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ABSTRACT
The results of a comparative study of the welding and technological properties of the developed sparsely alloyed flux-cored 
wires (FCWs) of two types: PP-Np-50Kh2MNSGF and PP-Np-20KhGS are presented. The evaluation was performed using 
a comprehensive procedure that includes three components: visual inspection of the surfacing process, evaluation of melting 
characteristics, and determination of arc process stability. A digital self-recording ANENG AN9002 multimeter was used to 
monitor the surfacing parameters. As a reference, the standard FCW of PP-Np-25Kh5FMS grade, developed at the E.O. Paton 
Electric Welding Institute of the NAS of Ukraine (PWI), was used. The experimental comparative analysis demonstrated that 
surfacing with the developed FCWs is characterized by high process stability, good quality of the deposited metal formation, 
absence of macrodefects, and satisfactory slag crust separation. Microstructural analysis of the deposited layers confirmed 
the absence of microdefects (pores, cracks, lacks of fusion) and revealed a distinct fusion line between the base metal and the 
deposited metal. The results of the comprehensive comparative analysis of the developed sparsely alloyed FCWs demonstrated 
that they possess similar or improved welding and technological characteristics compared to the standard reference wire. This 
indicates the feasibility of using the developed FCWs for arc surfacing applications. Considering the purpose of the developed 
FCWs, they can be effectively used to enhance the wear resistance and service life of parts in special-purpose and industrial 
equipment, which is particularly relevant in the context of Ukraine’s post-war reconstruction and strengthening of its defence 
capability.
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INTRODUCTION
In the context of Ukraine’s post-war reconstruction 
and ensuring its defence capability, it is crucial to in-
troduce efficient and cost-effective technologies for 
repair and restoration of damaged parts of military 
equipment and industrial machinery. Flux-cored wire 
(FCW) arc surfacing is one of the most promising 
methods that allows restoring and strengthening the 
surfaces of various parts due to its wide capabilities 
of ensuring the required composition of the deposited 
metal at minimal material consumption [1‒7].

FCW arc surfacing has a number of significant ad-
vantages [1‒7]. Firstly, this method makes it possi-
ble to form wear-resistant coatings with the required 
hardness, strength and corrosion resistance, which 
significantly extends the service life of parts. Second-
ly, the technology ensures high efficiency, as it allows 
surfacing large volumes of metal in a short time with 
minimal material losses. Thirdly, FCWs make it pos-
sible to obtain a stable quality of the deposited metal 
due to the uniform distribution of alloying elements 
and the ability to adjust their composition.

However, the available FCWs are often imported 
and/or not adapted to the specific operating condi-
tions of special and industrial machinery parts used 

in Ukraine. In addition, when solving the problem of 
restoring a specific part, it is necessary to take into ac-
count its operating conditions, chemical composition 
of the material, and required properties, and, there-
fore, it is often necessary to develop a new FCW that 
will ensure the achievement of the set tasks.

The use of FCW with an optimized composition 
ensures effective alloying of the deposited metal, al-
lowing the reduction in the content of scarce alloy-
ing elements without losses in mechanical properties 
[8‒12]. This is especially important in the context of 
the need in shortening the raw material costs. The 
introduction of sparsely alloyed FCWs will promote 
the creation of resource-saving technologies, reduce 
dependence on imported materials and increase the 
technological autonomy of the defence and repair in-
dustries. Thus, the development of sparsely alloyed 
FCWs for arc surfacing is an urgent task due to the 
need in improving the efficiency of repair and resto-
ration of parts, especially in the context of Ukraine’s 
post-war reconstruction and ensuring its defence ca-
pability.

The main task in developing new FCWs is to de-
termine their welding and technological properties, 
which directly affect the stability of the surfacing pro-
cess, quality and service life of restored parts. Deter-
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mining the optimal surfacing modes to improve the 
process stability and efficiency, reduction in the ten-
dency to defect formation, and ensuring high quality 
of deposited metal formation are crucial in providing 
the reliability and efficiency of restoration of machine 
and machinery parts.

THE AIM
of the study is to determine and comparatively analyze 
the welding and technological characteristics of the 
developed sparsely alloyed FCWs for arc surfacing 
with the standard FCW reference to evaluate the pos-
sibility of using the developed experimental FCWs in 
strengthening and restoration of various parts for the 
needs of the defence industry and Ukraine’s post-war 
reconstruction.

MATERIALS AND RESEARCH PROCEDURES
Parameters related to welding and technological 
properties depend on the object of study. Therefore, 
researchers choose or develop procedure for their de-
termination in each specific case, depending on the set 
tasks. Based on the above, the evaluation of welding 
and technological properties was performed accord-
ing to the developed comprehensive experimental 
procedure, which consists of three components [13].

The first component includes a visual expert eval-
uation of the arc surfacing process and the produced 
deposited metal. The controlled parameters included 
in the mentioned component are the arc excitation 
nature, the quality of the deposited metal formation, 
the presence of visible defects and the quality of slag 
crust separation (provided that submerged arc surfac-
ing or surfacing using self-shielded FCW is applied).

The second component includes the evaluation of 
the melting characteristics (efficiency) of FCW, which 
is determined by the melting, deposit and loss factors. 
The higher the melt and deposition indices and the 
lower the loss rate, the higher the FCW deposition ef-
ficiency.

The third component includes the evaluation of the 
arc surfacing process stability, which was performed 
based on the dispersion of the actual values of arc cur-
rent and voltage during their repeated record by the 
calculated corresponding constants of variation. The 
use of the constant of variation as a controlled param-

eter makes it possible to eliminate the influence of the 
scale of different samples of the obtained data.

To record the mode parameters during the sur-
facing process, a digital self-recording ANENG 
AN9002 multimeter equipped with a high-speed ana-
logue-to-digital converter was used (Figure 1).

As the base metal, plates of St.3 steel, as well as 
plates of special 13Kh11N2V2MF and SWEBOR 
ARMOR 560 (35G2KhS) steels of 12 mm thick were 
used. Two types of experimental FCWs were studied 
in the work:

● No. 1 — PP-Np-50Kh2MNSGF microalloyed 
with boron (0.01 %), which provides a deposited 
metal with high wear and impact resistance and hard-
ness of 55‒59 HRC. It is applied for surfacing armour 
plates of parts operating under conditions of mechani-
cal wear and local high-intensity impact loads;

● No. 2 — PP-Np-20KhGS, which provides a de-
posited metal of low-carbon low-alloy steel with a 
hardness of 30‒35 HRC. It is applied for surfacing 
worn parts of the propulsion system of tracked special 
and military vehicles.

The standard FCW of the PP-Np-25Kh5FMS 
grade, manufactured in accordance with the technical 
specifications, developed at the PWI, was used as a 
reference [14]. The diameter of all used FCWs was 
2.4 mm, and the filling factor was 25 %. The protec-
tive medium in surfacing was AN-26P flux. The sur-

Figure 1. Appearance of the laboratory surfacing installation: 
1 — welding automatic machine A-1406; 2 — control panel; 3 — 
welding table with a fixed test specimen; 4 — measuring shunt; 
5 — digital self-recording ANENG AN9002 multimeter

Table 1. Comparative evaluation of welding and technological properties of FCW

No. Type of deposited 
metal

Arc 
excitation 

nature

Quality of 
deposited 

metal 
formation

Presence 
of defects

Quality of 
slag crust 
separation

Total 
number of 

points

Factors, %

Melting Surfacing Losses Current 
variation

Voltage 
variation

1 50Kh2МNSGF 2 1 2 1 6 16.2 15.1 6.8 15.2 7.6
2 20KhGS 2 1 2 2 7 15.3 14.4 5.4 14.7 6.2
3 25Kh5FMS 2 1 2 1 6 16.4 15.2 7.3 17.2 8.5



20

S.Yu. Maksymov et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

facing conditions were chosen using the recommen-
dations [4], which were the same for all specimens: 
voltage — 28 V, current — 300 A, deposition rate — 
20 m/h.

RESEARCH RESULTS
Table 1 below summarizes the information on the 
evaluation of welding and technological properties. 
The appearance of the billets of St.3 after deposits 
on them performed using PP-Np-50Kh2MNSGF, 
PP-Np-20KhGS and PP-Np-25Kh5FMS wires, as 
well as their cross-sections are shown in Figure 2.

The quality of metal formation deposited on plates 
made of special 13Kh11N2V2MF and SWEBOR AR-
MOR 560 steels using PP-Np-50Kh2МNSGF wire 
is shown in Figure 3. Histograms of the distribution 
of current and voltage values on the arc, which were 
used to evaluate the stability of the surfacing process, 
are shown in Figure 4.

It was experimentally determined that the studied 
developed wires provide easy arc excitation, satisfac-
tory quality of the deposited metal and the absence of 
defects in it (Figure 2), as well as satisfactory quality 
of slag crust separation.

An experimental evaluation of the possibility of 
using wire No. 1 (PP-Np-50Kh2MNSGF) as a mate-
rial for surfacing wear-resistant layers on special 
steels of domestic (13Kh11N2V2MF) and import-
ed (SWEBOR ARMOR 560) production showed 
the prospects of its use. According to the results of 
surfacing using the developed FCW on the plates of 
the abovementioned steels, good quality of multilay-
er metal formation and the absence of defects in the 
form of cracks, pores, lacks of fusion, etc. were noted 
(Figure 3).

Analyzing the obtained data (see Table 1, Fig-
ure 4), it was found that the experimental FCWs No. 1 
and 2 have similar or better welding and technological 
characteristics compared to the reference FCW No. 
3. Wire No. 1 demonstrates melting and deposit fac-
tors similar to the indices of the reference wire and 
exceeds the similar characteristics of wire No. 2. The 
loss factor is the lowest for wire No. 2, which indi-
cates its greater efficiency in the use. Wire No. 1 has 
a lower loss factor than the reference wire, which also 
indicates its efficiency. The best surfacing stability 
is demonstrated by wire No. 2, which has the low-
est constants of variation in current and voltage (14.7 
and 6.2 %, respectively), while for wire No. 1 they 
amount to 15.2 and 7.6 %, which is also better com-
pared to the reference (17.2 and 8.5 %, respectively).

The analysis of the microstructure of the spec-
imens deposited using FCWs No. 1 and 2 showed 
(Figure 5) that in the specimens deposited using both 
types of wires, the fusion line of the deposited (top) 
and base (bottom) metal is quite distinct, and there are 
no internal microdefects in the form of pores, cracks, 
lacks of fusion, nonmetallic inclusions, etc.

Thus, the developed experimental FCWs No.  1 
(PP-Np-50Kh2MNSGF) and No. 2 (PP-Np-20KhGS) 
have advantages over the reference wire or are not in-
ferior to it in terms of the main welding and techno-

Figure 2. Appearance (a) and cross macrosections (b) of billets deposited using FCWs Nos 1‒3. Wire designations are given in Table 1

Figure 3. Quality of metal formation, deposited using  
PP-Np-50Kh2MNSGF wire on billets of 13Kh11N2V2MF (a) 
and SWEBOR ARMOR 560 (b) steel
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logical characteristics, which confirms the possibility 
of their use for electric arc surfacing. The developed 
sparsely alloyed FCWs of two types, in accordance 
with their purpose, as described above, can be used in 
the manufacture or restoration of parts of special and 
industrial machinery to increase its service life.

Conclusions
1. According to the developed comprehensive pro-
cedure, a comparative analysis of the welding 
and technological characteristics of the developed 
sparsely alloyed flux-cored PP-Np-50Kh2MNSGF 
and PP-Np-20KhGS wires was carried out to deter-

Figure 4. Histograms of current (a, c, e) and voltage (b, d, f) distribution during surfacing using FCWs: No. 1 (a, b), No. 2 (c, d) and 
No. 3 (e, f). Wire designations are shown in Table 1

Figure 5. Microstructure of metal near the fusion line in specimens deposited using PP-Np-50Kh2MNSGF (a) and PP-Np-20KhGS 
(b) wires, ×240
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mine the possibility of their wide practical application 
in electric arc surfacing of parts for various purposes.

2. As a result of the conducted comparative stud-
ies, it was found that the developed sparsely alloyed 
experimental flux-cored wires are not inferior, and in 
some aspects exceed the characteristics of the stan-
dard reference wire in terms of the main welding 
and technological parameters (ease of arc excitation, 
quality of deposited metal, factors of melting, deposit, 
losses and current/voltage constants of variation).

3. The obtained results confirm the feasibility of 
further development and implementation of experi-
mental FCWs in repair and production processes for 
the needs of the defence industry and post-war resto-
ration of infrastructure in Ukraine.
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