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CrystallOgraphIC 
anD DImensIOnal CharaCterIstICs 
Of struCture elements In welDs 
Of hIgh-temperature nICkel allOy sIngle Crystals
I.S. Gakh, B.O. Zaderyi, G.V. Zviagintseva, A.V. Zavdoveyev, Yu.V. Oliinyk

e.O. paton electric welding Institute of the nasu 
11 kazymyr malevych str., 03150, kyiv, ukraine

ABSTRACT
Crystallographic-orientational and dimensional-morphological features of microstructure in welded joints of high-temperature 
nickel alloy single crystals are considered, depending on the initial crystallographic orientation and its change over the weld 
solidification macrofront. EBSD analysis and optical metallography methods were used to study the structural features of indi-
vidual zones of welded joints of high-temperature nickel alloy single crystals. their dependence on the initial crystallographic 
orientation of the welded joint and its change over the weld pool solidification macrofront is established. It is shown that along-
side the predominant inheritance of base metal crystallographic orientation by the weld metal, formation of a grain structure 
of different crystallographic orientation, morphology, dimensions and nature, namely solidification and deformation-induced, 
can be in place. The mechanisms of formation of grains of the specified nature are considered. Boundaries of solidification type 
grains are the junction of dendrite blocks with different crystallographic orientation. Deformation type grains are the result of 
relaxation of microstresses at the stage of welded joint cooling, and they form in areas where the direction of acting stresses 
is the closest to the crystallographic orientation of easy slip. It was also found that deformation type grains can form both in 
the weld metal, and in the haZ. at the same temperature conditions of making the welded joints, the quantitative and dimen-
sional-orientational parameters of deformation structure of the haZ metal correlate with similar parameters of weld structure 
elements. The possibility to produce welds without cracks with perfect single crystal structure is indicated.

KEYWORDS: single crystals, high-temperature nickel alloys, welded joints, EBSD-analysis, crystallographic orientation, 
structure parameters, grain nature, weld pool, solidification macrofront

INTRODUCTION
the work is related to constantly growing demand for 
improvement of tactical and technical, service, produc-
tion and ecological characteristics of gas turbine engines 
(GTE), and power units (GTU) of both military and civil 
applications [1–3]. as is known, improvement of ther-
modynamic characteristics of gte and gtu is achieved 
mainly due to increase of gas temperature at the turbine 
inlet and lowering the rotor metal content and weight 
that requires creation and application of new high-tem-
perature materials [4, 5]. Increase of high-temperature 
strength due to more complex alloying, application of 
alloys, particularly those with a single crystal structure, 
has now reached its limit, chiefly, in connection with 
the accompanying deterioration of their adaptabili-
ty-to-manufacture. therefore, the majority of design-
ers and manufacturers choose the path of improvement 
of the turbine design, including application of welding 
[3, 6]. however, the higher the alloy high-temperature 
strength, the lower is their weldability, which is mani-
fested in a high susceptibility of high-temperature nickel 
alloys to cracking and deterioration of the specially cre-
ated structural state, especially single crystallinity, which 
ensures an optimal combination of the mechanical char-
acteristics in a broad range of temperatures and loads.

The majority of publications on welding of single 
crystals of high-temperature nickel alloys (htna) 
consider the conditions of initiation and prevention 
of formation in the welds of the so-called defects of 
single crystal growth structure and cracks [7–10]. re-
sults of studying the mechanical characteristics and 
features of welded joint formation [11, 12] point to 
the need for a more detailed study of the structure 
orientation changes, occurring as a result of thermod-
eformational impact in welding. this applies, in par-
ticular, to the crystallographic orientation spectrum, 
both as a whole, and as individual structural compo-
nents: presence of local structures, microstresses and 
strains; nature, morphology and size of structural el-
ements, boundaries and extent of their misorientation 
as factors, which determine the welded joint mechan-
ical and service properties.

The objective of the work is determination of the 
influence of the sample initial crystallographic orien-
tation on the structural features of htna single crys-
tal welded joint and its change over the weld width.

INVESTIGATION PROCEDURE
Commercial high-temperature alloys with more than 
61 % of the intermetallic dispersion-strengthening γ′-
phase were selected for investigation performance. 
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these alloys are widely used as structural material in 
manufacture of blades of aviation GTE hot section.

Studies conducted by us [8, 9] and other authors 
[7, 10] of the crystallographic orientation of the joint 
and influence of the curvature of weld pool solidifica-
tion macrofront on inheritance of the initial crystallo-
graphic orientation by the weld metal and perfection 
of its structure showed that in order to prevent grain 
and crack formation, it is necessary to ensure a devi-
ation of the direction of temperature gradient passage 
through the solidification front from <001> direction. 
In terms of technology, it is achieved by the corre-
spondence of the plane of welded butt joint edges to 
the high symmetry orientation {100} and formation 
of macroplanar front of weld pool solidification. Two 
main crystallographic combinations: {001}, <100> 
and {110}, <011> were selected at analysis of pos-
sible variants of crystallographic orientation in the 
welded sample joint (initial metal plane {uVw} and 
welding directions <hk1>. Collection of samples of 
the selected crystallographic orientations for welding 
was performed with up to 5° accuracy. test samples 
of {110}, <011> orientation had deviations from the 
selected one within 10° in some cases, which during 
welding can result in different value of the angle of 
deviation of the maximal temperature gradient from 
<001> direction over the solidification front [8]: up 
to 15° — favourable conditions, above the indicated 
level — unfavourable conditions for single crystal 
structure formation. samples of 2 mm thickness were 
cut out by electric spark method from single crystal 
castings produced by high-gradient directional solidi-
fication, with subsequent grinding and etching.

Electron beam welding was performed in modes 
ensuring stable formation of through-thickness uni-

form penetration and the temperature-time conditions 
of single crystal structure formation.

Over the recent years EBSD analysis is becom-
ing successfully applied for evaluation of structural 
changes in single and polycrystalline materials as a 
result of technological and service effects, due to au-
tomated combination of step-by-step assessment of 
local (0.05–1.0 μm) structural-deformational changes 
and subsequent plotting of generalized patterns [13, 
14]. Its application provides broader information, 
compared to the traditional methods of structure eval-
uation: X-ray structural, electron diffraction in tem, 
neutron diffraction, optical metallography, etc., which 
are chiefly directed at detection and subsequent inves-
tigation of the main defects of single crystal growth 
structure, such as jet segregation, parasitic grains, sur-
face carbides, etc. At the same time, it is known that 
optimization of htna structure parameters is one of 
the ways to meet the high requirements to the mechan-
ical and service properties of these alloys [12–16]. 
moreover, more detailed quantitative and qualitative 
evaluation of the structure and development of meth-
ods to control its formation in welding are becoming 
ever more urgent.

The advantages of EBSD analysis are especial-
ly evident, when studying the single crystal welded 
joints which are a composition of areas of different 
structure and crystallographic orientation. Its applica-
tion provides a large scope of information, required 
for assessment of the joint structure evolution, im-
portant when solving both the theoretical and applied 
issues of structure formation and control during weld-
ing. One of the important advantages of EBSD anal-
ysis is the possibility to determine the type and ratio 
of structure elements and its formation mechanism. 
When studying the single crystals, the main object of 
research is the availability and characteristics of grain 
boundaries as the main factor determining the struc-
ture performance: their type, morphology, parameters 
of shape and dimensions, orientation and specific 
share of each type. a not less important factor and ad-
vantage of EBSD analysis of the welded joints is the 
clear presentation of the crystallographic orientation 
of both individual areas and elements of the structure 
by colour coding in the respective research maps and 
as a whole.

Investigations of structural-crystallographic state 
of the welded joints were performed on microsec-
tions taken from the sample surface with application 
of neophot-32 optical microscope and Verios 460 
Xhl electron microscope with hkl nordlys system 
attachment for EBSD analysis. The general area of 
scanning by the electron beam is 796×2000 μm, with 
2×4 μm locality. Figure 1 illustrates the area studied 

Figure 1. Structure (×50) of HTNA welded joint with sample sur-
face close to (101) (a) and (001) (b) with outlined areas studied 
by EBSD
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by EBSD analysis on the welded joints. The charac-
teristic areas of single crystal welded joints revealed 
during analysis [16, 17] were considered: base metal, 
haZ, fusion line, epitaxial growth zone and weld ar-
eas with different deviations of the crystallographic 
orientation from the initial one.

In some cases the crystallographic orientation of 
the structure was evaluated by metallographic etching 
patterns. the structure was recorded using an optical 
microscope. structure visualization was here per-
formed by microsection surface etching.

Sample preparation for EBSD analysis included a 
special grinding-polishing technology [13, 14], which 
allows avoiding the sample surface cold hardening, 
ensuring a high accuracy of the results. During inves-
tigations, the focus was on the welded joints and their 
individual areas, for which the conditions of direction-
al solidification of the single crystal and formation of 

a perfect single crystal structure were fulfilled or were 
not ensured [7‒9, 16, 17]. The features of crystallo-
graphic orientation and dimensional-morphological 
characteristics of individual characteristic zones of 
welded joints, depending on fulfillment of the above-
mentioned conditions were considered.

INVESTIGATION RESULTS
The base metal structure is characterized by a typical 
developed homogeneous coarse-dendritic architec-
ture [15] with directional crystallographic orientation 
(figures 2, 3), which corresponds to sample orienta-
tion as a whole, and which is determined by the con-
ditions of high-gradient growing of the initial single 
crystal.

the haZ metal preserves the initial crystallo-
graphic orientation. when moving closer to the fu-
sion line, however, a change in the morphology and 

Figure 2. straight (a) and inverse (b) pole figures of base metal of single crystal HTNA welded joint with sample surface close to (101)

Figure 3. straight (a) and inverse (b) pole figures of base metal of single crystal HTNA welded joint with (001) sample surface



6

I.S. Gakh et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

Figure 4. Orientation maps of epitaxial growth zone and htna sample fusion areas with surface close to (101) (a) and (001) (b) at 
compliance of initial crystallographic orientation (CGO) with directional solidification conditions. CGO is the legend for orientation 
map, haZ is the heat-affected zone, fl is the fusion line

Figure 5. Orientation maps (a) of a welded joint area with sample surface close to (101), straight and inverse pole figures (c) at non-
compliance of weld area with directional solidification conditions. CGO is the legend for orientation map (Figure 4, c), haZ is the 
heat-affected zone, fl is the fusion line, X‒X′ is the weld axis
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dimensions and distribution of the main strengthen-
ing component of the alloy, namely γ- γ′-phase is in 
place, which was discussed in detail in work [17]. In 
the haZ microstructure of a sample with a favour-
able crystallographic orientation, formation of up to 
10 % of scattered fine grains of up to 10 μm size of 
[111] orientation is observed for [101] initial orien-
tation (figure 4, a), and of [101] orientation — for 
[001] initial orientation (figure 4, b), respectively, 
which may be indicative of their deformation nature. 
alongside a certain crystallographic orientation, the 
deformation nature of the detected grains is indicated 
by their morphology, dimensions and results of com-
prehensive analysis of the maps of orientations and 
microstresses, as well as their location in the welded 
joint. The number of the grains, similar to their orien-
tation, correlates with the degree of deviation of the 
initial crystallographic orientation from the high sym-
metry direction. Note that they were not revealed by 
metallography.

In case of noncompliance of the welded joint crys-
tallographic orientation with the high-symmetry (fig-
ure 5), the quantity of grains of [111] orientation in 
the haZ grows to 20 % at a pronounced tendency to 
their concentration.

the fusion line zone is a transition area from the 
haZ to the zone of weld metal epitaxial growth. Its 
structure is characterized by presence of partially 
melted dendrites and interdendritic gaps [17]. partial-
ly melted dendrites take the shape of cells, a change in 
the crystallographic orientation being hardly notice-
able. Now, in case of noncompliance of the welded 
joint crystallographic orientation with the high sym-
metry (Figure 5), this zone is characterized by a fine-
grained structure (5–40 μm) with prevalence of the 
crystallographic orientation, corresponding to initial 
one and to orientation of deformation type grains.

The zone of epitaxial growth was defined from the 
very beginning of investigations as an area, which 
in metallographic presentation consists of orthogo-
nal fusion lines of fine dendrites located in parallel 

[17]. In the case of a symmetrical welded joint, its 
structure points to preservation of the initial crystal-
lographic orientation and presence of individual fine 
(5–40 μm) grains of [111] orientation (Figure 4, a) or 
[101] orientation (figure 4, b). In case of noncom-
pliance of crystallographic orientation of the welded 
joint or weld area with high symmetry (figure 5, a) 
this zone is characterized by a fine-grained structure 
(40–70 μm).

For samples with a favourable crystallographic 
orientation, a certain increase of individual grain size 

Figure 6. Microstructure (×100) of HTNA weld area near the rectilinear fusion zone (a) and local change of its geometry (b)

Figure 7. map of microstresses (a) of the fusion zone of htna 
sample weld with surface close to (101) and frequency histogram 
(b) at noncompliance of the weld area to crystallographic condi-
tions of directional solidification. HAZ is the heat-affected zone, 
fl is the fusion line
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in the weld metal structure with preservation of base 
metal orientation (figure 4, a, b) is possible, when 
moving closer to the axis.

for a sample with welded joint crystallographic 
orientation noncompliant with the high symmetry, the 
structure develops coarse grains of different size (up 
to 300 μm), predominantly oriented orthogonally to 
the weld pool solidification front, when moving clos-
er to the axis, both in the metallographic and EBSD 
presentation. In addition to grain size increase, a vio-
lation of single crystallinity is clearly manifested. In 
the straight pole figures appearance of new reflexes, 
shifting and blurring of the main ones is observed; 
in reverse figures a decrease of the intensity and ac-
cent of the reflexes  are found (Figure 5). Maximal 
increase of the dimensions and defectiveness of the 
structure, orientation deviation from the initial one are 
observed in the vicinity of the weld axis (Figure 5), 
where a local change in the curvature of weld pool so-
lidification macrofront results in violation of the main 
condition of directional solidification — the relation-
ship of crystal growth direction and its orientation 
[001]. It is exactly the area where hot cracking and 
destruction of the joint is the most often observed at 
high-temperature testing [7, 10, 11, 16]. a similar sit-

uation was also observed in the areas of local changes 
of weld geometry (figure 6), as a result of different 
technological disturbances, or weld pool fluctuations 
even in crystallographic symmetry of the welded joint 
(figure 4, a, b).

note that appearance of a high concentration of 
deformation-induced fine grains with [111] orienta-
tion for the initial [101] orientation is found around 
formations of longitudinal solidification grains (Fig-
ure 4, a).

Clusters of fine grains of different crystallographic 
orientation, more often found in the zone of the fusion 
line, leads to microstress concentration (figure 7), 
which has a negative influence on the performance of 
the joint as a whole.

Comparison of the results of EBSD-analysis and 
metallographic examination [9, 14, 17] points to the 
nature of grains of a different orientation, which can 
form in welding of HTNA single crystals: solidifi-
cation and deformation-induced. The solidification 
grains boundaries form during metal solidification at 
abutment of weld dendrite blocks of different orien-
tation, those of deformation-induced grains form as 
a result of stress relaxation at metal cooling by the 
mechanism of, most probably, polygonization and 

Figure 8. Orientation maps (a) of the central part of the weld on single crystal htna with (001) sample surface, straight (b) and inverse 
(c) pole figures at compliance with the directional solidification conditions. CGO is the legend for orientation map (see Figure 4, c), 
X‒X′ is the weld axis
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dynamic recrystallization. the deformation-induced 
grain boundaries can pass both through the interden-
dritic gaps and through the dendrite body, depending 
on the relative orientation of acting stresses and den-
drites. here, the dimensions, morphology and orienta-
tion of deformation-induced grains correlate with the 
respective parameters of the solidification grains and 
dendrites.

In view of the different nature of the considered 
grains, despite a certain similarity of their parameters, 
the technological paths for prevention of the above-
mentioned grain formation will be different. How-
ever, the geometry of weld pool solidification front 
and crystallographic orientation of the joint line are of 
prevailing important.

It should be further noted that under the same tem-
perature conditions of making the welded joint, the 
quantitative and dimensional-orientational parame-
ters of the deformation structure of the haZ metal 
have a certain correlation with similar parameters of 
the weld structure elements. The established depen-
dencies can be indicative of the influence of the weld 
metal solidification structure on the nature of defor-
mation distribution, also in the HAZ, at the welded 
joint cooling stage.

It should be emphasized that under favourable 
crystallographic conditions, due to formation of the 
appropriate geometry of the weld pool and technolog-
ical guarantee of the values of temperature-time pa-
rameters [8, 16, 18] at the solidification front by the 
directional solidification conditions, it is possible to 
produce welds with satisfactory perfection of the sin-
gle crystal structure (Figures 3, 8).

By the results of the conducted investigations 
with application of EBSD-analysis when studying the 
structural evolution of welded joints in htna single 
crystals, there is an obvious need to perform work on 
regulation of the dimensions, morphology, misorien-
tation, number and nature of distribution of the struc-
ture components and expansion of the technological 
control methods.

CONCLUSIONS
1. One of the main factors, which determine the fea-
tures of structure formation in welding htna single 
crystals, is not only the initial crystallographic orien-
tation of the welded joint, but also its change over the 
weld pool solidification front.

2. The methods of EBSD-analysis and optical 
microscopy were used to show that deviation of the 
initial crystallographic orientation of welded joints 
in 2 mm single crystal HTNA by more than 5° and 
of the front of weld pool solidification by more than 
15° from the direction of prevailing crystal growth of 

<001> leads to violation of the epitaxial inheritance of 
the initial orientation by the weld metal and to forma-
tion of grains of a different orientation. 

3. To achieve the specified perfection of single 
crystal structure of the welded joints, in addition to 
following the main conditions of directional solidifi-
cation (temperature-time and crystallographic-orien-
tational), it is necessary to ensure limitation of local 
changes of weld pool geometry, which is determined 
by the joint design, service conditions, welding modes 
and scheme.

4. Failure to fulfill the crystallographic orientation 
and temperature-time conditions of formation of a 
perfect single crystal structure of weld metal leads to 
development of a grain structure of solidification and 
deformation origin (nature), of different morphology 
and dimensions. After a narrow zone 100‒150 μm 
wide of fine equiaxed grains (up to 40–70 μm), a 
transformation of the structure into a directional 
coarse-grained one (40–300 μm) is found near the fu-
sion line when moving closer to the weld axis, which 
is associated with a change of temperature-time and 
crystallographic orientation conditions of solidifi-
cation over the joint cross-section. a correlation of 
the parameters of secondary (final) and solidification 
(initial) structure is found. Clustering of fine grains, 
particularly, in the zone of the fusion line, promotes a 
concentration of microstresses.

5. It is shown that under the same temperature pa-
rameters of making the welded joint, formation of de-
formation type grains is in place in the haZ. Depend-
ing on orientation conditions, it is up to 10% under 
favourable, and up to 20 % under unfavourable condi-
tions, which is attributable to different susceptibility 
of the metal to deformation localization.

6. the following structure elements are considered 
to be critical:

● transverse elongated grains of different crys-
tallographic orientation in the weld central part, 
the boundaries of which are the crack initiation site 
during welding;

● concentration of fine grains of different orien-
tation, particularly near the fusion line, where local-
ization of stresses and strains occurs, thus increasing 
the susceptibility to destruction at high-temperature 
mechanical loads, and lowering the welded structure 
performance.

7. results of the conducted studies improve our 
understanding of structure formation and its evolu-
tion, depending on the welding process factors, and 
they indicate the possibility of creation of industrial 
welded structures from htna single crystals.
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OF 06G2BDP STEEL
S.L. Zhdanov, V.D. Poznyakov, A.V. Zavdoveyev, A.m. Herasymenko, O.G. Synyeok, 
A.O. maksymenko, V.D. Ryabokon
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ABSTRACT
Ensuring reliable operation of bridge metal structures requires solving a wide range of issues, in particular, development of 
new local materials with guaranteed characteristics, which would provide the required durability of bridge structures. Modern 
requirements to materials for building metal structures and bridges are met by high-strength sparsely-alloyed 06GB, 06G2B 
steels, which were the base for development of 06G2BDP steel of 355–500 MPa class with higher resistance to atmospheric 
corrosion. Application of the corrosion-resistant steel for fabrication of bridge metal structures will allow improvement of their 
reliability and service life. The work deals with the influence of welding technology parameters on the structure and properties 
of welded joints of 06G2BDP steel.

KEYWORDS: bridge metal structures, corrosion-resistant steel, structure, welded joints, welding consumables, mechanical 
properties

INTRODUCTION
At present there is the need in metal structure fabrica-
tion for high-strength sheet steels with high mechani-
cal properties and increased resistance to atmospher-
ic corrosion [1‒3]. This is indicated by the results 
of inspection of such metal structures with concrete 
roadway, main girders and transverse beams of steel. 
they showed that the main type of their damage is 
reduction of the cross-section of the girths and webs 
of the beams as a result of corrosion, which signifi-
cantly lowers the structure load-carrying capacity and 
bridge serviceability [4‒7]. A combination of design 
and technology factors, as well as application of or-
dinary construction steels in earlier build bridges, 
having relatively low corrosion resistance, promote 
an accelerated development of this process [8]. Ap-
plication of higher corrosion resistance steels in met-
al span structures of bridges is important in terms of 
extension of their service life and lowering the bridge 
operating costs.

At present sparsely-alloyed steels of 06GB, 06G2B 
grades have been introduced into construction of crit-
ical welded metal structures [9]. these steels have a 
higher strength and cold resistance and by these values 
they differ favourably from 09G2S, 10KhSND steels, 
which are usually applied in fabrication of local met-
al structures. at the same time, in order to increase 
the corrosion resistance of 06G2B steel, a new steel 
of 06G2BDP grade was developed on its base [10], 
which contains 0.04–0.12 % carbon, depending on 
the steel grade, 0.90–1.75 % manganese, 0.30–0.45 % 
copper, and ≤0.012 % sulphur. Higher phosphorus 
content, particularly in contact with copper, enables 
increasing the corrosion resistance, but it can impair 
the deformation properties of the metal and can cause 
its cold brittleness, so that phosphorus content in the 
steel is limited to 0.05 % (Table 1). A combination of 
high strength and high impact toughness of 06G2BDP 
steel (Table 2) was produced by modifying treatment 
and thermal improvement.

Table 1. Chemical composition of the studied steels, wt.%

rolled 
stock/melt

thick-
ness, 
mm

C mn si p s Cr ni Мо Cu al Nb ti

06G2BDP 
experimental melt 13 0.068 1.36 0.082 0.053 0.011 0.30 0.14 0.15 0.47 0.018 0.056 0.004

06G2BDP TU 
U27-05416823-

078:2006

8‒ 
50

0.04‒ 
0.08

1.10‒ 
1.40

0.15‒ 
0.35

0.030‒ 
0.050 0.012 Before 

0.30
Before 
0.30

0.02‒ 
0.05

0.30‒ 
0.45

0.02‒ 
0.05

0.010‒ 
0.030

Before 
0.020

06G2B – 0.08 1.3 0.25 0.025 0.01 – – 0.1 0.3 0.02 – –
10khsnD – ≤0.12 0.8 0.8 0.03 0.035 0.6 0.5 – 0.4 – – –
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By the results of studying the static strength, duc-
tility, impact toughness and corrosion resistance it is 
shown that 06G2BDP steel is promising in terms of 
its application for building bridges, and other critical 
structures [11].

INVESTIGATION PROCEDURE
In order to ensure reliable operation of the structure, 
the welded joint metal, including the weld and haZ, 
should have sufficient strength and cold resistance. 
these characteristics are determined, on the one hand, 
by the chemical composition, heat treatment and 
thickness of the metal being welded, and on the other 
hand, by welding conditions: heat input, preheating, 

technique of making the joints, etc. the work is de-
voted exactly to this analysis.

for further development of arc welding technolo-
gies for fabrication of metal structures of bridge spans 
and engineering facilities from 06G2BDP steel, in-
vestigations were conducted using modern methods 
of light and electron metallography, and physical tests 
to study the influence of arc welding technologies on 
structure formation, mechanical properties and cold 
resistance of the haZ metal. flux-cored wire and 
solid wire for mechanized gas-shielded welding and 
solid wire for automatic submerged-arc welding were 
selected for these purposes.

Butt joints with V-shaped groove were made from 
13 mm 06G2BDP steel for investigation perfor-
mance. Mechanized welding in 82 % Ar + 18 % CO2 
gas mixture was performed with 1.2 mm ni-mo1-Ig 
solid wire (Boehler Thyssen Company) and in CO2 
with 1.2 mm Filarc PZ 6114S flux-cored wire (ESAB 
Company). welding modes were practically the same 
for both variants and were as follows: Iw = 190–220 a, 
Ua = 26–28 V, Vw = 14–16 m/h, shielding gas (mixture) 
flow rate was 15–18 l/min. Automatic submerged-arc 
welding with OK Flux 10.71 ceramic flux (ESAB 
Company) was performed with 4 mm sv-10nma sol-
id wire in the following mode: Iw = 520–530 a, Ua = 
= 32 V, Vw = 28 m/h.

WORK RESULTS AND THEIR DISCUSSION
Building metal structures are usually made us-
ing mechanized gas-shielded and automatic sub-
merged-arc welding. when mounting the structures, 
welding is most often performed by manual arc pro-
cess, using coated electrodes.

many years of experience showed that mecha-
nized gas-shielded arc welding of structural steels of 
C390 grade is performed with Sv-08G2S solid wire, 
automatic submerged-arc welding is conducted with 
AN-348 or AN-47 flux with wires of Sv-08GA or Sv-
10nma grades, and manual arc welding — with elec-
trodes of uOnI-13/55 grade.

as regards welding steels of C500 and higher 
grade, to which 06g2BDP steel belongs, the norma-
tive documents on bridge building do not give any 
precise recommendations on selection of materials 
for their welding. therefore, one of the main tasks of 
this study was substantiation of application of a par-

Table 2. mechanical properties of steels

steel grade/class sy, mpa st, mpa d5, % KCV‒20 KCV‒40

06G2B С390 390 490 22 – 98
06G2BDP С390 390 490 22 68 49
10khsnD C390 390 530‒685 19 – 29

06G2BDP experimental melt 529‒534 645‒666 24.7‒27.3 298‒310 230‒298

Figure 1. Values of yield limit and ultimate strength, relative 
elongation and reduction in area of weld metal of 06G2BDP steel 
welded joints made with: NiMo1-IG solid wire in 82 % Ar + 
18 % CO2 gas mixture (1), FilarcPZ 6114S flux-cored wire in CO2 
(2) and sv-10nma solid wire under a layer of Ok flux 10.71 (3)
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ticular material for welding metal of the above class. 
Obtained data on mechanical properties of the weld 
metal show (figure 1) that the values of static strength 
and ductility of the weld metal, both in mechanized 
gas-shielded welding and in automatic submerged-arc 
process, are considerably higher than similar values 
of base metal of 06G2BDP steel of C390 class.

NiMo1-IG solid wire in combination with a 
shielding gas mixture of 82 % Ar + 18 % CO2 and 
sv-10nma solid wire under a layer of Ok flux 
10.71 ceramic flux ensure equivalent strength and 
15–20 % higher σy and σt values of base metal of 
06G2BDP steel of 500 class. Ductility values are 
also at a sufficiently high level, exceeding the stan-
dard values for steel.

By the static strength and ductility values the 
recommended welding processes and consumables 
ensure the required level of weld metal mechanical 
properties, and they can be used for fabrication of 
metal structures from 06G2BDP steel of C390 class, 
and they can be applied for welding steels of C500 
class, except for Filarc PZ 6114S flux-cored wire.

Derived results of impact toughness studies (fig-
ure 2) demonstrate that welds made with nimo1-Ig 
solid wire in 82 % Ar + 18 % CO2 gas mixture and 
with sv-10nma solid wire under a layer of Ok flux 
10.71 correspond to standard values (KVC‒20 ≥ 68 J/cm2 
and KCV‒40 ≥ 49 J/cm2). In particular, in welding with 
nimo1-Ig wire in a gas mixture, KCV values of the 
metal of welds and HAZ exceed the base metal impact 
toughness 1.5–2.0 and 3.0–3.5 times, respectively.

High values of impact toughness are confirmed by 
fractographic studies of sample fractures after testing. 
so, at testing samples with a notch in the weld mid-
dle, the fracture mode at ‒40 °C temperature at the 
notch tip and in the final fracture zone is ductile with 
pit size dp = 0.4–5 μm, being quasibrittle only in the 
zone of the main crack propagation (figure 3). at the 
same temperature conditions in samples with a notch 
in the haZ the fracture mode is 100 % ductile in all 

the zones with a large cluster of small pits of dp = 
= 1–5 μm (Figure 4).

Contrarily, application of Filarc PZ 6114S flux-
cored wire provides impact toughness of the metal of 
welds and haZ of welded joints at the required level 
only at 20 °C testing temperature. at testing tempera-
ture lowering to ‒20 and ‒40 °C KCV values decrease, 
and in the weld metal they are even lower than the 
standard ones.

This is also indicated by the results of fractograph-
ic studies at similar temperatures of sample frac-
tures with a notch both in the weld center, and in the 
HAZ. In the notch tip and in the final fracture zone 
for ‒40 °C temperature, a ductile fracture mode is ob-
served in the weld metal with pit size dp = 0.5–4 μm 
(figure 5, b), and in the zone of the main crack prop-

Figure 2. Impact toughness of weld metal (a) and haZ metal (b) in 06G2BDP steel welded joints: 1 — NiMo1-IG wire, 82 % Ar + 
18 % CO2; 2 — FilarcPZ 6114S flux-cored wire, CO2; 3 — sv-10nma wire, Ok flux 10.71

Figure 3. appearance of sample fracture (a) after impact bend 
testing (Ttest = ‒40 °C) of weld metal of 06G2BDP steel welded 
joint, made by NiMo1-IG solid wire in 82 % Ar + 18 % CO2 gas 
mixture: A — area in the notch tip; B — area of the main crack 
propagation; C — final fracture area; b — fractograph of “a” 
area; c —fractograph of “B” area; d — fractograph of “C” area



14

S.l. Zhdanov et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

agation brittle fracture prevails with cleavage facet 
diameter of 10–55 μm. Approximately the same sit-
uation is characteristic for fracture of samples with 
a notch in the HAZ at ‒20 °C testing temperature. At 
the same time, at temperature lowering to ‒40 °C, the 
quasibrittle and brittle fracture modes are observed at 
the notch tip and in the zone of the main crack prop-
agation with cleavage facet size df = 8–30 μm (Fig-

ure 6, c). the fracture mode is ductile with small pit 
size dp = 1‒10 μm only in the final fracture zone (Fig-
ure 6, d).

By the results of fractographic investigations it 
was found that for all the studied variants of welding 
at low temperatures the haZ metal ductility is some-
what higher than that of weld metal, which is ensured 
by dispersion of the structural components. Maximal 
values of impact toughness at all the testing tempera-
tures are characteristic for 06G2BDP steel welded 
joints, made by mechanized welding with NiMo1-IG 
solid wire in 82 % Ar + 18 % CO2 mixture.

Change of the values of mechanical properties and 
impact toughness is associated with structural trans-
formations in the welded joint zones, both in the weld 
metal and in the haZ metal.

at mechanized solid wire welding the most high-
ly dispersed structure forms in the weld metal which 
consists of ferrite-carbide mixture with sparse hardly 
noticeable thin precipitates of hypoeutectoid ferrite 
along the primary grain boundaries of higher hardness 
of 2200 mpa (figure 7, a). In the overheated subzone 
of the HAZ a fine structure of acicular ferrite forms 
with incomplete precipitation of hypoeutetoid ferrite. 
hardness value of this zone is equal to 2500 mpa 
(figure 7, b).

At mechanized flux-cored wire welding the weld 
metal forms a microstructure of acicular ferrite with 
a large fraction of coarse plates of hypoeutectoid fer-
rite, which precipitated from equidirectional coarse 
elongated ferrite grains of 2110 mpa microhardness, 
growing into the bulk (Figure 8, a). the haZ metal 
forms a fine ferritic structure with hardness increase 

Figure 4. appearance of sample fracture (a) after impact bend 
testing (Ttest = ‒40 °C) of HAZ metal of 06G2BDP steel welded 
joint, made by NiMo1-IG solid wire in 82 % Ar + 18 % CO2 gas 
mixture: A — area in the notch tip; B — area of the main crack 
propagation; C — final fracture area; b – fractograph of “a” area; 
c — fractograph of “B” area; d — fractograph of “C” area

Figure 5. structure of the weld upper layer in welding with sta-
tionary arc (a, b), in paw (c, d) and in welding with pulsating arc 
(d, e): a, c, e — optical microscopy at ×500 (reduced 2 times); b, 
d — sem

Figure 6. Macrosections of Tekken samples of 13KhGMRB steel 
joints made by PAW: a — without preheating; b — pt = 120 °C
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up to 2450 MPa in the overheated subzone and hard-
ness lowering to 2100 mpa in the incomplete recrys-
tallization subzone (Figure 8, b).

At automatic submerged-arc welding the weld 
metal develops an acicular ferritic structure with the 
most ramified network of pronounced hypoeutectoid 
ferrite along the boundaries of ferrite grains of a more 
round shape. weld metal structure has the lowest mi-
crohardness of 2080 MPa. The fusion zone hardness 
is 2000 mpa (figure 9, a). In the haZ overheated 
subzone an acicular ferritic structure forms with 
coarse plates of hypoeutectoid ferrite and widmans-
taetten ferrite areas of 2050–2080 MPa hardness (Fig-
ure 9, b).

In addition, at automatic submerged-arc welding 
a tempered area of 6 mm width develops in the weld-
ed joint at 5 mm distance from the fusion line with a 
considerable hardness lowering to 1600–1800 MPa, 
and with emergence of a fine-grained ferritic-pearlitic 
structure.

In terms of formation of a dispersed ferritic-car-
bide structure and achieving high impact toughness 
values, the most favourable of the above-mentioned 
combinations of welding consumables is applica-
tion of NiMo1-IG solid wire of Boehler Company at 
mechanized welding of 06G2BDP steel in 82 % Ar + 
18 % CO2 gas mixture.

Figure 7. Microstructure (×500) of 06G2BDP steel welded joint made with NiMo1-IG solid wire in 82 % Ar + 18 % CO2 gas mixture: 
a — weld; b — haZ

Figure 8. Microstructure (×500) of 06G2BDP steel welded joint made with FilarcPZ 6114S flux-cored wire in CO2: a — weld; b — 
haZ

Figure 9. Microstructure (×500) of 06G2BDP steel welded joint made with Sv-10NMA solid wire under a layer of OK Flux 10.71: 
a — weld; b — haZ
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CONCLUSIONS
Investigations of the influence of mechanized gas-shield-
ed arc and automatic submerged-arc welding on the 
mechanical properties and structure of welded joints of 
06G2BDP steel revealed the following:

● by the values of static strength and ductility the 
above-mentioned welding processes and welding con-
sumables, namely NiMo1-IG solid wire in combina-
tion with 82 % Ar + 18 % CO2 gas mixture, filarc pZ 
6114S flux-cored wire with CO2 and sv-10nma solid 
wire in combination with OK Flux 10.71 provide the 
required level of weld metal mechanical properties, 
and they can be used for fabrication of metal struc-
tures from rolled stock of 06G2BDP steel of C390 
class;

● on the other hand, the above-mentioned combi-
nations of welding consumables, except for Filarc PZ 
6114S flux-cored wire in CO2, can be used for weld-
ing metal structures from 06G2BDP of C500 grade;

● metallographic investigations of microstruc-
ture of all the welded joint zones and fractographic 
studies of the sample fracture surfaces after impact 
bend testing showed that from the above-mentioned 
combinations of welding consumables application of 
NiMo1-IG solid wire of Boehler Company at mech-
anized welding in 82 % Ar + 18 % CO2 gas mixture 
can be the most favourable in terms of formation of a 
dispersed ferritic-carbide structure and achieving high 
impact toughness values;

● application of the technology of automatic sub-
merged-arc welding is rational at fabrication of met-
al structures, which will operate at temperatures not 
lower than ‒20 °C, and for products welded with 
flux-cored wire in CO2 the working temperature range 
should only be positive (not lower than plus 20 °C), 
from the viewpoint of achieving impact toughness 
values higher than the standard values.
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ABSTRACT
In order to improve the performance of metal deposited with PP-Np-50Kh2MNSGF flux-cored wire, boron-containing FKhB-1 
binder was added to the wire charge in such a way as to obtain boron content on the level of 0.01 % in the deposited metal. The 
effect of adding FKhB-1 binder to the flux-cored wire charge on its welding-technological properties was studied experimen-
tally. It was found that application of boron-containing binder in the flux-cored wire charge does not impair its welding-techno-
logical properties, boron microalloying leading to refinement of the deposited metal structure and increasing its hardness from 
HRC 53–57 to HRC 60–62 at the same content of other alloying elements. Developed PP-Np-50Kh2MNSGF flux-cored wire is 
proposed for deposition of wear-resistant layers for protection of parts of special machines and mechanisms in mining, metal-
lurgical and other industries, operating under the difficult conditions of abrasive wear in combination with intense shock loads.

KEYWORDS: arc surfacing, flux-cored wire, microalloying, welding-technological properties, deposited metal, deposited 
metal formation

INTRODUCTION
Analysis shows that boron is quite often used as mi-
croalloying element in production of various steels 
and alloys in order to improve their performance [1–
6]. At the same time, boron application as a microal-
loying or modifying additive at surfacing (welding) 
is rather limited [7–10], which is related to difficul-
ties of selection of the type and method of adding bo-
ron-containing components to the weld pool, boron 
assimilation processes, determination of its optimal 
concentrations, etc., as boron is capable of rather sig-
nificantly influencing the properties of steels and al-
loys at its concentration in the range of hundredths 
and thousandths of a percent.

so in work [11] it was shown that microalloying 
of 25Kh5FMS deposited metal by boron in the range 
of 0.007–0.010 % leads to a considerable refinement 
of its microstructure and a certain increase of matrix 
microhardness, without detracting from the quality of 
deposited metal formation.

It has a positive effect on the performance of de-
posited metal microalloyed by boron: its heat- and 
wear-resistance increases 1.5–2.0 times. Increase 
of boron concentration in the deposited metal 
≥ 0.02 % leads to further increase of microhardness 
of 25Kh5FMS steel. However, it has a negative influ-
ence on the metal crack resistance: it forms a consid-
erable amount of cracks, which propagate through all 
the deposited metal layers.

The objective of the work consists in determi-
nation of the influence of boron microalloying on 

welding-technological properties of surfacing pp-
Np-50Kh2MNSGF flux-cored wire designed for im-
provement of wear resistance of special machines and 
mechanisms in mining, metallurgical and other indus-
tries, working under the difficult conditions of abra-
sive wear in combination with intense high dynamic 
shock loads.

INVESTIGATION mATERIALS 
AND PROCEDURES
In order to protect the working surfaces of the 
above-mentioned parts, which include lining ele-
ments of screens, bins, dump truck bodies, blades and 
covering discs of draft blowers and similar parts, in 
this work it is proposed to deposit wear-resistant met-
al layers by submerged-arc surfacing with flux-cored 
wire of pp-np-50kh2mnsgf grade.

total thickness of the deposited wear-resistant 
metal depends on the service conditions of a particular 
part, and it can be from 3 to 10 mm. Considering the 
high coefficient of deposited metal dilution by base 
metal (up to 50 %) in flux-cored wire arc surfacing, it 
is usually necessary to deposit 3 to 4 layers to achieve 
the specified chemical composition of the deposited 
metal. proceeding from the need to ensure the spec-
ified chemical composition and properties already in 
the 1st–2nd layer of deposited metal in some cases, the 
charge composition of PP-Np-50Kh2MNSGF flux-
cored wire was optimized, and FKhB-1 binder, con-
taining 12 % boron, was further added to the charge.

The quantity of FKhB-1 binder, added directly to 
the charge of experimental flux-cored wire in the form 
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of powder during its manufacture, was calculated so 
as to obtain boron content on the level of 0.01 % in the 
deposited metal, taking into account the coefficients 
of wire filling and alloying element transition into 
the deposited metal. Such a concentration of boron in 
the deposited metal was selected in order to prevent 
cracking [11]. The flux-cored wire design is tubular 
with edge overlapping, 1.8 mm diameter and filling 
coefficient of 24 %.

Submerged-arc surfacing of test samples was per-
formed by single beads with AN-26P flux in U-653 
unit with VDu-506 power source in the following 
modes: 24 V voltage, 220 a current, 20 m/h deposi-
tion rate, 4 mm surfacing step, direct current, reverse 
polarity. Plates from 40Kh steel were used as base 
metal.

Two series of test samples were made. The first 
series was surfaced with wires of standard and exper-

imental composition in four layers, which was fol-
lowed by visual inspection of the processed surface 
before and after its mechanical cleaning. The second 
series of samples were surfaced stepwise in one, two 
and three layers. after that X-ray spectral method was 
used to determine the chemical composition of the de-
posited metal in the upper layer.

welding-technological properties of experimental 
PP-Np-50Kh2MNSGF wire microalloyed by boron, 
compared to wire of the same grade of standard com-
position, were assessed by the following parameters:

● arc excitation mode (light, medium, complicated);
● melting characteristics (coefficients of melting, 

deposition, losses);
● arc burning stability (stable, satisfactory, unstable);
● quality of deposited bead formation (sound, sat-

isfactory, poor);
● type and availability of defects in the deposited 

metal (absent, isolated, considerable number);
● quality of slag crust detachment (easy, satisfac-

tory, complicated);
● compliance of deposited metal chemical compo-

sition and hardness with the specification (compliant, 
not compliant).

For calculation of the coefficients of melting (am), 
deposition (ad) and losses (y) the plate and wire 
weight was determined before and after surfacing and 
deposition time was recorded. The respective coeffi-
cients were determined using common expressions:

 αm = Gm/(I·t), (1)

 αd = Gd/(I·t), (2)

 ψ = ((αm – αd)/αm)·100 %, (3)

where Gm is the molten metal weight, g; Gd is the de-
posited metal weight, g; I is the welding current, a; t 
is the deposition time, h.

EXPERImENTAL RESULTS 
AND THEIR DISCUSSION
Appearance of the first series of samples immedi-
ately after surfacing and after mechanical scraping 
of the processed surface is given in figure 1. tem-
plates were cut out of samples of the second series 
(figure 2), microsections were prepared and structur-
al studies of the samples were conducted at magnifi-
cations of ×240 (Figure 3, 4). Chemical composition 
and hardness of the metal deposited with standard 
and experimental PP-Np-50Kh2MNSGF flux-cored 
wires, as well as composition of 50kh2mnsgf de-
posited metal according to the specification, is given 
in Table 1.

As one can see from Figure 1, boron microalloy-
ing at its concentration of 0.01 % in 50kh2mnsgf 

Figure 1. Appearance of beads deposited with PP-Np-
50kh2mnsgf wires of standard (1) and experimental (2) com-
positions immediately after deposition (a) and after mechanical 
scraping of the surface (b)

Figure 2. Macrosections of metal deposited by PP-Np-
50kh2mnsgf wire of experimental composition in one (a), two 
and three layers (b)
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Figure 3. Microstructure (×240) of metal near the fusion line in samples surfaced with PP-Np-50Kh2MNSGF wire of standard (a) and 
experimental composition (b)

Figure 4. Microstructure (×240) of the central part of metal in samples surfaced with PP-Np-50Kh2MNSGF wire of standard (a) and 
experimental composition (b)

Table 1. Chemical composition and hardness of metal deposited with PP-Np-50Kh2MNSGF flux-cored wires of standard and exper-
imental compositions

Deposited metal 
type

Number of 
deposited 

layers

weight fraction of elements, % hardness, 
HRCС si mn Cr ni mo V B

50kh2mnsgf 
(to specification) 3–5 0.3–0.5 0.4–1.0 0.4–1.0 1.5–2.5 0.8–1.6 0.3–0.6 0.3–0.6 – 55–60

50kh2mnsgf 
(standard) 4 0.42 0.89 0.75 1.88 1.52 0.48 0.37 – 53–57

50kh2mnsgf 
(experimental)

1 0.39 0.75 0.65 1.41 1.24 0.37 0.28 0.004 55–57
2 0.43 0.83 0.72 1.86 1.47 0.43 0.35 0.005 57–60
3 0.46 0.97 0.83 1.94 1.54 0.54 0.43 0.006 60–62

Table 2. Welding-technological properties of PP-Np-50Kh2MNSGF flux-cored wires of standard and experimental compositions

parameter
wire type

standard experimental

mode of arc excitation light light

Coefficients of: 
● melting — αm, g/a·h 

● deposition — αd, g/a·h 
● losses — ψ, %

 
17.56 
17.04 
2.96

 
17.52 
16.98 
3.08

Arc burning stability Stable Stable

Quality of deposited bead formation sound sound

presence of defects in the deposited metal Absent Absent

Quality of slag crust detachment satisfactory satisfactory

Compliance of deposited metal chemical composition and hardness with the specification Compliant (standard) Compliant
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deposited metal does not impair its formation quality. 
Detachability of the slag crust remains on the same 
satisfactory level in all the samples, spinels on the 
sample surface are absent. Pores, cracks or other de-
fects on the deposited metal surface are also absent.

hardness of the metal deposited with experimental 
wire with microalloying additives of boron, is equal 
to HRC 57–60 already in the second layer, compared 
to hardness of metal deposited with wire of standard 
composition in the fourth layer — HRC 53–57 at the 
same concentration of other alloying elements.

as one can see from figure 3, in samples depos-
ited by wires of both types, the line of fusion of the 
deposited (above) and base metal (below) is clear, in-
ternal defects in the form of pores, cracks, and lacks 
of fusion are absent. Metal structure is quite homoge-
neous, here it is finer in the case of boron microalloy-
ing (figure 4, b). Table 2 gives the generalized data 
on comparative assessment of welding-technological 
properties of the developed pp-np-50kh2mnsgf 
flux-cored wire of standard and experimental compo-
sitions.

It follows from the data given in Table 2 that 
welding-technological properties of experimental pp-
Np-50Kh2MNSGF flux-cored wire with boron mi-
croalloying additives are at a high level by all the pa-
rameters and correspond to the characteristics of wire 
of standard composition of the same grade.

CONCLUSIONS
It was found that application of FKhB-1 binder with 
boron in the charge of PP-Np-50Kh2MNSGF flux-
cored wire does not impair its welding-technological 
properties. Here, microalloying by boron in the quan-
tity of 0.006–0.012 % leads to refinement of the de-
posited metal structure and allows its hardness to be 
increased from HRC 53–57 to HRC 60–62 at the same 
content of other alloying elements.
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ABSTRACT
The objective of the work consisted in determination of admissible and critical thermal modes of manual arc welding of chro-
mium-molybdenum-vanadium steels, based on the results of metallographic investigations and measurement of weld metal 
hardness in as-welded and as-heat treated condition. Experimental butt welded joints of 15Kh1M1F steel were obtained under 
different thermal conditions. Two parameters of the welding thermal mode were set: heat input equal to 5.21; 7.78 or 10.2 kJ/cm 
and temperature of preheating of the metal being welded, equal to 50; 160; 270 or 360 °С. Phoenix SH Kupfer 3 KC coated 
electrodes of EN ISO 3580-А – E ZCrMoV1 B 4 2 H5 type were used. The subject of research was metal of the welds of the 
above-mentioned welded joints. For all the combinations of the heat input and preheating temperature weld metal hardness 
was measured after welding and after high-temperature tempering. the structure of different zones of welded joint metal was 
studied to determine the presence of cracklike defects and nature of the microstructure. the main attention was given to weld 
metal structure. The critical and admissible thermal modes of welding 15Kh1M1F steel with the selected coated electrodes 
were determined by the quality criteria, namely nature of the microstructure and structural homogeneity, as well as degree of 
weld metal defectiveness.

KEYWORDS: welded joints, welding consumables, weld metal, metallographic investigations, microstructure, manual arc 
welding, hardness, welding thermal mode, heat-resistant steel, cold cracks

INTRODUCTION
The range of welded assemblies from traditional chro-
mium-molybdenum-vanadium steels of 12Kh1MF, 
20khmfl, 15kh1m1f, 15kh1m1fl (furtheron re-
ferred to as Cr‒Mo‒V steels) in steam turbines, boiler 
units and other components of newly designed power 
equipment does not show any tendency to reduction. 
Owing to the need for reconstruction and continuation 
of operation of tpp and Chpp units, which have al-
ready worked off their fleet life, the scope of repair-res-
toration operations with involvement of coated-elec-
trode manual welding is also increased. therefore, 
improvement of the technologies of welding steels of 
this type remains an important and relevant goal.

Under the conditions in the recent years, difficult 
for providing the industry of ukraine with energy 
carriers, in the cold season the air temperature even 
in assembly-welding shops of machine-building en-
terprises can drop to below zero values. In keeping 
with the standards [1], Cr‒Mo‒V steels are allowed 
to be welded at ambient air temperature from 0 to 
‒15 °C, depending on steel grade and thickness. Here, 
however, an accelerated drop of temperature Tp of 
preheating of the products being welded is in place. 
Insufficiently fast transition between the operations 
of welding, monitoring of temperature and interme-
diate heating combined, possibly, with the human 
factor, can lead to the situation, when a certain vol-
ume of the deposited metal was produced, when the 
actual product temperature was lower than Tp range 
specified by the technological documentation. Welded 

joints where the weld contained metal deposited with 
insufficient product preheating, were subjected to the 
required postweld heat treatment and usually success-
fully passed all the kinds of nondestructive testing. at 
the same time, weld metal hardness in a single case 
showed that individual measurement results exceeded 
the maximum admissible values, although the aver-
age hardness value satisfied the current standards [1]. 
Such an inconsistency is not the basis for rejection of 
the product, but it requires coordination with the chief 
materials science organization ([1], Table 18.3, items 
18.4.4, 18.4.5). In view of the above-said, the tech-
nologists are trying to not just specify the optimal Tp 
range during welding of Cr‒Mo‒V steels, but at least 
know a very accurate practically justified bottom line 
of the above range, and also know the key conditions 
and required measures for guaranteeing compliance 
with current norms of weld metal hardness.

Increase of the cooling rate and lowering of the 
temperature level, at which γ-α-transformation runs in 
the metal of the weld and haZ of alloyed steels are 
known to lead to increase of the fraction of diffusion-
less products, stresses of 2nd and 3rd kinds, dislocation 
density, and hardness in as-welded state. Collectively, 
these phenomena are known as the “structural factor”, 
which has an essential influence on the delayed frac-
ture mechanism in hardened steels welded joints. so, 
in this case the point is that the specified minimal Tp 
value should be characterized not by the category of 
optimality, but rather criticality in terms of the risk of 
development of metal defects, incompatible with the 
welded joint serviceability.
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alongside the preheating temperature, welding heat 
input q also belongs to the parameters of welding ther-
mal mode. Welder can influence q mainly by varying 
welding current Iw (within optimal ranges for each coat-
ed electrode brand and diameter). It is possible to control 
q through the arc movement speed and welding tech-
nique (transverse oscillations, “stringer” beads, etc).

For welded joints of Cr‒Mo‒V steels required Tp 
is recommended or specified in a rather broad range 
(from 450 to 100 °C), and not always with sufficient 
substantiation of this range [1‒5]. In a number of cas-
es, welded joints of 15kh1m1fl steel are also pro-
duced without preheating [1, 6]. proceeding from data 
of these and many other literature sources, it did not 
seem possible to determine the critically necessary Tp 
without additional experiments.

Weld metal hardness in finished products is con-
trolled in as-heat treated state. known are [7] the dis-
persion-hardening susceptibility of metal of Cr‒Mo‒V 
steel welded joints and the temperature-time ranges of 
this phenomenon. this prompted an investigation into 
the impact of welding thermal mode on weld metal 
structure and properties not only in as-welded state 
but also after high-temperature tempering.

Thus, the objective of the work consisted in study-
ing the influence of the welding thermal mode on the 
nature of structure formation and change in the hard-
ness of weld metal of Cr‒Mo‒V steel welded joints 
in as-welded and as-heat treated state, as well as in 
determination of the parameters of welding thermal 
mode critical for ensuring the technological strength 
and quality of the welded joints.

mATERIALS AND PROCEDURE
plates of 25 mm thickness cut out of a forging of 
15Kh1M1F steel were taken as the base metal for ex-
perimental welded joints. this material was selected as 
a typical well-studied and common pearlitic steel of Cr‒
Mo‒V system. Spectral analysis performed in the spe-
cialized PWI laboratory revealed the following content 
of elements in its composition, wt.%: 0.15 C; 0.39 si; 
0.68 Mn; 1.32 Cr; 1.04 Mo; 0.35 V; 0.007 S; 0.023 P, 
which in general complies well with the requirements 
of standards and specifications for 15Kh1M1F steel [8].

A large number of electrode brands were developed 
for welding Cr‒Mo‒V steels, their current production be-

ing regulated by state or industry standards of the former 
ussr until recently. among electrodes of e-09kh1mf 
type (GOST 9467‒75), identified by marketing search 
via the Internet, TML-3U, TsL-20, TsL-20B and TsL-
39 brands can be regarded as widely accepted in the 
ukrainian market. During previous years, the validity of 
normative acts of the soviet era was gradually coming to 
an end. For instance [9], GOST 9467‒75 was replaced 
by STU EN ISO 3580:2019 “Welding consumables. 
Coated electrodes for manual arc welding of creep-re-
sisting steels. Classification”. Contrarily, the certificates 
of suppliers or electrode descriptions often indicate that 
they were made by canceled GOSTs or specifications 
(for instance, tu u 25.9-31230196-004:2016, tu u 
25.9-34142624-014:2017). Unfortunately, plant specifi-
cations are not readily available documents, making ref-
erences to them questionable in terms of modern quality 
assurance systems. under the conditions of electrode 
production adaptation to the new standardization system 
introduced in ukraine, power equipment manufacturers 
began to give preference to products of European com-
panies, which have been working under the EN ISO 
standard system for a long time, ensuring consistently 
reproducible quality of the coated electrodes.

So, two brand names of electrodes of European 
manufacturers were pretested: Boehler Fox DCMV and 
Phoenix SH Kupfer 3 KC. The electrodes belong to EN 
ISO 3580-A – E ZCrMoV1 B 4 2 H5 type, similar to 
E-09Kh1MF (GOST 9467‒75). By the totality of the 
results of previous studies (soundly determined weld-
ing technology characteristics, chemical composition of 
pure deposited metal), there were practically no grounds 
for preferring a certain brand, considering the welding 
production requirements. however, phoenix sh kupfer 
3 kC was chosen for this study, for which the typical and 
actual C, p, si content in the deposited metal is some-
what higher (Table 1). This is closer to the critical con-
ditions in terms of ensuring the technological strength 
of the welded joint and final hardness of the weld metal.

welding was performed in the downhand posi-
tion. Electrodes were applied after their rebaking 
(350 °C/2 h), and directly after their cooling to room 
temperature. Butt joints with a V-shaped groove (20° 
edge bevel angle, 3 mm root face, 3 mm gap) were as-
sembled from 25×60×300 mm plates of 15Kh1M1F 
steel. weld root zone metal was produced with 4 mm 

Table 1. Chemical composition of deposited metal of electrodes of EN ISO 3580-A – E ZCrMoV1 B 4 2 H5 type

Brand Data 
source

element weight fraction, %

C si mn Cr mo V s p

Böhler Fox DCMV
[10] 0.12 0.3 0.9 1.2 1.0 0.22 ≤0.025 ≤0.030
А* 0.13 0.35 0.90 1.24 1.10 0.25 0.006 0.015

phoenix sh kupfer 3 kC
[11] 0.13 0.4 1.0 1.4 1.05 0.25 ≤0.025 ≤0.030
А 0.15 0.40 0.85 1.26 1.16 0.28 0.002 0.018

*a — spectral analysis of metal of 6th layer of the deposits made in keeping with [12].
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electrodes of ISO 2560-A – E 46 3 B 5 3 H5 type. Butt 
preheating temperature during root pass welding was 
200–300 °C. the purpose of this weld area was assem-
bling the butts and giving them the initial rigidity, so 
that the weld root metal was not included into the study.

Groove filling was performed with Phoenix SH 
kupfer 3 ks electrodes with maintenance of a com-
bination of q, Tp parameters, which was exactly what 
characterized the welding thermal mode (the format of 
thermal mode designation to be used further for concise 
presentation is related to it: n-Tp, where n is the welding 
mode 1, 2 or 3, Table 2). Change of q level was en-
sured by Iw variation. from the viewpoint of avoiding 
defects (lacks of fusion, slagging) some passes in the 
low, narrow area of the groove were performed with 
small transverse oscillations. Above it the groove was 
filled by just stringer beads. Iw values were assigned 
and maintained by VDU-506 rectifier together with 
welding current regulator RDE-251U3.1, fitted with an 
ammeter. Values of arc voltage Ua and welding speed 
Vw were measured directly during welding the joints.

Heat input was calculated (Table 2), using Vw val-
ues averaged by the results of measurement in six 
arbitrarily selected passes in each mode, as well as 
value η of effective efficiency of metal heating by the 
arc, taken to be η = 0.775 [13].

Controlled preheating of welded joint metal was 
performed by gas-flame method up to temperatures 
of 160; 270 and 360 °C. measurements were taken 
using a multimeter of masteCh ms2101 model, 
fitted with chromel-alumel thermocouple. In addition, 
welded joints were produced, welding of which was 
started without preheating.

In the latter case, multipass welding leads to in-
crease of base metal temperature due to self-heating, 
because of relatively small dimensions of experimental 
butt joints. At normal speed of bead deposition, already 
the 2nd pass should be performed with preheating up to 
~100 °C. With higher pass number Tp grows, reaching 
values characteristic for thermal modes of the follow-
ing levels, applied in this work (160 °C and higher).
to avoid it, the welded joints without preheating were 
produced by significantly slowing down the bead depo-
sition. Cooling of welded joint metal after each pass to 
room temperature required pauses of inacceptable du-
ration. Therefore, each subsequent pass was performed 
after the metal temperature has reached the level of 

~60–40 °C. for formal presentation of experimental 
results, this case was assigned the average temperature 
of concurrent heating Tp = 50 °C.

In the middle zone along the weld length, microsec-
tion blanks were cut out from the produced butt joints. 
The blanks were subjected to the following heat treat-
ment: at 730 °C temperature optimal for welded joints 
of 15kh1m1f steel [1], and at 690 °C temperature, 
selection of which is hypothetically possible, based 
on the data of [10]. Other parameters were the same 
for both the heat treatment variants: time of the fur-
nace reaching the specified temperature — 2 h; time 
of soaking at this temperature — 3 h 20 min (20 min 
for equalizing of the temperature of blank metal and 
the furnace); cooling to room temperature with the 
furnace. All the microsection blanks (12 pcs) were 
tempered in one placement into the furnace and were 
mounted in it at a sufficient distance from one another.

Microsection preparation began from surface mill-
ing for 2 mm thickness, in order to eliminate the influ-
ence of the metal surface layer, decarbonized during 
high-temperature soaking. the milled surface was 
ground and polished by materials with successive re-
duction of abrasive particle size. The microsections 
were etched in 4 % solution of nitric acid in ethyl 
alcohol. As-welded blanks were also subject to the 
necessary operations for microsection preparation. 
The finished microsections were used to conduct the 
planed studies (hardness evaluation and studying the 
welded joint metal structure in as-welded state and af-
ter high-temperature tempering at 730 °C/3 h).

Hardness measurements were performed by Vick-
ers method to GOST 2999‒75. Load on the indenter 
was 5 kg. for each microsection, HV5 value was ob-
tained in 3–8 arbitrary points within the upper depos-
ited layers. such a locality of the pricks corresponds 
better to the procedure of hardness measurement 
during acceptance testing of the real products (weld 
face side). A greater number of measurements were 
performed on the microsection in as-welded state, and 
a smaller number — in as-heat treated state, when the 
range of scattering of HV5 values was rather narrow.

the type of the structure of welded joint metal was 
studied in optical microscope neOphOt-32 with 
×25–×1000 magnification. Control measurements of 
microhardness were performed with pmt-3 hardness 
meter at 0.1 kg load on the indenter.

Table 2. modes of manual arc welding

mode 
number

electrode diameter, 
mm Current, a arc voltage, V

average value 
of actual welding 
speed, 10‒3 m/s

average heat input 
value, kJ/cm

1 3.2 90‒100 22 3.11 5.21
2 4.0 150‒160 23 3.55 7.78
3 5.0 230‒240 24 4.30 10.2



24

S.I. moravetskyi et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

RESULTS OF DUROmETRIC STUDIES
Change of weld metal hardness, depending on the 
thermal mode and tempering temperature is of a com-
plex nature (Table 3). In as-welded state weld metal 
of 363–396 HV5 hardness was produced under exper-
imental conditions. Increase of the amount of heat ap-
plied to the metal during welding (both due to Tp, and 
due to q) leads to lowering of weld metal hardness.

high-temperature tempering at optimal tempera-
ture of 730 °C leads to lowering of weld metal HV5 to 
221–246 units. for this case, however, the nature of 
hardness distribution is different in that higher aver-
age HV5 values correspond to higher Tp for each weld-
ing mode. with q increase, HV5 drop is preserved for 
all the preheating temperatures, except for 360 °C.

now, tempering at the temperature of 690 °C resulted 
in an intermediate level of weld metal hardness of 268–
303 HV5. All these values are considerably higher than 
those of the boundary limits according to [1].

RESULTS 
OF mETAL STRUCTURE INVESTIGATIONS
Visual observation of weld formation during welding 
without preheating allowed revealing the deposited 
metal cracking susceptibility. Under the conditions of 
the weakest thermal mode 1-50, starting from the mid-
dle of groove height and up to the middle of the penul-
timate layer, crack initiation was consistently observed 
almost along then entire weld length, moving from lay-
er to layer (figure 1, a). Increase of q noticeably reduc-
es the cracking susceptibility, but does not complete-
ly eliminate it. so, at 2-50 thermal mode short cracks 
were observed in individual beads (Figure 1, b). In case 
of maximal q (3-50 mode) no cracks were visually ob-
served during welding. further metallographic study of 
the respective microsections in the latter case did re-
veal cracks of ~3 mm size in the weld metal along the 
weld height (figure 1, c). In addition to cracks, which 
were visually observed, the metal of welds produced in 
weak thermal modes, contains a large quantity of mi-
croscopic discontinuities of the type of tears, the size of 
which is of the order of grain or subgrain dimensions 
(figure 2, a). similar weld defects were also found for 

1-160 thermal mode (figure 2, b). no such microtears 
were revealed in the metal of welds produced in other 
welding thermal modes.

no cracklike defects were found in the fusion zone 
or the haZ of any the welded joints.

In as-welded state the weld metal consists of a mix-
ture of α-phase and carbide precipitates, typical for the 
bainitic-martensitic structure. Structures are charac-
terized by a great diversity, depending on the thermal 
mode of welding, bead position along the weld height 
and kind of repeated heat treatment, to which a partic-
ular area of the metal was exposed during multipass 
welding. the preheating temperature and heat input de-
termine the cooling rate of welded joint metal, depend-
ing on which a structure of different dispersity and with 
different ratio of the components, namely bainite and 
martensite, as well as with different degrees of marten-
site self-tempering, is formed. for two “adjacent” ther-
mal modes the structural differences of the metal can 
be hardly noticeable. They, however, are clearly visible 
for thermal modes with an essentially different amount 
of heat introduced into the metal (figure 3).

welding in 1-50 and 2-50 modes forms the most 
dispersed homogeneous acicular composition of 
martensite, which practically is in a “structureless” 
state (weakly etched light-colored areas), and bainite 
(dark-coloured areas) (figure 3, a). with increase of 
metal heat content due to preheating and arc thermal 
power the changes in the weld metal are reduced to 
structure coarsening: morphological type of α-phase 
gradually changes from fine- to coarse-acicular one, 
degree of carbide phase coagulation becomes higher, 
and a more clearer network of secondary boundaries 
appears (figure 3, b). for the cases of modes with si-
multaneously high q and Tp, areas with large grains of 
polygonal ferrite can be found in the weld (Figure 3, c).

self-tempering of martensite, forming in the range 
of 300–400 °C, leads to an almost complete removal 
of excess carbon from oversaturated α-solid solution. 
The degree of tetragonality of its lattice becomes so 
low that it is no longer measurable by X-ray structural 
analysis, so that the lattice almost does not differ from 
the BCC lattice of ferrite. In the oversaturated α-solid 

Table 3. average values of weld metal hardness, depending on the welding thermal mode

welding 
mode

q, 
kJ/cm

Тp, °С

50 160 270 360

1 5.21 368 230 293 366 234 289 370 238 286 334 237 299

2 7.78 357 229 289 335 228 276 327 234 282 318 236 297

3 10.2 333 225 287 332 226 279 321 230 275 318 241 294

tone denotes weld metal hardness in the state after: 
● welding

● heat treatment at 730 °С/3 h

● heat treatment at 690 °С/h
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solution, tempered at <300 °C, the degree of tetrag-
onality of the lattice stays within the limits of sensi-
tivity of the physical method of its evaluation [14]. 
therefore, the structure of deposited metal in the state 
after welding with Tp = 50–270 °C contains (in addi-
tion to bainite) also martensite with different degree 
of self-tempering. as to the structure after welding 
with preheating to 360 °C, it is more appropriate to 
consider bainite, ferrite and carbide phases.

the structure of metal of the weld produced at Tp > 
> 200 °C usually contains several percent of residual 
austenite γres, which can be present in the form of very 
small areas (microphases) on the grain boundaries, 
between bainite α-plates, and martensite laths, and 
thus, it can visually inconspicuous. In 200–300 °C 
temperature range γres decomposition proceeds with 
lower bainite formation [14]. Therefore, γres presence 
in the metal of welds made with preheating up to 270 
and 360 °C is improbable.

One of the notable features of metal of all the welds 
observed exclusively in as-welded state, are areas of 
cast structure in the form of columnar crystallites, with a 
light-coloured fringe along their boundaries (Figure 4). 

the structure of the metal of light-coloured fringes 
along the boundaries is identified as martensitic-bain-
itic one, resulting from recrystallization of boundary 
areas in the intercritical temperature range, whereas the 
crystal “body” during soaking at a temperature above 
a1 did not undergo recrystallization. there are the fol-
lowing reasons for the above identification:

● structure with light-coloured fringes around the 
columnar crystallites is never found in the cast zone 
of the last pass, or in the cast zones of the lower lay-
ers, which were not exposed to reheating up to tem-
peratures above A1;

● extent of such structural areas is limited (~5 mm), 
and their configuration follows the fusion line of the 
deposited beads (Figure 1, b);

● at a large magnification the metal structure of the 
light-coloured fringes (figure 4, b) is not characteris-
tic for ferrite, instead the relief shape is indicative of 
the product of γ→α-transformation by a shear diffu-
sionless mechanism;

● metal microhardness is 477–518 HV0.1 for light-co-
loured fringes; 384–416 HV0.1 for middle part of colum-
nar crystallites (data for 1-50 welding thermal mode);

Figure 1. Cracks in the metal of welds made by welding without preheating, as-welded state: a — 1-50 thermal mode; b — 2-50 ther-
mal mode, ×32; c — 3-50 thermal mode, ×50

Figure 2. Microscopic discontinuities in the metal of welds made in weak thermal modes, ×1000: a — 2-50 mode; b — 3-270 mode
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● in as-heat treated state the light-coloured fring-
es are not revealed by etching, which is due to their 
structure type becoming similar to acicular structure 
of the crystallite body, due to carbide phase precipita-
tion during high-temperature tempering.

Boundary delineation in incomplete recrystalli-
zation subzone allows evaluation of average size of 
the cast structure crystallites. It is interesting to note 
that their width depends little on the thermal mode of 
welding, being equal to 100 to 200 μm. Thus, increase 
of crystallite size with heat input rise is almost not 
characteristic for cast metal of this system. 

postweld tempering at 730 °C temperature leads 
to decomposition of oversaturated α-solid solution of 
martensite into ferrite and carbide precipitates. Heat 
treatment almost does not change the appearance of 
bainite areas, except for a certain increase of the quan-
tity of the carbide phases.

A remarkable feature of the weld metal, observed 
exceptionally in as-tempered state, is its structural 
heterogeneity in the form of colonies of recrystallized 
ferrite grains of a large size (50–250 μm), as well as 
individual (single) grains of the same type in the bulk 
of acicular ferritic-carbide structure (Figure 5). Rem-
nants of bainitic-martensitic structure are observed 
occasionally, as though locked between the adjacent 
ferrite grains. proneness to this type of structural het-
erogeneity depends on the welding thermal mode. It 
is observed in the metal of welds made in thermal 
modes 1-50, 1-160 and 2-50. Coarse-grained ferrite is 
also present on macrocrack lips (figure 5, b). During 

crack propagation, these metal areas are known to un-
dergo intensive plastic deformation with local over-
saturation by hydrogen, which tends to accumulate 
in the stretched zones. this leads to an assumption 
that ferrite appearance is associated with local defor-
mation of metal microvolumes at the cooling stage of 
the welding thermal cycle, and/or during their heating 
at heat treatment, decomposition of unstable carbide 
phases in deformed volumes, hydrogen and carbon 
diffusion, as well as, probably, the process character-
istic for hydrogen corrosion of steels (decarboniza-
tion of the solid solution due to reactions of formation 
of Ch4 type compounds and distribution of the lat-
ter over the crystalline lattice defects, boundaries of 
grains and subgrains). This kind of structural hetero-
geneity has a negative influence on long-term strength 
of the metal, because of the difference in mechanical 
properties of ferrite grains (163–190 HV0.1) and sur-
rounding dispersed acicular structure (248–268 HV0.1) 
so that it is desirable to avoid it.

DISCUSSION OF INVESTIGATION RESULTS
Obtained HV5 values of the weld metal indicate that 
lowering of the preheating temperature during prod-
uct welding, even to 50 °C, cannot be the cause for ex-
ceeding the hardness standard values [1] (240 for the 
average value and 256 for individual measurements). 
none of the individual hardness values in the state af-
ter optimal heat treatment (730 °C/3 h), and none of 
the average values exceed the specified limits. Aver-
age value of 241 HV5 for 3–360 thermal mode charac-
terized by the highest heat input, is an exception.

Figure 3. Type of weld metal structure, depending on thermal mode, ×250: a — 2-50 mode, ×100; b — 3-270 mode; c — 3-360 mode

Figure 4. Structure of cast metal areas with light-coloured fringes along columnar crystallite boundaries: a — 2-160 mode, ×100; 
b — 3-160 mode, ×1000
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an essentially higher HV5 level for metal of all the 
welds tempered at 690 °C, on the whole, is an ex-
pected result for the alloying system of Cr‒Mo‒V 
steel weld, which during tempering goes through the 
stage of dispersion hardening. so, the noncompliance 
of the actual process of heat treatment of real weld-
ed products with the optimal conditions: for instance, 
when the product temperature (or of its part) has for a 
long time been in the range of 690–730 °C, not hav-
ing reached the maximum of the above range, or du-
ration of keeping at maximal temperature turned out 
to be shorter than the required one, should be con-
sidered the most probable cause for increased hard-
ness of weld metal in as-heat treated state. note that 
the company catalog of welding consumables [10] 
gives, as a reference, the level of mechanical proper-
ties and impact energy in the state after tempering by 
680 °C/8 h mode for deposited metal of Boehler Fox 
DCMV electrodes of EN ISO 3580-A – E ZCrMoV1 
B 4 2 H5 type, guaranteed by the manufacturer. How-
ever, when requirements to weld metal hardness are 
specified, one should not be guided by such additional 
information, assigning a lower temperature of welded 
joint tempering, or interpret them as admissibility of 
its random deviations in the range of 730–680 °C.

Detection of macrocracks during welding shows 
that level of Tp = 40–60 °C is lower than critical Tp 
value. Welding of Cr‒Mo‒V steels with electrodes of 
EN ISO 3580-A – E ZCrMoV1 B 4 2 H5 type is not 
allowed at this preheating temperature, irrespective of 
q, because of unsatisfactory technological strength of 
the weld metal.

As is known, initiation and propagation of a brittle 
crack in the welded joint metal are due to the action 
of residual welding stresses and presence of factors, 
accelerating exhaustion of the metal ductility margin. 
One of such factors is the presence of defective areas 
(pores, nonmetallic inclusions, their clusters, etc.). 
Microtears detected in a considerable quantity in the 
weld made in 1-160 mode, being the ready center of 
fracture and mechanical stress concentration, impair 
the frequency distribution of the above-mentioned 
microscopic objects, promoting initiation and propa-

gation of cracks. even under the condition that these 
centers will not develop in the form of cracks during 
welding or postweld tempering, this factor even for 
a well-tempered metal, will probably have a marked 
negative influence on its long-term strength and duc-
tility characteristics. for these reasons, 1-160 thermal 
mode should be also considered inadmissible.

for a more detailed determination of critical pa-
rameters of thermal mode, it is advantageous to con-
sider the obtained results in comparison with the 
known quantitative characteristics, which are of cri-
terial value as to cold cracking susceptibility of hard-
ened steel welded joints under the welding conditions. 
for instance, the risk of cold cracking in the metal of a 
steel welded joint is considered to be high, if tempera-
ture Me of the end of its martensite transformation is 
equal to 290 °C, and lower [15], and the volume frac-
tion of martensite in its structure reaches 50 % and 
higher [16]. moreover, 350 HV is considered to be a 
critical value of metal hardness, above which the risk 
of cold cracking becomes higher [16].

By the results of experiments (Table 3, as-welded 
state) average HV5 value for the weld metal is higher 
than 350 units for thermal modes 1-50, 1-160, 1-270 
and 2-50. For 3-50 mode, both the average and individ-
ual values are lower than 350 HV5, which, however, was 
not a guarantee of crack absence (Figure 1, c). similar-
ly, 1-270 weld metal has a rather homogeneous struc-
ture without cracks or microtears, although its hardness 
is equal to 358–386 HV5. this comparison shows that 
350 HV and, probably, other proposed characteristics 
cannot be regarded as absolute criteria for all the pos-
sible alloying systems of hardened steels and welding 
conditions (welded joint rigidity, rates of heating and 
plastic deformation of the metal, diffusible hydrogen, 
etc.). We still assume that derived by generalization 
of a considerable volume of experimental data, these 
characteristics (particularly, when applied together) are 
suitable for tentative evaluation of cold cracking sus-
ceptibility and determination of the required conditions 
for their prevention during welding.

The quantity and type of final structural components 
in the metal of the weld and HAZ can be determined by 

Figure 5. structural heterogeneity of metal of as-tempered welds: a — individual ferrite grains in acicular structure matrix, ×125; 
b — colony of ferrite grains on the crack lips, 1-50 mode, ×125; c — ferrite grain colony, equidistant from the bead fusion line, 1-160 
mode, ×200
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the thermokinetic diagrams of austenite decomposition 
(γ), derived for continuous cooling of the metal. Let us 
consider (figure 6) the diagram of 15kh1m1flsteel 
[4] in the assumption that the differences in element 
weight fractions do not have any essential influence on 
the transformation kinetics, types and quantity of their 
products in cast steel and in experimental weld metal.

metal cooling rate wcool during welding is one of 
the determinant factors of the influence on the struc-
ture of the metal of weld and haZ of 15kh1m1fl 
steel welded joints. the temperature of the start and 
end of transformations, as well as m values depend on 
wcool. when wcool ~ 100 °C/s, martensite is absent in the 
structure. at still lower wcool values (≤ 0.4 °C/s), precip-
itation of structurally free ferrite can occur along the 
bainite grain boundaries (undesirable manifestation of 
structural heterogeneity). when wcool ~ 100 °C/s, the 
steel structure is completely martensitic. Decompo-
sition of γ at intermediate wcool values characteristic 
for arc welding, leads to formation of bainitic-mar-
tensitic structure. γ-α-transformation starts at tem-
peratures of the lowest γ  resistance, which, depend-
ing on wcool, make up the range from 655 to 450 °C. 
The bainite transformation region is located higher 
than 400–430 °C limit (upper bainite), which, in its 
turn, also depends on wcool. Below 400–430 °C tem-
peratures, transformation takes place with martensite 
formation. the lower curve of temperatures Me of the 
end of martensite transformation, which are equal 
from 400 to 250 °C, depending on wcool, corresponds 
to completion of γ-α-transformations. In keeping with 
the diagram, critical rate of cooling during welding of 
15kh1m1f steel, when all the three criteria are ful-
filled (m > 50 %; Me = 290 °C and 350 HV), should be 
chosen from wcool range between 25 and 36 °C/s.

for the conditions of manual arc welding of rela-
tively thick-walled joints, the instantaneous cooling 
rate at the moment, when the metal of the weld and 
haZ has reached a temperature of the lowest resis-
tance of austenite, Tmin can be calculated by the fol-
lowing formula [13]:

 wcool = 2pl(Тmin – Т0)
2/(q/Vw), (1)

where π is the pi number — 3.14159 …; λ is the met-
al heat conductivity, which can be taken to be 35 W/
(m∙°C) (for 15Kh1M1F steel in the range of 500–
600 °C [8]); T0 is the metal initial temperature (before 
the pass deposition), k; q is the effective thermal power 
of the arc, w; Vw is the arc movement speed, m/s.

Value Tmin is determined by a curve, which sepa-
rates the austenite and bainite regions (Figure 6). In 
terms of Tmin (wcool) dependence for weak thermal 
modes, when high wcool are anticipated (welding with 
concurrent self-heating to 50 °C), Tmin was taken equal 
to 500 °C. for the rest of the modes Tmin was assumed 
to be 550 °C. Calculation results (Table 4) allow a 
more accurate characterization of thermal modes. In 
keeping with Figure 6 and the above considerations, 
value wcool = 33 °C/s agrees well with the concept of 
criticality of the respective thermal modes.

For final determination of the set of admissible ther-
mal modes, we will take into account some other lim-
itations, which follow from the results of this work. In 
terms of long-term strength of the weld metal in the state 
after optimal heat treatment, it is desirable to ensure a 
homogeneous acicular structure of the ferritic-carbide 
mixture. welds produced in modes 1-270, 2-160, 2-270, 
3-160, 3-270 have these characteristics. polygonal fer-
rite grains in the matrix of a dispersed ferritic-carbide 
mixture are an undesirable kind of structural inhomo-
geneity. In welds made without preheating and with 
preheating to 360 °C, ferrite colonies and single ferrite 
grains are present. taking into account this fact, as well 
as hardness values of 1-360, 2-360 and 3-360 welds af-
ter tempering at 730 °C/3 h (Table 3), and considering 
appropriate the recommendations of [3], we will limit 
the maximum of optimal preheating temperature by the 
level of 300 °C.

Current maximum admissible for 5 mm electrodes 
corresponds to welding at the heat input of 10.2 kJ/cm. 
here, greater spattering of large electrode metal drops 
is observed, which firmly adhere to the plate surface 
and which require more time for removal. therefore, 
it is not recommended to assign Iw higher than ~ 90 % 
of the maximal admissible one, to which q ~ 9 kJ/cm 
corresponds.

hardness of weld metal produced in 2-160 mode is 
lower than 350 HV, and it has a favourable dispersed 
structure (without macro- or microdefects or ferrite 
grains), however, the calculated value wcool = 43 °C/s 
exceeds the critical one. trying to prevent the ap-

Figure 6. thermokinetic diagram of 15kh1m1fl steel [4]
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pearance of undesirable features and microdefects 
in the production practice of welding, it is rational to 
somewhat increase Tp for this q level. required Tp 
(initial metal temperature) can be calculated, proceed-
ing from (1). taking the data of cooling graph (fig-
ure 6): wcool = 36 °C/s and Tmin = 525 °C, we obtain 
Tp = 169 °C, and assume ~ 170 °C.

Nomogram (Figure 7) can be proposed as a sum-
mary of analysis of the results of this work (and tak-
ing into account the data of [3]). The area limited by 
abcdef polygon, including the dashed contour line, is 
the geometric locus of points, the combinations of the 
coordinates of which correspond to admissible values 
of q and Tp during welding. the fed solid line is the 
locus of points, the combinations of the coordinates 
of which correspond to critical thermal modes. Below 
and to the left of the solid line lies the inadmissible 
mode region. higher and to the right of abcd dashed 
line is the region of admissible modes, which, howev-
er, are undesirable for the above-mentioned reasons. 
to the left of the region of af contour is also the area 
of admissible, but undesirable thermal modes, which 
corresponds to low-power welding modes with a low 
deposition rate, poorer bead formation and higher 
probability of appearance of defects of the type of 
lacks of fusion and slagging.

assigning one of the parameters initially, it is easy 
to define the optimal range and critical value of the 
other. proceeding from known q and electrode diam-
eter, Ua, Vw parameters can be taken tentatively (Ta-
ble 2), and Iw can be found from the known formula 
for heat input calculation [5, 13].

In the context of generalization of the work results 
we will formulate the main technological recommen-
dations for producing welded joints of thick-walled 
assemblies from Cr‒Mo‒V steels with application of 
EN ISO 3580-A – E ZCrMoV1 B 4 2 H5 type elec-
trodes and allowing for the probability of deviation of 
welded product Tp below the optimal range:

● at the stage of development of the welding 
technology, as well as to check the actually applied 

welding thermal mode for admissibility/criticality the 
nomogram (Figure 7) can be used together with the 
accompanying explanations in the text;

● 270–300 °C should be regarded as the optimal 
range of product preheating temperature under the 
ordinary conditions; at optimal preheating tempera-
ture it is possible to apply all the common methods of 
welding with electrodes of any diameter;

● 160 °C temperature should be regarded as the crit-
ical preheating temperature, below which performance 
of welding operation (bead deposition) is not allowed;

● during the cold season, when the probability of 
deviations of welded product Tp below the optimal 
range become higher, it is better to select 4 or 5 mm 
electrodes for welding; it is allowed to use 3.2 mm 
electrodes to a limited extent, or under the condition 
of welding at as high heat input as possible. For this 
purpose, it is desirable to assign the welding current 
near the upper admissible limit (while ensuring ac-
ceptable bead formation and spattering level), de-

Table 4. Calculated cooling rate of the metal at the moment of the lowest austenite resistance during multipass welding

welding 
mode q, kJ/cm

Тp, °С

50 160 270 360

wcool(Тmin = 500 °С) wcool(Тmin = 550 °С) wcool(Тmin = 550 °С) wcool(Тmin = 550 °С)

1 5.21 85 64 33 15

2 7.78 57 43 22 10.2

3 10.2 44 33 17 7.8

tone denotes wcool values, corresponding to welding thermal modes: 
admissible

critical

inadmissible

Figure 7. nomogram of thermal modes of welding heat-resistant 
steels with coated electrodes of EN ISO 3580-A – E ZCrMoV1 
B 4 2 H5 type
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crease the arc movement speed, apply transverse os-
cillations of the electrode, etc. moreover, it is allowed 
to perform product preheating or intermediate heating 
with a margin – up to temperatures somewhat higher 
than the optimal one (300–360 °C);

● in order to guarantee achieving an average 
hardness value of the weld metal after heat treatment 
≤240 HV, excess heat input during welding (high-pow-
er modes simultaneously with metal preheating up to 
temperatures higher than the optimal range) should be 
avoided; welded joint tempering parameters should 
be equal to: temperature not lower than 730 °C, soak-
ing duration of not less than 3 h; together with that 
it is necessary to ensure the homogeneity of heating 
temperature in all the product points or of the welded 
joint control zone (in case of local heat treatment).

CONCLUSIONS
1. the optimal range of preheating temperature of 
thick-walled assemblies from heat-resistant chromi-
um-molybdenum-vanadium steels, welded by coated 
electrodes of EN ISO 3580-A – E ZCrMoV1 B 4 2 H5 
type is 270–300 °C. preheating temperature of 160 °C 
is critical under the above-mentioned conditions. Be-
low the critical preheating temperature the probabili-
ty of appearance of micro- and macrodefects of weld 
metal and unfavourable features of its microstructure 
becomes higher, which does not allow producing ser-
viceable high-quality welded joints.

2. Meeting the hardness standards (≤240 HV) of 
metal deposited with electrodes of EN ISO 3580-A – 
E ZCrMoV1 B 4 2 H5 type is ensured by welding in 
modes without excess heat input. In addition, the fol-
lowing postweld tempering parameters should be en-
sured: not lower than 730 °C temperature, and not less 
than 3 h time of product soaking at this temperature.

3. technological recommendations on produc-
ing welded joints of chromium-molybdenum-vana-
dium steels with electrodes of EN ISO 3580-A – E 
ZCrMoV1 B 4 2 H5 type, taking into account the 
probability of deviation of the preheating tempera-
ture below the optimal range were developed, as well 
as the nomogram of admissible and critical welding 
thermal modes, which were transferred for practical 
application to JsC “ukrainian energy machines”.
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thermal prOCesses anD eVOlutIOn 
Of staInless steel struCture 
In frICtIOn stIr welDIng wIth a tOOl frOm pcBN
A.L. maistrenko1, m.P. Bezhenar1, S.D. Zabolotnyi1, V.A. Dutka1, 
m.O. Cherviakov2, A.m. Stepanets1, I.O. Gnatenko1, m.O. Tsysar1

1V. Bakul Institute for Superhard Materials of the NASU 
2 avtozavodska str., 04074, kyiv, ukraine  
2e.O. paton electric welding Institute of the nasu 
11 kazymyr malevych str., 03150, kyiv, ukraine

ABSTRACT
It is shown that application of superhard materials based on cubic boron nitride for manufacture of working components of the 
tool for realization of friction stir welding processes allows ensuring the tool thermomechanical resistance. Computer modeling 
of the temperature field in the tool, and in steel parts during friction stir welding of stainless steels with a tool based on poly-
crystalline boron nitride (pcBN) was performed. Agreement between the numerical and experimental results of temperature 
distribution in the tool movement zone is shown. Strength of welded joints of stainless steel parts was determined, and evolu-
tion of weld structure was analysed.

KEYWORDS: structure evolution, friction stir welding, tool, kiborit, strength, modeling, stainless steels, temperature field

INTRODUCTION
as is known, the process of friction stir welding 
(fsw) is conducted at temperatures much lower than 
melting temperature of the metals and alloys being 
welded. It results in an essential lowering of residu-
al stresses and temperature deformations, and evolu-
tion of the joint zone microstructure takes place that 
has a positive influence on ensuring the part material 
strength in their joint zone. Initially, this method was 
successfully used for welding magnesium- and alu-
minium-based alloys [1]. Magnesium alloys turned 
out to be a material readily weldable by FSW meth-
od, as the welding process is conducted at low tem-
peratures (200–260 °C) with application of steel tools 
[1‒3]. In friction stir welding of aluminium alloys the 
observed characteristic temperatures in the welding 
zone were in the range of 300–400 °C. realization 
of the process of FSW of copper-based materials is 
performed already at temperatures of 600‒700 °C that 
requires application of hard-alloy tools [4]. for weld-
ing steels and high-temperature alloys, however, in 
welding of which the temperature of 600–1000 °C is 
observed, a tool with already much higher thermome-
chanical resistance is required, in particular, based on 
special hard alloys or polycrystalline materials based 
on cBN [5, 6]. In order to substantiate the optimal de-
sign of the tool and produce a sound welded joint of 
the parts, as a result of FSW, it is rational to first of all 
perform mathematical modeling of the thermal state 
of the tool and the parts during welding [5‒7].

Over the last twenty years, FSW method has been 
used for welding heat-resistant steels and alloys. real-

isation of the process of fsw of stainless steels of aus-
tenitic-ferritic type and high-temperature alloys requires 
application of a tool from heat-resistant materials, which 
include special hard alloys and polycrystalline materials 
based on cubic boron nitride (pcBN) [8, 9].

V. Bakul Institute for Superhard Materials of the 
nasu is working on development and application of 
tools for FSW for different metals and alloys [1‒4, 7]. 
here, the properties of materials used for tool manufac-
ture, should be much higher than the mechanical charac-
teristics of the materials being welded or surfaced. More 
over, the tool, particularly, its working part (pin), should 
preserve a high wear resistance and heat resistance at 
high temperatures. these materials should retain their 
properties at rather high temperatures and cyclic loads, 
which are due to the forces applied to the tool during 
circular bending in welding or surfacing.

The objective of the work is to develop a tool from 
polycrystalline boron nitride (pcBN) for friction stir 
welding of stainless steels, analysis of thermal pro-
cesses in welding and evaluation of the mechanical 
characteristics of the welded joints.

mATERIALS 
AND INVESTIGATION PROCEDURES
Polycrystalline superhard materials based on cBN are 
known in the world market as tool pcBN materials. 
The tendencies in development of studies in the field 
of creation of polycrystalline superhard materials based 
on CBN can be illustrated in the case of products of a 
number of foreign firms, in particular Element Six and 
MegaDiamond Companies [10, 11]. In Kiborit material 
of this class [8, 9], where the main phase is cBN (about 
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84 %), which is a determinant factor for formation of 
the structure of a composite material with a continuous 
frame and high hardness. Kiborit of all the grades is pro-
duced by reaction sintering of cBN with Al under high 
pressure conditions in hard-alloy high-pressure appara-
tuses (hha) of “anvil with recess” design of “toroid” 
type [8, 9]. Special features of the properties of pcBN-
based composites consist in their high hardness and 
crack resistance, chemical resistance and predominantly 
tribochemical wear mechanism. In the first case, there is 
more than 80 % cBN in the material composition, hard-
ness is ensured by cBN frame, and crack resistance is 
high due to the binder along the grain boundaries (Ta-
ble 1) [9]. Materials with more than 95 % cBN content in 
the structure have higher hardness. an example of such 
a material is Kiborit-1, developed at ISM of the NASU. 
A feature of the structure is absence of a continuous 
binding frame (binder composition is AlN and AlB12, 
quantity is 3 wt.%; it is arranged in the form of inclu-
sions along the grain boundaries). Kiborit-2 material — 
pcBN is produced by the method of preimpregnation of 
compacted cBN powder by aluminium with subsequent 
reaction sintering at a high pressure [8, 9]. Sintering pa-
rameters of Kiborit-2 material are as follows tempera-
ture of 1600–1750 k and pressure of up to 4.5 gpa. 
here, additional evolution of the energy of chemical 
reaction in the working volume, alongside the external 
heating energy, should be noted. For such a process, steel 
HHA are the best, [12], one of the advantages of which is 
the large working volume, allowing production of large-

sized samples of 32 mm diameter and 15 mm height in 
presses with 20 MN force (Table 2).

figure 1 shows the changes in relative density 
(ρ), hardness (Hk) and crack resistance (KIc) in poly-
crystalline materials of the considered type for three 
groups (A, B, C) [9].

New Kiborit application is the work tool for fric-
tion stir welding. rotating tools of this type consist of 
a shoulder and protruding pin — figure 2. In welding 
the pin is immersed into the blank, and the shoulder is 
pressed to the surface. friction at tool rotation gener-
ates heat, which is sufficient for transition of the mate-
rials being joined into an elasto-plastic state.

Kiborit-1 was produced by reaction sintering of 
cubic boron nitride powder (up to 98 %) with alumin-
ium [8, 9]. Presence of other additives in the charge 
and high sintering parameters led to obtaining in the 
composition of Kiborit-1 binder also higher β-AlB12 
boride, alongside AlN and AlB2. A combination of 
high hardness Hk (36–38 GPa) and high heat conduc-
tivity (100–150) W/m∙K with sufficiently high level of 
crack resistance (≥ 8 MPa∙m1/2) of Kiborit-1 enabled 

Table 1. Physico-mechanical properties of some Kiborit grades [9]

Characteristics Kiborit-1 Kiborit-2 Kiborit-3

CBN quantity, % 96‒97 84 70‒75

Specific weight, g/cm3 3.40‒3.45 3.35‒3.38 3.60

knoop hardness at 10 n 
load, gpa 32‒36 28‒30 27

Crack resistance K1c, 
MPa∙m1/2 8‒13.5 10.5 10.5

Compressive strength, 
gpa 3.2 2.9 2.9

tensile strength, gpa 0.37 - -

modulus of elasticity, E, 
gpa 880 - -

poisson’s ratio 0.16

Heat conductivity λ, 
W/(m∙K) 150 70 70

heat resistance up to 
temperature, k 1400 1400 1400

resistance to oxidation 
in air to temperature, k 1200 1200 1200

TEC, α·10–6 k‒1 – 4.9‒7.9 –

plate diameter, mm 6.35‒12.7 9.6‒31.8 9.6‒31.8

Table 2. mechanical properties of the studied materials [13]

steel Е, gpa σ0.2 , mpa σt, mpa δ, % Тm, °С

08Kh18N10T (AISI 321 analog) 193 196 470 40 1400‒1455
AISI 304 (08Kh18N10 analog) 196 205 510 40 1400‒1455

EP-718 (KhN45MVTYuBR) (acc.to TU 14-1-3905-85) 205 550 1240 30 1260‒1336
EI 698 (Kh73MBTYu) 200 705 1150 16 1370‒1400

Figure 1. Crack resistance (1), hardness (2) and relative density 
(3) of polycrystals obtained by reaction sintering of CBN powder 
with 2 wt.% al [9]
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its application in blade tools. Development of super-
hard polycrystalline Kiborit-2 material is based on the 
principles of creation of a material with a continuous 
structure of CBN frame and reaction sintering with 
aluminium. the difference consisted in such a control 
of sintering parameters, which ensured increase of 
“CBN–another phase” contact surface at preservation 
of continuous CBN frame in the structure [9]. The 
given results show that hardness of the real polycrys-
tals, containing from 65 to 96 % CBN and AlN-based 
binder, in all the cases is somewhat lower than the cal-
culated one in the assumption of additive dependence 
on the phase composition. 

Thus, we have the possibility of choosing from the 
composites of Kiborit series an appropriate material 
for application in the tools for friction stir welding of 
steels. It was exactly Kiborit-2, which was selected 
for tool manufacture, based on its high heat-resistance 
(1200 °C), as well as because this material has maxi-
mal crack resistance KIc = 10.5 MPa∙m1/2, which is im-
portant at cyclic circular bending of the pin, and diam-
eter and height dimensions of the blank of 32×15 mm, 
which allowed manufacturing tools with pin height of 
5‒6 mm and should diameter of 25 mm (Figure 2, a).

Stainless steels of AISI type (08Kh18N10 analog), 
08Kh18N10T (AISI 321 analog), 03Kh20N16AG6, 
02Kh18MBV and heat-resistant EP-718 (KhN-
45MVTYuBR) and EI-698 (KhN73MBTYu) alloys 
[13]. mechanical properties of some of them are giv-
en in Table 2. Figure 2, b shows the appearance of the 
weld in welding aIsI 304 steel.

MEASURING THE foRCE CoMPoNENTS 
IN WELDING of STEELS
Investigations on friction stir welding of steels with 
measurement of the components of the force acting on 
the tool, were performed in the bench mounted on the ta-
ble of vertical milling machine 654, fitted with measur-
ing sensors and software of HBM Company (Figure 3). 
Welding modes: tool rotation speed of 800 rpm‒1 and 
feed rate of 20‒50 mm/min. The tool is mounted at 88° 
angle relative to the part surface. samples of 3–4 mm 
thickness were studied (Table 3). Welding of the studied 
steel samples was performed in a special bench, fitted 
with a system of sensors, which measure the vertical 
and shear components of the force, applied to the end 
effector (Figure 3, Table 3). It is found that the average 
force components, irrespective of the rotation frequency 
and speed of welding with the tool with the conical pin 
stay on the same level for all the studied steel samples 
of the same thickness (Table 2).

TEMPERATURE MEASUREMENT 
IN THE WELDING zoNE
temperature measurement in the welding zone was 
performed with an infrared imager fluke-ir25 with 5 s 

resolution at different moments of the tool movement 
along the sample (figure 4).

TEMPERATURE fIELD MoDELING 
AT fSW of STAINLESS STEELS
Mathematical modeling of the temperature field in 
the parts being welded during FSW was performed. 
a 3D stationary model was selected, which is based 
on a nonlinear equation of heat conductivity. redis-
tribution of heat sources over the surfaces of the tool 
pin contact with the parts being welded is taken into 

Figure 2. General view of the tool from polycrystalline boron ni-
tride for welding stainless steels (a) and general view of the weld 
in aIsI 304 steel welding (b)

Figure 3. General view of a bench for studying the process of 
friction stir welding of steels (a), graph of the change of the com-
ponents of a force acting on the tool (b)
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account. Heat exchange with ambient air on the part 
free surfaces is also allowed for.

The material of the parts being welded is AISI 304 
stainless steel. Two plates of 200×100×3 (4) mm size 
were welded by FSW along the plate larger size. The 
welding tools were made from Kiborit-2 material. 
temperature dependencies of thermophysical proper-
ties of aIsI 304 steel on temperature were taken into 
account: heat capacity Cp, thermal conductivity coef-
ficient λ, density ρ, yield limit σy [14–16].

MATHEMATICAL MoDEL 
of THE TEMPERATURE fIELD

a stationary mathematical model was considered for 
description of the temperature field in FSW zone [17]:

 p ( grad ) div( grad ),C u T Tρ = l


 (1)

where T is the temperature; Cp, ρ, λ are the specific 
heat capacity, density and thermal conductivity coeffi-
cient, respectively; u  is the vector of the speed of the 
part forward movement relative to the tool.

Respective boundary conditions are assigned on 
the surfaces of the tool and parts (plates), as well as on 
the surface of contact of the tool and the plates. heat 
sources act on the surface of contact of the pin, shoul-
der and plates, which are due to friction and plastic 
deformation of the plate material in this contact zone.

heat sources due to friction are active on the shoul-
der contact surface. the capacity of these heat sources 
is calculated by the following formula
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where r is the distance from a point of this contact 
surface to the axis of rotation of the shoulder with the 
pin; n is the number of shoulder rotations per minute; 
μ is the friction coefficient; f is the axial force, act-
ing on the pin with the shoulder; As is the area of the 
surface of shoulder contact with the parts; Tm is the 
temperature of plate material melting.

figure 5 shows the results of calculations of tem-
perature distributions in the components of the tool 
structure and AISI 304 steel plate being welded. Fig-
ure 6 gives a comparison of experimental and cal-
culated temperatures. the given maximal values of 
experimentally measured temperatures are unfortu-
nately limited by instrument characteristics and diffi-
cult access of the instrument to the welding zone, but 
it means that these are not the maximal acting tem-
peratures in the welding zone, just acting maximal 
temperatures in the measured (limited) section.

INVESTIGATION RESULTS 
AND THEIR DISCUSSION
experimental determination of temperature distri-
bution in the welding zone of the studied steels was 
conducted. Results of temperature distributions in the 
measured welding zones of the studied steels beyond 
the tool shoulder are given in figure 7.

Table 3. results of measuring the force components (fsw) of samples of the studied stainless steels

sample material sample thickness, 
mm

horizontal component Pz, n Vertical component Py, n

average max average max

03kh20n16ag6 4 2385 3423 17597 19545
AISI 304 (08Kh18N10 analog) 3 1226 2766 11992 15780

Figure 4. Images of fsw of 3 mm plates from aIsI 304 steel (a), measurement of temperature distribution at FSW of stainless steel 
(beyond the tool shoulder) (c)
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maximal studied temperature of welding the steel 
samples varied from 500 to 800 °C (Figure 7), tem-
perature of welding 4 mm thick samples being prac-
tically 1.5 times higher than that of 3 mm samples, 
which is due to greater work of plastic deformations 
in the welding zone. note also that the average tem-
perature in welding of the studied steels is equal to 
Tav = 712 °C, i.e. the mean temperature of welding 
steels of austenitic-ferritic class corresponds to equa-
tion Tw = (0.45–0.62) Tm, unlike the known tempera-
ture range of welding magnesium and aluminium al-
loys, which corresponds to Tw (0.4–0.5)Tm ratio.

metallographic investigations of welded samples 
were performed on polished microsections etched in 
HCl + HNO3 solution for 5 min. microstructure imag-
es obtained in optical microscope XUM-102 at ×500 
magnification are shown in Figure 8. Individual grain 

sizes were determined using levenhuklite software, 
and they are given directly in the images.

In welding 08Kh18N10T steel, the grain size prac-
tically does not change, as the size of individual grains 
in the welding zone is in the range of 10–20 μm, and in 
the initial metal it is 5–15 μm. Grain size in the weld-
ing zone of 02Kh18MBV steel is 10–50 μm, and in the 
material being welded it is 50–150 μm, i.e. grain size 
in the weld is reduced relative to the initial metal by 3 
to 5 times. Growth of individual grains is observed in 
the zone of welding 03kh20n16ag6 steel. so, while 
in the base metal grain size is 2–10 μm, in the weld 
zone is increased to 10–50 μm. Grain size in weld 
metal of AISI 304 steel (08Kh18N10T) is 20–60 μm, 
and in the base metal grain size reaches 40–100 μm, 
i.e. in welding AISI steel grain size refinement by 1.6 
to 2.0 times occurs in the welded joint zone.

Base on metallographic analysis of the change of 
grain size in the combined weld, the ratio of grain size 
in the weld of EP-718 alloy to grain size in the base 
metal decreases practically 2 times, and the size of 

Figure 5. Pattern of the temperature field calculated in different parts of the computational domain (maximal temperature — 1303 K): 
a — in the plate, tool and tool fixtures (arrows show the direction of the tool forward movement); b — in the tool; c — in the plate 
being welded

Figure 6. Comparison of calculated (1) and experimental (2, 3) 
temperatures along the line of welding the steel plates. Coordi-
nate X, mm is the scale bar of the welded steel sample. The arrow 
shows the direction of tool movement. Dashed lines are the tool 
shoulder limits (2 — Kh18N10T steel — 4 mm; 3—– aIsI 304 
steel — 3 mm)

Figure 7. Experimentally determined temperature distributions 
behind the tool shoulder during FSW: thickness of 08Kh18N10T 
steel plate (1) — 4 mm; 02Kh18MBV steel (2) — 4 mm; 
03kh20n16ag6 steel (3) — 4 mm; aIsI 304 steel (4) — 3 mm; 
EP-718 (5) — 4.3 mm; KhN73MBTYu steel (b) — 4.3 mm; X — 
coordinate is the scale bar of the steel sample being welded



36

a.l. maistrenko et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

grains in EI 698 steel weld is reduced 3 times relative 
to grain sizes in the base metal.

STRENGTH of fSW JoINTS 
of THE STUDIED STEELS
tensile testing of material welded samples was per-
formed in servohydraulic machine MTS-318.25. All 
the samples of the studied metals for strength determi-
nation were cut out in one direction — orthogonally 
to the welded plate axis. strength of the studied steel 
welded joints relative to that of base metal of these 
steels was determined. It should be noted that the ratio 
of welded joint to base metal strength varied in the 
range from 0.51 to 0.68 (Table 4), i.e. strength low-
ering is quite significant, which determines the need 

to optimize the kinematic and force parameters of 
fsw process, which will ensure higher strength of the 
welded joints. therefore, optimization of kinematic 
and force parameters of the welding process, which 
should ensure the high strength of the welded joint, 
requires a long and careful research, which is the next 
goal in the development of this area of technology.

CONCLUSIONS
1. A tool from polycrystalline boron nitride (pcBN) 
was developed for fsw of stainless steels and 
high-temperature nickel alloys. test tools were man-
ufactured from pcBN Kiborit-2 for realization of the 
process of fsw of structural components from up to 
4 mm stainless steels and high-temperature alloys.

2. a model of the thermal process of friction stir 
welding of stainless steel was proposed and tempera-
ture distributions in the tool and parts being welded 
were calculated.

Investigations of thermal processes during weld-
ing showed that, depending on the thickness of sam-
ples being welded, the maximal temperature in the 
studied steel welding zone varied from 500 to 900 °C, 
which is approximately equal to (0.45–0.62)Tm.

3. a metallographic study was performed of the mean 
size of weld grain, compared to the sample base metal 
was performed. so, the mean size of grains in the zone of 

Figure 8. Evolution of weld structure in the studied steels (×500): 08Kh18N10T (a); 02Kh18MBV (b); 03kh20n16ag6 (c); aIsI 
304 — 08Kh18N10 steel analog (d), EP 718 — EI 698 (e)

Table 4. strength of the studied steels in the initial state and of 
their welded joints

Матеріал sample type σy, mpa σt, mpa σt
з/σt

о

08Kh18N10T
Base metal 194 474 –

welded joint 135 280 0.59

02Kh18MBV
Base metal 429 707 –

welded joint 183 385 0.54

03kh20n16ag6
Base metal 403 758 –

welded joint 275 390 0.51

aIsI 304
Base metal 202 511 –

welded joint 171 349 0.68
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welding 08Kh18N10T steel is in the range of 10–20 μm, 
and in the initial metal it is 5–15 μm, i.e. it remains with-
out any significant changes. Mean size of grains in the 
welding zone of 02Kh18MBV steel reaches 10–50 μm, 
and in the weld material it is 50–150 μm, i.e. the grain 
size in the weld is reduced from 3 to 5 times relative to 
that of the base metal. In the zone of 03Kh20N16AG6 
steel weld, a slight growth of the sizes to 10–50 μm is 
observed relative to the base metal with grain size of 
2–10 μm. Grain size in the weld of AISI 304 steel reach-
es 20–60 μm, compared to base metal with grain size of 
40–100 μm. Therefore, in welding a refinement of grain 
size from 1.6 to 2.0 times is found in the welded joint 
zone. mean grain size in the weld of a mixed joint of 
EP-718 and EI-698 alloys is reduced from 2 to 3 times, 
relative to that of grains in the base meal of these alloys.

4. the ratio of strength of the studied material 
welded joints and that of the base metal varied in the 
range from 0.51 to 0.68, which determines the need to 
conduct more profound studies, aimed at optimization 
of fsw kinematic and force parameters, which will 
provide a higher strength of welded joints of this type.
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ABSTRACT
The paper gives the results of investigations on vacuum diffusion welding of МА2-1 magnesium alloy. Different technological 
measures were used in welding: unsupported welding, welding with application of forming matrices, welding without interlay-
ers and with a zinc interlayer. It is found that it is not possible to produce the joint in unsupported welding without an interlayer 
at 400 °С temperature and process duration less than 60 min. Increase of welding temperature or time leads to considerable 
grain growth. Application of 250 μm zinc interlayer and of the following welding mode: Т = 320 °С, Р = 10 mpa, t = 30 min 
allows producing the joint. analysis of chemical composition in different areas of the joint zone shows that development of dif-
fusion processes in the butt during welding results in pore formation with magnesium content on the level of 17.8–20.12 wt.% 
in the zinc interlayer at 2–3 μm distance from magnesium/zinc contact line. In the central part of the joint zone the metal 
chemical composition is close to pure zinc composition. application of forming matrices and an interlayer of zinc in the sol-
id-liquid state in welding in the following mode: Т = 340 °С, Р = 10 mpa, t = 30 min. allows producing sound joints due to 
localisation of plastic deformation in the butt joint. Results of metallographic investigations showed formation in the butt joint 
of common grains and remains of the interlayer in the form of dispersed particles of 15‒50 μm size, with chemical composition 
of mg–4.53al–0.20mn–63.49Zn, wt.%, having an irregular elongated shape.

KEYWORDS: vacuum diffusion welding, magnesium alloy, interlayer, microstructure, microhardness

INTRODUCTION
magnesium is one of the most common elements in the 
earth’s crust. It is the most lightweight material of all 
the structural metals. Its density of 1.74 g/cm3 is four 
times lower than that of steel and by a third lower than 
that of aluminium. Owing to its low density and high 
specific mechanical properties, magnesium is becom-
ing ever wider accepted in different industries, such 
as automotive (steering wheels, seat frames, steer-
ing column housing, driver airbag housing, steering 
wheels, etc.), aerospace (parts of turbofan engine box, 
engine compressor housing, transmission case, etc.), 
medicine (implants), electronic equipment (housing 
for mobile phones, computers, laptops, cameras and 
portable media players), sport (archery bow handles, 
tennis rackets, golf clubs, bicycle frames, and roll-
er skate chassis), manual tools (chain saw housings, 
housings of gears and hand tool motors, handles of 
hand shears and hand drills) [1, 2].

an essential increase of the production of magne-
sium and its alloys requires development of effective 
joining methods. It is known that fusion welding leads 
to softening of magnesium alloys in the joint zone, 
formation of welds with a coarse-crystalline struc-
ture, and it is accompanied by appearance of pores, 
microinclusions of oxide films and cracks, formation 
of which is caused by metal melting and subsequent 
solidification [3, 4].

Diffusion welding is an attractive technology in 
this respect, which allows avoiding defects, often 
appearing at application of fusion welding methods. 
according to literature sources, in welding without 
interlayers at a temperature below 420 °C, the diffu-
sion processes in the butt are slowed down, the con-
tact line is clearly visible; and shear strength of such 
samples is low. application of a higher temperature 
(450–490 °C) in combination with a longer welding 
duration (90–120 min) leads to excess grain growth, 
and, consequently, to deterioration of the joint me-
chanical properties [5, 6].

application of interlayers allows producing sound 
joints; however, the welding temperature remains 
high. so, welding through a silver interlayer is per-
formed at 480–500 °C [7, 8], through a copper inter-
layer — at 480–530 °C [9, 10], through nickel inter-
layer — at 515–520 °C [11, 12].

given examples point to the need to apply inter-
layers, which alongside surface activation, would 
allow conducting the process at lower temperatures. 
Pure zinc interlayers can be regarded as one of such 
promising materials.

The objective of the study was to determine the 
influence of a zinc interlayer in diffusion welding of 
ma-1 magnesium alloy on formation of structure and 
properties of the welded joints.

mATERIALS AND PROCEDURE
Vacuum diffusion welding (VDw) of ma2-1 
magnesium alloy (Mg – 3.8‒5.0Al – 0.8‒1.5Zn – 
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0.3‒0.7Mn, wt.%) [13] was conducted in P-115 unit 
at the temperature of 250–560 °C, 10 mpa pressure, 
15–60 min process duration, and vacuum in the cham-
ber was maintained on the level of 1.33∙10‒3 pa. weld-
ing of 15×10×1.5 mm plates was conducted both in an 
unsupported state and using forming matrices. weld-
ing in unsupported state envisages free deformation of 
the samples during the welding thermodeformational 
cycle. with this welding scheme, deformation of the 
entire sample takes place. In welding using forming 
matrices (forced deformation) conditions are in place 
for plastic deformation localization in the sample joint 
zone. The oxide film was removed from the sample 
contact surfaces by mechanical scraping, which was 
followed by degreasing them in ethyl alcohol. Pure 
zinc foil 250 μm thick was used as an interlayer.

microstructural studies of the welded joints were 
conducted on transverse microsections in metallo-
graphic optical microscope neophot-32 and scan-
ning electron microscope JEOL JSM-840 in second-
ary-electron imaging mode (seI). electron microscope 
is fitted with a combined system for energy dispersive 
microanalysis InCa pentafet-x3. microsections were 
prepared by a standard procedure on high-speed pol-
ishing grinders, using diamond pastes of different dis-
persion. sample polishing was conducted to 14th class 
of surface cleanliness. Grain size was determined by 
a linear method with application of a micrometer eye-
piece, using from 10 to 20 fields of vision. Hardness of 
phase components was measured by Vickers in M-400 
hardness meter of leco Company. the load was 1n 
(100 gr), load application time was 10 s.

RESULTS AND THEIR DISCUSSION
MA2-1 alloy in the initial state has a fibrous structure 
with a uniform size distribution of grains. Grains of 
22–25 μm size prevail in the metal structure, but in-
dividual regions with grain size of 10–15 μm are ob-
served (Figure 1). In keeping with the scientific sourc-
es, the grain structure is α-solid solution [14]. Grain 
boundaries are thicker, secondary phase (Mg32(al, 

Zn)49 or mg4al3), probably, evolves along them [15]. 
traces of rolling texture are preserved in the sample 
central part. as a result of chemical heterogeneity of 
the material, a small region with dark precipitates is 
observed in the sample center. Hardness distribution 
over the microsection plane is rather nonuniform: it is 
501–591 mpa in the area of chemical heterogeneity, 
451–453 mpa in the center without precipitates, and 
473–507 MPa along the sample ends at 100–150 μm 
distance from the edge.

experiments were conducted on vacuum diffusion 
welding of ma2-1 alloy in an unsupported state with-
out interlayer application. It is shown that the joint 
cannot be produced at welding duration of less than 
60 min at 400 °C temperature: samples break at the 
microsection preparation stage. note that at process 
duration of 15 min, interaction between the sample 
contact surfaces was absent. With increase of holding 
time individual adhesion areas began to be observed 
between the surfaces being welded (Figure 2, a). 
Grain size here is predominantly equal to 35–100 μm, 
and individual grains of 200–320 μm size are present. 
Material microhardness varies in the range of 438–
566 MPa, its value being 502 MPa on the joint line.

welding temperature rise even to 560 °C does 
not allow producing sound welded joints (figure 2, 
b). after the welding thermodeformational cycle 
150–350 μm is the predominant grain size for MA2-

Figure 1. microstructure of ma2-1 alloy in the initial state

Figure 2. Microstructure of the zone of MA2-1 + MA2-1 joint, produced by VDW in the following mode: a – T = 400 °C, P = 10 mpa, 
t = 60 min; b - T = 560 °C, P = 10 mpa, t = 15 min
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1 alloy, individual clusters of 60–100 μm grains and 
separate grains, growing through the entire sample 
thickness, are observed. Note a marked degradation 
of the joint metal: after high-temperature impact of 
the welding mode, brittle fracture of the magnesium 
alloy is in place, as a result of intensive grain growth. 
microhardness of such joints is more uniform, and it 
varies from 371 MPa in the joint zone to 458 MPa 
closer to the sample outer boundaries. It is attributable 
to complete development of the recrystallization pro-

cess and disappearance of texture traces with simulta-
neous homogenization of the chemical composition.

It is known that interlayer application in diffusion 
welding allows localizing plastic deformation in the 
butt joint [16]. That is why interlayers in the form of 
foil were used in further studies.

Zinc of 250 μm thickness was selected as an inter-
layer. Zinc application allows an essential lowering 
of process temperature to 320 °C. In keeping with the 
equilibrium state diagram, several eutectic reactions 
are observed in magnesium-zinc system at 340 and 
368 °C temperatures. Increase of welding temperature 
up to a value higher than the eutectic reaction tem-
perature leads to component melting and zinc pen-
etration throughout the entire thickness of the sam-
ple, resulting in further brittle fracture of the sample. 
Welding at lower temperatures of 250‒300 °C does 
not provide the conditions for joint formation.

figure 3 shows the microstructure (a) and chemi-
cal composition (b) of the joint zone of samples pro-
duced in the following mode: T = 320 °C, P = 10 mpa, 
t = 30 min.

after welding the interlayer thickness is ~200 
μm. The results of metallographic investigations 
lead to the conclusion that welding magnesium to 
magnesium with zinc interlayer application is quite 
promising, as it allows the joints to be produced at 
relatively low temperatures. It should be noted, how-
ever, that a chain of longitudinal pores forms in joint 
zone from both sides as a result unbalanced diffusion 
flows. Analysis of the chemical composition of dif-
ferent regions of the joint zone shows that pores form 
in the zinc interlayer at 2–3 μm distance from mag-
nesium/zinc contact line with magnesium content on 
the level of 17.8–20.12 wt.%, which corresponds to 

Figure 3. microstructure (a) and chemical composition (b) of the 
zone of MA2-1 + Zn + MA2-1 joint produced by VDW in the 
following mode: T = 320 °C, P = 10 mpa, t = 30 min

Figure 4. microstructure (a) and chemical composition (b) of the zone of MA2-1 + Zn + MA2-1 joint produced by VDW in forming 
matrices in the following mode: T = 340 °C, P = 10 mpa, t = 30 min
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mgZn2 phase [17]. In the central part of the joint zone 
(point 6), the metal chemical composition is close to 
that of pure zinc (Zn – 2.26mg, wt.%).

Variation in grain size was detected in the met-
al structure with a large number of twins located at 
500 μm distance from the weld deeper in the metal 
with finer grain of 30–100 μm. At greater depth the 
grains are of 100–200 μm size with isolated twins. 
Joint microhardness is rather uniform, except for 20 
regions, where mgZn2 phase formed. here, micro-
hardness is increased to 580 MPa, compared to 330–
458 MPa for other sample regions.

further studies were conducted in welding in forming 
matrices, which ensure plastic deformation localizing in 
the sample joint zone during the thermodeformation-
al cycle of welding. figure 4 shows the microstructure 
(a, b) and chemical composition (c) of the joint zone of 
samples produced in forming matrices in the following 
mode: T = 340 °C, P = 10 mpa, t = 30 min.

In this case, zinc is practically completely re-
moved from the butt joint. The cause for that is the 
welding process proceeding in the solid-liquid state. 
As shown by microstructural analysis, growing of 
common grains through the joint zone takes place in 
the butt joint, which is indicative of active running of 
the diffusion processes. Isolated dispersed inclusions 
of an irregular shape, oriented in the direction of the 
metal flow, are observed in the butt joint. Inclusion 
size is 15–50 μm. White inclusions in Figure 4, b are 
mg51Zn20 phase, according to [17]. mean grain size 
in the magnesium alloy is mostly equal to 15–60 μm, 
with separate grains of up to 200 μm. Microhardness 
along the joint zone is nonuniform, varying in the 
range of 594–660 and 330–479 mpa for regions with 
mg51Zn20 phase inclusions and without it, respective-
ly. It can be assumed that such a microhardness dis-
tribution will not have a negative impact on the joint 
mechanical properties, as intermetallic inclusions are 
of a dispersed nature. Microhardness in the base met-
al is 371–526 MPa. Evaluation of the joint bending 
strength was performed, which showed that the bend 
angle of samples with a zinc interlayer, produced by 
diffusion welding in forming matrices, is equal to 
180°, unlike samples produced without using the in-
terlayer, which fail at microsection preparation stage.

CONCLUSIONS
proceeding from the derived results, we can conclude 
that it is difficult to produce sound welded joints in 
vacuum diffusion welding of ma2-1 alloy without 
using interlayers.

welding performance in the mode of T = 340 °C, 
P = 10 mpa, t = 30 min, with application of forming 
matrices and zinc interlayer which is in the solid-liq-
uid state, allows producing sound joints. Based on the 

results of metallographic studies, formation of com-
mon grains and practically complete removal of the 
interlayer are observed in the butt joint with appear-
ance of dispersed particles of 15–50 μm size elongat-
ed along the joint line with chemical composition of 
Mg‒4.53Al‒0.20Mn‒63.49Zn, wt.%. The nature and 
detailed explanation of the mechanism of joint forma-
tion through an interlayer which is in a solid-liquid 
state, under the impact of local plastic deformation in 
the butt joint, requires further studies.
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ABSTRACT
gas chromatography method was used to study thermal desorption of hydrogen from mineral raw materials, used in manu-
facture of agglomerated welding fluxes. The good prospects for application of fused materials in the charge composition in 
agglomerated flux manufacture were established. Increase of fused material content in the composition of agglomerated flux 
charge leads to lowering of the flux susceptibility to sorption of environmental moisture. At increase of the content of fused 
material in the agglomerated flux charge from 15 up to 40 % the diffusible hydrogen content in the deposited metal decreases 
from 3.5 to 2.6 cm3/100 g in submerged-arc welding with these fluxes.

KEYWORDS: hydrogen, automatic arc welding with agglomerated fluxes, low-alloy steels

INTRODUCTION
metal structures from high-strength low-alloy (hsla) 
steels have been ever wider introduced into production 
over the recent years [1, 2]. In high-strength steel weld-
ing the metal under the influence of the thermal cycle 
can form structures which, on the one hand promote 
considerable strengthening of the metal, and on the oth-
er hand, increase its cold cracking susceptibility [3, 4]. 
Metal ability to resist cold crack initiation and propa-
gation becomes higher with lowering of diffusible hy-
drogen concentration in it. Conditions were determined, 
under which the risk of cold cracking in welded joints is 
minimized. so, in the case of limiting the metal cooling 
rate to 10 °C/s in the temperature range of 600–500 °C 
and diffusible hydrogen content to 4 cm3/100 g in the 
deposited metal, the level of stresses, which the metal of 
the HAZ of welded joints on steels with carbon equiva-
lent Ce = 0.35–45 % can withstand without cold crack-
ing, is equal to 90 % of its yield limit [5].

Considering the analysis of changes in the re-
quirements to strength and ductility of high-strength 
low-alloy steels, a vast majority of the authors come 
to the conclusion that these requirements cannot be 
met when welding with the currently available fused 
fluxes [6, 7]. Thus, there is no alternative to the choice 
of agglomerated fluxes in high-strength steel welding. 
Their wide introduction in Ukraine is held back by ab-
sence of modern industrial production. In works [8, 9] 
the authors, while noting the advantages of agglomer-
ated fluxes, also mention their inherent disadvantages, 
which are determined by their manufacturing method: 
higher susceptibility to environmental moisture sorp-
tion, lower strength of flux granules and dependence 
of flux quality on the quality of raw materials used in 

its manufacture. as regards the latter shortcoming, it 
needs an additional explanation. Owing to absence of 
pyrometallurgical and high-temperature processes in 
the liquid slag in agglomerated flux manufacture, it is 
impossible to lower the content of such impurities as 
sulphur, phosphorus, structural moisture and organic 
compounds in the charge material composition. Con-
sidering the higher level of requirements to the con-
tent of impurities in welding hsla steels, the quality 
of agglomerated fluxes is largely determined by the 
quality of raw materials used in their manufacture. the 
high-quality raw materials necessary for agglomerated 
flux manufacture is either absent or very expensive in 
Ukraine. This is exactly the cause for absence of in-
dustrial production of agglomerated fluxes in Ukraine 
– the country where the first agglomerated fluxes were 
developed. On the other hand, at manufacture of fused 
fluxes there are capabilities for melt refining to remove 
impurities, and a high-capacity industrial production of 
fused fluxes is available, Ukraine taking the first place 
by the volumes of their manufacture until recently. It 
creates opportunities for development of a new tech-
nology of agglomerated flux manufacture, based on 
application of fused materials. In work [10] a conclu-
sion is made about using fused materials, made by du-
plex-process technology, in the charge in manufacture 
of low-hydrogen agglomerated fluxes. Such materials 
have a low total content of sulphur, phosphorus and 
hydrogen. thermal desorption of hydrogen from them 
occurs at up to 800 °C temperatures.

The objective of this work was determination of 
the influence of adding fused materials to the charge 
composition on their susceptibility to sorption of en-
vironmental moisture, and diffusible hydrogen con-
tent in the deposited metal in welding with the devel-
oped agglomerated fluxes.
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PROCEDURES FOR STUDYING HYDROGEN 
CONTENT IN RAW mATERIALS 
AND DIFFUSIBLE HYDROGEN 
IN THE DEPOSITED mETAL
total content of hydrogen in raw materials was deter-
mined by the chromatographic method, having a high 
sensitivity to hydrogen, and resolution with respect to 
O2, n2, Ch4, CO, CO2, h2O [11]. It allows determina-
tion of both the total hydrogen content in the studied 
materials, and the process of hydrogen desorption at 
their heating up to the temperature of 1100 °C.

Diffusible hydrogen content in weld metal was 
determined by chromatographic analysis to GOST 
23338°91 with application of OB 2781P gas analyz-
er. sample heating temperature was 150 °C, which 
allowed reducing the hydrogen measuring time. the 
objectivity of the results of measuring the volume of 
diffusible hydrogen is due to the fact that hydrogen, 
which evolved from the sample in a sealed metal 
chamber, is measured by gas chromatography meth-
od. The reliability of the results of measuring the dif-
fusible hydrogen content is confirmed by numerous 
comparative tests with mercury analysis method to 
ISO Standard 3690:2018 [12].

Samples for analysis of diffusible hydrogen con-
tent in the deposited metal were produced by bead 
deposition on a composite sample from 10G2FB steel 
with application of welding wire of sv-10g1nma 
grade at DCrp in the following mode: Iw = 550–600 a, 
Ua = 32–34 V, Vw = 36 m/h. sample preparation and 
determination of diffusible hydrogen content in the 
deposited metal was performed to ISO 3690:2018.

INVESTIGATION OF HYDROGEN CONTENT 
IN RAW mATERIALS FOR AGGLOmERATED 
FLUX mANUFACTURE
Technology of agglomerated flux manufacture, unlike 
that of fused flux manufacture, has limited capabili-
ties for lowering their hydrogen content. raw mate-
rials are the main source of hydrogen in manufacture 
of agglomerated welding fluxes. That is why it is im-
portant to use non-traditional raw materials with lim-
ited hydrogen content. Conducted analysis of wastes 
of ukrainian industrial enterprises showed that from 
such materials the most suitable for flux manufacture 
is granulated slag from silica manganese production 
and slag crust, which forms in welding large-diameter 
pipes. Table 1 gives their compositions.

these materials are remelted products and con-
tain only a small amount of hydrogen, namely slag 
crust — 25 cm3/100 g; and granulated slag from silica 
manganese production — 198 cm3/100 g. hydrogen 
is present in them in the form of moisture absorbed on 
their surface, which is readily removed by baking at 
up to 300 °C temperature.

analysis of hydrogen content was performed in raw 
materials which can be used in manufacture of agglomer-
ated fluxes for welding. Investigations showed that hydro-
gen content is more than 1500 cm3/100 g in g-OO alumi-
na, and 6300 cm3/100 g is periclase. Considering the high 
content of hydrogen in these materials, its content was also 
studied in other materials, which contain magnesium and 
aluminium oxides. In particular, conducted investigations 
showed that hydrogen content in white corundum of 25 a 
grade is equal to 92 cm3/100 g, and in periclase powder 
for PPE-88 electric furnaces it is 1156 cm3/100 g. such 
a hydrogen level in materials is critical in terms of their 
applicability for agglomerated flux manufacture. That is 
why the influence of raw material heat treatment on their 
hydrogen content was studied. thermogravimetric and 
differential thermal analyses of the above-mentioned 
materials were also performed in the range from 20 to 
1000 °C. such a study was conducted in air, and its pur-
pose was to determine whether undesirable oxidation of 
the raw materials will occur simultaneously with hydro-
gen desorption from them at their baking. It was found 
that for the raw materials given below heat treatment at 
900 °C is optimal, allowing hydrogen content in quartz 
sand to be lowered from 240 to 15 cm3/100 g, in white 
corundum of 25a grade — from 92 to 10 cm3/100 g, in 
fluorite concentrate — from 340 to 10 to 15 cm3/100 g, 
in periclase powder for PPE-88 electric furnaces — from 
1156 to 10 to 15 cm3/100 g, and in fused flux — from 60 
to 10 to 15 cm3/100 g. It is proposed to conduct baking 
of charge materials for agglomerated flux manufacture 
at the temperature of 900 °C for 1 h before granulation.

It is understandable that high-temperature baking 
of raw material components in agglomerated flux 
manufacture is rather energy efficient. Investiga-
tions of the remelted products — slag crust and slag 
from silica manganese production showed that they 
have low total content of hydrogen and lower (up to 
300 °C) temperature of removal of hydrogen-contain-
ing compounds. therefore, it is promising to apply 
fused materials, including those made by duplex-pro-
cess technology in agglomerated flux charge, to limit 
their hydrogen content.

Table 1. Chemical composition of granulated slag from silica manganese production and slag crust of AN-60 welding flux

material name
Chemical composition, wt.%

siO2 mnO Caf2 CaO al2O3 mgO feO p2O5 sO2 rest

slag from silica manganese production 48.0 20.0 – 14.0 8.0 5.0 0.3 0.008 1.0 3.7
Slag crust of AN-60 flux 40.0 35.0 7.0 8.0 4.0 2.0 4.0 – – –
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INVESTIGATIONS OF THE SUSCEPTIBILITY 
TO AmBIENT AIR mOISTURE SORPTION 
BY AGGLOmERATED FLUXES, 
HAVING FUSED mATERIALS 
IN THE CHARGE COmPOSITION
Technology of agglomerated flux manufacture is 
based on irreversibility of the process of dehydration 
of the liquid glass component during flux heat treat-
ment. The final product of liquid glass dehydration is 
a strong, dense and moisture-resistant silicate film, 
having a certain resistance to environmental moisture 
absorption. The liquid glass type essentially influenc-
es the agglomerated flux susceptibility to moisture 
sorption (figure 1).

evaluation of the kinetics of sorption-induced 
moisture absorption by the fluxes was performed 
during which flux samples, baked at the temperature 
of 400 °C for 2 h before the experiment were soaked 
in the desicator with constant humidity of 77.6 % 
and temperature of 22 ± 0.5 °C. the lowest sorption 
capacity was demonstrated by agglomerated fluxes 
based on Na‒K liquid glass.

Experimental agglomerated fluxes of MgO‒
al2O3‒SiO2‒CaF2‒TiO2‒ZrO2 system were manufac-
tured, which differed by the content of fused materi-
al in their composition. Screenings of AN-47 flux to 
GOST 9087 made by duplex-process, were taken as 
the fused material.

It was found that increase of the content of fused 
materials up to 45 %, in the agglomerated flux charge 
composition, which, in our opinion, have smaller spe-
cific surface compared to the traditional raw materials, 
leads to reduction of the quantity of binder required 
for granule formation from 30 to 15 % (figure 2).

Content of liquid glass dry residue largely deter-
mines the agglomerated flux susceptibility to mois-
ture absorption. This is confirmed by the results of 
comparative studies of fused and agglomerated fluxes 
based on mineral raw materials with different content 
of fused materials (figure 3).

Increase of fused material content to 45 % leads to 
lowering of the flux sorption capacity by 46 %, and by 
this characteristic such flux is close to fused flux with 
glassy grain structure and it is superior to agglomer-
ated aluminate basic fluxes, made by the traditional 
technology. In our study agglomerated OP-132 flux 
of Oerlikon Company, and fused manganese-silicate 
fluxes with pumice-like (AN-60) and glassy (AN-
348A) grain structure were used for comparison.

INVESTIGATIONS OF DIFFUSIBLE 
HYDROGEN CONTENT IN THE DEPOSITED 
mETAL IN WELDING 
WITH AGGLOmERATED FLUXES
Diffusible hydrogen content in the deposited metal was 
studied in welding with agglomerated fluxes of MgO‒
al2O3‒SiO2‒CaF2‒TiO2‒ZrO2 system, which differed 

Figure 1. Influence of liquid glass type in the agglomerated flux 
charge on their susceptibility to moisture absorption

Figure 2. Dependence of liquid glass consumption at granulation 
of agglomerated flux on fused material content

Figure 3. Influence of fused material content and technology of 
welding flux manufacture on flux susceptibility to sorption of en-
vironmental moisture: 1 — 15 % of fused material; 2 — 30 % of 
fused material; 3 — basic agglomerated aluminate; 4 — fused 
pumicelike manganese silicate; 5 — 45 % of fused material; 6 — 
fused glassy manganese silicate
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by the content of fused material in their composition. 
Screenings of AN-47 flux to GOST 9087 made by du-
plex-process were taken as the fused material.

Investigation results are given in Table 2.
One can see from Table 2 that increase of fused ma-

terial content from 15 to 40 % in the charge composition 
leads to reduction of the content of [h]dif. dep. metal below 
3 cm3/100 g. In keeping with the classification proposed 
by IIW, at [H]dif. dep. metal level below 5 cm3/100 g weld-
ing electrodes are regarded as such which ensure a very 
low diffusible hydrogen content in the deposited metal 
[11]. Modern agglomerated fluxes of the leading world 
manufacturers provide [h]dif. dep. metal of up to 5 cm3/100 g. 
Therefore, it can be considered that agglomerated fluxes, 
having fused materials manufactured by duplex-process 
in their charge composition, ensure extremely low hy-
drogen content in the deposited metal.

CONCLUSIONS
1. gas chromatography method was used to study the 
total hydrogen content in mineral raw materials, ap-
plied in manufacture of agglomerated welding fluxes. 
It is proposed to conduct baking of charge materials 
for manufacture of agglomerated fluxes at the tem-
perature of 900 °C for 1 h before granulation. The 
good prospects for application in the charge com-
position of wastes of ukrainian industrial enterpris-
es, which are remelted products and which contain a 
small quantity of hydrogen was established, namely 
slag crust of fused welding flux AN-60 (25 cm3/100 g) 
and granulated slag of silica manganese production 
(198 cm3/100 g). It was established that hydrogen is 
present in these materials in the form of moisture ab-
sorbed on the surface, which is readily removed by 
baking at up to 300 °C temperature.

2. It is found that increase of the content of fused ma-
terials in the charge composition of agglomerated fluxes 
up to 45 % leads to reduction of the quantity of binder 
required for flux granules formation from 30 to 15 %.

3. Increase of the content of fused material in the 
composition of agglomerated flux charge to 45 % 
leads to lowering of sorption capacity of the fluxes by 
46 % and by this characteristic such fluxes are close to 
fused fluxes with glassy grain structure and are supe-
rior to agglomerated aluminate basic fluxes, made by 
the traditional technology.

4. with increase of the content of fused material 
in the composition of the agglomerated flux charge 

from 15 to 40 % the diffusible hydrogen content in the 
deposited metal in welding with agglomerated fluxes 
drops from 3.5 to 2.6 cm3/100 g.
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Table 2. Influence of fused material content in agglomerated flux 
composition on diffusible hydrogen content in the deposited metal

Number
Content of fused material in 
the agglomerated flux charge 

composition

Diffusible hydrogen content 
[h]dif. dep. metal, cm3/100 g

1 15 3.2; 3.9; 3.5
2 40 2.6; 2.7; 2.3
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ABSTRACT
Coatings from wC–Co–Cr amperIt®554.074 powder were deposited using a multichamber detonation device. Investi-
gations of coating microstructure and phase composition were conducted, using scanning electron microscopy and X-ray 
structural analysis. Dense coatings form at spraying by this method, which consist of inclusions of tungsten carbide phases, 
uniformly distributed in Co–Cr matrix. Coating porosity is equal to ~0.2 %, microhardness is 10.4 ± 1.2 GPa. Experience of 
application of multichamber detonation device for deposition of wear-resistant coatings from WC–Co–Cr powder is shown, 
both at the stage of part reconditioning and at design of components of various mechanisms.

KEYWORDS: thermal spraying, detonation device, hard alloy, coating, microstructure, wear, porosity, hardness, industrial 
application

INTRODUCTION
Metal-ceramic coatings, spray-deposited by thermal 
methods, are an efficient solution of a wide range of 
problems as regards extension of the service life of 
parts of machines and various devices [1, 2]. Coatings 
based on tungsten carbide and chromium carbide are 
often used to improve the wear resistance in friction 
pairs, abrasive, corrosion and erosion wear in pump-
ing and compressor and turbine equipment, pipeline 
and stop valves, parts for pulp and paper, textile and 
aviation industries, etc. moreover, spraying of hard 
alloy coatings is believed to be an alternative to gal-
vanic chrome plating, because of strict environmental 
standards and problems with consumption during the 
process of galvanic coating deposition [3]. metal-ce-
ramic coatings are applied predominantly by high-ve-
locity oxyfuel (hVOf) method and detonation spray-
ing (DS) [4‒6], due to lower temperature of powder 
particles in the combustion product flow and shorter 
flight time, compared to plasma methods. It allows 
avoiding a considerable content of brittle phases, as 
well as lowering of the degree of carbide decompo-
sition during spraying, while preventing a decrease 
of hardness and wear resistance. In addition, higher 
particle velocities in high-velocity processes ensure 
better quality coating with higher cohesion, adhe-
sion, and low porosity. at present, in view of ever 
growing requirements to the quality of metal-ceramic 
coatings, work is in progress both on development of 
the new, and optimization of the current technologies 
of thermal spraying. alongside hVOf and Ds, such 
technologies as cold gas-dynamic spraying (Cs) and 

method of high-velocity air-fuel spraying (hVaf) are 
ever wider used for metal-ceramics deposition [7, 8]. 
the direction of detonation spraying of metal-ceramic 
coatings is also developing [9]. as one of the numer-
ous variants of the design of detonation guns for ther-
mal spraying PWI developed a multichamber valve-
less detonation device (MCDD). The objective of this 
work is investigation of the microstructure and prop-
erties of coatings of WC‒Co‒Cr system, produced by 
MCDD, as well as the possibility of its application for 
coating deposition on products for various industries.

EQUIPmENT, mATERIALS 
AND PROCEDURES FOR INVESTIGATIONS
WC‒Co‒Cr powder (86 %‒10 %‒4 %) (H.C.Stark) 
with 15–45 μm particles size (AMPERIT®554.074 
grade) was used for coating deposition on the sur-
face of 12Kh18N10T steel samples. Investigations of 
powder microstructure, elemental composition and 
morphology (Figure 1, Table 1) were conducted in 
scanning electron microscope Quanta 200 3D. en-
ergy dispersive X-ray analyzer of eDaX Company, 
built into the scanning electron microscope, was used 
to obtain the spectra of the characteristic X-ray radia-
tion of the powder sample surface.

Coatings were sprayed with multichamber deto-
nation device (mCDD) [10]. this device realizes the 
mode of detonation combustion of a gas mixture in 
specially profiled chambers. The device is schemati-
cally shown in figure 2.

Accumulation of combustion energy from the two 
chambers (cylindrical and circular) in the barrel en-
sures formation of a high-velocity jet of the combus-
tion products, which accelerates and heats the powder 
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being sprayed [11]. In the device a continuous feeding 
of the combustible gas mixture and powder is realized, 
which allows initiation of the detonation combustion 
process at a high frequency of 20 hz and higher. figure 
3 shows mCDD for spraying of coatings, located in a 
soundproof box, fitted with equipment for controlling 
the technological process. the equipment consists of 
a sprayer, standard powder feeder with feeding of up 
to 3 kg/h of powder, standard low pressure gas panel 

(max. 0.3 MPa) for feeding oxygen, propane-butane, 
air and automated control system.

During spraying the speed of movement of the 
sprayed sample relative to the detonation device bar-
rel was equal to 2000 mm/min, distance to the sample 
was 50 mm, powder consumption was 1/5 kg/h, trans-
port gas flow rate (nitrogen) was 1 m3/h, detonation 
frequency was 20 Hz. Table 2 gives the data on con-
sumption of the combustible gas mixture components.

structural-phase analysis of samples of the powder 
and sprayed coating from WC‒Co‒Cr was conducted 
by X-ray diffraction method in the range of 2θ an-
gles from 20 up to 100° with step-by-step scanning 
Δ(2θ) = 0.05° and 7 s exposure time in the point, us-
ing DrOn-um1 diffractometer (in monochromatic 
CuKα-radiation, λ = 0.154059 nm), which provides 
integral information about a layer of the thickness of 
several microns. graphite single crystal was used as a 
monochromator.

transverse microsections were prepared to study 
the powder coatings on samples. Coating microstruc-
ture was examined using scanning electron micro-
scope Quanta 200 3D. Porosity was determined by 

Figure 1. powder of amperIt®554.074 grade: a — surface morphology of WC‒Co‒Cr powder; b — spectrum of characteristic 
X-ray radiation of the powder surface

Table 1. Elemental composition of WC‒Co‒Cr powder

powder
elements, wt.%/at.%

C Cr Co w

wC–Co–Cr 4.77/36.94 3.57/6.39 9.60/15.16 82.05/41.51

Note. wt.% is the element weight fraction; at.% is the element atomic fraction.

Figure 2. Schematic of a multichamber detonation device; 1 — 
spark plug; 2 — prechamber; 3 — cylindrical combustion cham-
ber; 4 — circular combustion chamber; 5 — powder feed; 6 — 
barrel

Figure 3. Device for coating deposition using mCDD

Table 2. Flow rates of combustible mixture components

Flow rate of combustible mixture components, m3/h

Oxygen Propane (70 %) + butane (30 %) air

2.7*/2.6** 0.66*/0.62** 1.7*/1.6**

*Cylindrical combustion chamber. 
**Circular combustion chamber.
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the metallographic method with elements of qualita-
tive and quantitative analysis of pore geometry, using 
optical inverted microscope Olympus gX51. Volume 
fraction of pores and structural components was de-
termined using ATLAS software in several fields of 
vision. microhardness is determined in keeping with 
Dstu IsO 6507-1:2007 in m-400 microhardness 
meter of LECO Company by Vickers test at 300 g 
load on the indenter.

Wear resistance of WC‒Co‒Cr coating was stud-
ied by tribometry methods using computer-controlled 
automated friction machine (Tribometer, CSM Instru-
ments) by a standard ball-on-disc testing scheme to 
astm g-99 standard. the sample was mounted in 
a holder, and a rod was fastened normal to the sam-
ple plane, its end carrying a 6 mm dia ball from alu-
minium oxide. Testing was conducted in air (ambi-
ent air temperature of 30 °C, humidity of 23.8 %) at 
10 n load and 10 cm/s linear speed, friction path was 
1000 m.

INVESTIGATION RESULTS 
AND DISCUSSION
figure 4 shows a scanning electron microscopy image 
at different magnification of surface microstructure of 
a transverse microsection of a sample with WC‒Co‒
Cr coating.

thickness of the deposited coatings on the exam-
ined samples was equal to approximately 370 ± 10 μm. 
No cracks or delamination areas were observed on the 
transverse section images.

structural studies showed that the coatings consist 
of uniformly distributed carbide particles of 0.5 to 
2 μm diameter and Co-Cr matrix interlayers of up to 
1 μm thickness. In the coating micrographs the carbide 
particles are presented in the form of light-coloured 
areas with angled edges, unmelted during spraying, 
accordingly; the gray zone corresponds to the matrix, 
rich in Co and containing Cr, W and C. Black areas 
are pores. The histogram of pore size distribution in 

the coating is given in Figure 5. Porosity of WC‒Co‒
Cr coating is equal to ~0.2 %.

X-ray structural analysis was conducted for a more 
detailed identification of phases, both in the initial 
powder and in the coating. X-ray structural analysis 
of the initial powders revealed that in the initial WC‒
Co‒Cr powder (AMPERIT®554.074 grade, particle 
size composition of 45 + 15 μm ) the main phase is 
WC (~80 %). Up to 12–14 % of Co3w3C phase was 
also found, its presence being probably related to pro-
cesses occurring in powder manufacturing (bulk ma-
terial sintering and sintered sponge grinding). The bal-
ance are Co6w6C and Co-Cr metal matrix (figure 6, 
a). analysis of coating roentgenographs (figure 6, b) 
deposited using mCDD, showed that structure forma-
tion in this case is similar to phase formation process-
es, occurring when other methods of high-velocity 
thermal spraying are used [12]. new w2C (~18 %) and 
w (~6 %) phases appear in the coating simultaneous-
ly with the main wC phase (~60 %). their presence 
leads to the conclusion that the processes of wC grain 
dissolution and decarbonisation take place. During 
spraying the high-temperature products of detonation 
combustion heat the powder. Here, the decarbonisa-

Figure 4. Image (SEM) of transverse microsection of WC‒Co‒Cr coating

Figure 5. Pore size distribution
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tion mechanism begins developing from melting of 
Co‒Cr metal binder, as it has a lower melting tem-
perature than that of WC carbides. Here, the boundar-
ies of WC grains begin dissolving in the molten metal. 
As a result, carbon interacts with oxygen in the com-
bustion products. At the moment of collision with the 
sample surface, the particles quickly cool down. w2C 
layers form in the matrix from the oversaturated solid 
solution around the existing WC carbide particles. No 
Co peak (as in the powder) is found in the matrix. De-
spite the fact that w2C hardness is higher than that of 
WC, presence of a more brittle W2C phase, surround-
ing the wC particles, leads to lowering of wear re-
sistance [6]. Moreover, enrichment of Co‒Cr binding 
phase by tungsten and carbon increases its hardness 
and leads to strength decrease. In the roentgenograph 
a halo is present between angles 2θ = 37–45°, which 
is indicative of the fact that Co‒Cr matrix can be in an 
amorphous-nanocrystalline state, which is determined 

by high cooling rates, inherent to the spraying process 
with application mCDD application.

microhardness measurements were conducted 
over the entire coating cross-section. Obtained HV0.3 = 
= 10.4 ± 1.2 gpa value corresponds to hardness lev-
el in the coatings produced by various high-velocity 
spraying processes [4].

Intensity of wearing of the sample and the coun-
terbody as a result of the conducted friction tests (Fig-
ure 7) was evaluated by the following formula:

 W = V⁄(Pl), 

where W is the wear intensity, mm3∙n‒1∙m‒1; V is the 
removed material volume, mm3; P is the load, n; l — 
is the friction path, m.

Testing showed that the friction coefficient is equal 
to 0.527 ± 0.029 on average. Coating wear rate is 
1.125∙10‒5 mm3∙n‒1∙m‒1, and that of the counterbody is 
4.603∙10‒6 mm3∙n‒1∙m‒1.

EXAmPLES OF INDUSTRIAL APPLICATION 
OF THE COATING
high physical-mechanical and service properties 
of coatings from WC‒Co‒Cr powder, applied by 
MCDD, were confirmed in practice. For instance, it 
is rational to apply such coatings for reconditioning 
of stop valve components: gate valves, ball valves, 
wedge plugs, etc. (Figure 8, a). metal-ceramic coat-
ings have proven themselves well at reconditioning 
of parts for pulp and paper industry and polygraphy: 
scrapers, rollers, traction and support plates, valves 
and paper drawing shafts (Figure 8, b).

application of metal-ceramic coatings is not lim-
ited only to part reconditioning sector. the produced 
coatings also allow development of fundamentally 
new engineering solutions for machine parts already 
at their design stage. as an example, figure 9 shows 
parts from light alloys with a wear-resistant coating, 
spray-deposited by MCDD. WC‒Co‒Cr coating on 

Figure 6. analysis of coating roentgenograph: a — roentgeno-
graph of initial WC‒Co‒Cr powder; b — coating roentgenograph

Figure 7. friction parameters: 1 — friction coefficient; 2 — sample temperature; 3 — counterbody movement in the direction normal 
to the tested sample surface
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the inner surface of rotary piston engine housing from 
an aluminium alloy allowed a considerable extension 
of its service life at weight reduction. Fulfilment of 
this condition is one of the most important elements 
during design of light flying vehicles. Application of a 
hard-alloy coating on titanium parts for drilling telem-
etry is geodesy enabled protecting them for intensive 

hydroabrasive wear and thus increasing the period be-
tween rather costly repair-adjustment operations.

several examples of application of hard alloy 
coatings are considered. Now the range of problems 
solved is rather large and it is constantly expanded. 
Detonation spraying methods are also improved, and 
new samples of equipment are developed, which 

Figure 8. Parts with coating from WC‒Co‒Cr powder: a — stop valve parts; b — parts for pulp and paper industry and polygraphy

Figure 9. light alloy parts: a — rotary piston engine housing; b — drill telemetry parts
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opens up new prospects and technology application 
spheres.

CONCLUSIONS
A multichamber detonation device was used to real-
ize high-velocity thermal deposition of coatings from 
WC‒Co‒Cr powders.

X-ray diffraction analysis showed that coating 
formation with mCDD application is accompanied 
by the processes of partial decarbonisation of the car-
bides and formation of hard, but brittle phases, which 
is also characteristic for other hVOf and detonation 
methods of coating deposition, which are widely ac-
cepted.

hardness of the produced coatings of HV0.3 = 
= 10.4 ± 1.2 gpa and low porosity of ~0.2 % allow 
their application for prevention of abrasive, corrosion 
and erosion wear of the surfaces of various parts of 
machines and plants.

The effectiveness of WC‒Co‒Cr coatings depos-
ited with mCDD application on the parts of various 
industrial devices has been confirmed by their practi-
cal application.
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«SCHWEISSEN & SCHNEIDEN» – 2023
The most important welding exhibition in the world «SCHWEISSEN & 
SCHNEIDEN» took place in the period from September 11 to 15, 2023 
in the Messe conference center Essen. E.O. Paton electric welding 
institute took part in the work of the exhibition at stand 8B29.1. Report 

of PWI specialists based on the results of work you of the exhibition will be printed in «The 
Paton Welding Journal» No. 11, 2023.


