powders 15 % Al + 85 % Ti to AK7pch (A357) alloy 
led to a significant change in the size of the dendrites 
of the α-solid solution from 1500 to 300 μm. The 
hardness of the modified specimens is HB 48, and the 
yield strength is at the level of 66 MPa.
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ARGON-ARC WELDING 
OF HIGH-STRENGTH SPARSELY-DOPED 

PSEUDO-β-TITANIUM ALLOY Ti–2.8Al–5.1Mo–4.9Fe

S.V. Akhonin, V.Yu. Bilous, R.V. Selin, I.K. Petrychenko and L.M. Radchenko
E.O. Paton Electric Welding Institute of the NAS of Ukraine 

11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua
Structural sparsely-doped titanium alloys are developed with the purpose of lowering the finished product cost. Pos-
sibility of application of tungsten electrode argon-arc welding (AAW) for sparsely-doped pseudo-β-titanium alloy 
Ti–2.8Al–5.1Mo–4.9Fe was evaluated. Influence of different kinds of argon-arc welding on weld formation and me-
chanical properties of Ti–2.8Al–5.1Mo–4.9Fe alloy joints were assessed. The effect of through penetration AAW, 
semi-submerged AAW, AAW with feeding unalloyed titanium welding filler wire VT1-00sv was studied. It was found 
that the structure of metal of the weld and HAZ in welded joints of sparsely-doped titanium alloy Ti–2.8Al–5.1Mo–
4.9Fe made by AAW consists mainly of β-phase with precipitates of metastable α-phase. Lowering of AAW heat input 
for Ti–2.8Al–5.1Mo–4.9Fe alloy has a positive impact on the joint strength. So, among the welded joints made without 
changing the weld metal composition, the joints produced by semi-submerged arc welding have the highest strength of 
972 MPa and the highest impact toughness on the level of 5.7 J/cm2. 15 Ref., 3 Tables, 3 Figures.

K e y w o r d s :  titanium, titanium alloys, argon-arc welding, heat input, flux, wire, mechanical properties

Tungsten-electrode argon-arc welding (AAW) be-
came the most widely accepted for welding titanium 
alloys owing to the fact that this welding process is 
the least expensive and the most versatile [1, 2]. It 
allows making joints in different positions in space, 
under the conditions of limited space, and does not 
requires complex readjustment of the equipment at 
the change of welded product thickness or joint type. 
Welding can be performed both with application of 
filler metal, and without it. Used as filler metal are 
welding wires or rods from titanium alloys [3]. There 
is a number of variants of this method: welding with 
through penetration, and semi-submerged arc welding, 
which expand its technological capabilities [4]. In or-
der to lower the cost of the production process and the 
cost of titanium alloy products, the concept of «sparse 
doping» of titanium alloys became widely accepted. 
It is based on selection of such alloying elements for 
the alloys which would have relatively low cost. Iron 
is the most widely spread alloying element for such 
alloys [5, 6]. Iron, owing to its stabilizing impact on 
β-phase, is also used for alloying several low-cost 
alloys, based on β-phase [7‒9]. Welding such alloys 
based on β-phase is a little studied process. A large 
quantity of iron can cause considerable deterioration 
of welded joint properties due to brittle phase forma-
tion [10]. The currently available fluxes can have a 
refining effect in welding of sparsely-doped alloys 

[11]. Therefore, the possibility of applying fluxes for 
welding these alloys should be considered separately. 
In addition, in view of the absence of welding wires 
from sparsely-doped titanium alloys, it is rational to 
consider the impact of low-alloyed titanium wire on 
the properties of joints of such an alloy [12, 13].

The objective of the work was studying the im-
pact of argon-arc welding modes on weld formation 
and mechanical properties of the produced joints of 
sparsely-doped pseudo-β-titanium alloy Ti–2.8Al–
5.1Mo–4.9Fe.

Unalloyed titanium welding wire VT1-00sv of 2 mm 
diameter was used as the filler metal. It allows changing 
the degree of weld metal alloying within narrow limits. 
The relative quantity of filler metal in the weld metal 
was determined by calculation of the area of joint metal 
penetration on transverse weld sections.

Samples of titanium pseudo-β-alloy Ti–2.8Al–
5.1Mo–4.9Fe of 200×100×6 mm were welded. Weld-
ing was performed from one side. Modes of through 
penetration tungsten electrode argon-arc welding 
from one side of sparsely-doped titanium pseudo- 
β-alloy Ti–2.8Al–5.1Mo–4.9Fe are given in Table 1.

Welding modes were selected under the condition 
of providing through penetration of joints of 6 mm 
Ti–2.8Al–5.1Mo–4.9Fe alloy. Tungsten electrode ar-
gon-arc welding can be performed in wide ranges of 
welding speed and welding current values. The most 
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widely used range of speeds of automatic AAW for 
titanium alloys is 10–20 m/h range. Full penetration 
of 6 mm samples occurs at through penetration AAW 
without filler at welding current of 330 A and weld-
ing speed of 10 m/h. Addition of filler wire leads to in-
crease of welding current. Welding with preheating al-
lows somewhat lowering the welding current to 310 A. 
Semi-submerged AAW due to argon arc constriction 
enables an essential lowering of welding current to 
240 A, increasing the welding speed and providing full 
penetration of Ti–2.8Al–5.1Mo–4.9Fe alloy metal 6 
mm thick. Thus, semi-submerged AAW allows weld-
ing titanium pseudo-β-alloy Ti–2.8Al–5.1Mo–4.9Fe in 
modes with minimum heat input and cross-sectional 
area of the metal of weld and HAZ (Table 2).

Transverse macrosections of the produced welds are 
given in Figure 1. An example of through penetration 
tungsten electrode welding (Figure 2) confirms forma-
tion of a through hole under the tungsten electrode at 
through penetration welding. When welding current is 
switched off, a hole forms under the tungsten electrode, 
if the crater welding up mode is not used.

Calculation of filler metal quantity in the weld 
metal was performed by the results of studying the 
prepared transverse macrosections. It was found that 
at 60 m/h feed rate of 2 mm VT1-00sv filler wire 
and 8 m/h welding speed the quantity of VT1-00 fill-

er metal in the weld metal is 21–25 %. Accordingly, 
at 30 m/h feed rate of the filler wire, the quantity of 
VT1-00 filler metal in the weld metal is 10–13 %.

The base metal of welded joint of sparsely-doped 
titanium pseudo β-alloy Ti–2.8Al–5.1Mo–4.9Fe con-
sists of recrystallized grains (Figure 3, a), equiaxed 
polyhedral β-grains, both in the near-surface layers, 
and inside the metal. The size of β-grains is equal to 
200–600 μm. Located inside β-grains are dispersed 
particles of α-phase. Dispersed particles of different 
shape and dimensions precipitate in base metal micro-
structure, both in the surface areas, and those remote 
from the surface. Precipitate dimensions vary within 
a broad range (from less than 1 μm up to 15 μm), and 
are nonuniformly distributed in the grain body.

Figure 3, b‒f shows the weld metal microstruc-
ture. The weld structure is dendritic (modes No.1 and 
No.2, see Table 1). Particles of another precipitating 
phase are smaller than those in the base metal, and 
their dimensions are from less than 1 to 3–4 μm (Fig-
ure 3, b, c). In the weld of a joint made by AAW with 
filler wire feeding at the rate of 60 m/h that ensures 
21–25 %, unlike the above-considered cases, the weld 
microstructure also changed, as a result of consider-
able change of the weld metal chemical composition 
and its dilution. In the weld metal of this joint, the 
instability of β-solid solution leads to a significant 

Table 1. Modes of through penetration AAW from one side of sparsely-doped titanium pseudo- β-alloy Ti–2.8Al–5.1Mo–4.9Fe

Mode 
number

Welding current, 
Iw, A

Arc voltage 
Ua, V

Welding speed 
vw, m/h

Wire feed 
rate vf.w

Preset arc length 
La, mm

Preheating 
temperature, 

Tpreh, °C

1 330 12 10 – 2 –
2 350 12 10 30 2 –
3 350 12 10 60 2 –
4 310 12 10 – 2 400

5 (over a layer of flux) 240 12 16 – 2 –

Table 2. Parameters of welds in AAW joints of sparsely-doped titanium alloy Ti–2.8Al–5.1Mo–4.9Fe made by AAW*

Mode 
number 

Sample type, Iw, vw, vf.w

Weld width, 
mm

HAZ width, 
mm

Weld area, 
mm2

Heat input, 
J/cm

Quantity of 
β-phase, %

BM Base metal – – – – 76

1 Welded joint without filler, 
Iw = 330 А, vw = 10 m/h 13 21 53 14256 77

2 Welded joint with filler, 
Iw = 350 А, vw = 10 m/g, vf.w = 30 m/h 15.1 24.1 59.8 15120 75

3 Welded joint with filler, 
Iw = 350 А, vw = 10 m/g, vf.w = 60 m/h 16.5 25.5 73.1 1511.9 56

4 Welded joint with preheating to 400 °C, 
Iw = 310 А, vw = 10 m/h 17 25 65.0 13392 75

5 Welded joint produced by semi-submerged-arc 
welding Iw = 240 А, vw = 16 m/h 7.2 17.2 33.9 6480 63

*Joint thickness is 6 mm.
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Figure 3. Microstructure of base metal and weld metal of joints of sparsely-doped titanium alloy Ti–2.8Al–5.1Mo–4.9Fe, made by 
AAW in as-welded condition: a — base metal; b — through penetration without filler wire, mode No.1; c — through-penetration with 
filler wire, mode No.2; d — through penetration with filler wire, mode No.3; e — through penetration without filler wire with preheat-
ing, mode No.4; f — semi-submerged arc welding without filler wire, mode No.5

Figure 2. Example of welded joint of a sparsely-doped pseu-
do-β-alloy Ti–2.8Al–5.1Mo–4.9Fe, made by through penetration 
AAW without filler wire, mode No.1

Figure 1. Transverse macrosection of the joint of sparsely-doped 
titanium pseudo-β-alloy Ti–2.8Al–5.1Mo–4.9Fe made by AAW: 
a — through penetration without filler wire application; b — with 
filler metal addition to the weld in the quantity of 10 %; c — made 
by semi-submerged AAW without filler wire
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decomposition at weld metal cooling after weld-
ing with precipitation of a considerable quantity of 
α-phase (Figure 3, d). The welds of the joints made 
by through-penetration AAW method without feeding 
the filler wire (mode No.4, see Table 1) with joint pre-
heating to 400 °C temperature and over a layer of flux 
(mode No.5, see Table 1) are based on β-phase, simi-
lar to welding in modes No.1 and No.2 (Figure 3, e, f).

Thus, in the structure of the metal of welds the most 
finely-dispersed precipitates of metastable α-phase of up 
to 1–2 μm size, are found in joints made by semi-sub-
merged arc welding. Joints made by AAW with preheat-
ing, alongside large dimensions of welds and HAZ in 
as-welded state demonstrate nonuniform precipitation 
of fine particles of metastable α-phase: finer in the weld 
upper part than in the lower one. It may point to a too 
high temperature of the applied preheating which in this 
case was 400 °C [14]. On the whole, application of pre-
heating for AAW of joints of sparsely-doped titanium 
alloy Ti–2.8Al–5.1Mo–4.9Fe is undesirable.

The smallest quantity of β-phase was registered in 
welds, made by AAW with feeding VT1-00 filler wire 
at the rate of 60 m/h that ensures 21–25 % content 
of filler wire in the weld, and is equal to 56 % (Ta-
ble 2) which is attributable to lowering of the degree 
of weld metal alloying. In welds, made by semi-sub-
merged AAW the quantity of β-phase also decreased 
to 63 %. Note that at semi-submerged AAW the joints 
made with the lowest heat input values (see Table 2), 
have the smallest width of the weld and HAZ, and the 
weld area. In other welds made without any change 
of weld alloying, the quantity of β-phase in as-welded 
condition is equal to 75–77 %.

Establishing the mechanical properties of welded 
joints of sparsely-doped titanium alloy Ti–2.8Al–
5.1Mo–4.9Fe made by AAW, led to the conclusion 
that the lowest values of strength in as-welded con-
dition are determined for joints made with preheat-
ing to 400 °C, and they are equal to 799 MPa that is 
75 % of base metal strength (Table 3). The strength of 
joints made with application of VT1-00sv filler wire 
in the modes that ensure the content of VT1-00 metal 
in the weld on the level of 10–13 %, is the highest. 
In this case, the strength values reach 1002 MPa, or 
93 % of base metal strength. Impact toughness of 

weld metal samples with a sharp-angled notch (KCV) 
made with application of VT1-00sv filler wire at feed 
rate of 30 m/h at VT1-00 metal content in the weld 
on the level of 10–13 % reaches maximum values 
(5.5 J/cm2). Impact toughness values of samples with 
a sharp-angled notch from AAW joints are almost on 
the same level of 4.9–5.7 J/cm2. The highest values 
are found in samples, made with flux application.

As the strength of VT1-00sv filler wire material 
(295–470 MPa) is much lower than that of base metal 
of Ti–2.8Al–5.1Mo–4.9Fe titanium alloy (1071 MPa), 
and it cannot be used as the strengthening alloying 
material, the cause for increased strength of the joints 
is the change of the structure and phase composition 
in welding with addition of VT1-00sv filler wire and 
loss of weld metal alloying. Quantity of β-phase de-
creases, so welded joints with loss of alloying will 
have higher strength values compared to joints with-
out any change in weld alloying.

If we separately consider the properties of welded 
joints of Ti–2.8Al–5.1Mo–4.9Fe alloy, made without 
changing the weld metal composition, then the high-
est strength of the joints on the level of 972 MPa and 
the highest impact toughness of weld metal on the lev-
el of 5.7 J/cm2 are found in joints made in the modes 
with lower heat input. So, semi-submerged arc welding 
has minimum heat input of the process on the level of 
6480 J/cm, which is almost two times higher than that 
of through penetration AAW (14256 J/cm) and AAW 
with preheating (13392 J/cm). Note that the cross-sec-
tional area of weld metal is the largest at AAW with 
preheating (see Table 2). Increase in the strength of 
joints made in the modes with lower heat input is at-
tributable to a smaller quantity of β-phase in the weld 
metal. Reduction of the quantity of β-phase in the weld 
metal occurs under the conditions of lowering of the 
cooling rates in the temperature range of β→α+β poly-
morphous transformations at joint cooling.

Obtained data lead to the conclusion that the high-
est strength is found in joints where the weld metal 
composition is different from that of the base metal. 
If we compare joints, in which the chemical compo-
sition of the metal did not change, then the highest 
strength (972 MPa or 90 % of base metal strength) 
is demonstrated by joints made with flux application. 

Table 3. Mechanical properties of base metal and joints of sparsely-doped titanium alloy Ti–2.8Al–5.1Mo–4.9Fe, made by AAW in 
as-welded condition

Mode 
number

Sample type
Tensile strength 

σt, MPa
Yield limit 

σy, MPa
Relative elongation 

δ, %
Reduction in area 

ψ, %
Impact toughness, 

KCV, J/cm2

BM Base metal 1071 971 2.0 ‒ 5.3
1 Joint 921 ‒ ‒ ‒ 4.9
2 Same 1002(968) 936 10 27 5.5
3 ‒ 960 ‒ ‒ ‒ 3.5
4 ‒ 799 ‒ ‒ ‒ 4.3
5 ‒ 972 925 8.0 23 5.7
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It leads to the conclusion about the rationality of ap-
plication of tungsten electrode semi-submerged AAW 
for producing joints of sparsely-doped titanium alloy 
Ti–2.8Al–5.1Mo–4.9Fe. Semi-submerged AAW en-
sures the lowest values of the heat input and minimal 
dimensions of the weld and HAZ.

Contrarily, the joints made with preheating up to 
400 °C have the lowest strength values, which is in-
dicative of the unsuitability of this welding process 
for producing joints of sparsely-doped titanium alloy 
Ti–2.8Al–5.1Mo–4.9Fe.

Note that as a result of the impact of AAW on 
joints of VT19 pseudo-β-alloy, also β-phase is pre-
dominantly reported in the welds [15]. Here, the lev-
el of strength of the joints at AAW with application 
of VT1-00sv filler wire in the quantity of 22 % is on 
the level of σt = 965 MPa. In joints of VT19 alloy 
made by TIG-welding without filler wire application, 
the values of tensile strength are on the level of σt = 
= 860 MPa, that is much lower than the strength of 
Ti–2.8Al–5.1Mo–4.9Fe alloy.

Thus, the properties of welded joints of sparse-
ly-doped titanium alloy Ti–2.8Al–5.1Mo–4.9Fe made 
by tungsten electrode AAW were studied, and it was 
established that joints made with application of VT1-
00sv filler wire in the quantity of 10–13 %, demon-
strate the highest strength on the level of 1002 MPa, 
or 93 % of that of the base metal. Here, the quantity of 
β-phase in the weld metal is 75 %. In order to ensure 
a homogeneous structure, and decomposition of meta-
stable phases, and to produce full strength joints, they 
have to be subjected to further heat treatment.

Conclusions

1. The modes of argon-arc welding with lower heat 
input for sparsely-doped pseudo-β-alloy Ti–2.8Al–
5.1Mo–4.9Fe have a positive impact on joint strength. 
So, among the welded joints, made without any 
change of weld metal composition, the joints pro-
duced by semi-submerged welding with minimum 
heat input and cross-sectional area of the weld metal, 
demonstrate the highest strength of 972 MPa and the 
highest impact toughness at the level of 5.7 J/cm2.

2. The structure of the metal of weld and HAZ 
of the joints of sparsely-doped titanium alloy Ti–
2.8Al–5.1Mo–4.9Fe made by AAW, consists mainly 
of β-phase, with precipitates of metastable α-phase; 
the size of α-phase particles precipitates is smaller, 
than in the base metal, and it is equal from less than 
1 μm to 3‒4 μm. The finest precipitates of metastable 
α-phase are found in joints made by semi-submerged 
AAW, precipitate size being up to 1–2 μm.

3. The strength of joints of Ti–2.8Al–5.1Mo–4.9Fe 
titanium alloy made by AAW with application of 

VT1-00sv filler wire in the quantity of 10–13 % in 
as-welded condition is equal to 1002 MPa or 93 % of 
that of the base metal. Here, the quantity of β-phase in 
the weld metal is equal to 75 %. To ensure a homoge-
neous structure of the weld, HAZ and base metal and 
decomposition of metastable phases, and to produce 
full strength joints, all the joints have to be subjected 
to further heat treatment.
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EFFECT OF THERMAL CYCLES 
IN ELECTRON BEAM WELDING OF ALUMINIUM 1570 ALLOY 

ON MECHANICAL PROPERTIES OF WELDED JOINTS

V.M. Nesterenkov, V.V. Skryabinskyi and М.О. Rusynyk
E.O. Paton Electric Welding Institute of the NAS of Ukraine 

11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua
The effect of welding speed on strength of joints and size of the heat-affected-zone in electron beam welding of 1570 
alloy was investigated. Thermal cycles in the tail part of the welding pool and spots in the metal surface in the near-weld 
zone were determined. According to the thermal cycles of the welding pool, the rate of hardening of the weld metal 
was calculated and its effect on mechanical properties of the joints before and after artificial aging was investigated. 
Decrease in the welding speed and, consequently, increase in the lifetime of the liquid phase leads to the growth of 
hardness of the weld metal after aging, which is probably associated with a more complete dissolution of primary 
scandium intermetallics and its transition to a supersaturated solid solution during cooling. Measuring the hardness of 
metal in the cross-section of the joints, according to the thermal cycles of the corresponding points, it was determined 
that the temperature of the beginning of the loss of strength of the metal in electron beam welding of 1570 alloy is in the 
range of 450‒560 °С. It was found that artificial aging provides full strength welded joints with stamped semi-finished 
products, and explosion treatment is ineffective. It is possible to increase the strength of joints to the level of strength 
of hardened plates by 20 % applying plastic deformation and a subsequent artificial aging. 7 Ref., 3 Tables, 8 Figures.

K e y w o r d s :  electron beam welding, aluminium alloy, welded joints, thermal cycles, mechanical properties, artifi-
cial aging

1570 alloy of the Al–Mg–Sc system is considered to 
be thermally unstrengthening, as far as during its pro-
duction a strengthening heat treatment in the form of 
hardening and artificial aging is not used. However, 
during casting of semi-finished products of alloys, 
scandium is fixed in a supersaturated solid solution 
(i.e., hardening) and the alloy is strengthened during 
subsequent heating (i.e., aging) [1]. The high mechan-
ical properties of the alloy are predetermined by the 
formation of strengthening particles of Аl3Sс phase, 
which is precipitated during heating and deformation 
from a supersaturated solid solution. One of the caus-
es for the positive effect of scandium on the strength 
characteristics of alloys of the Al‒Mg system is the 
stability of a nonrecrystallized structure formed as a 
result of pressure treatment, which is predetermined 
by the formation of secondary particles of Аl3Sс 
phase, precipitated during heating and deformation 
from a supersaturated solid solution. The second 
cause for strengthening is a direct strengthening ac-
tion of the Аl3Sс phase particles [2].

Scandium refers to refractory elements and its in-
troduction into low-melting aluminium alloys presents 
the known difficulties. To facilitate the assimilation of 
aluminium melt, the refractory element— scandium is 
introduced in the form of a master alloy Al ‒ 2 % Sc. 

Moreover, the concentration of a solid solution of 
scandium in aluminium in the master alloy does not 
exceed 0.7‒0.8 %. And most of scandium is in the 
form of primary А13Sc intermetallics, which have a 
high thermal stability and are extremely slowly solu-
ble in the aluminium melt. To accelerate this process, 
the melt is overheated [3]. Therefore, the dissolution 
of А13Sc intermetallics is significantly affected by the 
temperature and time of a melt existence. In the pro-
duction of semi-finished products of 1570 alloy, some 
part of scandium does not pass into a solid solution, 
but precipitated from the melt in the form of primary 
intermetallics, which contain Sc and Zr [1]. Thus, in 
the existing technologies of production, some part of 
the main strengthening and most expensive compo-
nent of the alloy 1570 — scandium does not partici-
pate in its strengthening.

On the experimental Al–Mg–Sc alloys, at a scan-
dium content of 0.4‒1.0 %, it was found that at a 
hardening rate of 102 °C/s, scandium partially turns 
into a supersaturated solid solution, and partially 
crystallizes in the form of intermetallics. At a hard-
ening rate of 105 °C/s much more scandium passes 
into a supersaturated solid solution, which facilitates 
102 times increase in the density of precipitates of the 
strengthening Al3Sc phase, formed during aging [4, 
5]. With the use of such a highly concentrated heat 
source for welding as electron beam, it is possible to 
change the welding speed in a wide range, changing 
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the temperature of the welding pool, the lifetime of 
the liquid phase, and also the cooling rate of the weld 
metal immediately after solidification (i.e. hardening 
rate). Thus, we will probably be able to change the 
amount of fixed scandium in the solid solution, which 
will affect the strength of welded joints after further 
artificial aging.

The aim of the work is to experimentally deter-
mine the thermal cycles in the tail part of the welding 
pool and points on the metal surface in the heat-affect-
ed-zone (HAZ) during electron beam welding (EBW) 
of 1570 alloy. According to the thermal cycles of the 
welding pool, the hardening rate of the weld metal 
was calculated and its effect on the mechanical prop-
erties of joints was investigated before and after artifi-
cial aging. By measuring the hardness of the metal in 
the cross-section of the joints, the temperature of the 
beginning of softening of the alloy was found by the 
thermal cycles of the respective points. The effect of 
thermomechanical treatment on the strengthening of 
welded joints was also determined.

Experimental procedure. The thermal cycles of 
the welding pool and HAZ were determined in EBW 
of plates of aluminium AMg6 alloy (closest to 1570 
alloy as to the chemical composition) of 15 mm thick-
ness. Welding modes were selected in such a way as to 
provide a guaranteed penetration with the formation 
of a uniform weld reinforcement. When determining 
the thermal cycles of the welding pool in its tail part 
the brazed joint of chromel-alumel thermocouple was 
immersed and its readings were recorded with a re-

corder [6]. The temperature of the welding pool was 
recorded directly, and the instantaneous cooling rate 
was determined as the tangent of the angle of incli-
nation of the temperature tangent to the function dia-
gram at a point of interest to us. HAZ thermal cycles 
were determined from the readings of thermocouples 
that were caulked-in at a distance of 1, 3, 5, and 7 mm 
from the fusion line. In order to reduce the inertia of 
the measurements, the diameter of the wire for the 
manufacture of thermocouples was chosen as the 
minimum possible (0.1 mm). The readings of thermo-
couples were recorded with a N338 type recorder. The 
speed of the tape was 100 mm/s.

Experimental part. The curves of cooling the 
weld pool and the weld metal for different speeds of 
EBW are shown in Figure 1. From Figure 1 it is seen 
that after reaching its maximum, the temperature de-
creases according to exponential law. From the ob-
tained curves, the rates of cooling the weld metal im-
mediately after crystallization (quenching rate) were 
calculated. As the welding speed increases from 2.8 
to 16.8 mm/s, the cooling rate grows from 5∙102 to 
1∙104 °С/s. Investigations of the effect of hardening 
rate of the weld metal on the strength of welded joints 
were performed on stamped plates of 1570 alloy with 
a thickness of 30 mm. The chemical composition of 
the base metal and weld metal are given in Table 1.

The experiments were performed in an electron 
beam welding machine UL 209M with a power source 
ELA 60/60 with a voltage of 60 kV. During EBW, the 
beam current and the focusing current were selected 
from the condition of a guaranteed penetration and 
formation of a reverse weld bead. A circular scanning 
of a beam with a diameter of 1.5 mm and a frequen-
cy of 600 Hz was used. Welds had a width of about 
3 mm with almost parallel boundaries of the penetra-
tion zone in the central and lower part.

Hardness measurements were used to evaluate the 
degree of loss of strength and changes in the prop-
erties of the weld metal and the HAZ Rockwell de-
vice with a load on a steel ball of 600 N according 
to the scale of B with a ball diameter of 1.0 mm was 
used. Thermal cycles of points on the surface of weld-
ing plates are shown in Figure 2, and the results of 
hardness measurements are presented in Figure 3. 
The figures show that for welding speeds of 2.8 and 
16.8 mm/s, the width of HAZ does not exceed 3 mm. 
A short-term heating of 1570 alloy to 450 °C is not ac-

Figure 1. Measured experimental curves of cooling of welding 
pool metal in EBW of AMg6 alloy at different rates

Table 1. Chemical composition (wt.%) of base metal and weld metal of stamped semi-finished product of 1570 alloy

Place 
of determination

Al Mg Mn Sc Zr Si Fe Cu Zn

Base metal Base 6.45 0.32 0.16 0.025 0.041 0.07 0.014 0.02
Weld » 6.35 0.31 0.16 0.025 0.040 0.06 0.015 0.02
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companied by a decrease in hardness. Short-term rises 
in temperature to 560 °C and higher lead to a decrease 
in hardness by 2‒3 HRB units.

A part of the welded specimens was heat-treated 
for 1 h at a temperature of 350 °C. Hardness measure-
ments in the cross-section of the joints and mechan-
ical tensile tests of the specimens were performed 
(Table 2). Prior to heat treatment, the hardness of the 
weld metal was HRB 81‒82 units. After artificial age-
ing, the hardness of the weld metal increased to a level 
exceeding the hardness of the base metal by HRB 1‒2 
units at a welding speed of 16.8 mm/s and by HRB 
5‒6 units at a welding speed of 2.8 mm/s. Therefore, 
with a decrease in welding speed, the hardness of the 
weld metal increased. Therefore, more reinforcing 
secondary Al3Sc particles precipitated at low weld-
ing speeds after heat treatment. After welding, all the 

scandium contained in the weld metal should be either 
in a supersaturated solid solution, the decomposition 
of which causes strengthening of the alloy during ag-
ing, or in the form of primary intermetallics, which do 
not participate in strengthening of the alloy. The lower 
the welding speed, the lower the cooling rate, but the 
longer the time when the weld metal stays in a liquid 
state in the affected zone of the electron beam. Prob-
ably, an increase in the lifetime of the liquid phase 
led to the dissolution of more primary intermetallics 
and, accordingly, to the fixation of more scandium in 
a solid solution under cooling. Thus, the transition 
of scandium to a solid solution of the weld metal is 
affected by the welding speed more than the rate of 
further cooling and hardening of the metal. Thus, after 
electron beam remelting and a subsequent aging, the 
hardness of the weld metal is higher than the hard-

Figure 2. Thermal cycles of points on the surface of the plates of AMg6 alloy in EBW at a speed of: a —2.8 mm/s; b — 16.8 (y is the 
distance from the fusion line)

Figure 3. Hardness distribution in the cross-section of joints welded at a speed of 2.8 (a) and 16.8 mm/s (b). Curves 1 — welded joints 
without heat treatment; 2 — after artificial aging
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ness of the original stamped semi-finished products of 
1570 alloy. Probably, this occurs due to a more com-
plete assimilation of scandium in the alloy.

From Table 2 it is seen that the strength of weld-
ed joints both before and after heat treatment depends 
little on the rate of hardening of the weld metal. The 
fracture of rupture specimens (Figure 4) occurs in the 
area with the lowest strength. Prior to artificial aging, 
such an area is a weld. After aging, all the specimens 
fractured on the base metal outside the HAZ, i.e. aging 
at 350 °C strengthens the weld metal to a level high-
er than the strength of the base metal. In cases where 
heat treatment of joints is provided after welding, the 
speed of EBW of 1570 alloy can be adjusted within 
wide ranges without a fear of decreasing their strength.

In some cases, it is possible to improve the strength 
properties of the weld and the heat-affected zone of 
aluminium alloys by explosion treatment of welded 
joints [7]. Studies of the effectiveness of such treat-
ment as-applied to the joints of 1570 alloy were per-
formed on stamped plates with a thickness of 60 mm, 
welded with an electron beam. Using explosives, the 
facial and then the reverse side of the joints were 

sequentially treated. The weld and adjacent areas 
of about 50 mm width were treated. Two treatment 
modes were used, which differed in the power of the 
explosive. When using a weak charge (mode 1), no 
noticeable deformation occured on the surface of the 
treated plates. A more powerful explosive (mode 2) 
deformed the treated plates up to 0.5 mm at the loca-
tions of the explosive. In Figure 5 the results of hard-
ness measurements in the cross-section of welded 
joints are shown.

Explosion treatment increases the hardness of the 
weld metal at a distance of 10 mm from the surface 
of plates with HRB 82‒83 to HRB 88‒90. In the part 
of the weld, which is central as to the thickness of 
the joint, the hardness increased to НRВ 86‒88. The 
hardness of the base metal and HAZ after treatment 
increased slightly (by НRВ 1‒3 units). Some of the 
specimens after explosion treatment were artificially 
aged at 320 °C for 1 h. Heat treatment increased the 
hardness of the weld metal to the level of the base met-

Table 2. Ultimate tensile strength σt (MPa) of welded joints of 
stamped semi-finished product of 1570 alloy with a thickness of 
30 mm without heat treatment and after artificial aging for differ-
ent welding speeds

Welding speed, 
mm/s

Rate 
of hardening 

of weld metal, 
°C/s

σt of welded 
joint, MPa

σt of welded 
joint after artifi-
cial aging, MPa

2.8 >5∙102 326‒332 
328

383‒386 
384 (*)

16.8 >1∙104 329‒332 
331

385‒387 
386 (*)

Note. In the numerator the minimum and maximum values are 
shown, in the denominator the average value of the three measure-
ments is shown. (*) is the fracture of 100 % of the specimens oc-
curred on the base metal outside the HAZ.

Figure 4. Nature of fracture of specimens after the test on rupture 
of joints of 1570 alloy without heat treatment and after artificial 
aging (welded joints are located in the center of specimens)

Figure 5. Distribution of hardness in the cross-section of welded 
joints of 1570 alloy at a distance of 10 mm from the surface of the 
plates (1 — after welding; 2 — welding + explosion treatment on 
mode 1; 3 — welding + explosion treatment on mode 2)

Figure 6. Hardness distribution in the cross-section of welded 
joints of 1570 alloy (1 — after welding; 2 — welding + explosion 
treatment on mode 2 + artificial aging)
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al (Figure 6). Some decrease in hardness (by НRВ 1‒2 
units) is observed only in HAZ, whose width does not 
exceed 3 mm.

The subsequent studies revealed that explosion 
treatment in the mode 1 did not affect the mechanical 
properties of the welded joints. As the explosive pow-
er increases (treatment on the mode 2), the ultimate 
tensile strength of the joints increases slightly (by 
10‒20 MPa). A subsequent heat treatment increases 
the ultimate tensile strength to the same level that is 
achieved also without an explosion treatment. Thus, 
the explosion treatment of welded joints of 1570 alloy 
is not only technologically complex, but inefficient 
and, therefore, is not rational.

Studies of the effect of plastic deformation on the 
mechanical properties of the joints of 1570 alloy were 
performed on hardened plates with a thickness of 
26 mm. Cold plastic deformation was carried out by 
rolling. Before rolling, the reinforcement and the root 
of the weld were removed by mechanical treatment to 
the level of the base metal surface. The direction of 
rolling coincided with the direction of welding. The 
results of measuring hardness in the cross-section of 
welded joints are shown in Figure 7. Plastic deforma-
tion increases the hardness of the weld metal by HRB 

81‒82 to 91‒93, and the base metal by HRB 94‒95 to 
101‒103. The main increase in hardness occurs at the 
degree of plastic deformation from 0 to 30 %. A sub-
sequent plastic deformation has no significant effect 
on the increase in hardness.

Mechanical properties of the joints after rolling 
are shown in Figure 8. With an increase in the degree 
of deformation to 40 %, the ultimate tensile strength 
grows from 320 to 420 MPa, and the conditional yield 
strength grows from 210 to 350 MPa. It is import-
ant that plasticity of the joints does not change. At a 
deformation of 30 %, the strength of welded joints 
reaches the level of strength of hardened semi-fin-
ished products.

A part of the specimens after plastic deformation 
were aged at a temperature of 350 °C for 1 h. The test 
results of these specimens are given in Table 3. From 
Table 3 it is seen that the ultimate tensile strength of 
heat-treated specimens grows with an increase in the 
degree of plastic deformation. In all cases, artificial 
aging additionally increases the strength of the joints 
by 10‒80 MPa.

Figure 7. Hardness distribution in the cross-section of welded 
joints of hardened plates of 1570 alloy with a thickness of 26 mm 
(1 — after welding; 2 —welding + hardening 20 %; 3 — weld-
ing + hardening 40 %) Figure 8. Mechanical properties of welded joints of hardened 

plates of 1570 alloy with a thickness of 26 mm depending on the 
degree of hardening (1 — ultimate tensile strength σt, MPa; 2 — 
conditional yield strength σ0.2, MPa; 3 — relative elongation δ, %)

Table 3. Ultimate tensile strength of base metal and welded joints σt (MPa) of hardened plates of 1570 alloy after hardening and arti-
ficial aging

Object of tests
Degree of plastic deformation, %

0 20 30 40

Base metal 402‒415 
410 ‒ ‒ ‒

Welded joint 320‒332 
325

362‒384 
376

402‒411 
408

412‒424 
419

Welded joint after artificial aging 392‒402 
396

401‒405 
404

415‒419 
417

424‒426 
425
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Conclusions

It was found that artificial aging of welded joints pro-
duced by the EBW method, increases the hardness 
of the weld metal to the level, higher than the hard-
ness level of the base metal of stamped semi-finished 
products. The greatest increase in hardness (5‒6 units 
HRB) occurs at a low welding speed (2.8 mm/s) and, 
accordingly, at a low rate of hardening (5∙102 °С/s). 
Therefore, the rate of hardening does not play a cru-
cial role in strengthening the weld metal during aging. 
On the other hand, a decrease in the welding speed 
increases the time when the metal stays in a liquid 
state in the zone of influence of the electron beam. 
Here, probably, not only dissolution of fine secondary 
А13Sс particles, but also a more complete dissolu-
tion of large primary scandium intermetallics occurs. 
During cooling, scandium turns into a supersaturated 
solid solution, followed by precipitation of more re-
inforcing secondary А13Sс particles during artificial 
aging.

After artificial aging, all specimens are fractured 
on the base metal outside the HAZ, i.e. in the cases 
when after welding heat treatment of joints is provid-
ed, the speed of EBW of 1570 alloy can be adjusted in 
a wide range without fear of reducing their strength.

The temperature of start of weakening the metal in 
the HAZ during EBW is in the range of 450‒560 °C. 
The width of the HAZ in a wide range of welding 
speed change does not exceed 3 mm.

The effect of heat and explosion treatment, as well 
as plastic deformation on mechanical properties of 
1570 alloy joints was studied. It was found that artifi-
cial aging makes welded joints equally strength with 
stamped semi-finished products, and explosion treat-
ment has a low efficiency. It is possible to increase the 
strength of joints to the level of strength of hardened 
plates by 20 % applying plastic deformation and a 
subsequent artificial aging.
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Electron beam welded joints made on AW2099 aluminium lithium alloy with the thickness of 4 mm were analysed. 
The third generation of aluminium lithium alloys was developed to improve the drawbacks of the second one. Various 
electron beam welding parameters (beam current, welding speed) were tested. Accelerating voltage was constant, i.e., 
55 kV. Defect free welded joints were produced under optimized welding parameters. Weld metal microstructure and 
welded joints mechanical properties were investigated. Microstructure of weld metal matrix consists of α-aluminium 
solid solution. Inter-dendrite areas were enriched in alloying elements due to segregation. Narrow equiaxed zone was 
observed at the location close to the fusion boundary being characteristic for welded joints made on aluminium lithium 
alloys. The character of the grains changed in the direction towards weld metal centre to columnar dendritic and equi-
axed dendritic. Microhardness values reduction in the weld metal was observed which is associated to the dissolution 
of strengthening precipitates. 19 Ref., 1 Table, 9 Figures.

K e y w o r d s :  AW2099 aluminium lithium alloy, electron beam welding, equiaxed zone, scanning electron microsco-
py, drop of microhardness

Aluminium lithium alloys have received extensive 
attention in aerospace industry due to low density, 
high strength/weight ratio, high Young’s modulus, 
improved fatigue crack growth resistance and resis-
tance to corrosion. It is known that adding of 1 % of 
lithium resulted in the decrease in density by 3 % and 
improvement in Young’s modulus by 6 % [1–7].

The third generation of aluminium lithium alloys was 
developed to remove the disadvantages of previous gen-
eration. Important representatives of newly developed 
alloys are 2099 and 2199 being applied in the fuselage’s 
skin stringer components [8]. Al–Li alloys of the new 
generation are characteristic by higher Cu/Li ratio than 
previous generation [9]. The application of 2099 alloy 
caused the reduction of weight of wing components by 
14 % and cryogenic tanks by 21 % [10].

Currently, worldwide research focuses on the weld-
ing of aluminium lithium alloys. Friction stir welding 
belongs to the possible joining methods [11–18]. The 
main issues when fusion welding of these alloys is 

carried out are porosity, hot cracking, evaporation of 
alloying elements and decrease in mechanical proper-
ties. Drop in mechanical properties is associated with 
the dissolution of strengthening precipitates due to 
thermal cycle of welding. From this point of view, the 
application of low heat input electron beam welding 
could be more convenient. High welding speeds lead 
to formation of minimum deformations and residual 
stresses. Furthermore, narrower weld metal and HAZ 
represents softening region of much smaller dimen-
sions in comparison to conventional arc welding pro-
cesses [19, 20].

Only a few papers focus on the electron beam 
weldability of AW2099 aluminium lithium alloy have 
been published. The purpose of the paper is to analyse 
the properties of electron beam welded joints made on 
latest generation AW2099 aluminium lithium alloy.

Materials and methods. AW2099 aluminium 
lithium alloy, 4 mm thick, was suggested as experi-
mental material. Initial thickness of as delivered alloy 
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was 25.4 mm. The thickness of AW2099 alloy was 
reduced to 4 mm. Solution annealing at 530 °C/1 hr. 
was carried out before hot rolling. The chemical com-
position of the AW 2099 alloy provided by Smiths 
High Performance is given in Table.

PZ EZ 30 STU electron beam welding machine 
from First Welding Company, Inc. in Bratislava with 
the maximum accelerating voltage of 60 kV was used 
for manufacturing of welded joints (Figure 1). The 
maximum beam current 500 mA and output power 
are 30 kW. Welded joints were produced in the Cen-
tre of Excellence of 5-axis Machining (CE5AM) of 
the Faculty of Materials Science and Technology in 
Trnava, Slovakia. The vertical electron beam welding 
was carried out within experiments. The volume of 
vacuum chamber is 14.3 m3. The vacuum level during 
welding was 10–2 Pa. Accelerating voltage of 55 kV 
and focusing current of 885 mA were used.

After metallographic preparation, the samples 
were etched with Keller’s reagent (chemical com-
position 1 ml HF + 1.5 ml HCl + 2.5 ml HNO3 + 
95 ml distilled H2O). High resolution field emission 
gun scanning electron microscope JEOL JSM 7600 
F with EDS analyser X-max 50 mm2 of Oxford In-
struments was used to identify elemental distribution 
across investigated location. Microhardness measure-
ments across base metal–HAZ–weld metal interface 
was carried out on Buehler IndentaMet 1100TM Series 
microhardness tester. The parameters of measure-
ments were as follows: loading force 0.98 N, dwell 
time 10 s. Distance between indents in base metal and 
HAZ was 100 and 500 μm within the weld metal.

Results. Effect of welding parameters on the weld 
bead appearance and weld defects is given in Fig-
ure 2. When beam current of 50 mA was used, the 

application of welding speeds up to 20 mm/s resulted 
in the drop through. The heat input was too high in 
such cases. Increasing the welding speed to 30 mm/s 
resulted in the elimination of mentioned burn through. 
On the other hand, slight undercut was observed. In-
crease of beam current to 60 and 70 mA (at welding 
speed of 30 mm/s) resulted in solidification cracking. 
Smooth surface without weld defects was observed 
when lower heat inputs were applied. Beam currents 
60 and 65 mA and welding speeds from 50 to 80 mm/s 
resulted in the production of defect-free welded joints 
with smooth surface.

Microstructure of weld metal–heat affected zone 
interface (welded joint produced with beam current 
of 50 mA and welding speed of 30 mm/s) is given 
in Figure 3. The equiaxed zone (EQZ) was observed 
close to the fusion boundary. Equiaxed grains were 
probably formed due to heterogeneous nucleation at 
the lithium and zirconium rich precipitates.

In the direction towards weld center, the change 
in the dendrite morphology was observed. Columnar 
dendrite zone and equiaxed dendrite zone were found. 
The width of EQZ of about 20 μm consisting of equi-
axed grains of average size 7 μm was documented 
between the fusion boundary and weld metal. Wang 
et al. observed that the grain volume was without 
precipitates and similarly found eutectics at the EQZ 
boundaries [11].

Chen et al. found EQZ in the un-fused region in the 
welded joints produced by newly developed fusion-dif-
fusion electron beam welding of 2195-T3 aluminium 
lithium alloy. The diameter of equi-axed crystals was 
50 μm. Weld metal and EQZ were characteristic by the 
presence of Al2Cu and T1 precipitates [21].

Chemical composition of AW2099 aluminium lithium alloy

Cu Li Zn Mg Mn Zr Ti Fe Si Be others Al

2.7 1.8 0.70 0.30 0.30 0.09 0.10 0.07 0.05 0.0001 0.03 Bal.

Figure 1. PZ EZ 30 STU electron beam welding machine
Figure 2. Effect of welding parameters on bead appearance and 
type of weld defects
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The microstructure of HAZ–weld metal interface 
of welded joint produced with lower heat input 45 J/
mm (beam current of 65 mA and welding speed of 
80 mm/s) is documented in Figure 4. Lower heat in-
put caused that the width of EQZ decreased to about 
10 μm and was non-uniform across weld depth. EQZ 
is formed in some locations along fusion boundary 
only by one grain.

The weld root area of welded joint produced with 
the beam current of 60 mA and welding speed of 
50 mm/s is given in Figure 5. The structure has a typ-
ical casting character, with a dendritic morphology. 
The matrix is formed by a α-solid solution of alloying 
elements Cu and Li in aluminium and at the inter-den-
drite locations depending on the maximum tem-
perature and holding, the precipitation of secondary 
phases δʹ-Al3Li, βʹ-Al3Zr, θ-Al2Cu could be expected.

Inter-dendrite precipitate documented by electron 
microscopy is given in Figure 6. EDS «linescan» 
across aluminium matrix–precipitate–aluminium ma-
trix interface is given in Figure 7. The increase in cop-
per, iron, and manganese content was observed in the 

site where precipitate is present. On the other hand, 
aluminium content remarkably decreased.

The course of microhardness across welded joints 
interfaces are given in Figure 8. The average mi-
crohardness of base material was 109 HV0.1. Weld-
ed joint produced with beam current of 50 mA and 
welding speed of 30 mm/s, i.e., heat input 92 J/mm 
was characterized by drop of microhardness in the 
weld metal. The average microhardness measured in 
the weld metal is about 75 HV0.1, representing about 
69 % of the microhardness of the base material.

Microhardness trend for welded joint produced 
with higher heat input, following welding parameters: 
beam current 80 mA and welding speed of 40 mm/s is 
given in Figure 9. The calculated heat input is 110 J/
mm. Similarly, the drop of microhardness was record-
ed in the weld metal. The averaged microhardness 
reached the value of 81 HV0.1 being about 74 % of 
the averaged values measured in the AW2099 alumin-
ium lithium alloy.

Chen et al. investigated the reasons for lower me-
chanical properties of electron beam welded joints on 
2195-T3 aluminium lithium alloy with the thickness 
of 5 mm. Similarly, authors also observed the de-
crease in the hardness in the welded joint averaging 

Figure 3. Microstructure of weld metal–HAZ interface (IB = 
= 50 mA, v = 30 mm/s)

Figure 4. Microstructure of HAZ–weld metal interface (IB = 
= 65 mA, v = 80 mm/s)

Figure 5. The microstructure of the equiaxed dendrite zone in the 
weld metal centre (IB = 60 mA, v = 50 mm/s)

Figure 6. Inter-dendrite precipitate in the weld metal
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72 HV, representing about 60 % of the base materials 
hardness [22].

Based on the course of the measured values of mi-
crohardness, it can be stated that the microhardness of 
the weld metal decreased in comparison to the base 
material. Due to the thermal influence of the materi-
al by the welding thermal cycle, main precipitates T1 
(Al2CuLi), most significantly contributing to the in-
crease of mechanical properties during the heat treat-
ment of mentioned aluminium alloy dissolved in the 
weld metal region. Reheating and melting of the base 
material resulted in the dissolution of phase T1.

Conclusions

The following could be concluded according to the 
results attained by the analysis of the electron beam 
welded joints made on AW2099 aluminium lithium 
alloy:

■ electron beam welding of latest generation alu-
minium lithium led to the production of sound joints 
by optimization of welding parameters;

■ higher heat input resulted in burn through and 
formation of solidification cracking;

■ non-dendritic equiaxed zone was observed in the 
location close to the fusion boundary;

■ the width of EQZ decreased when lower heat 
input was used;

■ increase in the copper content was observed at 
the inter-dendrite areas due to segregation;

■ decrease in average microhardness of weld met-
al was found and it was probably caused by dissolu-
tion of precipitates.
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duced by beam current 80 mA and welding speed 40 mm/s
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CALCULATION OF RESIDUAL STRESS-STRAIN STATE 
OF DEPOSITED STEEL SHEET PLATES
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Finite-element calculation procedure was developed and stress-strain and microstructural state was studied at single- 
and two-layer surfacing of 3 mm sheets from St3 steel by Sv-Kh19N18G6M3V2, PP-Np-25Kh5FMS and Sv-08A 
wires. Calculations of SSS, microstructural state and shape change of the sheets at surfacing under the smooth support 
conditions were performed. The model of plane-deformation state (PDS) predicts greater deflections, compared to 
the model of plane-stress state (PSS), except for materials with martensite transformations (PP-Np-25Kh5FMS). At 
surfacing by materials with martersite transformations, greater deflections are in place due to volumetric effects of 
transformation. Except for deposited metal with martensite transformations (25Kh5FMS), the model of simultaneous 
deposition of a layer predicts greater deflection, compared to that of bead-by-bead deposition and it can be used for 
assessment of upper deflection limit. Satisfactory correlation was obtained for calculated and experimental data on 
surfaced sheet deflections. Rational schemes of supporting and fastening the element edges were determined, which 
provide minimum residual deflections. Ref. 7, 1 Table, 7 Figures.

K e y w o r d s :  arc surfacing, stress-strain state, surfaced sheet deformations, Bodner–Partom model, deflection cal-
culation procedure

The work is devoted to development of a procedure 
of calculation of the current and residual stress-strain 
and microstructural state, as well as deflections of 3 
mm steel sheets at deposition of steel layers with dif-
ferent structure and properties. Processes with single- 
and two-layer surfacing are considered. St3 sheets of 
3 mm thickness surfaced by Sv-Kh19N18G6M3V2, 
PP-Np-25Kh5FMS and Sv-08A wires were selected 
as the objects of study.

Figure 1 shows the scheme of deposition and 
shape of beads, as well as conditions of fastening the 
side edges of the sheets during surfacing, which were 
accepted when developing the calculation procedure. 
A scheme of rigid fastening of the sheet left edge and 
movable fastening of its right edge is considered. The 
following is assumed: l = 100 mm; h = 3 mm; Dh = 
= 2.4 mm, Dl = 5 mm, lc = 25 mm. The bead deposi-
tion rate was 31 m/h. Sheet length along Oz axis was 
L = 200 mm.

The scheme of simultaneous (instantaneous) depo-
sition of the bead in Oz direction is used in order to 
reduce the three-dimensional problem to a two-di-
mensional one. The task is now limited to the problem 
of plane deformation state (PDS) or plane stress state 
(PSS) in Oxy plane, depending on the conditions of 
fastening and supporting of the sheet.

At two-layer surfacing, the schemes of deposition 
of second layer beads without shifting (Figure 2, a) 
and with their 50 % shifting are considered (Figure 2, 
b). The scheme with sequential simultaneous deposi-
tion of applied metal layers with an interval, which 
is dictated by deposition conditions (Figure 2, b) is 
considered as the simplified one.

Experimental studies of deformation of 3 mm St3 
steel sheets during surfacing were conducted by the 
following scheme. Surfacing with Sv-Kh19N18G-

I.O. Ryabtsev — https://orcid.org/0000-0001-7180-7782, A.A. Babinets — https://orcid.org/0000-0003-4432-8879
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Figure 1. Scheme of deposition and shape of the beads (a) and 
conditions of fastening the side edges of the sheets during sur-
facing (b)
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6M3V2 wire ensured producing deposited metal 
with an austenitic structure; with PP-Np-25Kh5FMS 
wire — martensitic-bainitic deposited metal with 
a small quantity of residual austenite; with Sv-08A 
wire — producing ferritic-pearlitic deposited metal, 
close in its chemical composition to base metal. Se-
lection of exactly such surfacing materials is attrib-
utable to the difference in their physico-mechanical 
properties and structural state, compared to base met-
al, and, accordingly, to their anticipated different im-
pact on the level of residual stresses and strains in the 
surfaced sheets.

So, at surfacing by Sv-Kh19N18G6M3V2 wire 
the level of deformations of St3 sheets will depend on 
the impact of local heating and considerable differ-
ence in the coefficient of thermal expansion (CTE) of 
the base and deposited metal. For PP-Np-25Kh5FMS 
wire it will depend on the impact of local heating and 
martensite transformation, which is accompanied by 
an increase of the deposited metal volume, as the dif-
ference in CTE is minimal in this case. At surfacing 
by Sv-08A wire the strain level will depend only on 
the impact of local heating, as there is practically no 
difference between the base and deposited metal in 
CTE and structural state.

Surfacing by all the wires was performed as indi-
vidual beads with ≈ 50 % overlapping of the adjacent 
beads in the same mode: 150 A current; 22 V voltage; 
31 m/h deposition rate. Such a surfacing mode pro-
vided a deposited layer ≈ 2.4 mm thick. Sheet sur-
facing was performed in one and two layers for each 
type of wire.

Sheets to be surfaced were fastened on the welding 
table with copper surface and were clamped to it using 
two steel straps in keeping with the design scheme: 
one of the straps pressed the sheet edge to the table, 
completely preventing its movement (rigid fastening), 
and the other did not allow the sheet edge deforming 

in the vertical direction, but enabled its shifting in the 
horizontal plane (movable fastening) (Figure 3).

Surfacing of sheets with similar fastening, but with 
a gap between the sheets and the table was also per-
formed. Surfacing of each sheet was begun from the 
side of rigid fastening and continued to the other edge 
without pauses for cooling. After surfacing of the en-
tire sheet, the clamping strap was not removed up to 
its complete cooling.

Figure 4 shows the sheets after one-layer surfacing 
by three different wires.

At calculations bead deposition was modeled 
within a model of growing bodies [1]. This model 
uses nonclassical boundary conditions on the treated 
surface [2, 3].

Thermoviscoplastic behaviour of the base metal and 
deposited beads is described by Bodner–Partom model 
[4]. Model parameters, as well as thermophysical char-
acteristics are specified using experimental data.

Microstructural transformations are modeled, us-
ing thermokinetic diagrams (TKD) of overcooled 

Figure 2. Scheme of two-layer surfacing of the sheets: a — with-
out displacement of the second layer beads; b — with displace-
ment of the second layer beads

Figure 3. Method of fastening the sheets on the welding table (a): 1 — welding table with copper plate; 2 — sheet being surfaced; 
3 — clamping straps; (b) — appearance of sheets after surfacing
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austenite decomposition [5, 6]. For steels under con-
sideration these diagrams were digitized for use in 
calculations.

Mathematical definition of the problem includes 
the following relationships:

• equations of equilibrium and heat conductivity
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• flow equations
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• evolution equation for isotropic strengthening 
parameter

 ( ) ( )1 1 0 0,,pK m K K w K= − =



 (6)

where G, Gf and Kv, Kv,f are the shear and bulk com-
pression moduli; dash on top means calculation by the 
rule of mixture ( ) ( ) C

x x
=  , Cx are the volume phase 

concentrations, x = A, F, P, B, M of austenite, ferrite, 
pearlite, bainite and martensite, respectively; Kx0, Kx1, 
m1, n, D0 are the model parameters; pw  is the plas-
tic power; si is the second invariant of the stress ten-
sor; p p

ij ijw = s ε
; 2 1/ 2i ij ijs s s= ; Q is the heat source; 

,ij
∗ ∗ε θ  are the strains and temperature of element 

Δv(t*) at the moment of its build-up that ensure condi-

tions ( , ) 0ij ij
∗ ∗s ε θ =  in Δv(t*) at build-up moment t = 

= t*, k and vc  are the coefficients of heat conductiv-
ity and volumetric heat capacity; ph

ij
θε  is the thermal 

phase strain.
Mechanical boundary conditions are specified by 

those of surfacing and fastening of the element.
The problem of thermomechanical state of the 

surfaced parts is solved numerically by finite element 
method [7]. An eight-node rectangular finite element 
is used. Nonstationary equations are integrated by im-
plicit time-stepping schemes with variable integration 
step. Iteration processes at each step are accelerated 
using Stephenson–Aitken procedure.

Figure 4. Appearance of deformed sheets after one-layer surfacing by the following wires: a — Sv-Kh19N18G6M3V2; b — Sv-08A; 
c — PP-Np-25Kh5FMS

Figure 5. Temperature and movement of base point under the 11th 
bead in time. Surfacing with Sv-08A solid wire



49ISSN 0957-798X THE PATON WELDING JOURNAL, No. 5, 2021

JOINING MATERIALS TODAY                                                                                                                                                                                                    

                                                                                                            

Influence of martensite transformation on the ki-
netics of temperature and movements under the con-
ditions of surfacing with a gap between the sheet and 
support is illustrated in the point in the base material 
under the 11th bead, which is deposited at moment of 
time t11 = 2.33 s. Such curves are given in Figure 5 for 
surfacing with Sv-08A wire and in Figure 6 for the 
case of surfacing by PP-Np-25Kh5FMS wire.

In the second case, an essential increase of de-
flection in the area of martensite transformation is in 
place. Points on the temperature curve in Figure 6 in-
dicate the moments of entering the region of austen-
ite-martensite transformation and leaving it. Dashed 
curves limit this area on axes θ and t. Instantaneous 
change of deflection at t ≈ 1100 °C corresponds to 
releasing the right edge of the sheet from smooth fas-
tening.

Experimentally, the characteristic deflections of 
the surfaced sheets were determined as follows. Af-
ter cooling down and releasing of the fastened edges, 
the sample was placed on a smooth plate and normal 
displacement of the sheet upper surface relative to 
the plate was measured by an indicator. The maxi-
mum local value of the above-determined deflection 
in the cross-section of the surfaced part of the sheet 
was taken as the characteristic deflection (Figure 7). 
With such a definition the characteristic deflection is 
always positive.

For three Sv-Kh19N18G6M3V2, PP-Np-25Kh-
5FMS and Sv-08A wires the experimental and calcu-
lated data for the characteristic deflections at one-lay-
er surfacing under the conditions of smooth support 
are given in the Table.

As one can see from the tabulated data, PDS model 
predicts greater deflections, compared to PSS model, 
except for materials with martensite transformations 
(25Kh5FMS). At deposition of materials with marten-
site transformations greater deflections are in place, 
because of bulk transformation effects. It should be 
also noted that much greater deformations are ob-
served at surfacing with a gap between the sheet and 
the welding table, than in the case of tight pressing of 
the sheet to the table.

Similar calculations were conducted for the case 
of two-layer surfacing. In particular, at calculation of 
two-layer surfacing by Sv-08A solid wire the following 
results on deflections were obtained under the conditions 
of smooth support: schemes without bead overlapping 
(Figure 2, a) — 1.02 mm for PDS model, and 0.91 mm 
for PSS model. The scheme of sequential simultaneous 
deposition of the layers yields the following deflection 
values: 1.00 mm for PDS, and 0.91 mm for PSS. Experi-
mental values of deflection were 0.8 mm. Results of cal-
culation of the deflections for the case of bead deposition 
with overlapping and without overlapping coincide with 
less than 10 % discrepancy.

Experimental and calculated data on deflection of sheets (mm), surfaced by different wires in one layer*

Supporting 
conditions

PDS/PSS

Surfacing materials

Sv-Kh19N18G6М3V2 PP-Np-25Kh5FМS Sv-08А

1 2 3 1 2 3 1 2 3

Smooth
PDS 1.45 1.61

0.7
1.52 1.69

1.7
1.21 1.22

0.7
PSS 1.34 1.38 1.93 1.72 1.13 1.12

With a gap
PDS 2.77 2.18

2.0
2.81 4.96

2.5
2.84 2.27

1.2
PSS 2.66 1.68 2.55 4.22 2.35 1.69

Notes. *Columns with numbers 1 and 2 correspond to calculated data at simultaneous and bead-by-bead deposition, respectively. PDS and 
PSS lines correspond to calculation models. No.3 columns correspond to experimental data. Deflections are determined after cooling and 
releasing the edges.

Figure 6. Temperature and movement of base point under the 11th 
bead in time. Surfacing by PP-Np-25Kh5FMS flux-cored wire Figure 7. Scheme of measurement of the magnitude of sheet de-

formation after surfacing
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Discrepancy of the given calculated and exper-
imental results is determined, on the one hand, by 
inaccuracy of the mathematical model in terms of 
ignoring the contact interaction of the sheet with the 
supporting surface, and on the other hand — by tech-
nical difficulties in ensuring experimental studies un-
der all the conditions of fastening the sheet edges.

Conclusions

1. The numerical finite-element procedure for calcu-
lation of the current and residual stress-strain and mi-
crostructural state of surfaced sheets was improved, 
in order to take into account the conditions of their 
fastening during surfacing.

2. Calculations of SSS, microstructural state and 
change of the shape of the sheets at surfacing under 
the conditions of smooth support were performed. It is 
found that these conditions provide a smaller residual 
deflection, compared to those of the free boundary on 
the element lower surface. Influence of the conditions 
of element fastening on the maximum values of residu-
al deflections, as well as of the effect of microstructural 
transformations in the deposited metal was assessed.

3. PDS model predicts greater deflections, com-
pared to PSS model, except for materials with mar-
tensite transformations (25Kh5FMS). At deposition 
of materials with martensite transformations greater 

deflections are found due to the bulk effects of trans-
formation.

4. Except for the deposited metal with martensite 
transformations (25Kh5FMS), the model of simulta-
neous deposition of a layer predicts greater deflection, 
compared to the model of bead-by-bead deposition, 
and it can be used for assessment of the upper deflec-
tion boundary.

5. Calculation results satisfactorily correlate with 
the experimental data.
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PULSE-PLASMA MODIFICATION OF SURFACE 
OF STEEL HOT DRAWING DIES 

OF TITANIUM ALLOY PRODUCTS

Yu. M. Tyurin1, O.V. Kolisnichenko1, V.M. Korzhyk1, I.D. Gos1, O.V. Ganushchak1, 
Jin Ying2 and Zhong Fengping2
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The technology of pulse-plasma modification of the working surface of the die of 4Kh5MF1S tool steel (analogues 
are X40CrMoV5-1 in the EU and 4Cr5MoSiV1 in China) was considered. The mentioned tool is used for stamping 
billets of titanium VT6 alloy (wt.%: Al — 3.0‒6.8; V — 3.5‒5.0; Ti — base), which is performed at temperatures of 
up to 700 °С. The die surface is heated, which leads to its oxidation and diffusion redistribution of alloying elements. 
Pulse-plasma stamping leads to the formation of elastic-plastic deformations of the surface layer in a tool steel, which in 
combination with pulsed thermal and electromagnetic effects provides a refinement of the alloy structure and intensifies 
the diffusion mechanisms of alloying elements. The studies showed that the modified layer (over 80 µm thickness) in 
4Kh5MF1S steel, formed in the process of pulse-plasma treatment, contains up to 2.5 % carbon, up to 12 % oxygen and 
up to 3 % tungsten. In the mentioned layer the presence of nanocrystalline structures with a size of less than 100 nm 
was revealed. The hardness of the modified layer is more than 700 HV0.025. The surface roughness after pulse-plasma 
treatment did not change. Experience of industrial use of this technology showed that modification of a surface of the 
die from 4Kh5MF1S steel provided its high serviceability at a deep drawing of products from the heated (to 700 °C) 
sheet of VT-6 titanium of 3 mm thickness. 11 Ref., 1 Table, 6 Figures.

K e y w o r d s :  plasma treatment, alloying, tool steels, die, titanium deformation, structuring, wear resistance, ser-
viceability

It is known that nanocrystalline materials have high 
characteristics of strength and heat resistance [1], but 
their production in large quantities is currently prob-
lematic. The technology of pulse-plasma modification 
allows modifying the surface layer of a metallic prod-
uct without its heating. The modification process is 
accompanied by alloying and nanostructuring of the 
surface layer. The mechanism of this process is de-
scribed in the monograph [2].

The working surface of a stamping tool is exposed 
to the highest loads. Therefore, its modification will sig-
nificantly increase the capabilities of stamping technol-
ogy during the deformation of titanium-based alloys. It 
is proposed to nanostructure and alloy the die surface 
layer by carbon, oxygen and tungsten. The presence of 
alloying elements in the surface layer of stamped steel 
blocks the possibility of oxidation and diffusion pro-
cesses when the die is heated. Extremely high content 
of carbon and oxygen in the metal alloy eliminates the 
chemical and thermal processes of its interaction with 

titanium, even at high temperatures. Pulse-plasma tech-
nology of alloying and nanostructuring of the surface 
layer is considered in more detail in [3].

The aim of the work is to create a resource-saving 
effective technology for modifying the surface layer 
of a stamping tool, which provides its high service-
ability in the deformation of chemically active mate-
rials and alloys, for example, based on titanium.

Analysis of the work of the tool made of stamped 
steel after chemical-heat treatment shows [4, 5] that 
its maximum serviceability is observed after a com-
plex alloying of the surface layer. Thermodiffusion 
saturation is carried out, as a rule, at a high tempera-
ture (900‒1100 °С). A long-term heating complicates 
heat treatment, requires additional power consump-
tion and, furthermore, causes the growth of crystals. 
Currently, technologies are being developed that al-
low changing the structural-phase composition of 
the surface layer to a depth of tens of microns. The 
technologies of surface laser strengthening, alloying 
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and nitriding [5, 6], vacuum plasma devices with ad-
justable atmospheric composition and pressure for 
surface treatment of tool materials are used [7]. An 
axial electromagnetic plasma accelerator for surface 
modification [8] was created, which represents a bal-
listic plasmatron based on the principle of adiabatic 
compression of the plasma-forming medium, [9].

The article presents the results of stamped steel 
modification applying a coaxial pulse-plasma gen-
erator [9]. Pulse-plasma treatment provides a rap-
id heating (10‒3‒10‒4 s) of the surface layer of steel 
with a subsequent intensive cooling. High heating and 
cooling rates up to 107 K/s lead to deformation of the 
surface layer and, as a consequence, the formation of 
nanocrystalline structure and high dislocation density. 
It is possible to introduce different alloying elements 
into plasma, which in combination with the pulsed 
electromagnetic influence and elastic-plastic defor-
mation intensifies the mechanisms of their diffusion 
into the surface layer [10, 11].

To modify the working surface of the dies, a 
pulse-plasma generator (Figure 1) was used, consist-
ing of a detonation chamber 1, in which the formation 
and combustion of a combustible gas mixture (C3H8, 
O2, N2) and coaxial electrodes 2, 3 is carried out. A 
flow of combustion products 4 is formed between the 
electrodes, having a frequency that can vary within 
1‒5 Hz. Along the axis of the plasmatron a consum-
able electrode 5 is located, which evaporates and en-
riches the plasma with alloying elements.

As a result of detonation combustion of the com-
bustible mixture in the plasma generator, ionized 
combustion products 7 are formed, which close the 
R‒L‒C circuit of the power source. In the interelec-
trode gap of the plasma generator, an electric current 
flows behind the front of the detonation wave along 
the cross volume of the gas, the degree of ionization 
of which subsequently increases. Plasma jet 8 from 
the generator nozzle flows on the modified surface 
9 (cathode). Around the central electrode 2 and the 
plasma jet 9, an azimuthal magnetic field is formed, 
which interacts with the current I flowing in the inte-
relectrode gap and creates an electromagnetic force 
that accelerates and focuses the plasma. In addition, 
during the flow of electric current, Joule heat is re-
leased, which due to the expansion of the heated vol-
ume of gas also enhances the gas-dynamic component 
of the plasma, carrying out rapid heating of the sur-
face layer (Figure 2).

The calculated power characteristics of the plasma 
jets at the output of the plasma generator have a lin-
ear dependence on the electric field strength and the 
length of the interelectrode gap. Thus, at the length 
of the interelectrode gap L = 300 mm and the electric 
field strength of 400 kV/m, the plasma jet can have a 
temperature of 25000 K and a velocity of 8 km/s [2].

The plasma jet closes the electrical circuit between 
the consumable electrode and the surface of a product. 
A thin layer of material at the end of the consumable 
electrode is overheated and destroyed by an explosion 
(transition to a stable state from metastable one), which 

Figure 1. Pulse plasma generator for surface modification: scheme of operating generator (a) and appearance of generator on the ma-
nipulator arm (b)



53ISSN 0957-798X THE PATON WELDING JOURNAL, No. 5, 2021

JOINING MATERIALS TODAY                                                                                                                                                                                                    

                                                                                                            

provides synchronization of the introduction of heated 
and accelerated elements forming the electrode into 
the plasma jet. In the zone of inhibition of the plasma 
jet on the treated surface a layer of shock-compressed 
plasma and electrode erosion products is formed. The 
duration of interaction of this layer with the surface 
of a product is 0.4‒0.6 ms, the heat flux varies in the 
range of 0.3∙105‒1.4∙106 W/cm2. The heat flux is reg-
ulated by the R‒L‒C parameters of the power source 
circuit, the distance H and the depth of the electrode 
h. The deepening of the electrode mainly affects the 
diameter of the spot of the plasma contact with the 
surface of a product (8–25 mm). This in turn allows 
adjusting the heat flux density at the same pulse en-
ergy. In the course of experiments, it was found that 
under pulse-plasma exposure for 3–5 ms, the products 
of plasma-chemical synthesis from the interelectrode 
gap flow and condense on the surface between the 
pulses. Subsequent plasma pulse melts a thin surface 
layer, mixing and saturating it with alloying elements. 
This provides the possibility of additional alloying of 
the surface layer by preliminary surfacing of alloying 
elements on the surface of a product.

On the basis of the theoretical analysis of the non-
stationary equation of thermal conductivity, the evalu-
ation of heat flows was carried out and change of tem-
perature in time for one pulse of duration t = 0.6 ms 
and power q = 7.2∙108 W/m2 at different distance from 
the surface at steel surface treatment was calculated. 
Calculations showed that heating and cooling rates 
reach 107 K/s, and the temperature gradients across the 
thickness of the modified layer are 2.5∙107 K/m. In the 
period between the pulses (at a frequency of 2 Hz), the 
surface layers heated to the melting point have time 
to cool. A repeated pulse-plasma effect on the surface 
leads to a periodic deformation of the surface layers, 
phase hardening and refinement of the structure.

The experiments were performed on a stamped 
steel of grade 4Kh5МF1S (the analogues are 
Kh40СrМоV5-1 in the EU and 4Cr5MoSiV1 in Chi-
na), which is used for manufacture of tools operat-
ing in the conditions of long-term heat changes to the 
temperatures of 630 °С (press stamp, needles for pipe 
piercing, hammer and press inserts, tool for upsetting 
of billets, etc.). To increase the heat resistance of the 
working layer of the tool, it is proposed to increase the 
content of tungsten, oxygen and carbon in the surface 
layer, as well as to change its structure to nanocrys-
talline. The following technological parameters of 
pulse-plasma treatment were established: inductance 
of the discharge circuit L — 30 μH, capacitance of 
the capacitor bank C — 960 μF and voltage on the 
coatings of the capacitor bank U — 3.2 kV, eroded 

electrode — W. Additional introduction of carbon is 
carried out by applying graphite coatings to the sur-
face. Consumption of gases: propane — 0.38; oxy-
gen — 1.04; air — 1.13 m3/h. The potential was sup-
plied from the power source to the product/specimen, 
which enhanced the plasma effect by switching the 
power of the electric discharge between the genera-
tor electrode (anode) and the modified surface (cath-
ode). The number (5 times) of plasma overlaps on the 
modified surfaces was established. As is noted above, 
a change in the value of deepening of the consum-
able electrode leads to a change in the diameter of the 
treatment spot, and, accordingly, the heat flux density 
into a product. For pulse-plasma treatment of spec-
imens and a die a depth at a value h = 25 mm was 
set. The diameter of the visible treatment area was 
18 mm. The specimen and dies were treated at a dis-
tance H = 50 mm. This mode provided a fairly high 
power density, which melted and evaporated the ma-
terial from the specimen surface.

Using the methods of optical metallography, vis-
ible traces of surface melting were detected on the 
specimen. Microscopic analysis of the modified sur-
face layer produced with the supply of potential, per-
formed using an electron-ion scanning microscope 
Quanta 200 3D, showed that on the surface of the 
specimen a modified layer of up to 100 μm thickness 
was formed (Figure 3), which has no distinct bound-
ary with the base metal. The hardness of the surface 
layer increased by 3 times to 774 HV0.025, and the hard-
ness of the specimen material at a depth of 80 μm is 
up to 674 HV0.025, which is twice higher than the hard-
ness of the base.

A high power density provided refinement of the 
structure of the surface layer due to high temperature 
gradients. However, element-by-element analysis did 
not show the presence of elements, forming plasma in 
the layer, which is probably predetermined by a high 
temperature, evaporation and destruction of a thin 

Figure 2. Change in temperature in the specimen layer at the 
depth: 1 — 0; 2 — 20; 3 — 40; 4 — 60; 5 — 100 μm
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surface layer. The surface of the specimen had rough-
ness and traces of melting, oxidation, carbon deposi-
tion and spraying of the material.

X-ray diffraction analysis confirmed a significant 
oxidation. On the surface carbon is present, depos-
ited from the graphite coating and condensed from 
the combustion products. Alloying elements in such 
conditions are oxidized and removed from the surface 
together with the destroyed layer of the base metal of 
the specimen.

Examination of the specimen in a transmission 
electron microscope equipped with a system of en-
ergy-dispersive microanalysis allowed determining 
that alloying of the surface layer was carried out to 
a depth of 80 μm (Figure 4). The upper molten layer 
at a depth of up to 5 μm contains up to 11.81 wt.% of 
oxygen, 2.19 wt.% of tungsten and 1.28 wt.% of car-
bon. At a depth of 20‒80 μm, the modified layer has 
2.3 times (points 2, 3, 4 in Figure 3) increased content 
of tungsten (3.83, 4.36 and 3.50 wt.%, respectively) 
and carbon (1.2‒4.36 wt.%). The bases of the mod-
ified layer do not contain oxygen. In a thin «white» 
layer (point 1 in Figure 4), inhomogeneities are seen, 
which are probably predetermined by a nonuniform 
oxidation (oxygen content is up to 11.81 %).

A crystalline structure of the modified layer con-
tains discrete elements smaller than 100 nm (Fig-
ure 5). In the surface layer at a depth of up to 6 μm, 

the presence of a crystalline structure is not observed. 
The modified layer consists of a nanocrystalline alloy 
having apparently amorphous layers.

In the surface layer of stamped steel, the concen-
tration of the main elements (tungsten, oxygen, car-
bon), affecting the heat resistance of this layer in-
creased. Tungsten was introduced into the plasma jet 
in the form of erosion products of the metal electrode 
(rod), carbon was introduced from the surface in the 
form of an interlayer, and oxygen is a component of 
the plasma. The formation of a dense oxidized layer 
on the surface of the stamped steel closes it from the 
further oxidation and prevents the contact of metals 
of the stamped alloy and the die. The distribution of 
alloying elements across the thickness of the modi-
fied layer was determined using an atomic emission 
spectrometer of a glow discharge. Precision quanti-
tative layer-by-layer analysis of a stamped steel after 
pulse-plasma treatment with the introduction of tung-
sten, carbon and oxygen into the plasma showed that 
alloying elements are located at a depth of up to 80 
μm (see Figure 4). In the surface layer, a new material 
with a high content of alloying elements was formed.

It is expected that additional alloying of a stamped 
steel surface by carbon and oxygen will reduce the ef-
fect of oxygen during operation of the dies. Pulse-plas-
ma treatment of a product and a complex alloying will 

Figure 3. Surface analysis with the use of: a — optical inverted microscope OLIMPYS GX 51; b —electron-ion scanning microscope 
Quanta 200 3D

Figure 4. Results of analysis of alloying with carbon, oxygen and tungsten. Treatment by direct plasma (with a supply of potential)
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increase the service life of the stamping tool surface 
and eliminate failures because of brittle fractures.

Taking into account the previous work, the work-
ing surfaces of a large-sized matrix of the die for hot 
drawing of a titanium sheet from VT-6 alloy of 3 mm 
thickness were modified (Figure 6). The working 
area of the die (matrix) was made of a stamped steel 
4Kh4VMFS (DI-22), heat-treated applying a standard 
technology. The surface of the die was ground after 
heat treatment Rz = 1.6.

Before stamping, a matrix of the die is heated to 
a temperature of 650‒690 °С. At a temperature of 
500 °C and higher, on the matrix surface a scale is 
formed, which significantly deteriorates sliding of the 
workpiece during shape drawing. The destruction of 
the die surface, adhesion of titanium on the surface, 
oxidation and roughness violation are observed (see 
Figure 6, a).

To increase the serviceability of a stamping tool, 
the surface was modified with a pulse-plasma. Treat-
ment was carried out using a pulse-plasma generator 
«Impuls» (Figure 1).

Elastic-plastic deformations of the surface layer in 
combination with pulsed thermal and electromagnetic 
influence provide a refinement of the alloy structure 
and intensify the diffusion mechanisms of alloying 

elements. Previous studies of reference specimens 
showed that the modified layer contains such alloying 
elements as carbon, tungsten and oxygen, has a three-
fold increase in hardness and reduced characteristic 
sizes of crystal structures (< 100 nm). The modified 
surface has a low roughness.

The dies were used in the technological process 
of deep drawing of a titanium sheet with a thickness 
of 3 mm. The sheet was heated to a temperature of 
700 °C. After the use of dies on an intended purpose, 
no traces of oxidation and roughness violation were 
observed on their surface (see Figure 6, b).

Technology and technological equipment for 
pulse-plasma strengthening of the tool are used in 
the hardware production of JSC «Cherepovets Steel 
Rolling Plant». An experience of industrial operation 
demonstrated that serviceability of the tool made of 

Figure 5. Microscopic analysis of the modified surface layer obtained by supply of a potential. Electron-ion scanning microscope 
Quanta 200 3D. Etching by Rzeszotarski’s reagent

Figure 6. Surface of the die for deep drawing of products from VT-6 titanium sheet: a — unmodified; b — modified with a pulse plasma 
by complex alloying with carbon, tungsten and oxygen

Results of industrial tests of a modified pulse plasma stamping 
tool

Description 
of the tool

Without mod. 
t/unit

After mod. 
t/unit

Efficiency, 
%

Detachable matrix 24.4 79.35 325
Supporting matrix 4.5 29.23 650

Slotted punch 1.8 7.08 393
Deformation punch 10.85 22.5 207

Forming matrix 18.0 54.0 300
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stamped steel subjected to pulse-plasma treatment, in-
creased by 2‒6 times (see Table [10]).

Conclusions

The proposed technology and equipment for 
pulse-plasma modification provide alloying and nano-
structuring of the surface layer of tool steels to a depth 
of more than 80 μm.

Industrial tests confirmed the effectiveness of 
modification. After pulse-plasma treatment of work-
ing surfaces of a large-sized matrix of the die for hot 
drawing of a titanium sheet from VT-6 alloy with a 
thickness of 3 mm, during heating to a temperature of 
700 °C the tool of a stamped steel 4Kh5MF1S did not 
have failures because of adhesion wear, brittle frac-
ture or breakdown. The serviceability of the tool was 
2‒6 times increased. The only cause for the failure of 
the tool is incandescence of working surfaces.
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EFFECT OF MODIFICATION OF WELD METAL 
OF HIGH-STRENGTH LOW-ALLOY STEELS 
ON THEIR STRUCTURE AND PROPERTIES

V.A. Kostin, V.V. Zhukov, O.M. Berdnikova, V.V. Holovko and O.S. Kushnaryova
E.O. Paton Electric Welding Institute of the NAS of Ukraine 
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The work studies the influence of modification of different compounds by dispersed particles on the structure, nonme-
tallic inclusions, their size and distribution, change of phase transformation temperatures and mechanical properties of 
weld metal joints of high-strength low-alloy steels. It is shown that the use of the temperature of maximum intensity 
of phase transformations allowed separating the influence of oxide, carbide and titanium-containing compounds on the 
structure and mechanical properties of weld metal of high-strength low-alloy steels. The use of powders of TiO2, ZrO2 
and MgO oxides promotes formation of a dispersed structure of acicular ferrite (from 30 to 90 %), which allows ob-
taining a favourable combination of high strength and impact toughness, especially at low extremely test temperatures 
(‒40‒ ‒60 °C) in the weld metal. 11 Ref., 5 Tables, 9 Figures.

K e y w o r d s :  high-strength low-alloy steels, austenite decomposition diagram, phase transformations, critical trans-
formation temperatures, automatic welding, weld metal, modification, microstructure, mechanical properties

High-strength low-alloy (HSLA) steels with a level 
of strength of 350–700 MPa and a high complex of 
toughness and ductility properties are now extensive-
ly used in construction, transport engineering, and 
ship-building in fabrication and repair of engineer-
ing welded structures of hoisting and transportation 
mechanisms, large-sized engineering constructions 
and frame structures [1–3].

Ever increasing requirements for improving the re-
liability and safety of welded structures, the level of 
operational loads, their fatigue life and cost-effective-
ness make it necessary to use new HSLA steels. At 
present there is a problem of lowering the toughness 
values of weld metal in the welded joints at increase 
of strength values, in connection with development 
and application in industry of new HSLA steels with 
the strength level of 600–700 and even 800 MPa [4].

This problem can be solved by switching to the 
use of new HSLA steels with ferritic-bainitic or bainit-
ic-martnesitic structures in welded structures. This, on 
the one hand, requires application of new welding con-
sumables, namely wires and fluxes, and on the other 
hand, more profound understanding of the processes of 
structure formation, influence of phase transformation 
kinetics and features of disperse phase formation on the 
structure and properties of HSLA steel welded joints.

Traditionally, the problem of improvement of weld 
metal strength to the level of 90–95 % of base metal 

strength was solved by using higher alloyed welding 
wires, flux-cored wires of complex chemical compo-
sition or changing the welding mode [5].

At the same time, traditional approaches to increase 
of welded joint performance cannot always be applied, 
because of lowering of ductility, impact toughness, 
brittle fracture resistance and increase of cold crack-
ing susceptibility of weld metal and HAZ [6]. This is 
related to the fact that the features of structure forma-
tion, kinetics of phase transformation development, 
mechanisms of the influence of dispersed exogenous 
phases on the structure and properties of welded joints 
of HSLA steels are not yet fully understood.

Determination of phase transformation temperatures 
in HSLA steels and their welded joints is a quite com-
plex task that directly affects selection of welding, heat 
treatment modes and, consequently also the microstruc-
ture and mechanical properties of the weld metal.

In view of the above, the objective of the work 
consisted in studying the influence of different com-
position of modifier powders on structure formation 
processes, phase transformation temperatures, their 
distribution in the weld metal and establishing the in-
fluence of these parameters on the mechanical proper-
ties of weld metal of HSLA steels.

Investigation materials. The work presents the 
results of investigations of structural transformations 
in metal of welded joints on HSLA 14KhGNDTs 
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steel, where modifier powders of different com-
pounds, namely nitrides, carbides and oxides of dif-
ferent metals (TiC, TiN, SiC, VC, NbC, TiO2, Al2O3, 
MgO, ZrO2) were added. Liquid metal modification 
was performed by welding, using flux-cored welding 
wires, which included particles of the required com-
position. Welds Nos 1–9 were not modified, whereas 
welds Nos 10‒18 were produced using modified flux-
cored welding wires (Figure 1).

A feature of application of the proposed welding 
scheme for modifying the liquid metal is the need to 
protect the added powders from direct influence of 
the welding arc, in order to prevent their complete 
melting or evaporation. In this connection, we used 
the technology of adding flux-cored welding wires to 
the relatively «cold» part of the weld pool with pool 
temperature close to 1600–1800 °C, which was lower 
than the melting temperature of most of the particles.

Butt welded joints of 14KhGNDTs steel plates 
20 mm thick were produced at reverse polarity di-
rect current. Welding was performed in Ar + 18 % 
CO2 shielding gas atmosphere, using Sv-08 flux-

cored wire of 1.6 mm diameter, filling factor being 
18 %. Total content of TiC, TiN, SiC, VC, NbC, TiO2, 
Al2O3, MgO, ZrO2 modifiers was 0.09 %. Welding 
was performed at reverse polarity direct current I = 
= 240–250 A, voltage U = 31–32 V, welding speed of 
10–12 m/h, heat input of 26–28 J/cm. Chemical com-
position and mechanical properties of test welds are 
shown in Table 1 and Table 2.

The nature of structural transformations in the 
metal of welds modified by powders was studied by 
the method of simulation of thermodeformational 
cycles of welding, using Gleeble 380 complex (DSI, 
USA), which was fitted with a high-speed dilatome-
ter [7]. Samples were heated in a vacuum chamber up 
to the temperature of 1170 °C, and then were cooled 
by a thermal cycle characteristic for automatic sub-
merged-arc welding at the speeds of 5; 10; 17; 30; 
45 °C/s in the temperature range of 600–500 °C.

Weld microstructure was studied by light (NEO-
PHOT 32), scanning (JSM 840 (Jeol, Japan), trans-
mission (JEM 200CX, Japan) and Auger-microprobe 
(JAMP 9500F, Japan) electron microscopy.

Figure 1. Scheme of filling the butt (a) and appearance of modifier powders (b): 1 – TiC; 2 – TiN; 2 – TiN; 3 – TiO2; 4 – ZrO2

Table 1. Chemical composition of metal of the produced welded joints, wt.%

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

Without 
mod.

0.042 0.34 1.19 0.021 0.02 0.106 2.13 0.282 – 0.72 0.028 0.029 0.004 –

FeTi 0.049 0.298 1.39 0.023 0.015 0.15 2.26 0.25 <0.02 0.44 0.039 0.008 0.006 –

TiN 0.035 0.317 1.4 0.019 0.009 0.14 2.29 0.26 <0.02 0.56 0.036 0.011 <0.002 –

SiC 0.053 0.321 1.2 0.02 0.025 0.22 2.42 0.26 <0.02 0.45 0.025 0.004 0.003 0.002

TiC 0.046 0.34 1.39 0.021 0.019 0.13 1.7 0.24 <0.02 0.54 0.033 0.011 0.007 –

VC 0.052 0.227 1.21 0.022 0.021 0.14 2.03 0.25 0.07 0.51 0.027 0.004 0.004 –

NbC 0.049 0.253 1.19 0.021 0.02 0.13 2.25 0.27 <0.02 0.55 0.029 0.003 0.075 –

ZrO2 0.041 0.288 1.32 0.021 0.024 0.12 1.36 0.25 <0.02 0.37 0.029 0.004 0.004 0.06

TiO2 0.035 0.405 1.24 0.016 0.021 0.11 1.97 0.27 0.009 0.68 0.031 0.017 0.002 –

Al2O3 0.023 0.424 1.4 0.017 0.023 0.11 2.15 0.29 0.007 0.77 0.032 0.015 0.002 –

MgO 0.031 0.227 1.11 0.025 0.024 0.14 1.85 0.29 – 0.6 0.023 0.03 – –
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Investigation results. The process of the influence 
of liquid weld metal modification on improvement of 
its mechanical properties is quite complicated and am-
biguous. Modifiers added to the liquid metal pool, can 
react with additives in the metal to form nonmetallic 
inclusions. Modification can also lead to decomposi-
tion of the existing nonmetallic inclusions and forma-
tion of new ones. Atoms of modifier compounds can 
also join the existing nonmetallic inclusions, form-
ing more complex nonmetallic inclusions. Modifier 
particles can also dissolve, and, as a result, change 
the solid solution composition [8]. At liquid metal 
solidification modifiers can affect the primary den-
drite structure of weld metal, parameters and nature 
of the dendrite structure of the weld [9]. At the same 
time, however, the nonmetallic inclusions formed as 

a result of modification can influence the processes 
of secondary crystallization and structure formation 
during overcooled austenite transformation [10].

Change of the weld metal chemical composition 
and particles of refractory compounds will also have 
an impact on the kinetics of solid-state transforma-
tions, transformation temperature and forming micro-
structure. The microstructure will be also influenced 
by the composition, distribution and size of the modi-
fying and secondary phases [10, 11].

Addition of powderlike material to the liquid met-
al pool (Figure 2) may have the following result: weld 
metal can contain the initial modifier particles; parti-
cles can dissolve, changing the solid solution compo-
sition; particles can precipitate in the form of dispersed 
nonmetallic inclusions; coagulation and sticking to-

Table 2. Mechanical properties of modified weld metal

Modifier
σt σ0.2 δ ψ KCV, J/cm2 at Т, °С

MPa % +20 0 –20 –40

Without modi-
fying 693 605 14.5 48.4 97 87 75 53

FeTi 747 690 19 60 74 69 63 61

TiN 712 580 5.3 14.7 55 47 40 —

SiC 775 729 18 60 55 49 44 36

TiC 728 665 19 61 82 72 63 52

VC 780 706 14 56 57 55 52 –

NbC 594 594 3 5.75 44 35 24 –

ZrO2 645 556 21 60 116 96 98 82

TiO2 709 636 19 57 85 72 60 50

Al2O3 728 621 18 54 82 58 50 36

MgO 644 586 19 60 103 – 69 60

Figure 2. Influence of weld metal modifying on the nature of dispersed particle transformations
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gether of modifier particles with further formation of 
extended phase precipitates can take place. Dissolved 
particles can also change the morphology and compo-
sition of the already existing nonmetallic inclusions.

That is, the chemical composition and parameters of 
the particles will influence the austenite transformation 
temperature and the structural-phase composition, as 

well as mechanical properties of the metal. This mutual 
influence is conditionally presented in Figure 3.

Nonmetallic inclusions and phase precipitates can 
have a strong influence on formation of the metal 
structural-phase composition, they can be the centers 
of crystallization and recrystallization that may facili-
tate in terms of energy formation of a particular struc-
tural component, changing not only the temperature 
range of transformation, but also the kinetics of struc-
tural-phase transformation, structural-phase composi-
tion and mechanical properties of the metal.

Change of austenite transformation kinetics as a 
result of modifying cannot change the temperature of 
the start or end of transformation, but it will influence 
the nature of metal deformation, associated with crys-

Figure 3. Mutual influence of chemical composition, austenite 
transformation temperature, structural-phase composition on me-
chanical properties of weld metal

Figure 4. Influence of modifying on the change of phase transformation kinetics: a — dilatogram; b — first derivative of dilatation 
with respect to temperature

Figure 5. Microstructure (×1000) of the metal of welds modified by powders: а — TiC; b — TiN; c — TiO2; d — ZrO2



61ISSN 0957-798X THE PATON WELDING JOURNAL, No. 5, 2021

JOINING MATERIALS TODAY                                                                                                                                                                                                    

                                                                                                            

talline lattice restructuring during transformation, i.e. 
with the transformation «speed» (Figure 4).

In connection with the above, the influence of 
modifying on weld metal microstructure, nonmetal-
lic inclusion composition and distribution and phase 
transformation temperature was studied.

The results of studying the influence of modifying 
by dispersed particles the metal of HSLA steel weld 
on formation of the secondary crystalline structure are 
shown in Figure 5.

It was found that formation of different structur-
al components is observed for all the studied samples 
of welded joint weld metal, such as upper bainite (Bu), 
lower bainite (Bl), Widmanstatten ferrite (WF), acicular 
ferrite (AF), grain-boundary ferrite (GBF), intragranular 

ferrite (IGF), and martensite-austenite-carbide (MAC) 
precipitates. Quantitative metallography methods were 
used to determine the volume fraction of structural com-
ponents, forming in modified welds (Table 3).

Electron transmission microscopy methods were 
used to conduct «transmission» analysis of the fine 
structure forming in the weld metal: substructure, lath 
parameters, distribution, dimensions and composition of 
phase precipitates, change of dislocation density of met-
al in modified welded joints, as well as for comparison 
with weld metal without modifying (Figure 6, Table 4).

It is found that nonmetallic inclusions based on 
titanium compounds form inside weld metal grains 
with dislocation density ρ = 1010–1011 cm‒2 around the 
inclusions, and increase the values of metal strength 

Table 3. Structural composition of modified weld metal, %

Modifier type AF GBF IGF WF Bu Bl MAC Ferrite Bainite

– 27 18 8 9 14 24 – 35 65

FeTi 55 18 13 11 – – 3 42 55

TiN 52 16 18 8 – – 6 42 52

TiС 30 16 3 6 20 25 – 25 75

SiC 17 15 3 4 11 43 7 22 71

VC 11 9 - 18 47 12 3 27 70

NbC 9 7 - 11 43 9 21 18 61

ZrO2 31 16 9 7 11 26 – 32 68

Al2O3 3 3 – 32 50 12 – 35 65

MgO 32 12 10 7 16 23 – 29 71

TiO2 60 12 20 – – 8 – 32 68

Figure 6. Phase precipitates in the metal of welds modified by: а — SiC; b — ZrO2; c — TiN; d — TiC
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and lower the crack resistance, while oxide nonme-
tallic inclusions form near the grain boundaries with 
dislocation density ρ = 108–109 cm‒2.

Analysis of the influence of modifying on nonme-
tallic inclusion size distribution in the weld metal is 
shown in Figure 7, a.

It is found that modifying leads to coarsening of 
nonmetallic inclusions in the weld metal. The number 
of up to 0.3 μm particles becomes smaller, due to in-
crease of the fraction of particles of more than 0.5 μm 
size. This is indicative of the fact that after dissolution 
the modifier particles, in addition to the possibility of 
formation of individual phase precipitates, similar in 
their composition to that of the modifiers, can coag-
ulate with dispersed nonmetallic inclusions (of oxide 
type) present in the weld metal.

Determination of nonmetallic inclusion compo-
sition was conducted on microsections and fractures 
of samples after testing (Figure 7, b). Identification 
of the composition of nonmetallic inclusions by the 
method of X-ray spectrum microanalysis (RSMA), 
using Auger-microprobe JAMP-9500F showed that 

practically all the analyzed inclusions are a composi-
tion of manganese, silicon, aluminium, titanium and 
sulphur oxides with different ratio of the components.

Analysis of the influence of modifying on tempera-
ture parameters of transformation of HSLA steel weld 
metal is given in Figure 8. Thermokinetic diagrams 
(TKD) of overcooled austenite decomposition were 
plotted, critical temperatures Ac1 and Ac3, temperatures 
of the start and end of austenite decomposition, as 
well as the temperature of maximum transformation 
intensity TV were determined (Table 5).

It is found that modifying by ZrO2 and MgO 
particles leads to a certain increase of the tempera-
tures of transformation start for cooling rates below 
17 °C/s. Modifying by TiC, SiC, NbC, TiO2, Al2O3 
and TiN particles leads to lowering of critical trans-
formation temperatures (see Table 5). Modifying by 
carbide modifiers and TiN leads to occurrence of a 
pronounced martensite phase at dilatometric and me-
tallographic studies. The highest content of martensite 
and the highest values of metal microhardness were 
obtained for samples modified by TiN particles.

Table 4. Parameters of fine structure of modified weld metal

Modifier type hlath, mm dfr, μm Dp, μm λp, μm r, cm–2

Without modifier 0.5‒1.7 0.4‒1.5 0.01‒0.05* 0.05‒0.17* (4‒6) 1010

FeTi 0.7‒2.3 0.4‒1.6 0.03‒0.05* 
0.01‒0.02**

0.06‒0.15* 
0.02‒0.03*

(4‒6) 10
10* 

(1‒2)10
11

**

TiN 0.4‒1.2 0.3‒1.0 0.02‒0.08* 
0.03‒0.05**

0.08‒0.15* 
0.03‒0.1**

(4‒6) 1010* 
(2‒3) 1011**

SiC 0.7‒1.5 0.4‒0.8 0.03‒0.1* 
0.02‒0.07** 0.03‒0.15 (4‒8) 1010

ZrO2 0.4‒1.4 0.2‒1.0 0.017‒0.08 0.05‒0.13 (6‒8) 1010

TiC 0.5‒1.5 0.2‒1.2 0.013‒0.07 0.04‒0.1 (4‒8) 1010

Note. * — in the grain volume; ** — on grain boundaries; hlath — lath width; dfr — fragment size, Dp — size of phase precipitate particles and 
distances between them (λp), ρ — dislocation density.

Figure 7. Influence of modification on the distribution of: a — inclusions by size; b — chemical elements in the inclusion in weld metal
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Dependence of transformation temperature on the 
cooling rate demonstrates a lowering of transforma-
tion temperature for all the studied samples. It should 
be noted that modifying by ZrO2

 and MgO particles 
leads to increase of transformation temperature by 
50–75 °C, and, on the whole, the values of transfor-
mation temperatures for MgO, ZrO2, TiO2, Al2O3 ox-
ide modifiers are located higher than those for SiC, 
VC, NbC carbide particles. The lowest values of 
transformation temperature are observed for a sample 
modified by TiN titanium nitride.

Analyzing the modifier influence on the structure 
and mechanical properties of HSLA steel weld metal 
it was established that application of titanium nitride 
TiN powders leads to increase of the fraction of intra-
granular and polygonal ferrite (up to 50 %) that has 
a negative effect on the value of impact toughness of 
the weld metal already at relatively high test tempera-
ture: KCV‒20 40 J/cm2.

Application of TiO2, ZrO2, MgO oxide powders 
promotes formation of a dispersed structure of acic-
ular ferrite (from 30 to 90 %), which, as is known, 
allows obtaining a more favourable combination of 
high strength and impact toughness in the weld metal, 
particularly at extremely low test temperatures ‒40‒ 
‒60 °C (Figure 9).

Analysis of the obtained results shows that the 
strength values decrease with increase of transforma-
tion temperature (Figure 9, a), while impact tough-
ness values (Figure 9, b) and ductility of metal in the 

modified welds increase. Samples modified by niobi-
um carbide NbC and titanium nitride TiN are an ex-
ception. Both the samples are characterized by lower-
ing of the values of strength and ductility at relatively 
low value of the temperature of maximum intensity of 
austenite transformation.

It is found that for metal of modified welds the ra-
tio of the structural components is almost linearly re-
lated to the temperature of maximum transformation 
intensity TV.

Influence of structural composition on mechanical 
properties of modified weld metal showed that at in-
crease of the ratio of ferrite phase quantity to that of 
bainite one, a lowering of strength characteristics and 
increase of ductility characteristics of weld metal is 
observed. Differences from the general dependence 
are demonstrated by samples of the metal of welds, 
modified by TiN and NbC that is attributable to for-
mation of martensite phase, as a result of dissolution 
of carbide forming modifier elements.

Thus, it was found that the temperature of maximum 
transformation intensity TV is the most significant val-
ue among the parameters, having the greatest influence 
on the mechanical properties of modified weld metal 
(chemical composition, nonmetallic and phase inclu-
sions, transformation temperature, structural-phase 
composition, etc.). It is established that there is a clear 
dependence correlating the above-mentioned parameters 
for samples modified by oxide and carbide particles.

Figure 8. TKD of weld metal: a — without modification; b — modification by ZrO2

Table 5. Characteristic temperatures of modified weld transformation

T, °С
Modifier particle type

Base FeTi TiN ZrO2 TiO2 Al2O3 MgO SiC TiC VC NbC

Bs 677 654 600 678 652 651 684 647 653 645 647

Bf 470 472 422 492 478 466 486 440 476 460 458

TV 576 573 505 579 575 564 587 535 573 559 545
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Dissolving in the metal of welds, carbide modifiers 
change the solid solution composition and thus affect 
the nature of structure formation. For welds modified 
by oxide and titanium compounds containing modifi-
ers, a certain deviation of the values of kinetic trans-
formation parameters is observed that confirms an es-
sential influence of exogenous nonmetallic inclusions 
and phase precipitates and of the morphology of en-
dogenous nonmetallic inclusions on the conditions of 
secondary structure formation and mechanical prop-
erties of HSLA steel welds.

Conclusions

1. It is found that the composition of nonmetallic in-
clusions (oxide or based on titanium compounds), na-
ture of their location relative to the grain boundaries 
(near the boundary or inside the grain) and the value 
of dislocation density gradient near the inclusion in-
fluence the kinetics of phase transformation and me-
chanical properties of HSLA steel welds.

2. Nonmetallic inclusions based on titanium car-
bide compounds form inside the metal grain with 
dislocation density of 1010–1011 cm‒2 around the in-
clusions, increase the values of metal strength and 
lower the crack resistance, while oxide nonmetallic 
inclusions form near the metal grain boundaries with 
dislocation density of 108–109 cm‒2.

Application of powders of titanium nitride TiN 
leads to increase of the fraction of intragrnular and 
polygonal ferrite (up to 50 %) that adversely affects 
the value of impact toughness of weld metal already 
at relatively high testing temperature KCV‒20 40 J/cm2.

Use of powders of TiO2, ZrO2, MgO oxides pro-
motes formation of a dispersed structure of acicular 
ferrite (from 30 to 90 %) that allows obtaining in the 

weld metal a favourable combination of high strength 
and impact toughness, particularly at extremely low 
testing temperature (‒40‒ ‒60 °C).
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FOR EVALUATION OF QUALITY OF WELD METAL
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When analyzing the factors that determine the mechanical properties of welds, it is necessary to take into account 
both the size of individual components of the structure and their morphology. It is shown that the use of the method of 
fractal analysis makes it possible to numerically determine such parameters of weld metal microstructure, as the size of 
nonmetallic inclusions, and branching of grain boundaries, which was impossible at analysis of metallographic images. 
The results are obtained, which indicate the need to include in the multifractal analysis the characteristics that describe 
the morphological features of microstructural components, the distribution of nonmetallic inclusions by size, and the 
level of alloying of the solid solution. Research directions for the development of multifractal analysis of welded joints 
have been identified. 10 Ref., 2 Tables, 6 Figures.

K e y w o r d s :  metal of welded joints, fractal and metallographic analyses, structural parameters, mechanical char-
acteristics

The general objective of metallographic analysis is 
investigation of the structure and defects, in particu-
lar, such as inclusions, base metal and deposited metal 
of the welded joint. Metallographic analysis includes 
investigations of metal macro- and microstructure. 
This list was recently complemented by fractal anal-
ysis method [1]. In works [2–5] the authors describe 
the cause for application of fractal analysis method, 
based on fractal concepts known in different scien-
tific fields. The main purpose of fractal application in 
the materials science field is establishing a connection 
in the «structure–composition–fractal/multifractal 
dimension–properties» system. The above-described 
approaches were used to describe in work [6] one of 
the stages of searching for connections between the 
results of fractal analysis and the data of the reference 
scale of structural components in the metal of low-al-
loy steel welds. Existence of «fractal dimension–grain 
size» and «fractal dimension–structural parameters» 
connections was shown.

This work describes application of fractal analy-
sis method for analysis of the structure of weld met-
al samples. Metallographic investigation can be used 
to establish the parameters, which affect the metal 
quality, in particular, to reveal certain metal defects, 
presence of oxides on the grain boundaries, «con-
tamination» by nonmetallic inclusions, size of metal 
grains, chemical composition of weld metal, presence 
of microscopic cracks, pores and other structural de-

fects. In order to establish a connection between the 
structural composition of the metal and its mechani-
cal properties, it is necessary to conduct quantitative 
description of the structural complex, i.e., perform its 
parametrization. At present, structure description in 
materials science is based on their approximate rep-
resentation in the form of geometrical objects of cer-
tain dimensions. Here, parameters characterizing in-
dividual structural elements, and not the structure as a 
whole, are used. That is, the size of structural grains, 
blocks, and nonmetallic inclusions is assessed, but no 
answer is given on the influence of the sum of these 
characteristics on metal properties.

Metallographic analysis is one of the methods of 
welded joint testing. It is usually performed at final in-
spection of finished welded joints. The finished joint 
should completely meet the operation requirements. The 
total labour consumption of all the inspection operations 
is equal on average to 30 % of the total labour consump-
tion of welded metal structure fabrication. Researchers 
know well that it is impossible to describe the impact of 
the structure on the mechanical properties of steel just on 
the base of determination of the geometrical features of 
the structure grains. Both the parameters of grain bound-
aries and of nonmetallic inclusions should be taken into 
account. Characteristics of grain structure, grain bound-
aries and nonmetallic inclusions can be combined in one 
analysis only using the methods of fractal parameter-
ization and multifractal analysis of metal. In particular, 
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studies using fractal analysis of the influence of param-
eters of nonmetallic inclusions contained in the welds 
on the mechanical properties of the metal [7], allowed 
comparing the values of fractal dimension with the char-
acteristics of destruction of weld metal structure [8].

The scheme of weld metal structure (Figure 1) 
consists of four main zones. The first zone is base 
metal (4), the structure of which was formed during 
rolled sheet production and was not exposed to ther-
mal impact.

On the boundary of contact of weld pool molten 
metal (2) with the base metal an abrupt temperature 
gradient and overcooling phenomenon develop in a 
thin layer of metal along the fusion line that leads to 
formation of a large number of crystallization centers 
resulting in the fine-grained structure of the layer. 
Base metal zone (3), which was exposed to thermal 
impact from the weld pool and welding arc, is the co-
lumnar crystal zone. In the weld metal proper (1) the 
conditions of heat removal and degree of overcool-
ing of steel change over time. As a result, the weld 
metal structure contains both columnar crystals and 
equiaxed crystals. The welded joint metal belongs to 
materials, exposed to energy impact during manufac-
ture or treatment. Presence of connections between 
the elements in an open system, determines formation 
of a collective response to the external impact of the 
welding arc. As a result of such a reaction, a structure 
forms in the weld metal, which corresponds to a cer-
tain spatial, time or space-time self-organization that, 
in its turn, causes changes in the metal properties as a 
whole (Figure 2).

The structure of weld metal is traditionally de-
scribed using the methods of optical and electron 

metallography. Such approaches are insufficient at 
description of systems with a complex and hetero-
geneous structure, which weld metal structures are, 
as they do not allow for one of the most important 
properties of the system — its integrity. One of the 
promising ways to solve the problem of quantitative 
description of material structures is their parameter-
ization, based on application of fractal theory.

Investigations of the parameters of welded joint 
metal structure by fractal analysis method provide a 
certain set of data as regards the fractal dimension 
for zones 1, 2, 3 and 4. These values add up to one 
general concept of a multifractal, which, in its turn, is 
an inhomogeneous fractal, and, therefore, each of the 
multifractal components has its own specific weight.

In order to study the connection between the fractal 
parameters of the structure and mechanical properties 
of weld metal, investigations were conducted on sam-
ples of the metal of welds on low-alloy high-strength 
steel. During the experiment, the metal impact tough-
ness at different temperatures (from 20 to –40 °C) was 
studied on samples of welds, produced at welding of 
butt welded joints of 09G2 steel by Sv-08GNMA wire 
in M21 shielding gas atmosphere. During the experi-
ments the impact of weld pool modification on weld 
metal structure and properties was studied. Weld pool 
modification was performed by a procedure, present-
ed in work [9]. Results of spectral analysis of weld 
metal given in Table 1, are indicative of the fact that 
by its chemical composition the weld metal corre-
sponds to steel strength category K60. Samples for 
metallographic investigation were cut out of welds 
from welded joint zones 1–4, which are shown in 
Figure 1. At metallographic investigations parameters 
of nonmetallic inclusions and structural components 
were determined. Results of metallographic analysis 
of the samples in NEOPHOT-32 microscope at ×1000 
and ×320 magnifications were recorded using a digi-
tal photocamera (Figure 3).

To confirm the stochasticity of fractal functions 
which describe the influence of the dimensions of 
structural components, images of the structure at dif-

Figure 1. Scheme of weld metal structure: 1 — weld; 2 — fusion 
zone; 3 — heat-affected zone (HAZ); 4 — base metal

Figure 2. Scheme of the structure of low-alloy steel welded joint: a — base metal; b — overheated zone; c — on the fusion line; d — 
weld metal
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ferent magnifications were used at assessment of the 
values of weld mechanical properties.

Fractal analysis of the structural components was 
performed on the base of a procedure, given in work 
[10]. Used as the data base were the results of digi-
tal processing of images, obtained at metallographic 
analysis of samples in NEOPHOT-32 optical micro-
scope. Fractal index of nonmetallic inclusions in the 
weld metal in images with x1000 magnification (Dinc), 
as well as branching of grain boundaries at ×320 (D320) 
and ×1000 (D1000) magnification, were determined. In 
addition, Table 2 gives the results of determination of 
D1000/Dinc ratio, as an example of multifractal analy-
sis. Results of fractal analysis and impact toughness 
of weld metal at testing in the temperature range from 
20 to –40 °C are given in Table 2.

From the data given in Table 2, the closeness of indi-
ces D320 and D1000 (less than 10 % difference) should be 
noted first of all that is indicative of the stochasticity of 
fractal dependence and possibility of its application for 
assessment of weld metal structure as a whole.

For visualization of the applicability of individual 
indices of fractal dimension (in the form of relative 

units) for assessment of the metal mechanical proper-
ties, graphs of interrelation of impact toughness and 
fractal dimension of the inclusions (Figure 4) and 
dependence of impact toughness and fractal dimen-
sion of grain boundaries in weld metal microstructure 
(Figure 5) were plotted by the results of impact tough-
ness testing.

Figure 3. Typical microstructures of welds: a — ×320; b — ×1000; c — nonmetallic inclusions, ×1000

Table 1. Chemical composition of metal of the studied welds (deposited metal), wt.%

Weld 
number

C Si Mn S P Cr Ni Mo Al Ti Modifier

W1 0.054 0.263 1.28 0.025 0.011 0.13 2.22 0.26 0.035 0.009 TiC

W2 0.035 0.317 1.40 0.019 0.009 0.14 2.29 0.26 0.036 0.011 TiN

W3 0.066 0.270 0.92 0.016 0.024 0.14 1.72 0.23 0.021 0.005 SiC

W4 0.035 0.405 1.24 0.016 0.021 0.11 1.97 0.27 0.031 0.027 TiO2

W5 0.034 0.324 1.12 0.017 0.023 0.12 2.15 0.29 0.032 0.025 Al2O3

Table 2. Results of mechanical testing of weld metal of the studied samples and results obtained by fractal analysis method

Weld number Dinc D320 D1000/Dinc D1000

KCV, J/cm2 at Т, °С

20 0 –20 –40

W1 0.928 1.902 0.488 1.877 112 93 85 73
W2 0.91 1.938 0.469 1.939 55 47 40 33
W3 0.907 1.941 0.467 1.932 85 72 65 61
W4 0.920 1.907 0.483 1.815 85 72 60 50
W5 0.919 1.897 0.485 1.825 82 58 50 36

Figure 4. Interrelation of impact toughness and fractal dimension 
of inclusion size in the weld metal at the following temperature: 
1 — 20; 2 — 0; 3 — –20; 4 — –40 °C
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Discussion of the results. Application of fractal 
analysis method enables numerical determination of 
such parameters of weld metal microstructure as the 
size of nonmetallic inclusions and branching of the 
grain boundaries that was impossible at analysis of 
metallographic images (Figure 3).

Level of impact toughness is an accumulating in-
dex, which is influenced not only by the volume frac-
tion of nonmetallic inclusions in the metal, but also by 
their size distribution and level of homogeneity in the 
structure. At analysis of the factors, determining the 
mechanical properties of welds, it is necessary to take 
into account both the size of individual components of 
the structure, and their morphology. Obtained results 
show that the level of metal impact toughness increas-
es with increase of fractal dimension of the nonme-
tallic inclusions (i.e. with reduction of the inclusion 
size) (Figure 4). Reduction of branching of intergran-
ular boundaries influences the decrease of this index, 
despite the presence of rather fine inclusions in the 
structure (Figure 5).

Dependencies given in Figures 4–6, as well as the 
results of initial multifractal calculation (Figure 6), 
give a very general idea about the influence of both 
nonmetallic inclusions and grain boundaries on me-
chanical properties of weld metal. These results are 
indicative of the need to involve in the multifractal 
analysis the indices which describe the morphological 
features of the microstructural components, size dis-
tribution of nonmetallic inclusions, and level of solid 
solution alloying.

The outlined directions are the main objectives for 
development of computerization of metallographic 
investigations based on mutlifractal analysis.

Conclusions

The stochastic nature of fractal analysis of weld metal 
microstructure is shown. Examples are given of deter-
mination of the indices of fractality of the size of non-

metallic inclusions and grain boundaries in the weld 
metal structure. The need to apply multifractal analy-
sis to describe the influence of structural parameters 
on mechanical properties of welds was established. 
Investigation directions for development of multifrac-
tal analysis of welded joints were defined.
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Figure 5. Interrelation of impact toughness and fractal dimensions 
of grain boundaries in weld metal microstructure at the following 
temperature: 1 — 20; 2 — 0; 3 — –20; 4 — –40 °C

Figure 6. Interrelation of impact toughness and ratio of fractal 
dimension of grain boundaries and inclusion size in weld metal 
microstructure at the following temperature: 1 — 20; 2 — 0; 3 — 
–20; 4 — –40 °C


