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Impact of arc welding 
and high-frequency mechanical forging 
on the mechanical properties and resistance 
to brittle fracture of welded joints 
of S420NL steel
S.L. Zhdanov, O.A. Haivoronsky, V.D. Poznyakov, A.V. Zavdoveev, 
A.M. Gerasymenko, R.V. Bogodist

E.O. Paton Electric Welding Institute of the NASU 
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine

ABSTRACT
The paper considers the regularities of phase-structural transformations in welded joints of low-alloy S420NL steel in the initial 
state, after high-frequency mechanical forging and accumulation of fatigue damage. Welded joints were produced by mecha-
nized gas metal arc welding in a carbon dioxide environment using Filarc PZ 6114 S flux-cored wire. The grain, subgrain and 
dislocation structures of welded joints were studied by light and transmission electron microscopy (TEM). The experimental 
data on the impact of the structure on the change in the values of the impact toughness (KCV) and brittle fracture resistance 
(Kq) of welded joints without treatment with high-frequency mechanical forging, after accumulation of fatigue damage were 
obtained. The efficiency of increasing their fatigue resistance due to the use of high-frequency mechanical forging is shown.

KEYWORDS: low-alloy steel, arc welding, welded joints, structure, high-frequency mechanical forging, fatigue damage, 
brittle fracture

INTRODUCTION
One of the main service characteristics of welded 
joints is the ability to provide high durability under 
cyclic loads. However, their fatigue resistance limit 
may differ significantly from that of the base metal. 
The probability of failure due to metal fatigue is one 
of the factors that must be taken into account when 
designing structures [1, 2]. Fatigue failure starts with 
one or more cracks on the surface and propagates in-
wards under repeated force until a complete rupture 
occurs. The fraction of fatigue damage in welded 
structures is approximately 40 % of the total number 
of fractures and failures. The cause is that under cy-
clic loads, adverse residual stresses play a significant 
role, the concentration of which is determined by the 
shape of the weld and technological defects, the gra-
dient of structures and mechanical characteristics at 
the interface between the weld metal and the HAZ. 
Additionally, the fatigue resistance is affected by the 
chemical composition and structure of the base met-
al, parameters of the welding thermal cycle, loading 
pattern, environment, etc. [3, 4]. The negative impact 
of the mentioned factors cannot always be minimized 
before or during welding. Therefore, in many cases, 
postweld treatment of welded joints is required [5‒8]. 
The relevance of fatigue resistance technology has 
been a priority for engineers for many decades, and 

information about their achievements does not leave 
the pages of technical publications [1‒3, 6, 7].

The world practice shows a general trend to 
search for high-tech methods in order to extend the 
safe operation of existing metal structures. System-
atic studies [7‒11] conducted at the E.O. Paton Elec-
tric Welding Institute of the NAS of Ukraine and 
other organisations have shown that advanced meth-
ods of welding, high-frequency mechanical forging 
(HMF) and automation of this process provide high 
physical and mechanical indices of the strengthened 
metal layer and at the present stage of development 
of resource-saving technologies, they are the most 
effective way to strengthen welded structures oper-
ating under cyclic loads.

In view of this, the aim of the study was to obtain 
comparative test results in determining the impact of 
arc welding and high-frequency mechanical forging, 
as well as the accumulation of fatigue damage on the 
physical and mechanical properties of welded joints 
and their resistance to brittle fracture.

RESEARCH PROCEDURE
The object of research was welded joints of low-al-
loy structural S420NL steel of the following chemical 
composition, %: 0.18 C; 0.58 Si; 1.01 Mn; 0.6 Ni; 
0.11 Mo; 0.22 Cr; 0.17 V; 0.05 Nb; 0.48 Cu; 0.011 S; 
0.018  P. During their welding in CO2, Filarc PZ 
6114 S flux-cored welding wire of 1.2 mm diameter 
was used, which ensures equal strength of the weld 
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metal with the base metal in terms of static strength 
indices. The welding mode of butt joints of the spec-
ified steel of 14 mm thick with a V-shaped edge 
preparation was the following: Iw = 190‒210 A; Ua = 
= 26‒28 V; Vw = 14‒16 m/h.

Postweld HMF was performed according to the 
practiced technology with the parameters of static 
loading (tool clamping) C = 150‒200 N with the fre-
quency and amplitude of transducer oscillations of 
27 kHz and α = 15 µm and the longitudinal feed rate 
of the deforming tool V = 25 mm/s. A narrow area of 
the metal of the fusion line of the joint with the forma-
tion of a smooth groove of 2.0‒2.5 mm wide and up 
to 1.0 mm deep after forging was subject to treatment.

An integrated approach of modern methods of 
light (Versamet-2, Neophot-32) and transmission 
electron microscopy (JEM-200SX, JEOL, Japan) was 
used to conduct experimental studies. Microhardness 
was measured using a LECO M-400 microhardness 
tester with a load of 100 g. The specimens for me-
tallographic examinations were prepared according to 
standard procedures using diamond pastes of different 
dispersion. The microstructure was revealed by chem-
ical etching in a 4 % alcohol solution of nitric acid.

To test the impact toughness of the heat-affected 
zone (HAZ) of welded joints, the specimens were 
made in accordance with DSTU EN ISO 9017:2015. 
The test results were used to assess the effect of HMF 
on the change in KCV indices at test temperatures 
down to ‒40 °C.

The ability of the metal to resist brittle fracture 
was determined using the approaches of fracture me-
chanics, according to which the specimens were used, 
preliminarly cut out from welded joints with a thick-
ness of 10 mm with an induced fatigue crack at an 
apex of the notch in the initial state and after HMF. 
Then, under static bending loading, the critical stress 
intensity factor Kq was determined. Fracture mechan-
ics formulas were used to determine the values of the 
critical stress intensity factor. The previously estab-
lished dependence was taken into account, stating that 
with an increase in the values of Kq, the sensitivity 
to stress concentration decreases and the resistance of 
the metal to brittle fracture grows, or vice versa, with 
a decrease in the factor, the resistance drops.

Fatigue tests were carried out on 14 mm thick weld-
ed joints in the initial state and after HMF under cy-
clic bending loading. The welded joints were loaded at 
a frequency of 14 Hz at a symmetrical cycle stress of 
100 MPa. The UMP-1 machine was used for the tests. 
During the tests, a number of cycles was recorded, at 
which a fatigue crack of critical length (3 mm) was ini-
tiated and the stress was formed at which the specimens 
remained undamaged after 2.1∙106 load cycles.

RESULTS AND DISCUSSION
As a result of the impact toughness tests, it was found 
that the KCV indices for the HAZ near-weld met-
al in the case of high-frequency mechanical forging 
and without it are almost similar, but after HMF they 
are somewhat higher. Thus, at a test temperature of 
+20  °C, they are in the range of 319‒327 J/cm2, at 
‒20 °C — 281‒290 J/cm2, at ‒40 °C — 238‒250 J/cm2 
(see Table 1).

Light microscopy showed that the structure of 
the base metal of S420NL steel is ferrite-pearlite 
with a grain size of Dgr ~ 10‒30 µm and a micro-
hardness of HV0.1 ~ 1600‒1700 MPa. In a multi-
pass welded joint without HMF treatment, the weld 
metal has a ferrite-pearlite (F + P) structure. In the 
upper pass, the microhardness is HV ~ 1650 MPa 
with a globular grain size Dgr ~ 10‒50 µm and den-
drites hx1 = 50–200×150‒550 µm. In the lower pass, 
HV0.1  ~  1600‒1700 MPa, the grain is also globu-
lar of the size Dgr ~ 10‒50 µm and dendrites hx1 = 
= 50‒100×150‒450 µm.

In HAZ, a bainite structure (B) is observed, and 
when approaching the base metal, the F + P struc-
ture is observed. The size of the packages decreas-
es from Dgr  ~  40‒200 µm (HAZ overheating area) 
to Dgr  ~  5‒39 µm (HAZ recrystallisation area). At 
the same time, HV0.1 decreases, respectively, from 
2210‒2740 MPa to 1990‒2280 MPa.

Compared to the initial state after HMF, at a depth 
of 125 µm from the surface of the specimen, the struc-
ture in the above HAZ regions of the welded joint is 
refined to Dgr ~ 15‒100 µm (HAZ overheating area) 
and Dgr ~ 5‒30 µm (HAZ recrystallisation area), while 
the HV0.1 values grow by an average of 1.2 times — up 
to 3090 MPa and 2360, respectively (Figure 1).

Table 1. Impact toughness of the HAZ metal in welded joints of S420NL steel produced using Filarc PZ 6114 S flux-cored wire in CO2

No. Postweld treatment
KCV, J/cm2, at temperatures, °C

+20 –20 –40

1 Initial state 315‒322 
319

275‒287 
282

227‒252 
238

2 High-frequency mechanical forging 325‒330 
327

281‒298 
290

235‒262 
250
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The TEM method has found that a substructure 
(0.3‒1.5 µm) is formed in the weld metal. The den-
sity of dislocations (ρ) in the weld metal structure 
is in average ρ = 3–6∙109 cm–2. A lath bainite struc-
ture is formed in the heat-affected zone. The upper 
bainite has a lath thickness of hl = 0.3‒1.1 µm with a 
substructure of the size ds = 0.16‒0.3×0.35‒1 µm at 

a dislocation density of ρ = 4‒6∙1010 cm–2. The low-
er bainite has the size of hl = 0.5‒1.3 µm with ds = 
=  0.15‒0.4×0.25‒0.9 µm at a dislocation density of 
ρ = 2‒5∙1010 cm‒2.

Thus, it was found that in the metal of the welded 
joint of S420NL steel using Filarc PZ 6114 S wire, 
relatively small gradients in the weld metal and HAZ 

Figure 1. Microstructure (×500) of the weld metal (a) and HAZ (b) of the welded joint of S420NL steel produced using Filarc PZ 6114 
S wire in CO2 after HMF

Figure 2. Photo with a fracture of welded joint specimens after impact bending test at +20 °C (zone of slow crack propagation)



6

S.L. Zhdanov et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

in terms of dislocation density and formation of sub-
structural components are observed, which will prob-
ably provide the crack resistance, as well as strength-
ening of the weld and HAZ areas.

Fractographic examinations of the welded joints 
after the impact toughness tests at temperatures of 
+20, ‒20, and ‒40 °C were performed using the scan-
ning electron microscopy method for characteristic 

fractures (near the notch — slow crack propagation; 
main crack propagation, ultimate fracture and side 
bevels). For all the studied fractures, the following 
was shown: fracture occurred over the HAZ metal, 
the fracture pattern is ductile with a pitted microrelief. 
In the zones of slow crack propagation, delamination 
and isolated secondary microcracks are observed (Fig-
ures 2, 3). No defects, ultimate fracture and side bev-
els were found in the zones of main crack propagation 
at all test temperatures. This indicates high crack re-
sistance of the metal and is confirmed by high impact 
strength indices (see Table 1). Based on the results 
of the research on resistance to brittle fracture, the 
following was established. In the initial state, welded 
joints of S420NL steel without HMF treatment during 
the tests of the HAZ metal, have Kq indices at a lev-
el of 95.8 MPa√m at a test temperature of +20 °C, 
92.4 MPa√m at ‒20 °C and 86.7 MPa√m at ‒40 °C 
(Figure 4). The values of the stress intensity factor for 
the HAZ metal after HMF of the welded joints are 
somewhat higher. Depending on the test temperature, 
they are 97.1, 93.5, and 89.1 MPa√m, respectively. 
An increase in the resistance to brittle fracture of the 
HAZ metal of welded joints of S420NL steel as a re-
sult of HMF is within 2.5 %.

The results of the carried out studies on fatigue 
resistance indicate that the welded joint specimen 
of S420NL steel in the initial state was affected by 
a fatigue crack with a critical length of 3 mm after 
14,200,000 loading cycles. In contrast, the speci-
mens subjected to HMF remained undamaged after 
N  =  2.1∙106 load cycles. It can be assumed that an 
increase in the fatigue resistance of welded joints of 
S420NL steel occurred as a result of changes in the 
structure in the near-surface layer on the fusion line 
and in the HAZ metal.

From the literature [11–13] and from the practice 
of operation of welded structures of different purpos-
es, it has been found that fatigue damage can accumu-
late in the most loaded assemblies. It causes prema-

Figure 3. Photo with a fracture of welded joint specimens after 
impact bending test at ‒40 °C (zone of slow crack propagation)

Figure 4. Dependence of the critical stress intensity factor Kq on 
the test temperature of the HAZ metal of welded joints of S420NL 
steel: 1 — with HMF; 2 — without HMF; 3 — base metal for 
comparison
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ture cracking, which in turn significantly reduces the 
cyclic durability of damaged elements in the structure 
as a whole. Therefore, the paper also studied the effect 
of the level of accumulated fatigue damage on the re-
sistance to brittle fracture in the HAZ metal of the butt 
welded joints made with the above welding consum-
ables. The difference from the tests discussed earlier 
was that the specimens were first subjected to cyclic 
loading with a different number of cycles. In our case, 
it was N = 800,000 and N = 1,200,000, which is 60 and 
80 % of the total number of load cycles, at which (see 
above) fatigue cracks are formed (1,420,000 cycles). 
Based on the research results, it was found that with 
an increase in the level of accumulated damage, the 
value of the stress intensity factor Kq decreases slight-
ly but remains at a high level (Figure 5). Thus, at a test 
temperature of +20 °C, with an increase in the level 
of accumulated damage from 60 to 80 %, the values 
of the factor drop from 96 to 94.5 MPa√m, and at a 
temperature of ‒40 °C — from 83.5 to 81.9 MPa√m, 
respectively.

It is obvious that a decrease in the resistance of 
HAZ metal of welded joints to brittle fracture occurs 
as a result of changes in the metal structure under 
long-term loads.

The conducted structural examinations show that 
as a result of long-term cyclic loading, certain chang-
es occurred in the HAZ metal structure of the welded 
joint of S420NL steel associated with the formation of 
local band structures. This indicates the propagation 
of dislocation redistribution processes in this zone. At 
the same time, no changes occur in the phase compo-
sition, grain size and microhardness. Thus, as noted 
above, in the overheating area of HAZ joints, there 
is a bainite structure with a microhardness of 1870–
2450 MPa, the size of the packages is 40–200 µm.

The pattern of fracturing metal of welded joints af-
ter accumulation of fatigue damage at a number of 
1,200,000 load cycles at temperatures from +20 °C to 
–40 °C was studied by the scanning electron microscopy.

At a temperature of +20 °C in the zone of main 
crack propagation, the fracture pattern is mainly duc-
tile (Vfr = 85‒90 %). There are no small pits on the 
surface with a size of dp = 0.5–5 µm and large ones 
with a size of dp = 8‒30 µm. There are also areas of 
quasi-brittle fracture (Vfr = 10‒15 %) with the size of 
quasi-spall facets df ~ 5‒25 µm.

When the test temperature is lowered to ‒20 °C, 
the volume fraction of brittle fracture grows to 
Vfr = 30‒35 %, the size of the quasi-spall facets does 
not change.

At a test temperature of –40 °C, the volume fraction 
of brittle fracture grows to Vfr = 60–65 %, the size of 
the quasi-spall facets does not change (df ≈ 5–25 µm). 

Also, the metal contains long secondary cracks of 
Lcr = 20–110 µm.

Thus, when the test temperature is lowered to 
–40  °C, a predominantly brittle type of fracture 
(60–65  %) is observed in the region of the main 
crack propagation. This is confirmed by a slight de-
crease (by 12 %) in the fracture toughness from Kq = 
= 94.5 MPa√m (Ttest = 20 °C) to Kq = 82–85 MPa√m 
(at subzero temperatures), which indicates sufficient 
crack resistance of welded joints of S420NL steel un-
der operating cyclic loads.

Conclusions
1. Metallographic examinations found that under the 
action of HMF at a depth of 125 µm from the surface 
of the specimen, the bainite structure of the HAZ met-
al of the welded joint is refined, small gradients in the 
density of dislocations and the formation of substruc-
tural components are observed, while the hardness 
values grow compared to the initial state. Also, after 
HMF, the impact toughness of the HAZ metal values 
of welded joints of S420NL steel is somewhat higher 
than in the state without forging.

2. It was established that the use of HMF for weld-
ed joints of S420NL steel leads to an increase in the 
resistance of HAZ metal to brittle fracture, as evi-
denced by a slight increase in the stress intensity fac-
tor Kq within the range of up to 0.5 %.

3. The influence of the level of accumulated dam-
age on the resistance of welded joints of S420NL steel 
to brittle fracture was evaluated. The obtained data 
indicate that with an increase in the level of damage 
from 60 to 80 % of the total number of loads, under 
which fatigue cracks are formed, the value of the fac-
tor Kq decreases by 1.5‒2.0 %. This can be explained 
by certain changes in the structure of the HAZ metal 
of welded joints (without changing the phase com-
position) associated with the formation of local band 
structures and the propagation of processes of dislo-
cation redistribution in this zone.

Figure 5. Influence of fatigue damage accumulation on the re-
sistance to brittle fracture in the HAZ metal of welded joints of 
S420NL steel: 1 — 60 % of accumulated damage N = 800,000 
cycles); 2 — 80 % of accumulated damage N = 1,200,000 cycles)



8

S.L. Zhdanov et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

4. It was established that it is possible to increase 
the fatigue resistance of welded joints of S420NL 
steel by using HMF after their welding. At the same 
time, after HMF, the welded joint remains undam-
aged after N = 2.1∙106 load cycles, while without 
HMF, a fatigue crack of critical length is formed af-
ter 1,420,000 cycles.
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Dispersed oxides influence on the kinetics 
of the weld metal structural transformations
V.V. Holovko, V.A. Kostin, V.V. Zhukov

E.O. Paton Electric Welding Institute of the NASU 
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine 

ABSTRACT
Research was conducted to study the influence of inoculation of the aluminium, titanium, magnesium, and zirconium dispersed 
refractory oxides into the weld pool on the modification of the metal structure in low-alloy steel welds. It is shown that the 
inoculation of refractory oxides into the weld pool increases the temperature at which the bainitic transformation ends and 
significantly reduces its temperature range. This trend coincides with the size of the wetting angle between the oxide and liquid 
iron. Increasing the content of inoculants in the weld pool liquid metal from 0.1 to 0.2 % affects the temperatures of the start 
and finish of the bainitic transformation. Both the start and finish temperatures are increased, that is, the formation of bainite 
occurs in the higher temperatures region, and the temperature range of this region narrows (the kinetics of transformation 
increases). An increase in the temperature of the finish of the bainitic transformation and a reduction in its temperature range 
cause an increase in the acicular ferrite content in the weld metal structure, which corresponds to an increased impact energy 
level of the weld metal.

KEYWORDS: welding, microstructure, dispersed oxides, weld pool inoculation, bainitic transformation

INTRODUCTION
Improvement of the mechanical properties of welded 
joints of low-alloy high-strength steels is a relevant 
problem in the field of welded metal structures. Mod-
ern materials science examines the metal modification 
processes as a leading tool for further development 
of the scope of low-alloy steel application in manu-
facture of components, structures and apparatuses de-
signed for operation in extreme conditions. Both the 
research performed by prominent scientific centers 
and industrial implementation experience indicate that 
refractory compound inoculation into the metal melt 
allows effectively influencing the processes of metal 
structure formation at the crystallization and recrys-
tallization stages. Application of the currently defined 
approaches to modification in manufacturing welded 
metal structures from high-strength low-alloy steels 
requires expansion of the base of scientific knowledge 
and concepts as to the influence of dispersed refracto-
ry inoculants on development of peritectic processes 
during formation and development of dendrites in the 
weld pool, decomposition of the austenite phase with 
substructure formation and bainitic transformation 
parameters.

The processes of weld metal modification begin 
with producing finer austenite grains (γ), which is a 
necessary condition, as a large number of ferrite grains 
(α) are formed and grow on γ-grain boundary. In this 
connection, formation and growth of γ-grains in the 
matrix, and, hence, also the δ/γ free energy are of par-
ticular interest. During crystallization of low-carbon 

steel weld pool the phase transition of delta-ferrite 
into austenite occurs in a thin hard shell in the imme-
diate vicinity of the meniscus. It is well known that 
many casting defects form in this region, but still very 
little is known about the morphological development 
of this important phase transition.

Modification processes are widely used for im-
provement of the mechanical properties of both the 
steels proper, and the metal of welds on these steels. 
By the nature of metallurgical interaction with the 
metal it is possible to single out two main types of 
modifiers: refractory and surface-active. A lot of at-
tention was paid to description of the influence of re-
fractory modifiers, forming refractory insoluble par-
ticles with the chemical elements of the metal melt, 
and promoting heterogeneous formation of nuclei of 
metal crystallization centers. Results of the performed 
research are summarized in a number of fundamental 
studies [1‒3].

Much less attention was paid to the influence of 
surface-active modifiers on the processes of forma-
tion of the structure in iron-carbon alloys. They are 
known to deposit in the form of a thin layer on the sur-
face of metal crystal nuclei in the melt, which causes 
a reduction in surface energy of the interphases in the 
melt-solid phase system [4]. It results in an increase 
in the rate of formation of the crystallization centers, 
which is associated with reduction of the nucleus crit-
ical radius, but the metal crystal growth rate decreases 
[5]. Such a double effect of surface-active modifiers 
causes a refinement of the dimensions of the crystal-
lized metal structure [6].
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The work gives the results of investigations, which 
were aimed at expansion of the base of scientific 
knowledge on the peculiarities of the influence of sur-
face-active modifiers on formation of the weld metal 
structure. In particular, the influence of wetting of the 
growing dendrite surface by nonmetallic inclusions 
on metal structure formation was considered. The 
data presented in the work will be used in develop-
ment of new welding consumables, and improvement 
of the currently available technological processes of 
low-alloy steel welding.

STATE OF THE PROBLEM
In the presence of inhomogeneous particles in the 
melt or unevenness on the dendrite surface the energy 
required for formation of new phase nuclei, decreases 
due to interphase tension between the melt, foreign 
particles and forming nuclei. Crystalline nuclei form 
on hard particles, which were in the overcooled melt 
until they reached the critical size. Heterogeneous nu-
cleation usually occurs at crystallization of the steel 
melt in the weld pool. This is associated with presence 
of a large number of foreign particles (endogenous and 
exogenous inclusions). Refractory nonmetallic inclu-
sions can be the center of heterogeneous nucleation of 
the dendrites and can influence their development, but 
here we should take into account the widely known 
negative influence of nonmetallic inclusions on the 
mechanical properties of the weld metal. The oxides, 
such as Al2O3, MgO and TiO3, are primary nonmetal-
lic forms, which can be present in the weld pool melt. 

Investigations of liquid iron wetting in contact 
with Al2O3, MgO and TiO3, showed that in the case 
of pure iron the wetting angle and the surface tension 
are within 105.1–103° and 1500–1410 m∙N/m for 
Al2O3 substrate, and 99.2–90° and 1490–1270 m∙N/m 
for MgO substrate, respectively. For Ti2O3 substrate 
the contact angle is somewhat reduced from 128.2 to 
122°, and the surface tension has an average value of 
1610 m∙N/m. For cases of Al2O3/pure Fe and MgO/
pure Fe, formation of a reaction layer on the interface 
of FeAl2O4 and MgO‒FeO (solid solution), respec-
tively, leads to reduction of the contact angle and the 
surface tension. In the case of Ti2O3/pure Fe the inter-
phase reaction cannot take place. As regards the case 
of Ti2O3/steel, an abrupt reduction in the contact angle 
and surface tension values are caused by formation of 
Al2TiO5 reaction layer [7‒9].

Wetting tests, which were conducted between mol-
ten alloy Fe‒Cr‒Ni and Al2O3, MgO and MgO∙Al2O3 
oxide substrates in Ar atmosphere at 1873 K, allowed 
determination of the contact angles and interphase 
energies for each substrate composition. It was deter-
mined that molten iron has contact angles of 114, 111 

and 117° with Al2O3, MgO and MgO∙Al2O3 substrates, 
and molten Fe‒Cr‒Ni alloy has the angles of 105, 103 
and 103° with the same substrates, respectively. The 
difference in the contact angles points to the fact that 
the wettability between the molten Fe‒Cr‒Ni alloy 
and all the three substrates was higher than that be-
tween the molten iron and the substrates. The lev-
el of interfacial energy of molten iron is equal to 
1862, 2388 and 2781 m∙N/m on Al2O3, MgO and 
MgO∙Al2O3, and for molten Fe‒Cr‒Ni alloy it is 
1513, 2075 and 228 m∙N/m, respectively [7‒9]. The 
differences in the contact angle are attributable to the 
influence of interfacial energy. The interfacial energy 
values calculated by the Young’s equation were small-
er to a greater extent for molten Fe‒Cr‒Ni alloy with 
all the substrate types, than those for molten iron. The 
differences in the interfacial energy level are attribut-
able to higher reactivity of Fe‒Cr‒Ni alloy at contact 
with oxide substrates, than that of pure iron.

THE OBJECTIVE OF THE WORK
was to study the features of the processes of nucle-
ation, growth and development of the precipitated 
phase morphology during crystallization of the weld 
pool metal and during phase transformations which 
are controlled by the free interfacial energy between 
the refractory oxide particles and the matrix.

MATERIALS 
AND RESEARCH METHODOLOGY
Investigation of the influence of refractory Al2O3, 
MgO, TiO3 and ZrO2 particles on modification of the 
structural components of weld metal was performed 
on deposited metal samples, cut out of the last lay-
er of the metal of a butt weld made with experimen-
tal flux-cored wire OERLIKON Fluxcord 35.22 of 
“metal core” type 4.0±0.1 mm in diameter under a 
layer of ST65 flux to ISO 14171 standard [10]. Phys-
ical-chemical parameters of the joints selected for the 
experiments are given in Table 1.

Samples of the deposited metal were produced by 
the method of automatic welding using KA-001 weld-
ing tractor and KIU-1200 power source. Welding was 
performed with reverse polarity direct current of 500–
520 A, at arc voltage of 34–36 V and welding speed of 
43±1 m/h. After each pass the butt joint was cooled in 
air to the temperature of not more than 120 °C. Ener-
gy input of welding was equal to 13–15 kJ/cm.

Refractory compound particles of 200–500 μm size 
were added (inoculated) to the molten metal through 
the core of 1.6 mm flux-cored wire fed to the weld pool 
in the form of “cold” filler. Filler flux-cored wire was 
made from a strip of 08Yu grade steel of 0.8×12 mm 
size. The charge for the core filling was produced 
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from a mixture of iron powder of PZhM grade with 
inoculants. The inoculant content was equal to 10 % 
for welds with Al2O3

*, MgO*TiO2* and ZrO2
* mark-

ing and 20 % for welds with Al2O3
**, MgO**, TiO2

** 
and ZrO2

** marking. Strip filling factor was kept in 
the range of 18–20 %. Schemes of preparation of the 
butts, welded joint and locations of taking the samples 
for investigations are given in Figures 1, 2.

Metallographic investigations of the last pass were 
conducted in optical microscope Neophot 32 on trans-
verse sections of the weld metal, polished and etched 
in a 2 % solution of nitric acid in alcohol (Nital). The 
same sections were used for investigation in a scan-
ning electron microscope. Microstructure analysis 
was conducted in keeping with the requirements of 
EN ISO 17639 standard [11] and recommendations of 
IIW [12]. The primary weld structure was studied on 
polished samples, etched in a boiling saturated solu-
tion of sodium picrate (C6H2(NO2)3ONa) in water.

Structural parameters were determined with ap-
plication of MIPAR image analysis software (USA) 
v.4.2.1, which uses the technology of deep learning 
with application of artificial intelligence (AI). It al-
lows teaching the software to adapt to analysis of the 
obtained microphotographs, characterized by differ-
ent contrast, brightness, dimensions of structural ele-
ments and features of the texture, as well as the tech-
nique of sample preparation for investigations.

In the latter versions of MIPAR program (higher 
than v.4.2) a large library of recipes is used to deter-
mine the grain size, volume fraction and distribution 
by phase and inclusion dimensions, as well as the 

structure orientation and heterogeneity, texture fea-
tures, etc. Standard recipes of the MIPAR program 
were used in the work to determine the size and 
branching of the grain boundaries in low-alloy steels.

The nature of structural transformations in the al-
loyed weld metal was studied by simulation of the 
themodeformational welding cycle (TDWC) in Glee-
ble 3800 complex, fitted with a high-speed dilatome-
ter. Investigations were performed using a cylindrical 
samples 6 mm in diameter and 80 mm long, made 
from deposited metal 20 mm thick. According to the 
methodology developed at PWI, the samples were 
heated by a preset program in the vacuum chamber up 
to a temperature of 1170 °C, and then cooled by dif-
ferent thermal cycles with different cooling rates. The 
cooling curves corresponded to Newton‒Richman de-
pendence and cooling rates of 5; 10; 17; 30; 45 °C/s 
in the temperature region of 500–600 °C. The cooling 
parameters of the thermal welding cycles (thermal 
and time) in the welded joint metal were reproduced 
quite accurately.

INVESTIGATION RESULTS
Tables 2–4 give the results of studying the chemical 
composition, microstructure and results of dylatomet-
ric studies of the weld metal, where: WMWI is the 
weld metal without inoculants.

INVESTIGATION RESULTS
The movement of the solid/liquid interface at weld 
pool metal crystallization is characterized by a no-

Figure 1. Scheme of butt joint preparation to cut out weld metal 
samples in accordance with ISO 14 [7]

Figure 2. Scheme of taking samples for determination of the 
chemical composition, mechanical properties and structure of  the 
weld metal

Table 1. Physical and chemical characteristics of the compounds used in the experiments

Compound Tmelting, °C Crystalline lattice type Lattice parameter, nm δ-Fe size mismatch, 
%

Interfacial energy, 
mJ/m2

ZrO2 2715 Tetragonal α — 3.640, c — 5.152 1 2863

MgO 2825
FCC

α — 4.213 14 2226

TiC 3160 α — 4.336 18 884

TiO2 1843 Tetragonal α — 4.593, c — 2.959 25 2444

Al2O3 2044 Rhombohedral α — 5.120 (55.25°) 39 972
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Table 2. Chemical composition of the weld metal

Weld C Si Mn S P Cr Ti Al Zr

WMWI 0.053 0.37 1.60 0.008 0.016 0.37 <0.01 ~0.004

N/D
Al2O3

* 0.060 0.27 1.43 0.014 0.012 0.35 <0.01 0.006

MgO* 0.061 0.42 1.50 0.014 0.012 0.41 <0.01 0.005

TiO2
* 0.047 0.26 1.48 0.012 0.014 0.40 0.012 0.008

ZrO2
* 0.061 0.42 1.53 0.017 0.014 0.40 <0.01 0.006 0.007

Al2O3
** 0.024 0.26 1.40 0.009 0.014 0.38 0.011 0.009 0.002

MgO** 0.029 0.34 1.40 0.015 0.019 0.32 0.018 0.010 0.005

TiO2
** 0.020 0.28 1.40 0.010 0.014 0.30 0.012 0.008 0.001

ZrO2
** 0.024 0.36 1.40 0.015 0.019 0.35 0.014 0.008 0.006

Table 3. Phase fraction and primary crystallite size in weld metal samples

Weld
Phase fraction, % Primary 

crystallite size, μmAF PF Ph WF P

WMWI 95 2.6 2.4 – – 120–160

Al2O3
* 50.4 16.1 28.4 – 5.1 68–77

MgO* 84.0 9.3 6.7 – – 100–125

TiO2
* 91.3 3.7 2.0 3.0 – 115–155

ZrO2
* 84.3 7.3 6.7 1.7 – 50–90

Al2O3
** 67.1 13.8 7.2 8.9 3.0 140–200

MgO** 73.5 11.0 7.0 5.5 3.0 100–210

TiO2
** 56.5 16.2 15.0 10.7 1.5 60–100

ZrO2
** 55.0 18.0 12.0 12.0 3.0 150–280

Note. AF — acicular ferrite; PF — polygonal ferrite; Ph — polyhedral ferrite; WF — Widmanstaetten ferrite; P — pearlite.

Table 4. Results of dylatometric analysis of the weld metal

Weld Ac3 Ac1 Bs Bf Δγ Δα

WMWI 909 718 707 449 191 257

Al2O3
* 909 718 749 542 191 206

MgO* 907 725 726 497 182 229

TiO2
* 908 722 722 494 187 228

ZrO2
* 905 723 714 487 181 227

Al2O3
* 933 725 756 540 208 215

MgO** 933 720 766 528 213 238

TiO2
** 933 725 756 540 208 215

ZrO2
** 933 724 766 541 209 224

Note. Ac3 and Ac1 are the temperatures of the start and finish of primary austenite decomposition; Bs and Bf are the temperatures of 
the start and finish of the bainitic transformation; Δγ and Δα is the temperature range of primary austenite decomposition and bainitic 
transformation.
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ticeable unevenness. In places with a higher level of 
overcooling the growth of a dendrite in the form of a 
sharpened peak is initiated. The speed of movement 
of the dendrite tip in a metal melt and the dendrite 
size are determined by the surface energy on the sol-
id/liquid interface. Refractory nonmetallic inclusions, 
which meet with the dendrite tip during its movement 
in the metal melt, are sorbed on this surface, influenc-
ing its energy level. Investigations of the influence of 
energy distribution anisotropy on the interface on the 
grain structure formation showed the existence of a 
reverse dependence between these parameters, name-
ly during crystallization a lowering of the interfacial 
energy level in the metal promotes an increase in the 
grain size [7].

The processes of dendrite decomposition are asso-
ciated with a decrease in the grain boundary energy. 
Changes in the energy of dendrite grain boundaries 
have an indirect influence on the distribution of γ-fer-
rite grain sizes in the metal. Based on comparative 
analysis of the anisotropy of grain size distribution 
and anisotropy of grain boundary energy it was shown 
that there exists a reversible dependence between 
these two values in polycrystals that envisages the ex-

istence of a relatively larger quantity of grains with 
low boundary energy, than in the case of high-energy 
grain boundaries [7, 8]. Thus, a change in the type of 
the intergranular interlayer in a sample, which leads 
to a change in the grain boundary energy, also influ-
ences the changes in the grain size during transforma-
tion. Influence of the presence of refractory oxides in 
the solid solution on the processes of crystallization 
and recrystallization of the weld metal was studied on 
samples prepared by the above described procedure.

Samples of metal microstructure of welds inocu-
lated with MgO, ZrO2, Al2O3 and TiO2 compounds in 
the amount of 0.1 %, as well as of weld metal without 
inoculants, are shown in Figure 3.

As one can see from the data given in Figure 4, in-
oculation of refractory oxides to the weld pool promotes 
an increase in the temperature of the finish of bainitic 
transformation and essentially lowers its temperature 
range. This trend coincides with the influence of the size 
of wetting angle between the oxide and liquid iron on the 
transformation temperatures, as was noted above. A cer-
tain deviation from such a dependence was noted only 
for the welds, modified by titanium oxides TiO2.

In work [7] such a feature is associated with the 
fact that for TiO2 in contact with liquid iron, the melt-
ing region forms at the temperature below the melting 
temperature of pure iron, which is associated with a 
strong trend to formation of TiO2‒FeO compounds 
(solid solution). The kinetics of this process is deter-

Figure 3. Weld metal microstructure with 0.1 % inoculation: a — weld metal without inoculations; b — MgO*; c — ZrO2
*; d — Al2O3

*; 
e — TiO2

*; left (×200), right (×500)

Table 5. Contact angle of wetting the refractory oxides by the 
iron melt [9]

Oxide MgO ZrO2 Al2O3 TiO2

Angle of wetting by Fe-armco 128 123 42 5
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mined by direct reactions between pure iron, TiO2 (s) 
and gaseous oxygen. The main source of oxygen for 
such a reaction is TiO2 decomposition and low partial 
pressure of oxygen in the solution.

For Al2O3 and MgO which are in contact with liq-
uid iron, formation of the reaction layer of FeAl2O 
and MgO∙FeO on the interface, accordingly, leads 
to reduction of the contact angle, but the kinetics of 
these processes is slower, so that a change in the con-
tact angle can take place with time [8].

Refractory magnesium and zirconium oxides have 
rather high angles of wetting with liquid iron, unlike 
titanium and aluminium oxides (Table 5), which read-
ily wet the growing dendrite surface.

Samples of metal microstructure in welds inocu-
lated with MgO, ZrO2, Al2O3, and TiO2 compounds in 
the amount of 0.2 %, are given in Figure 5.

RESULT ANALYSIS
Differences in the process of formation of the den-
drites, primary and secondary structure of metal in the 

Figure 4. Influence of inoculation of 0.1% refractory oxides to the weld pool on structural transformations and mechanical properties 
of the weld metal: a — temperatures of the start (Ac3) and finish (Ac1) of primary austenite decomposition; b — temperatures of the 
start (Bs) and finish (Bf) of bainitic transformation; c — temperature ranges of austenite decomposition (Δγ) and bainitic transformation 
(Δα); d — ultimate strength (Rm) and yield limit (Re) of the weld metal; e — relative elongation (A) and reduction in area (Z) of the weld 
metal; f — impact toughness of weld metal at –20 °C test temperature
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welds inoculated by dispersed particles of refractory 
compounds, should be related to the features of in-
terphase interaction of the dispersed refractory par-
ticles with different morphological formations of the 
solid phase, appearing in the weld metal at cooling. 
Weld pool inoculation with refractory particles of 
magnesium oxide, having rather high angles of wet-
ting with liquid iron, is accompanied by an increase in 
the temperature of completion of primary crystalliza-
tion, leading to narrowing of the temperature range of 
δ→γ-transformation. It results in shifting of the tem-
peratures of the start and finish of the bainitic trans-
formation to higher temperature region, but the tem-
perature range proper becomes narrower (Figure 6).

Weld pool inoculation with refractory particles of 
zirconium oxide, which also have rather high angles of 
wetting with liquid iron, is accompanied by an increase 
in the temperature of completion of primary crystalliza-
tion, which leads to narrowing of the temperature range 
of δ→γ-transformation. Similarly, as with the introduc-
tion of magnesium oxides, a shifting of the temperatures 
of the start and finish of bainitic transformation into the 
higher temperature region occurs, but the temperature 
range proper becomes narrower (Figure 6).

Increase of the scope of inoculation with magne-
sium and zirconium oxide particles promotes an in-
crease in the temperature of the start of primary crys-
tallization, that leads to widening of the temperature 
range of δ→γ-transformation, which is accompanied 
by a certain increase in the dimensions of prima-

ry crystallites from 100‒125 μm in the structure of 
MgO* weld metal up to 100–210 μm in the structure 
of MgO** weld and from 50–90 μm in the structure 
of ZrO2

* weld up to 150–280 μm in the structure of 
ZrO2

** weld (Figure 6). A shift in the temperatures of 
the start and finish of the bainitic transformation into 
the higher temperature region occurs, but the tem-
perature range proper is expanded, resulting in a de-
crease in the parameter of integrated perimeter of sec-
ondary structure grains from 248737 for the structure 
of MgO* weld to 225604 in the structure of MgO** 
weld and from 240343 for ZrO2

*weld up to 252681 
for ZrO2

** weld (Table 6).
Increase in the scopes of addition of MgO parti-

cles to the weld pool is accompanied by an increase 
in the temperature range of the bainitic transformation 
from 229 to 238 °C, while in the case of an increase 
in the volume of addition of ZrO2 particles to the weld 
pool the range of bainitic transformation remains un-
changed (227–224 °C), which influences preservation 
of microhardness of polyhedral ferrite on the level of 
188–176 HV0.1 at inoculation with MgO particles and 
an increase in microhardness of polyhedral ferrite to 
the level of 194–210 HV0.1 at inoculation with ZrO2 
particles.

Interphase interaction on the solid/liquid interface 
in the presence of refractory MgO particles helps 
inhibit the process of dendrite growth to the dimen-
sions of 100‒125 μm, whereas in the presence of 
ZrO2 particles the dendrites grow to the dimensions of 

Figure 5. Weld metal microstructure with 0.2 % inoculation: a — MgO**; b — ZrO2
**; c — Al2O3

**; d — TiO2
**; left (×200), right (×500)

Table 6. Integrated perimeter of grain boundaries of the secondary structure of the samples (in pixels)

Inoculant 
volume, % MgO ZrO2 Al2O3 TiO2 SiC TiC + Ti

0.1 248737 240343 236874 262259 253642 251068

0.2 225604 252681 219168 277395 268201 263162
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150‒280 μm, which is attributable to formation of a 
liquid layer of MgO∙FeO composition in the points of 
contact of the dendrite surface with the inoculant and 
reduction of the contact angle.

Increase in weld pool inoculation with MgO parti-
cles promotes both shifting of the bainitic transforma-
tion region towards higher temperatures, and increase 
in the temperature range of the transformation proper 
to 238 °C. Increase in the content of ZrO2 particles 
promotes an increase in the temperatures of the start 

and finish of the bainitic transformation, but does not 
influence the size of its temperature range (Figure 6).

Preservation of the content of acicular ferrite in the 
secondary structure of the weld metal at the level of 
73–84 % with increase of MgO content and 2–5 μm 
width of the ferrite fringes of the grains, contrary to 
reduction in acicular ferrite content from 84 to 55 % 
and increase in the width of the ferrite fringes up to 
10 μm with increase of ZrO2 particle content, is asso-
ciated with the changes in the kinetics of the bainitic 

Figure 6. Influence of inoculation of 0.2 % refractory oxides to the weld pool on structural transformations and mechanical properties 
of the weld metal: a — temperatures of the start (Ac3) and finish (Ac1) of primary austenite decomposition; b — temperatures of the 
start (Bs) and finish (Bf) of bainitic transformation; c — temperature ranges of austenite decomposition (Δγ) and bainitic transformation 
(Δα); d — ultimate strength (Rm) and yield limit (Re) of weld metal; e — relative elongation (A) and reduction in area (Z) of the weld 
metal; f — impact toughness of weld metal at –20 °C test temperature
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transformation processes during inoculation with re-
fractory MgO and ZrO2 particles (Figures 3, 5).

Changes in the content of acicular ferrite in the 
metal microstructure (Table 3), branching of the grain 
boundaries and width of their fringes (Table 6), influ-
enced the lowering of both the strength values from 
638 to 549 MPa and impact toughness at 40 °C test 
temperature from 69 to 37 J/cm2.

Increase in the temperature of the finish of bainitic 
transformation and reduction in its temperature range 
lead to an increase in the content of acicular ferrite 
in the weld metal structure (Table 3), which may be 
related to reduction in carbon diffusion from primary 
austenite grains during γ→δ-transformation. Increase 
in the content of ferrite of acicular morphology in the 
structure corresponds to an increased level of impact 
energy of the weld metal, and the relatively low val-
ue of this parameter for the case of inoculation with 
zirconium oxide emphasizes the importance of the 
processes of reaction layer formation on the interface 
magnesium and aluminium oxides with liquid iron.

At contact of aluminium and titanium oxides a 
liquid phase of FeAl2O4 and TiO2∙FeO composition 
forms at the dendrite growth front, respectively, 
which influences the process of further formation of 
the weld metal structure. Increase in the content of 
aluminium and titanium oxides in the weld pool leads 
to an increase in the temperature of the start and finish 
of the primary structure formation, as well as the start 
and finish of the bainitic transformation (Table 4).

In the metal of welds inoculated with aluminium 
and titanium oxides, the temperature of the start of 
the bainitic transformation exceeds that of the finish 
of primary structure formation, which is accompanied 
by an increased content of polygonal ferrite and width 
of the ferrite fringes of secondary structure grains in 
the weld metal secondary structure. Reduction of the 
temperature range of γ→α-transformation, as well as 
increase of the temperature of the bainitic transforma-
tion end in the metal of these welds inhibits carbon 
diffusion during recrystallization, which influences an 
increase in the content of cementite precipitates in the 
grain body, and an increase in upper bainite content in 
the metal structure.

Increase in the content of aluminium oxides in the 
weld metal is accompanied by rising of the tempera-
ture of δ→γ and γ→α-transformations, leading to an 
increase in the dimensions of primary crystallites, and 
of the secondary structure grains (Table 3), reduction 
in the branching of intergranular boundaries (Table 6) 
and lowering of the values of weld metal toughness at 
low temperatures (Table 2).

Increase in the content of titanium oxides in the 
weld metal is accompanied by an increase in the 

temperature range of δ→γ-transformation, with the 
temperature range of γ→α-transformation becoming 
narrower, which leads to smaller dimensions of pri-
mary crystallites and refinement of the ferrite grains 
(Table 3), and greater branching of the intergranular 
boundaries (Table 4), but does not result in an in-
crease in the level of metal fracture toughness values 
(Table 2), which is associated with an increased con-
tent of polygonal ferrite and Widmanstaetten ferrite, 
in keeping with the processes described above.

The data derived as a result of the conducted stud-
ies widened the base of scientific knowledge on such 
phase transformations in steel as restructuring of the 
crystalline lattice and carbon redistribution between 
the phases. The features of the influence of these 
processes on the main types of transformations are 
shown, namely: ferritic, pearlitic, and bainitic, which 
successively replace each other at temperature low-
ering, and on the morphology of the products of de-
composition and recrystallization. It is shown that the 
changes, characteristic for the processes of transfor-
mation of the weld structure as a result of pool metal 
inoculation with the refractory oxides during cooling 
influence the mechanical properties of the welds.

Conclusions
Research was performed, which was aimed at wid-
ening the base of scientific knowledge on the fea-
tures of the influence of surface-active modifiers on 
formation of the weld metal structure. In particular, 
the influence of the growing dendrite surface wetting 
with nonmetallic inclusions on the metal structure 
formation was considered. Generalization and anal-
ysis of the derived data allowed us to formulate the 
following conclusions.

1. Weld pool inoculation with particles of refrac-
tory oxides, having rather high angles of wetting 
with liquid iron (MgO, ZrO2), is accompanied by 
an increase in the temperature of the end of primary 
crystallization, leading to narrowing of the tempera-
ture range of δ→γ-transformation. During addition of 
such oxides the temperatures of the start and finish of 
the bainitic transformation shift towards higher tem-
perature region, but the temperature range proper is 
narrowed.

2. Interphase interaction on the solid/liquid in-
terface in the presence of refractory MgO particles 
promotes a deceleration of the process of dendrite 
growth, which is attributable to formation of a liquid 
layer of MgO∙FeO composition in the points of con-
tact of the dendrite surface with the inoculant and a 
decrease in the contact angle.

3. Increase in the fraction of inoculated compounds 
of aluminium, magnesium, titanium and zirconium ox-
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ides from 0.1 to 0.2 % influences the temperature of the 
start and finish of the bainitic transformation. Both the 
temperature of its start and finish is increased, i.e. bainite 
formation occurs in the region of higher temperatures, 
and the temperature range of this region becomes nar-
rower (transformation kinetics is increased).

4. Increase in the temperature of the finish of the 
bainitic transformation and reduction in its tempera-
ture range result in an increase in the acicular ferrite 
content in the metal structure of welds inoculated with 
MgO, TiO2, ZrO2 particles, which may be associated 
with reduced carbon diffusion from primary austenite 
grains during the γ→α-transformation.
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Influence of electron beam welding technology 
on the width of the softening zone 
of aluminium 2219 alloy
V.V. Skryabinskyi, V.M. Nesterenkov, M.O. Rusynyk, V.I. Zagornikov, 
O.I. Goncharenko, I.M. Klochkov

E.O. Paton Electric Welding Institute of the NASU 
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine 

ABSTRACT
During electron beam welding (EBW) of 2219 alloy, the strength characteristics of joints can decrease by up to 50 % in relation 
to the base metal. In order to ensure the uniform strength of the structure, the locations of the welds are chosen in thickened 
areas. At the same time, the width of the thickened area should be greater than the width of the softening zone of the welded 
joint. This zone includes the cast zone and the heat-affected zone (HAZ), in which the strength of the base metal decreased. 
The influence of welding speed and the use of process pads on the width of the cast zone and the HAZ, i.e. on the width of 
the softening zone during EBW of 2219 alloy plates were studied. It was found that an increase in the welding speed from 10 
to 20 mm/s reduced the width of the softening zone approximately by a half. The use of the process pad allows reducing the 
width of the softening zone by approximately 20 %. In this case, the weld underfill is formed in the body of the pad and after 
its removal the welded butt does not require further mechanical treatment. It was established by calculation and experimental 
methods that the process pad cuts off the peripheral part of the electron beam, which is about 5 % of its full power. In practice, 
the influence of this peripheral part leads to undesirable expansion of the weld on the side of the beam entrance and to additional 
heating of the base metal and, as a result, to an increase in the size of the softening zone.

KEYWORDS: electron beam welding, aluminium alloy, heat affected zone, softening zone, process pad

INTRODUCTION
The high-strength aluminium 2219 alloy of the Al–
6Cu alloying system is a heat-treatable alloy. The high 
mechanical properties of such alloys are achieved as a 
result of heat treatment, at which secondary strength-
ening phases are precipitated. During welding of such 
alloys, these phases dissolve in the heat-affected zone 
(HAZ), which causes a decrease in the strength char-
acteristics of the metal. The beginning of the disso-
lution process is featured not only by the maximum 
heating temperature, but also by the duration of stay-
ing in the corresponding temperature range [1].

The electron beam welding (EBW) process is 
characterized by a very short thermal cycle period 
with high cooling rates and a small volume of mol-
ten metal. This leads to a significant reduction in the 
size of the HAZ [2, 3]. Despite this, the strength of 
welded joints remains quite low. For example, even 
at short-term heating typical for EBW, the strength 
factor of Al–6Cu alloy joints is 70–75 % [4] and 
sometimes less than 50 %. [5]. In order to ensure a 
uniform structural strength, weld locations are cho-
sen in thickened areas. Moreover, the width of the 
thickened area should be greater than the width of 
the softening zone of the welded joint. On the other 
hand, an excessive increase in the width of such 
areas leads to an undesirable increase in the overall 

weight of the structure. The softening zone of the 
joint includes the cast zone and the HAZ, where 
the strength of the base metal decreased. In order 
to reduce the weight of structures, it is necessary 
to choose the EBW conditions, which ensure the 
production of welds with a minimum width of the 
cast zone and HAZ. Electron beam welding allows 
producing such joints. High energy concentration 
allows welding metals at high speed with a small 
weld pool volume.

The EBW of aluminium alloys has its own pecu-
liarities. In many cases, the penetration has a wedge 
shape [5–8]. This is predetermined by the fact that the 
distribution of the electron beam power density along 
its cross-section is close to the normal distribution 
law [9]. The central part of the beam with the highest 
energy concentration melts the metal and ensures its 
welding. The peripheral parts of the beam hitting the 
edges of the metal being welded melt them, thereby 
increasing the width of the weld on the side of the 
beam entrance. In addition, the edges of this periph-
eral part of the beam, which no longer have enough 
power to melt the metal, directly heat the edges to be 
welded, increasing the HAZ width.

Typical cross-sections of joints of aluminium 
Al–6Cu system alloys welded by electron beam are 
shown in Figure 1. In all cases, the welds are wider at 
the beam entrance than at the root part. Also, a slight 
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underfill of the weld metal is seen on the beam en-
trance side.

THE AIM
of this work is to determine the technology for EBW 
of 2219 alloy plates, which ensures the production of 
joints with a minimum width of the softening zone.

description OF THE MAIN MATERIAL
Welding was carried out in an electron beam weld-
ing installation UL-209M with an ELA 60/60 pow-
er source. The hardness of the weld metal and HAZ 
were measured by the Vickers method, using the 
M-400 hardness tester by LECO. The load was 1N 
(100 g), the time of load application was 10 s. The 
plates of aluminium 2219 T8 alloy with a thick-
ness of 10 mm were welded. The parameters of the 
welding conditions (Table 1) were selected in such 
a way as to provide complete penetration of the butt 
in one pass with the formation of reinforcement and 
reverse weld bead.

In all experiments, a circular beam scanning tra-
jectory was used at an amplitude of 1 mm and a scan 
frequency of 580 Hz with focusing on the surface of 
the plates to be welded. I.e., the relative distribution 
of the electron beam power density was maintained 
constant. Cross-sections of welds at EBW of 2219 al-
loy at welding speeds of 10, 15, 20 and 25 mm/s are 
shown in Figure 2.

The widest welds (see Table 2) were produced 
by welding at a speed of 10 mm/s. The cast zone is 
wedge-shaped, its width is 5.5 mm on the beam en-
trance side and 1.6 mm on the beam exit side. When 
the speed was increased to 15 mm/s, the width of the 
cast zone decreased to 3.6 and 1.4 mm, respectively. 
The further increase in the welding speed did not sig-
nificantly affect the width of the cast zone.

Figure 1. Typical cross-sections of welds at EBW of Al–6Cu alloy: a — [6]; b — [7]; c — [8]

Figure 2. Cross-sections of welds at EBW of 2219 alloy at welding speed: a — 10; b — 15; c — 20; d — 25 mm/s

Table 1. EBW conditions for 2219 alloy plates

Metal thickness, mm 10 10 10 10 12.2*

Accelerating voltage, kV 60 60 60 60 60

Welding speed, mm/s 10 15 20 25 20

Beam current, mA 55 70 85 95 95

*– 10 mm + 2.2 mm thick pad.

Table 2. Width of the weld cast zone depending on the welding 
speed

Welding speed, mm/s 10 15 20 25* 20 (welding 
with the pad)

Width of the cast zone 
on the beam entrance 

side, mm
5.5 3.6 3.6 3.6 1.6

Width of the cast zone 
on the beam exit side, 

mm
1.6 1.4 1.4 1.3 1.4

*Weld with defects.
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The expansion of the cast zone from the beam en-
trance is caused by the presence of a peripheral part of 
the beam with a relatively low power density. In order 
to exclude the influence of the peripheral part of the 
beam on the penetration shape, a welding technique 
with the pad of the same material was used. Such 
pads during welding with complete penetration not 
only shield the peripheral parts of the beam, but also 
serve as a filler material. The underfill in the weld is 
formed in the body of the pad. After welding, the pad 
is removed by mechanical treatment.

It was noted that at speeds of 10, 15 and 20 mm/s, 
the welding process is carried out with stable joint 
formation both from the face and root parts of 
the weld. When the welding speed is increased to 
25 mm/s, the stability of the weld formation is vi-
olated. Defects such as poor penetration and slight 
metal leakage periodically appear in the root part of 
the weld. Therefore, welding with the process pad 
was carried out at the maximum speed that ensures 
a stable process, i.e. at 20 mm/s.

In Figure 3, the cross-section of the weld produced 
with the pad was schematically combined with the 
volumetric diagram of the beam power density dis-
tribution (Figure 3, a) and the cross-section of this 
diagram (Figure 3, b). It is seen from the Figure that 
the cast zone is narrow and has an almost rectangular 
shape. The width of the cast weld zone under the pad 
is 1.6 mm and 1.4 mm on the beam exit side, with 
a maximum pad partial melting width of 5 mm. The 
central part of the electron beam with the highest en-
ergy concentration and power Q1 ensures complete 
penetration of the metal to be welded and the process 
pad. The side peripheral parts of the beam with a low 

energy concentration are shielded by the process pad. 
At the same time, they partially melt (power Q2) and 
heat (power Q3) the pad.

It is interesting to determine how much of the elec-
tron beam power is shielded by the process pad. It can 
be calculated or measured experimentally. The pre-
viously developed algorithm for calculating the dis-
tribution of electron beam power density [10] allows 
calculating the ratio of beam powers in any selected 
treatment areas. For the calculations, a software for 
designing electron beam scans was used [11]. Figure 
4 shows the distribution of the power density of an 
electron beam with an effective diameter of 0.5 mm 
for a scan in the form of a circle with a diameter of 

Figure 3. Distribution of beam power density (a — q(x, y) and b — q(x)) and cross-section of 2219 alloy weld produced using a pad 
made of the same alloy

Figure 4. Color image of the beam power density distribution 
q(x, y) displayed on the computer screen
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1 mm. The colours represent the beam power intensity 
from minimum (blue) to maximum (red).

A part of the electron beam power that falls on the 
weld area with complete penetration (Q1, %) can be 
calculated by the formula:

100 ( , )
1(%) ,

( , )
WMe

Me

q x y dxdy
Q

q x y dxdy
= ∫∫

∫∫
where q(x, y) is the distribution of beam power den-
sity; WMe is the area of beam effect that falls on the 
weld metal; Me is the entire area of electron beam 
treatment. Similarly, it is possible to calculate a part 
of the beam power that is consumed for partial melt-
ing (Q2, %) and heating (Q3, %) of the pad metal on 
both sides of the weld.

Calculations have shown that in our case, about 
95  % of the electron beam power is directed at the 
weld, and about 2.5 % of the beam power on each side 
is directed to heating and melting the parts of the pad 
adjacent to the weld, respectively. The experimental 
measuring of the electron beam power directed at a 
certain area to be treated is possible by placing a re-
fractory metal target in this area and measuring the 
amount of current passing through the target. The 
beam power shielded by the pad was determined as 
follows. Molybdenum plates with a thickness of 6 mm 
were fixed in the assembly and welding device with a 
gap of 1.6 mm between them. The width of the gap 
was equal to the width of the weld under the process 
pad. The plates were placed on the ceramic insulators 
and fixed with clamps through the ceramic insulators, 
as shown in Figure 5.

These insulators electrically isolated the plates 
from the welding chamber, i.e. from “ground”. The 
electric wires connected to the molybdenum plates 
were removed from the vacuum chamber and con-
nected to ‘ground’ through voltage dividers. Electric 
currents passing through the plates were measured 
by voltmeters connected to voltage dividers. A basic 
secondary electronic video surveillance system of 
the RASTR6 type was used to direct the beam to the 
centre of the gap between the plates. After that, the 
welding process was simulated at the conditions used 
for welding the 2219 alloy plates with the pad (i.e., 
at a beam current of 95 mA, see Table 1). When the 
beam was precisely aimed at the centre of the gap, the 
readings of voltmeters during the experiment coincid-
ed. During the measurement, the currents of the plates 
fluctuated within 2.5–3.5 mA. Thus, approximately 5 
to 7 % of the total beam power fell on both plates. 
The total width of the softening zone of the welded 

Figure 5. Experimental measurement of the beam power shielded 
by the process pad

Figure 6. Distribution of hardness in the cross-section of joints in 
2219 alloy plates welded at a speed of 10 mm/s

Figure 7. Distribution of hardness in the cross-section of joints in 
2219 alloy plates welded at a speed of 20 mm/s
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joint is equal to the width of the cast zone plus the 
width of the HAZ on both sides of it. The width of the 
HAZ was determined by measuring the hardness of 
the cross-sections of the welded joints at distances of 
1.5 mm from the plate surface on the beam entrance 
side. The measurement step was 0.3–0.5 mm. The 
measurements started from the centre of the weld and 
ended in 3–5 mm after reaching the base metal. The 
distribution of hardness in the cross-sections of the 
joints of 2219 alloy plates welded at speeds of 10 and 
20 mm/s is shown in Figures 6 and 7.

The hardness of the weld metal is 670–710 MPa, 
while the hardness of the base metal is 1350–
1360 MP a. When the welding speed was increased 
from 10 to 20 mm/s, the HAZ width decreased from 
15 to 7 mm. It is seen that the hardness of the met-
al at a distance of 1 mm from the fusion line is by 
30–40 MP a higher than the hardness measured at a 
distance of 2–3 mm. This is predetermined by the par-
tial hardening of the metal in the immediate vicinity 
of the weld after it was heated to the quenching tem-
perature and then rapidly cooled. The cross-sectional 
hardness distribution of the joints of 2219 alloy plates 
welded with the process pad is shown in Figure 8.

Table 3 shows the dependence of the HAZ width 
and softening zone on the welding speed.

Table shows that an increase in the welding speed 
from 10 to 20 mm/s reduces the width of the soften-
ing zone by almost half (from 35.5 to 17.6 mm). The 
further increase in the welding speed is inappropriate 
because it will cause violation of the joint formation 
stability and appearance of defects.

The use of the process pad during EBW of 10 mm 
thick aluminium 2219 alloy plates allows reducing the 
width of the softening zone from 17.6 to 13.6 mm (i.e. 
by about 20 %) on the beam entrance side and producing 
a narrow weld with practically parallel side walls.

Conclusions
It has been found that during EBW of 2219 aluminium 
alloy plates with a thickness of 10 mm, an increase in 

the welding speed from 10 to 20 mm/s reduces the 
width of the softening zone approximately by a half.

The use of the process pad when welding at a 
speed of 20 mm/s allows for an additional reduction 
in the width of the softening zone by approximately 
20 % and produces a narrow weld with almost parallel 
side walls. In this case, the weld underfill is formed in 
the body of the pad; after its removal, the welded butt 
does not require further mechanical treatment.

An algorithm for calculating the ratio of beam 
powers in selected areas of the treated surface was 
proposed. It has been found by calculations and ex-
periments that the technological pad cuts off the pe-
ripheral part of the electron beam, which is about 
5–7 % of its total power. In practice, the influence of 
this peripheral part leads to undesirable expansion of 
the weld on the beam entrance side and to additional 
heating of the base metal and, as a result, to an in-
crease in the sizes of the softening zone.
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ABSTRACT
The paper investigates the process of forming coatings containing Cr2AlC MAX phase by detonation spraying using powders 
produced by the mechanochemical synthesis. The powder mixtures of the Cr‒Al‒C and Cr3C2‒Al systems were used as starting 
components. It has been found that no new phases are formed in the Cr‒Al‒C system as a result of mechanochemical synthesis 
within 1.5‒5 h, while the synthesis of Cr2AlC MAX phase occurs during the detonation spraying of the MChS powder of this 
mixture. In the Cr3C2‒Al system, the formation of Cr2AlC MAX phase is observed already at the processing stage after 1.5 h. 
Due to the interaction reaction of the components in the process of detonation spraying, the content of MAX phase grows in the 
coating relative to the MChS powder. Both types of coatings contain phases of chromium carbides and oxide components of 
chromium and aluminium. The produced coatings are characterized by high microhardness (about 5000 MPa), dense lamellar 
structure, and corrosion resistance in a 3 % NaCl solution.

KEYWORDS: MAX phase, detonation spraying, coating, microstructure, corrosion resistance

INTRODUCTION
In recent years, materials based on MAX phases have 
attracted increased interest for industrial use due to 
their unique combination of both metal and ceramic 
properties, which they owe to their typical nanolami-
nate structure [1, 2]. Among the currently known MAX 
phases, Cr2AlC phase is of considerable interest due to 
its complex of physical and chemical properties, name-
ly: low density, excellent mechanical properties, high 
rigidity, ease of processing, resistance to damage, cor-
rosion resistance in many salt and acid solutions, elec-
trical and thermal conductive properties [3–6]. Among 
the methods for producing Cr2AlC MAX phase, the 
most common are sintering methods, including spark 
plasma sintering, hot pressing, methods of self-propa-
gating high-temperature synthesis (SHS), and mecha-
nochemical synthesis [7‒11]. Powders of both simple 
elements as well as compounds of carbides, oxides, and 
intermetallics in various ratios are used as starting com-
ponents. The produced materials have high strength, 
heat resistance and corrosion resistance.

Another method of using materials based on MAX 
phases is their depositing on the surface of parts in 
the form of coatings. Most of the available studies are 
devoted to the formation of coatings based on Cr2AlC 
MAX phase in the form of thin films produced by 
magnetron sputtering of individual elements or seg-
mented composite targets [12, 13]. Despite the high 

purity and density of magnetron coatings, they cannot 
be used in extreme conditions under high loads due to 
their small thickness, which is several microns.

To produce coatings based on MAX phases with a 
thickness of several hundred micrometers, thermal spray-
ing methods such as plasma-arc, high-velocity oxygen 
fuel, and cold gas-dynamic spraying are used [14]. The 
raw materials used for spraying are powders with a syn-
thesized Cr2AlC MAX phase produced by sintering [15] 
and powders of mechanical mixtures of the starting com-
ponents, such as Cr + Al + graphite [16], Cr3C2 + Al + Cr 
[17]. When using powders containing MAX phase for 
spraying, due to the oxidation of powder particles and de-
composition reactions associated with incongruent melt-
ing of MAX phases, the content of Cr2AlC MAX phase in 
the coatings is significantly reduced relative to the starting 
powder, which is one of the main problems when spray-
ing this type of coatings. In the case of spraying powders 
of mechanical mixtures, the synthesis of MAX phase oc-
curs during the spraying process and the formation of the 
coating layer at the interaction of starting components. The 
content of MAX phase in such coatings can be further in-
creased by the following heat treatment [16].

THE AIM
of this work is to study the formation of coatings con-
taining Cr2AlC MAX phase under the conditions of 
the detonation spraying method using powders pro-
duced by the mechanochemical synthesis.
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MATERIALS AND RESEARCH PROCEDURES
Powders produced by the method of mechano-
chemical synthesis (MChS) of powder mixtures of 
73Cr‒19Al‒8C and 91Cr3C2 + 9Al (wt.%) compo-
sitions were used as materials for spraying coatings 
by the detonation method. The characteristics of the 
starting powders used to produce the mechanical mix-
tures for the MChS process are given in Table 1.

The ratio of the components of the Cr‒Al‒C powder 
mixture was calculated to produce Cr2AlC MAX phase 
according to the reaction 2Cr + A1 + C  = Cr2AlC; the 
components of the Cr3C2‒Al mixture were calculated on 
the basis of a thermodynamic assessment of the prob-
ability of reactions in the system with the formation of 
Cr2AlC MAX phase and previous studies of the forma-
tion of Cr2AlC MAX phase under plasma-arc spraying 
of Cr3C2‒Al system powders [18].

The MChS process of powder mixtures was car-
ried out in a high-energy planetary mill “Activator 
2SL” at a drum rotation speed of 1000/1500 rpm, the 
processing time was 1.5 and 5 h.

For coating spraying, a detonation spraying unit “Pe-
run-S” was used. A mixture of oxygen and propane-bu-
tane with the addition of air was used as a detonation 
mixture, the flow rate and ratio of oxygen to propane-bu-
tane was 3:1, the amount of powder per shot was ≈ 100 
mg, and the number of shots was 100, the cycle frequen-
cy was 6.6 s‒1. The technological parameters of detona-
tion spraying, such as propane-butane fuel gas flow rate 
(QC3H8

), oxygen flow rate (QO2
), diluent gas flow rate 

(air) (Qair), transport gas flow rate (air) Qtr), and spraying 
distance (L), are given in Table 2. The technological pa-
rameters of detonation spraying were selected based on 
the calculation of obtaining a coating thickness of 4‒6 
µm for 1 cycle and minimizing the oxidation of the pow-
der material during the spraying process.

A Neophot-32 optical microscope with a digital 
photography device was used to study the particle mi-

crostructure of MChS powders and sprayed coatings. 
The phase composition of the powder and coating 
particles was studied using a PANalytical X’Pert PRO 
diffractometer with CuKαl-radiation (λ = 0.15406 nm). 
The voltage at the tube anode was 45 kV and the cur-
rent was 40 mA. Diffraction patterns were taken in a 
step of 0.025° with a point accumulation time of 1 s. 
The diffractometric measurements data were processed 
using High Score Plus software. The microhardness 
HV of the coatings was measured using a PMT-3 mi-
crohardness tester at an indenter load of 50 g.

The corrosion resistance of the coatings was 
studied using the potentiostatic method. The coat-
ings with a thickness of 500 µm were deposited on 
the specimens of AISI 1017 steel with dimensions 
of 50×50×3  mm. Electrochemical studies were car-
ried out in a P-5827M potentiostat with a scan rate of 
2 mV/s at a temperature of 18‒20 °C. The specimens 
under study were used as working electrodes, a chlo-
rosilver electrode (Ag/AgCl) was used as a compari-
son electrode, and platinum was used as an auxiliary 
electrode. The study was carried out in a 3% NaCl 
solution. The current and corrosion potential were de-
termined graphically from polarization curves.

RESEARCH RESULTS AND DISCUSSION
The analysis of the microstructure of the powders of 
Cr‒Al‒C and Cr3C2‒Al systems (Figure 1) indicates the 
formation of conglomerate-type particles of irregular 
shape in the MChS process due to the repeated process-
es of refinement and “cold welding”: both after 1.5 h 
and after 5 h of processing. The size of the powders of 
MChS products after 1.5 h of processing is d10 = 9 µm, 
d50 = 21 µm, d90 = 43 µm for Cr–Al–C system and 
d10 = 8 µm, d50 = 17 µm, d90 = 45 µm for Cr3C2‒Al sys-
tem. When the processing time is increased to 5 hours, 
the size of the MChS products does not change signifi-
cantly and is d10 = 10 μm, d50 = 21 μm, d90 = 41 μm 
for Cr‒Al‒C system and d10  =  8  μm, d50  =  16 μm, 
d90 = 40 μm for Cr3C2‒Al system.

It was found by X-ray diffraction analysis (XRD) 
that during the MChS process for 1.5 and 5  h of 
Cr‒Al‒C system powder, no new phases were synthe-
sized, and only the peaks of the chromium and alumin-
ium phases were present on the XRD patterns of the 
produced powders (Figure 2, a, b). The graphite phase 

Table 1. Characteristics of starting powders of mechanical mixtures

Powder Grade Particle size, µm Impurity content, wt.%

Cr PKh1M <20 0.009 N; 0.07 C; 0.20 Fe; 0.10 Ni; 0.10 Si; 0.10 Ca; 0.30 O; P і 0.032 О

Al PA-4 40‒50 <0.4 Si, <0.35 Fe, <0.02 Cu

Graphite GL-1 <40 Ash content <13 %

Cr3C2 PKKh-1S <40 –

Table 2. Technological parameters of detonation spraying of coat-
ings containing Cr2AlC MAX phase

Gas flow rate, m3/h
L, mm

QC3H8
QO2

Q
air

Q
tr

0.5 1.55 0.4 0.5 110
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was not revealed in the XRD patterns, which may be 
the result of its transition to an amorphous state or re-
finement in the mill during processing to a nanosize. 
With an increase in the processing time to 5 h, a slight 
shift towards lower angles of the chromium lines is ob-
served, which may indicate the dissolution of alumini-
um in chromium to form a solid solution.

In the case of Cr3C2‒Al system powder, during 
the MChS process, both at 1.5 and 5 h of processing, 
the starting components of the mixture of chromium 
and aluminium carbide interact with the formation of 
Cr2AlC MAX phase and a small amount of the inter-
metallic Cr5Al8 compound in the final product of the 
MChS phase (Figure 2, c, d). In addition to the start-

Figure 1. Microstructure of powders of Cr‒Al‒C (a, b) and Cr3C2‒Al (c, d) systems produced by the MChS method for 1.5 (a, c) and 
5 (b, d) h

Figure 2. X-ray diffraction patterns of powders of Cr‒Al‒C (a, b) and Cr3C2‒Al (c, d) systems produced by the MChS method for 1.5 
(a, c) and 5 (b, d) h
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ing components Cr3C2 and A1, as well as Cr7C3 and 
Cr23C6 carbides are present in the powders.

Since the phase composition of the produced 
MChS powders does not differ significantly during 
processing for 1.5 and 5 h, further MChS powders 
of Cr‒Al‒C and Cr3C2‒Al systems produced within 
1.5 h of processing were used to study the formation 
of coatings under detonation spraying conditions.

As a result of the detonation spraying of the produced 
MChS powders, dense coatings with a thin-lamellar 
structure are formed consisting of alternating light and 
dark grey oxide lamellae (Figure 3). The amount of the 
oxide component in Cr‒Al‒C coating is ~35 %, the 
porosity is ~7 %: in Cr3C2‒Al coating — ~30 % and 
4 %, respectively. The microhardness of Cr‒Al‒C and 
Cr3C2‒Al coatings is 4910±1150 and 5030±1015 MPa, 
respectively. The presence of a large discrepancy of mi-
crohardness values in the range of 3000‒10000 MPa is 

associated with the presence of heterogeneous phases in 
the coating.

The main phases in the sprayed coatings of Cr‒
Al‒C and Cr3C2–Al systems are chromium carbide 
phases in the quantitative ratio according to the inten-
sity of the peaks: Cr7C3 > C3C2 > Cr23C6 (Figure 4). 
In the case of spraying a coating of Cr‒Al‒C system, 
the appearance of chromium carbides is predeter-
mined by the interaction of the starting components 
of chromium powder and graphite during the spraying 
process. In the case of spraying Cr3C2‒Al coating, the 
appearance of a significant amount of Cr7C3 carbide is 
predetermined by the partial transformation of Cr3C2 
carbide during the spraying process under the influ-
ence of temperature and the interaction of powder 
particles with ambient oxygen. The coatings contain 
a significant amount of chromium oxide Cr2O3 and 
a small amount of aluminium oxide Al2O3 of the co-

Figure 3. Microstructure of detonation spray coatings produced from MChS powders: a, b — Cr‒Al‒C; c, d — Cr3C2‒Al

Figure 4. X-ray diffraction patterns of detonation spray coatings of Cr‒Al‒C (a) and Cr3C2‒Al (b) systems
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rundum modification. In contrast to MChS powders, 
the coatings do not contain a pure aluminium phase, 
which indicates its complete interaction during the 
spraying process with the components of Cr, C, Cr3C2 
powders and ambient oxygen. Both types of coat-
ings contain Cr2AlC MAX phase, and the intensity of 
MAX phase peaks in Cr3C2‒Al coating is significantly 
higher, which may indicate a greater amount of MAX 
phase in it. Also, an increase in the intensity of peaks 
corresponding to MAX phase on the XRD pattern of 
Cr3C2‒Al coating relative to the peaks on the XRD 
pattern of the MChS powder is noted, which indicates 
the interaction of powder components during the pro-
cess of detonation spraying and the formation of a 
coating layer with the formation of MAX phase.

The studies of the kinetics of the electrode po-
tentials of detonation coatings of Cr‒Al‒C and 
Cr3C2‒Al systems have made it possible to find that 
the value of the electrode potential of the specimens 
stabilizes after 25‒30 min. The stationary potentials 
Est are ‒0.4 and ‒0.44 V, respectively. The character-
istic polarization curves of the coatings are shown in 
Figure 5; the electrochemical characteristics of the 
coatings are given in Table 3. For comparison, Table 
3 also shows the characteristics of St3 and stainless 
steels 40Kh13 and 12Kh18N10T.

The analysis of the polarization curves showed 
that the course of cathodic and anodic polarization 

curves for detonation coatings of both compositions is 
almost the same. The corrosion current for Cr3C2‒Al 
system coating is 1.25 times lower than that of Cr‒
Al‒C system coating, which indicates its higher cor-
rosion resistance. This is obviously predetermined by 
the higher content of MAX phase in Cr3C2‒Al coating 
and the slightly lower porosity of this coating. After 
electrochemical studies, the phase composition of 
the sputtered coatings does not change significantly 
(Figure 6), i.e., no corrosion processes occur on the 
surface of the coated specimens. The developed coat-
ings of both compositions are not inferior to stainless 
steels in terms of their corrosion resistance and are by 
an order of magnitude higher than carbon steel.

Conclusions
The carried out studies of the products of mechano-
chemical synthesis of powder mixtures of Cr‒Al‒C 
and Cr3C2‒Al compositions showed the formation of 
conglomerate-type particles with a size in the range of 
d10 = 8‒10, d50 = 16‒21, d90 = 40‒45 µm after 1.5‒5 h 
of processing. In Cr3C2‒Al system, the formation of 
Cr2AlC MAX phase was recorded after 1.5 h of pro-
cessing; in the case of Cr‒Al‒C system, no interaction 
of components with the formation of new phases oc-
curs during the MChS process.

As a result of detonation spraying of the produced 
MChS powders, dense coatings with a thin-lamellar 

Figure 5. Polarization curves of detonation coatings in a 3 % 
NaCl solution: 1 — Cr‒Al‒C; 2 — Cr3C2‒Al

Figure 6. X-ray diffraction patterns of detonation spray coatings of Cr‒Al‒C (a) and Cr3C2‒Al (b) systems after electrochemical studies 
in a 3 % NaCl solution

Table 3. Electrochemical characteristics of Cr–Al–C and 
Cr3C2–Al detonation spray coatings in a 3 % NaCl solution

Material Еst, V Ec, V ic, A/cm2

Cr–Al–C DS coating –0.40 –0.36 2.0·10‒6

Сr3C2–Al DS coating –0.44 –0.38 1.6·10‒6

Steel 3 –0.54 –0.52 2.4·10‒5

40Kh13 –0.28 –0.26 2.0·10‒6

12Kh18M10T –0.16 –0.18 1.6·10‒6
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structure are formed. The presence of Cr2AlC MAX 
phase, as well as chromium carbides and oxide phases 
Cr2O3 and Al2O3 is recorded in the coatings. The con-
tent of MAX phase in the coatings relative to the MChS 
powder is higher in the coatings formed from the pow-
ders of Cr3C2‒Al system; an increase in the content of 
MAX phase in the coating relative to the MChS powder 
was found due to the interaction reactions between the 
starting components during the spraying process.

Based on the results of potentiostatic studies in a 
3  % NaCl solution, it was found that coatings based 
on Cr3C2‒Al system are characterized by a lower cor-
rosion current (1.6∙10‒6 A/cm2) compared to Cr‒Al‒C 
(2.0∙10‒6 A/cm2), which confirms their higher corrosion 
resistance due to the higher content of MAX phase and 
denser structure. The developed coatings of both compo-
sitions are not inferior to stainless steels in terms of their 
indices of corrosion resistance and can be recommended 
for operation in this aggressive environment.
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of heat-resistant titanium alloy 
of the Ti‒Nb‒Al‒Mo‒Zr alloying system 
by electron beam melting with a cold hearth
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ABSTRACT
In order to develop the technique and technology of smelting ingots of heat-resistant alloys based on titanium with the content 
of the Ti2AlNb ortho-phase, experimental works were carried out to produce the experimental Ti‒39Nb‒16Al‒2.6Mo‒1.4Zr 
alloy. The results of studies of the ingot produced by double electron beam remelting are presented. The developed technology 
and experimental melting of the 110 mm diameter Ti‒39Nb‒16Al‒2.6Mo‒1.4Zr ingot by the electron beam melting method 
with a cold hearth showed the prospects of using the EBM method for producing ingots of heat-resistant alloys based on titani-
um with the content of the Ti2AlNb ortho-phase.

KEYWORDS: electron beam melting, cold hearth, ingot, refractory elements, chemical composition, titanium aluminide, 
ortho-phase

INTRODUCTION
Creation of intermetallic alloys of the Ti‒Al‒Nb sys-
tem and technologies for their production are a per-
spective direction, which is being developed in the 
world in the field of new metal materials with a high 
level of heat resistance, high-temperature strength and 
thermal stability [1‒3]. Ortho-alloys may well replace 
heat-resistant steels and nickel alloys used in the rotor 
and stator of a high-pressure compressor, but despite 
the advantages of these alloys, none of ortho-alloys 
are still used abroad. Obviously, this is associated 
with the fact that such alloys have proved to be quite 
difficult in metallurgical production. The need in us-
ing more expensive and refractory elements (niobi-
um, molybdenum, etc.) for alloying, providing high 
homogeneity of ingot composition, the use of equip-
ment with a protective atmosphere, strict testing of 
macro- and microstructure in semi-finished products 
are the main reasons for slowing down the industrial 
implementation of this grade of alloys. Nevertheless, 
there are real prerequisites and technical capabilities 
to overcome many of these difficulties.

The most interesting are ortho-alloys within the Ti‒
(22‒25)A1‒(25‒30)Nb alloying range (at.%), which 
contain precipitations of the Ti2AlNb ortho-phase. It 
should be noted that although an increase in the alumin-
ium content above 25 at.% improves the heat resistance 
of the material, it leads to a drop in toughness [4, 5]. In 
addition to aluminium and niobium, ortho-alloys may 

contain additional alloying elements. Thus, macroalloy-
ing with an element such as Mo leads to an expansion of 
the β-phase existence area, which acts as a plastic matrix 
and delayering of diffusion processes in the volume and 
at the interfacial boundaries of the material, increasing 
its melting point and facilitating softening at operating 
temperatures. Zirconium, acting as a neutral hardener 
in relation to titanium and intermetallic titanium alloys, 
provides solid-solution hardening of the main phases 
and increases creep resistance.

One of the methods of producing intermetallic 
ingots is smelting technology based on independent 
heating sources. It should be considered that heat-re-
sistant titanium-based alloys contain such alloying el-
ements as Nb, Zr, Mo, which, like titanium, have high 
chemical activity towards gases at elevated tempera-
tures, which necessitates melting of these materials in 
a protective atmosphere or under vacuum [6]. Among 
the modern methods of special electrometallurgy, 
electron beam melting is the most efficient method of 
vacuum metallurgy [7, 8].

As shown in [6], when smelting ortho-alloys with 
a high content of refractory alloying elements (ni-
obium, molybdenum, tungsten) by electron beam 
melting, it is significantly more difficult to ensure a 
uniform chemical composition in the ingot volume. It 
is especially difficult to provide a uniform content of 
elements with high vapour elasticity, such as alumin-
ium and chromium. Therefore, in [9], a mathemati-
cal model of the processes of evaporation of alloying 
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elements from titanium alloys during electron beam 
melting with a cold hearth was developed and, using 
the example of the process of producing the titanium 
aluminide Ti–29Al–12Nb–3Cr–3Zr alloy ingot, the 
dependencies of the concentration of alloying ele-
ments in the ingot on the technological parameters of 
melting and the content of alloying elements in the 
initial charge were established.

Earlier studies have shown that the specified chem-
ical composition of titanium intermetallic alloys can 
be achieved only by performing at least a double elec-
tron beam remelting. In addition, to facilitate adding 
of alloying elements into the alloy composition, var-
ious master alloys were used, which are quite scarce 
and expensive. Therefore, it is of particular interest to 
develop a technology that allows using pure compo-
nents to produce materials of this grade.

RESEARCH PROCEDURE
In order to practice the technique and technology of 
smelting ingots of titanium-based high-temperature 
alloys containing the Ti2AlNb ortho-phase, experi-
mental works were carried out to produce an exper-
imental Ti–39Nb–16Al–2.6Mo–1.4Zr alloy (wt.%).

For experimental studies, a multipurpose laborato-
ry electron beam UE-208M installation [10] was used 
(Figure 1).

The technological sequence of ingot smelting 
consisted of the following stages: calculation of the 
quantity of components of the initial charge, taking 
into account evaporation losses; preparation of equip-
ment and technological fixture for melting; formation 
of consumable billets; melting process; sampling for 
chemical and gas analysis of a smelted ingot.

Before conducting the experimental ingot melts, 
the equipment was prepared by cleaning the melting 
chamber, the electron beam gun plate, the cold hearth 
and the mold, and the bottom-plate from condensa-
tion, dust and metal residues from previous melts.

Experimental melts were carried out in a 110 mm 
diameter mold. The works on producing a heat-re-
sistant titanium Ti–39Nb–16Al–2.6Mo–1.4Zr alloy 
ingot were carried out in two stages. When smelting 
titanium-based alloys by electron beam melting, the 
main problem of alloying elements distribution arises 
namely with elements that have high vapour elasticity 
[11, 12]. Therefore, in order to ensure a more uniform 
distribution of aluminium in the final ingot, at the first 
stage, an intermediate billet of a commercial titani-
um aluminide was smelted without adding refracto-
ry alloying elements. The charge billet was prepared, 
which included briquettes of TG-120 titanium sponge 
and a commercially pure aluminium (Figure 2).

At the second stage, alloying elements in the form 
of electrolytic niobium, commercially pure molybde-
num and refined zirconium iodide were added to the 
produced ingot of a commercial titanium aluminide.

After loading the charge, the installation was vacu-
umed to the level of a residual pressure in the melting 
chamber of 10–2 Pa. Then the billet was melted into a 
cold hearth until it was filled and the liquid metal was 
periodically poured into a copper water-cooled mold. 

Figure 1. Laboratory electron beam UE-208M installation

Figure 2. Charge billet for the production of ortho-titanium alu-
minide Ti–39Nb–16Al–2.6Mo–1.4Zr alloy

Figure 3. Melting process of an ingot with a diameter of 110 mm 
made of ortho-titanium aluminide Ti–39Nb–16Al–2.6Mo–1.4Zr 
alloy
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The first pouring portions were used to form a seed 
for the future ingot. Then, the achieved technologi-
cal mode was used to smelt the ingot of the required 
height (Figure 3).

During the experimental melts, the following 
technological parameters were monitored: melting 
rate, electron beam current and accelerating voltage. 
The numerical values of the accelerating voltage and 
beam current were measured and adjusted using the 
devices intended for this purpose. The melting rate 
was controlled by the rate of feeding the consumable 
billet into the melting zone.

Technological parameters of melting an ingot 
with a diameter of 110 mm made 

of ortho-titanium aluminide 
Ti–39Nb–16Al–2.6Mo–1.4Zr alloy

Total EB heating power, kW. . . . . . . . . . . . . . . . . . . . . . . . . . .                          130
Power in the mold, kW. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               30
Melting rate, kg/h. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                   30

After melting, the ingot was kept in a vacuum 
chamber until it cooled completely. An ingot with a 

diameter of 110 mm and a weight of approximately 
40 kg was produced (Figure 4).

The head part with the shrinkage shell was cut off 
from the ingot and samples were taken for chemical 
analysis. The samples were taken at three points in 
the form of chips by drilling. In this case, at first, the 
upper layer of the ingot was removed to a depth of at 
least 5 mm, and then chips were sampled for analysis 
to a depth of 10 mm from the surface of the ingot.

To accurately analyse the content of alloying el-
ements in the produced ingot, inductively coupled 
plasma/optical emission spectrometry (ICP-OES) 
was used in the ICAP 6500 DUO ICP-spectrometer. 
The studies showed that after a double electron beam 
remelting, the distribution of alloying elements was 
satisfactory and did not exceed the technical specifi-
cations (Table 1). The oxygen content was 0.04 wt.%, 
which corresponded to the data of the certificate of 
oxygen content in the TG-120 titanium sponge.

To study the microstructure of the material in the 
cast state by the method of optical metallography, 
samples were taken from the produced ingot accord-
ing to the scheme shown in Figure 5.

The general appearance of the microstructure at 
magnifications ×50, 500 and 1000 is shown in Fig-
ure 6. The analysis of the images (Figure 6, a–c, ×50) 
shows that the structure is formed by equilibrium 
grains of the β-phase body-centered cubic lattice with 
dispersed precipitations in the grain body. Compari-
son of Figure 6, b with Figure 6, a, c shows that the 
grain size in the middle zone is coarser than in the 
peripheral zones of the ingot. This is explained by the 

Figure 4. Ingot with a diameter of 110 mm made of ortho-titani-
um aluminide Ti–39Nb–16Al–2.6Mo–1.4Zr alloy

Figure 5. Scheme of sampling for microstructure examination

Table 1. Chemical composition of an ingot with a diameter of 110 mm made of ortho-titanium aluminide Ti–39Nb–16Al–2.6Mo–1.4Zr 
alloy produced by EBM, wt.%

Ingot part Nb Al Mo Zr Ti О

Top 39.2 16.4 2.62 1.37
Base 0.04Middle 39.2 15.3 2.76 1.36

Bottom 39.7 14.9 2.63 1.35
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difference in the cooling rate of the periphery and cen-
tre of the ingot.

In order to study the morphology of the phases pre-
cipitated in the grain body, the microstructure of the 
material was examined at magnifications of ×500 and 
×1000 (Figure 6). The analysis of the microstructures 
shows that the bulk of the precipitations are dispersed 
particles of approximately equilibrium shape, which 
are localised in the grain body. The grain boundar-
ies are free of precipitations (Figure 6, a–c, ×500). At 
the same time, in the middle zone, separate lamellar 
precipitations of 20–30 µm length are observed (Fig-
ure 6, b, ×1000). Based on the particles morphology, 
it can be assumed that dispersed particles are α2-phase 
(Ti3Al), and lamellar ones are θ-phase crystals (or-
thogonal Ti2AlNb phase).

Thus, the developed technology and experimental 
melts of the Ti–39Nb–16Al–2.6Mo–1.4Zr ingot with 
a diameter of 110 mm by the electron beam melting 
method with a cold hearth showed the prospects of 
using the EBM method to produce ingots of heat-re-
sistant alloys based on titanium with the content of the 
Ti2AlNb ortho-phase.

Conclusions
1. The Ti–39Nb–16Al–2.6Mo–1.4Zr alloying system 
containing intermetallic Ti2A1 and Ti2AlNb phases 
was selected for experimental melts.

2. A new method of adding alloying elements into 
the alloy was developed and an experimental melting 
of a 110 mm diameter ingot was carried out.

3. It was shown that electron beam melting allows 
producing ingots of titanium-based alloys with a high 
content of aluminium and niobium and a sufficiently 
uniform distribution of alloying elements.

4. An examination of the microstructure of the cast 
metal showed that the structure is formed by equilib-
rium β-phase grains with dispersed inclusions in the 
grain body. Based on the particles morphology, it can 
be assumed that dispersed precipitations are α2-phase, 
and lamellar precipitations are θ-phase crystals (or-
thogonal Ti2AlNb phase).
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Metal transformable-volume structures
Shell structures of a transformable volume with transformation coefficient of 5–50 have been de-
signed and manufactured, which have smaller dimensions during transportation, and are trans-
formed into tanks of a specified volume at application of small inner pressure. On the Earth such 

structures are used under 
extreme conditions of de-
livery and mounting. In 
space they can have the 
functions of tunnels  — 
passages between the 
individual space mod-
ules, additional laboratory 
premises, waste contain-
ers, etc.
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and properties of welded joints 
of heat-resistant pseudo-α-titanium alloy 
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ABSTRACT
The effect of furnace annealing after electron beam welding (EBW) and gas tungsten arc welding (GTAW) on the properties of 
welded joints of a pseudo-α-titanium alloy of the Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si system was investigated. To compare the properties 
of welded joints in the as-welded state and after additional heat treatment, a quality criterion was introduced. It was established 
that annealing promotes the formation of a finer microstructure in the welded joints of the heat-resistant pseudo-α-titanium 
alloy of Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si alloying system produced by EBW, resulting in a tensile strength of 980 MPa, which is 95 % 
of the base metal strength; the impact toughness of the annealed welded joints remained high at 17.9 J/cm2. Annealing after 
GTAW also leads to microstructural refinement of the welded joints. A comparative analysis of the quality coefficients of EB 
and GTA welded joints demonstrated the superior combination of mechanical properties in EB joints, both in the as-welded 
state and after annealing. Annealing application enabled an improvement in the mechanical properties of EB joints to levels 
comparable to those achieved with additional local heat treatment (LHT).

KEYWORDS: heat-resistant titanium alloy, microstructure, mechanical properties, electron beam welding, gas tungsten arc 
welding

INTRODUCTION
In the last decades a significant increase in the scope 
of research is observed, the objective of which is pro-
ducing titanium alloys with a new set of properties 
[1‒3]. Heat-resistant titanium alloys with interme-
tallic strengthening are considered promising mate-
rials for aviation, space and automotive technology. 
The highest heat resistance is demonstrated by doped 
alloys of Ti‒Si‒X system, owing to formation of a 
framework of strengthening phases in the cast state, 
arising at eutectic crystallization in Ti‒Al‒Si system, 
α-Ti, Ti3Al and TiAl acting as the matrix, and Ti5Si3 
silicide being the strengthening phase [4‒7]. One of 
such promising alloys is the experimental multicom-
ponent pseudo-α-alloy of Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si 
alloying system, the average chemical composition 
of which is given in Table 1 [8, 9]. Investigations of 
the properties of welded joints of alloys containing a 
large number of alloying elements, revealed their sig-
nificant disadvantages: high proneness to alloying el-
ement liquation, strong dependence of aging duration 
on the content of alloying elements and impurities, as 

well as low thermal stability, which are due to precipi-
tation of intermetallics in the structure of these alloys, 
for instance Ti5Si3 [10].

The most wide-spread method of fabrication of 
structures from titanium alloys is gas tungsten arc 
welding (GTAW). For heat-resistant titanium alloys, 
however, it is the most rational to apply electron beam 
welding (EBW). Possibility of performing local pre-
heating and further local heat treatment (LHT) in the 
vacuum chamber is an essential advantage of EBW 
technology, used to prevent cold cracking in the weld-
ed joints [11, 12]. In case of making welded joints 
of promising heat-resistant titanium alloy of Ti‒Al‒
Zr‒Sn‒Mo‒Nb‒Si alloying system, EBW is compli-
cated, in connection with a high content of silicon 
in the weld metal and the HAZ metal. As a result of 
the influence of the welding thermal cycle, structural 
changes take place in the weld metal and the HAZ of 
this alloy, resulting in formation of a stressed state and 
cold cracking at low ductility of silicon-alloyed metal.

In work [13], EBW influence on the structure of 
weld metal and the HAZ and the mechanical prop-

Table 1. Average chemical composition of the experimental heat-resistant alloy, wt.%

Al Zr Si Mo Nb Sn Ti

6.2‒6.9 5.0‒5.5 0.50‒0.85 0.5‒0.8 0.5‒0.8 1.5‒2.5 Base
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erties of welded joints on the heat-resistant titanium 
alloy of Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si alloying system 
was studied, and it was shown that EBW application 
in combination with LHT to make welded joints of 
heat-resistant pseudo-α-titanium alloy of Ti‒Al‒Zr‒
Sn‒Mo‒Nb‒Si alloying system allows producing 
welded joints of equal strength to the base metal, but 
application of additional furnace annealing is required 
to ensure a homogeneous structure in all the zones of 
the welded joint, including the HAZ.

Titanium alloy welded joints can be produced by 
different methods, with different values of energy 
input and cooling rates of the metal of the weld and 
HAZ. On the whole, for titanium alloys increasing 
some mechanical properties, for instance, strength 
causes the respective lowering of the ductility and im-
pact toughness values, but this occurs disproportion-
ately. Therefore, it is rational to determine the influ-
ence of furnace heat treatment on the properties of EB 
welded joints of heat-resistant pseudo-α-titanium al-
loy of Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si alloying system and 
to compare the properties of welded joints, produced 
by the most common method, namely GTAW.

Thus, it is necessary to study the influence of 
postweld heat treatment, namely annealing, on the 
structure and properties of welded joints of heat-re-
sistant titanium alloy of Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si 
alloying system to achieve a homogeneous structure 
and a complex of high mechanical properties of the 
welded joints, as well as to compare the mechanical 
properties of welded joints of the heat-resistant alloy, 
produced by two kinds of welding: EBW and GTAW.

The objective of the work is to determine the in-
fluence of heat treatment-annealing on the structure 
and properties of the base metal and welded joints 
of the heat-resistant titanium alloy of Ti‒Al‒Zr‒Sn‒
Mo‒Nb‒Si alloying system, produced by two kinds 
of welding: EBW and GTAW.

The heat-resistant titanium alloy of Ti‒Al‒Zr‒Sn‒
Mo‒Nb‒Si alloying system differs by a high sensitiv-
ity to the thermal welding cycle. GTAW and EBW are 
characterized by different values of welding energy in-
put and cooling rates of the metal of the weld and HAZ. 
Therefore, at the first stage of the research we will as-
sess the annealing influence on the structure of GTA and 
EB welded joints. At the second stage we will compare 
the mechanical property values of EB and GTA welded 
joints and their change after annealing.

Research was performed using plates made from 
an ingot of heat-resistant titanium alloy of Ti‒Al‒
Zr‒Sn‒Mo‒Nb‒Si alloying system produced by the 
method of electron beam melting [12]. Hot–rolled 
plates 10 mm thick from the mentioned alloy were 
made in a reversible double-roll rolling mill 500/350 
of Skoda Company [13]. Rolling began at the tem-
perature of 1050 °C, the rolling end temperature was 
not lower than 800 °C. After rolling, the metal was an-
nealed at 900 °C for 1 h. After deformation treatment 
the alloy had high strength values (σt = 1135 MPa) at 
room temperature (Table 2); at working temperature 
of 600  °C — σt = 755 MPa, the values of material 
room temperature ductility being equal to 9.0 % [9].

Electron beam welding was performed in UL-144 
machine, fitted with ELA 60/60 power unit [11]. Ar-
gon-arc welding was carried out by the method, most 
widely used for titanium alloys — gas tungsten ar-
gon-arc welding (GTAW). GTAW was conducted at 
straight polarity direct current, using VDU 511 power 
source. Properties of EB welded joints 10 mm thick 
and GTA joints 6 mm thick were studied.

In order to assess the effectiveness of the select-
ed mode of welding and postweld heat treatment of 
the welded joints on high-strength titanium alloys, 
a criterion of welding mode quality in conditional 
units was proposed [14], which consists of the con-
tribution of the modes of welding and heat treatment 
into a comprehensive increase of the total indices of 
strength, ductility and impact toughness of titanium 
alloy welded joints relative to the base metal of the 
respective alloy. On the whole, for titanium alloys, 
increase in some mechanical properties, for instance, 
strength causes the respective lowering of the duc-
tility and impact toughness values. In some cases, 
however, this occurs disproportionately. Analysis of 
the obtained results of testing the mechanical charac-
teristics of the welded joints allowed us to conclude 
that titanium alloy welded joints have high ductility 

Table 2. Mechanical properties of wrought alloy of Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si alloying system at temperatures of 20 and 600 °C

Sample

20 °C 600 °C

σt σ02
δs, %

σt σ02
δs, %

MPa MPa

Base metal 1101‒1169 1052‒1107 7.7‒10.4 744‒765 552‒575 11.5‒14.6

Figure 1. Macrosection of EB welded joint of the heat-resistant 
titanium alloy of Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si alloying system in the 
state after annealing at 850 °C
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values, and the impact toughness values are also at a 
high level. In case we consider only the strength and 
impact toughness values and accept their significance 
as equal, the following coefficient of welding mode 
quality was proposed:

Kwm = 0.5(σw/σBM) + 0,5 (KCVw/KCVBM),

where Kwm is the quality coefficient.
The strength coefficient was also calculated [14]:

Ks = σw/σBM.

INFLUENCE OF ANNEALING 
ON THE MICROSTRUCTURE OF EB 
WELDED JOINTS OF HEAT-RESISTANT 
TITANIUM ALLOY OF Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si 
ALLOYING SYSTEM
Welded joints of the heat-resistant titanium alloy of 
Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si alloying system made by 
EBW even with application of local heat treatment 
have a heterogeneous nonuniform structure. To en-
sure formation of a homogeneous uniform structure 
in all the welded joint zones, including the HAZ, 
which eliminates the presence of metastable phases, 
as well as to relieve the welding stresses, welded 
joints of the heat-resistant titanium alloy of Ti‒Al‒
Zr‒Sn‒Mo‒Nb‒Si alloying system made by EBW 
and GTAW were subjected to furnace treatment — 
furnace annealing.

Annealing temperature was selected proceeding 
from the temperature of polymorphous transforma-
tion of the heat-resistant titanium alloy of Ti‒Al‒Zr‒
Sn‒Mo‒Nb‒Si alloying system. The temperature of 
polymorphous transformation of the heat-resistant 
titanium alloy of Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si alloying 
system was established by the methods of mathemati-
cal modeling and was confirmed experimentally [15]. 
During cooling the temperature range of β→(α+β) 
transformation is in the range of 995–1025 °C, and 
the (α+β)→α — transformation range is within 800–
825 °C. Proceeding from that, the annealing tempera-
ture of 850 °C was selected.

Annealing of the heat-resistant titanium alloy of 
Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si alloying system envisag-
es heating up to the temperature of 850 °C, holding 
for 1 h, and further cooling in the furnace. Figure 1 
gives an example of the transverse macrosection of 
the welded joint after annealing.

Figure 2 shows the structure of base metal in the 
central zone of a sheet after annealing at 850 °C. Af-
ter the performed annealing, a clearer delineation of 
α-phase plates (Figure 2, a) and formation of interme-
tallic particles (Figure 2, b) are observed in the struc-
ture. In the base metal, not only clusters of dispersed 
particles in the form of chains are recorded after an-
nealing, but also possibly monolithic silicide interlay-
ers between plates of up to 7 μm length (Figure 2, 
c, d). In order to check this assumption, however, it 
is necessary to study the changes in the alloy phase 

Figure 2. Microstructure of base metal of EB welded joint of the heat-resistant alloy of Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si alloying system in 
the state after annealing at 850 °C
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composition by the methods of X-ray diffraction anal-
ysis and scanning electron microscopy. In work [8] 
it was shown that fine silicides within α-plates form 
during the eutectoid transformation and further low-
ering of silicon solubility in the titanium α-matrix. 
Work [8] presents the distribution of the main alloy-
ing elements in the cast metal of the alloy of Ti‒Al‒
Zr‒Sn‒Mo‒Nb‒Si alloying system, from which we 
can see that alongside titanium, zirconium is also 
present in the silicides and their interlayers on the 
grain boundaries, i.e. complex silicides of (Zr, Ti)5Si3 
and (Zr, Ti)3Si type form in the alloy. Zirconium and 
silicon are present both in the solid solution, and in 
the strengthening silicide phase, which is distributed 
along the boundaries of former β-grains. In work [9] a 
conclusion was made that the silicides form not only 
within the α-plates, but dispersed silicides are also 
distributed between the α-plates in the form of indi-
vidual precipitates along the boundaries and inside 
the α-phase grains. There are quite a lot of silicides in 
the structure, but they are dispersed, and are distrib-
uted between the α-plates and in the form of individ-
ual precipitates along the boundaries and inside the 
α-phase grains [8].

The structure of the metal of the weld middle zone 
in welded joints of the heat-resistant alloy of Ti‒Al‒
Zr‒Sn‒Mo‒Nb‒Si alloying system, produced by elec-
tron beam welding, after additional vacuum annealing 
at 850 °C, is shown in Figure 3.

A typical dendritic structure of the cast metal is 
formed in the weld zone (Figure 3, a). It is dense, 
and no defects of the type of porosity, cracks or 
nonmetallic inclusions were found in it. The size of 
dendrite branches in the cross-sectional section can 
be tentatively assessed by the difference in etchabil-
ity of individual regions. It is equal to 100–500 μm. 
The boundaries of the dendritic regions have no ex-
cess phase precipitates and are not the weak points 
of the material. It is important that rapid cooling of 
the molten weld metal results in formation of quite 
dispersed packs of Widmanstatten morphology in the 
dendritic regions with the pack size (by the size of the 
largest plates) in the range of 20–50 μm (Figure 3, b), 
that is close to the characteristics of dispersity of the 
base metal structure. At the same time, comparing the 
structures of the upper and middle zone of the weld, 
we can conclude that a more dispersed structure forms 
in the weld middle, compared to its upper part. The 
difference, however, is not great, and it can be asso-
ciated with different temperature-time conditions of 
weld metal crystallization.

Vacuum annealing at the temperature of 850 °C for 
1 h intensified the diffusion processes, which resulted 
in a certain redistribution of alloying elements in the 
welded joint structure. Compared to the structure of 
the welded joint in the state after LHT [13], after vac-
uum annealing clusters of dispersed particles in the 
form of chains, as well as monolithic silicide interlay-

Figure 3. Microstructure of the weld metal of EB welded joint of the heat-resistant alloy of Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si alloying system 
after annealing at 850 °C
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ers up to 7 μm long are recorded on the boundaries of 
the platelike α-phase (Figure 3, c, d).

Microstructure of the fusion zone in the EB welded 
joint of the heat-resistant alloy of Ti‒Al‒Zr‒Sn‒Mo‒
Nb‒Si alloying system, in the state after annealing at 
850 °C, is shown in Figure 4.

No significant difference in the morphology or 
dimensional characteristics of the structural compo-
nents was found between the samples after LHT [13], 
and samples annealed in the vacuum at 850 °C. This 
can be associated with the fact that the temperature of 
both the treatments did not exceed that of the phase 
transformation point for this alloy, so that the repeat-
ed crystallization processes did not develop, while the 
processes of recrystallization in the heat-resistant al-
loy proceed slowly at these temperatures.

The HAZ metal structure in samples of the EB weld-
ed joint of the heat-resistant alloy of Ti‒Al‒Zr‒Sn‒
Mo‒Nb‒Si alloying system after annealing at 850 °C is 
shown in Figure 5. Analysis of the microstructure re-
veals that the HAZ preserves the main morphological 
and dimensional characteristics of the base metal. No 
difference in the structure was observed after different 
heat treatment modes, namely annealing and LHT [13]. 
During annealing at 850 °C a clearer delineation of the 
α-phase plates is observed in the structure, due to pre-
cipitation of the β-phase along the plate boundaries and 
there is a possibility of formation of intermetallic parti-
cles. In the fusion zone metal not only clusters of dis-

persed particles in the form of chains, but also monolith-
ic silicide interlayers between the plates are recorded on 
the boundaries of the platelike α-phase as a result of the 
influence of annealing at 850 °C (Figure 5, c, d). Etch-
ing of the sections of the welded joint of the alloy of Ti‒
Al‒Zr‒Sn‒Mo‒Nb‒Si alloying system was improved, 
compared to etching of the sections of the welded joint 
after LHT, as a result of decorating of the plate boundar-
ies by the dispersed particles. The effectiveness of vac-
uum annealing can be fully evaluated when establishing 
the mechanical characteristics of the welded joints.

Although application of different modes of heat 
treatment did not lead to any essential changes in the 
welded joint microstructure, the difference in the in-
tensity of structure etching and in the quantity of the 
β-phase on the boundaries of α-phase plates allows us 
to assume that the mechanical properties of the joints 
could change under the annealing influence, as a result 
of relaxation of the mechanical stresses and due to ex-
cess phase formation. More over, vacuum annealing 
at the temperature of 850 °C intensified the running 
of the diffusion processes, which resulted in a certain 
redistribution of the alloying elements in the structure 
of the welded joints proper. Silicon has diffused to a 
large extent to the boundaries of the platelike α-phase, 
forming there not only clusters of dispersed particles 
in the form of chains, but also monolithic silicide in-
terlayers between the plates.

Figure 4. Microstructure of the metal in the fusion zone of EB welded joint of the heat-resistant alloy of Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si 
alloying system after annealing at 850 °C
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ANNEALING INFLUENCE ON THE 
MICROSTRUCTURE OF GTA WELDED 
JOINTS OF THE HEAT-RESISTANT 
TITANIUM ALLOY OF Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si 
ALLOYING SYSTEM
Weld metal microstructure in the GTA welded joint in 
the state after annealing at 850 °C for 1 h is shown in 
Figure 6. Microstructural analysis reveals that the typ-
ical dendritic structure of the cast metal formed during 
welding is preserved in the weld metal after annealing 
(Figure 6, a, b). It is dense and no defects of the type of 
porosity, cracks or nonmetallic inclusions were found in 
it. The size of the dendrite branches in the cross-section 
of the microsection, which can be tentatively assessed by 
precipitation of α-phase interlayers on the boundaries of 
the dendritic regions, is equal to 200–300 μm.

As a result of molten metal cooling during welding 
rather dispersed packs of Widmanstatten morphology 
are formed in the dendritic regions. In case of appli-
cation of GTAW with through penetration coarsened 
packs of the dimensions in the range of 10–30 μm (by 
the size of the largest plates) form in the weld metal. 
With lowering of the specific power during welding in 
the case of GTAW over a layer of flux a reduction in 
the pack dimensions and increase in the microstruc-
tural homogeneity are observed, which should have a 
positive impact on the welded joint mechanical prop-
erties. Subsequent annealing at 850 °C (Figure 6, c, d) 
leads to an even greater refinement of the weld metal 

structure due to formation of dispersed precipitates of 
the β-phase inside the primary packs of α-phase crys-
tals. These precipitates, however, decorate the bound-
aries of the primary dendrite branches, leading to their 
more contrast delineation at small magnifications 
(Figure 6, b). The influence of additional precipitation 
of β-phase crystals on the mechanical properties re-
quires further study. Precipitates of dispersed crystals 
should have a positive effect on the strength proper-
ties, but their precipitation exactly along the dendrite 
boundaries can facilitate crack propagation. It follows 
from the analysis that preheating to 400 °C has vir-
tually no effect on the morphology and dimensional 
parameters of the microstructure (although there is a 
slight tendency to coarsening), but the structure of the 
samples, produced using GTAW with a lower specific 
power with preheating to 400 °C, is characterized by 
a more complete precipitation of the β-phase during 
weld metal crystallization.

Metal structure in the fusion zone of samples pro-
duced by GTAW over a layer of flux with lower energy 
input values in the state after annealing at 850 °C for 
1 h, is shown in Figure 7. Dependence of the fusion 
zone microstructure on GTAW technological scheme is 
similar to the one observed during analysis of the weld 
structure. The fusion zone metal is dense and no defects 
of the type of porosity, cracks or nonmetallic inclusions 
were found in it. Quite dispersed packs of (α+β)-Wid-
manstatten morphology are formed in the weld metal in 
the dendritic regions (Figure 7, a). The dimensions of 

Figure 5. Microstructure of the HAZ metal of the weld in EB welded joint of the heat-resistant alloy of Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si 
alloying system after annealing at 850 °C
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the dispersed (α+β)-Widmanstatten packs by the larg-
est plate size are equal to 10–30 μm. At lowering of 
the specific power in welding a reduction in the pack 

dimensions and an increase in the homogeneity of the 
microstructure are observed, that should have a posi-
tive effect on the welded joint mechanical properties.

Figure 6. Microstructure of the weld metal of GTA welded joint of the heat-resistant titanium alloy of Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si alloy-
ing system after annealing at 850 °C

Figure 7. Microstructure of the fusion zone metal in GTA welded joint of the heat-resistant titanium alloy of Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si 
alloying system after annealing at 850 °C
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Welding with a lower level of specific power and 
subsequent annealing at 850 °C (Figure 7, a‒c) leads 
to an even greater refinement of the weld metal struc-
ture due to formation of dispersed β-phase precipitates 
inside the primary packs of α-phase crystals (Figure 7, 
d). These precipitates also decorate the boundaries of 
the primary dendrite branches, leading to their more 
contrast delineation at small magnifications (Figure 7, 
c). Additional precipitation of β-phase crystals can in-
fluence the mechanical properties.

Dependence of the HAZ microstructure on GTAW 
technological scheme practically coincides with the 
regularities revealed during analysis of the structure 
of the fusion zone metal. At lowering of the specific 
power in welding due to application of GTAW over a 
layer of flux (Figure 8, a, b) the HAZ metal preserves 
the finely dispersed structure of basket weave type, 
which should have a positive effect on the welded 
joint mechanical properties.

Welding with a lower level of specific power and 
subsequent annealing at 850 °C (Figure 8, a, b, d) 
leads to an even greater refinement of the weld metal 
structure, due to formation of dispersed precipitates 
of β-phase inside the primary packs of α-phase crys-
tals. As no liquid phase formed in the HAZ, the ef-
fect of decorating the boundaries of primary dendrite 
branches is absent, so that the influence of additional 
precipitation of β-phase crystals on the mechanical 

properties in this case, should be favourable for the 
alloy mechanical properties.

Comparing the welded joint regions, namely base 
metal, weld metal, fusion zone metal and HAZ metal, 
we should note the similarity of metal microstructure 
in different welded joint zones after the influence of 
furnace annealing.

MECHANICAL PROPERTIES OF WELDED 
JOINTS OF HEAT-RESISTANT 
PSEUDO-α-TITANIUM ALLOY OF 
Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si ALLOYING SYSTEM 
AFTER ANNEALING
Determination of the mechanical properties of EB 
welded joints of heat-resistant pseudo-α-titanium alloy 
of Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si alloying system in as-an-
nealed state led to the conclusion that after the influence 
of annealing the strength values of the welded joints 
somewhat decreased and are at the level of 980 MPa 
(Table 3). It should be noted that the impact toughness 
values of the welded joints are also at a high level of 
17.9 J/cm2. The values of impact toughness (KCV) after 
annealing increased for all the welded joints.

Comparison of the quality coefficients for the EB 
welded joints lead to the conclusion that LHT ap-
plication allows obtaining a higher set of mechani-
cal characteristics (Kwm = 1.126), compared to EBW 
without the LHT, while annealing application allowed 
increasing the values of mechanical characteristics of 

Figure 8. Microstructure of the HAZ metal in GTA welded joint of the heat-resistant titanium alloy of Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si alloy-
ing system after annealing at 850 °C
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an EB joint without LHT application to the level of 
those of EB joints with LHT.

Comparison of the quality coefficients for GTA 
welded joints leads to the conclusion that annealing 
application allowed obtaining the strength values of 
GTA joints at the level of those of EB welded joints.

Comparison of the quality coefficients for the welded 
joints produced by EBW and GTAW leads to the conclu-
sion about a higher complex of mechanical characteris-
tics of EB joints, both after welding and after annealing.

DISCUSSION OF THE RESULTS
Pseudo-α-alloys, to which the experimental heat-re-
sistant titanium alloy also belongs, have a number of 
important advantages compared to the heat-resistant 
titanium alloys of other classes, which are particular-
ly important for the welded joints. The quantity of the 
β-phase in the experimental alloy is such (Kβ < 0.2) that 
it should have all the main properties and advantages 
of single-phase α-alloys, and also have positive prop-
erties, which distinguish the alloys of this class from 
α-alloys. The martensite α′-phase, forming at cooling 
from the temperatures above the critical one, is close to 
the α-phase by its physical and mechanical properties. 
The quantity of the β-phase in the experimental alloy 
is so small that its eutectoid decomposition, even if it 
takes place, cannot lead to any noticeable deterioration 
of the physical-mechanical properties. Due to that the 
structural pseudo-α-alloys feature good weldability and 
high thermal stability, inherent to α-alloys. Addition of 
small amounts of β-stabilizing elements above their 
solubility in α-titanium, in connection with heteroniza-
tion of the structure, results in a significant increase of 
the strength and heat-resistance at moderate tempera-
tures, without any noticeable lowering of their ductility, 
or even in an increase in their technological ductility. 
Pseudo-α-alloys practically do not lend themselves to 
strengthening heat treatment which is highly important 
for the welded joints, as in the HAZ, which is adjacent 
to the weld, unfavourable combinations of tempera-
tures and cooling rates almost always arise, which may 
lead to brittleness, for instance two-phase titanium. 
Studies of the heat-resistant pseudo-α-titanium alloy 
showed that the microstructure in different regions of 
the welded joints is identical, and it is similar for differ-

ent methods and modes of welding and heat treatment. 
It can be assumed that the metal phase composition in 
different regions of the welded joints will not have any 
marked differences. The change in the welding heat in-
put makes a greater contribution to the joint structure. 
So, at application of GTAW with through penetration 
coarsened packs are formed with the dimensions (by 
the largest plate size) in the range of 10–30 μm. At 
lowering of the specific power a reduction in the pack 
dimensions and an increase in the microstructure ho-
mogeneity are observed, which should have a positive 
effect on the welded joint mechanical properties.

Thus, in GTAW with a lower linear power a fine 
highly homogeneous structure is formed, which poten-
tially can have higher mechanical characteristics. Appli-
cation of vacuum annealing to the welded joints of the 
heat-resistant pseudo-α-titanium alloy of Ti–Al–Zr–Sn–
Mo–Nb–Si alloying system, produced by the technology 
of GTAW with a lower linear power, allows additional 
refinement of the structure, having a positive effect on 
the mechanical characteristics. However, the tenden-
cy to β-phase precipitation on the dendrite boundaries 
in the weld metal zone can potentially facilitate crack 
propagation. At EBW annealing also leads to structure 
refinement and silicon redistribution with formation of 
monolithic silicide interlayers between the plates.

After the annealing influence, the strength values 
of EB welded joints somewhat decreased, and impact 
toughness (KCV) values increased after annealing for all 
the welded joints. Note that the strength values of all the 
welded joints are higher than 0.95 of base metal strength.

Conclusions
1. It is shown that annealing results in the formation 
of a finer structure in the metal of EB welded joints of 
the heat-resistant pseudo-α-titanium alloy of Ti‒Al‒
Zr‒Sn‒Mo‒Nb‒Si alloying system with precipitates 
of dispersed silicide particles in the form of chains 
and monolithic silicide interlayers up to 7 μm long be-
tween the plates. Such a structure ensures the strength 
values of the welded joints at the level of 980 MPa, 
which is equal to 95 % of base metal strength, and the 
impact toughness values of the welded joints in as-an-
nealed state are at a high level of 17.9 J/cm2.

Table 3. Mechanical properties of EB and GTA welded joints of the heat-resistant titanium pseudo-α-alloy of Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si 
alloying system

Sample
σt σ02 δs, % KCV, J/cm2 Kwm KsMPa

Base metal after annealing 1028 996 2.7 14 – –
EB welded joint 996 901 – 12.3 0.919 0.96

EB welded joint with LHT at 750 °C 1041 1012 – 17.4 1.126 1.01
EB welded joint, mode 2 after annealing 980 899 – 17.9 1.1157 0.953

GTA welded joint 969 890 11.2 8.9 0.787 0.94
GTA welded joint after annealing 995 908 – 9.7 0.829 0.967
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2. It is established that application of annealing 
after GTA welding of the heat-resistant pseudo-α-ti-
tanium alloy of Ti‒Al‒Zr‒Sn‒Mo‒Nb‒Si alloying 
system leads to refinement of the welded joint micro-
structure, reduction of the dimensions of dispersed 
(α+β)-Widmanstatten packs to 10–30 μm, and to an 
increase in the impact toughness (KCV) values.

3. Comparison of the quality coefficients for EB and 
GTA welded joints leads to the conclusion about a higher 
complex of mechanical characteristics of the EB joints, 
both after welding and after annealing. Annealing appli-
cation allowed raising the values of mechanical char-
acteristics for EB joints without LHT application to the 
level of characteristics of EB joints with LHT.
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Influence of welding thermal cycles 
on the structure and hardness of the metal 
in the haz overheating area in welded joints 
of medium-carbon alloy steels of high hardness
V.D. Poznyakov, O.V. Korieniev

E.O. Paton Electric Welding Institute of the NASU 
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine

ABSTRACT
During welding, two characteristic areas are formed in the heat-affected zone of welded joints of medium-carbon alloy steels 
with hardened (high-temperature area) and tempered (low-temperature area) metal. Since the metal of the high-temperature 
area of the HAZ is heated above the temperature Ac1 (approximately 730 °C), the initial structure in it is transformed into 
austenite, which upon cooling decomposes with the formation of other structures, from ferritic to martensitic. Accordingly, 
the mechanical properties of the metal also change. The formation of a particular structure in the cooled metal depends on the 
chemical composition of the material and the degree of its supercooling. This paper presents data on the influence of welding 
thermal cycles on the structure and mechanical properties of the metal in the HAZ overheating area in welded joints of medi-
um-carbon alloy steels of different chemical composition.

KEYWORDS: medium-carbon alloy steels, high hardness, welding thermal cycle, metal structure, mechanical properties, 
welded joints

INTRODUCTION
Throughout the world, heat-strengthened medi-
um-carbon alloy steels of high hardness (HV — over 
5000 MPa) and strength (σt — more than 1400 MPa) 
are widely used in the manufacture of metal struc-
tures for special machines and individual, particularly 
loaded assemblies of mining and processing equip-
ment. Such steels acquire high hardness and strength, 
combined with the necessary toughness properties by 
alloying with manganese, silicon, chromium, molyb-
denum, nickel, microalloying with boron, titanium, 
aluminium, vanadium, etc., as well as by heat treat-
ment, which involves quenching of steel and then 
low-temperature tempering [1‒8].

Most products that use high-hardness steels are 
welded. Individual parts and assemblies in such prod-
ucts are joined together using arc welding processes. 
This process involves heating of a rolled steel to tem-
peratures exceeding Ac1 temperature (approximately 
730 °C) in some HAZ areas and reach 1300 °C in the 
area in direct contact with the weld (high-temperature 
areas of the HAZ in welded joints).

It should be noted that a high-temperature HAZ 
area includes areas of overheating (temperature rang-
es from 1100‒1500 °C), normalization (temperature 
ranges from 930‒1100 °C) and partial recrystalliza-
tion (temperature ranges from 720‒930 °C). When 
these areas are heated in the metal, the primary struc-
ture transforms into austenite. During cooling, austen-

ite decomposes forming other structural components. 
The type of a formed structure depends on the chemi-
cal composition of steels and the degree of supercool-
ing. Accordingly, mechanical properties (hardness, 
strength, ductility, and impact toughness) of the met-
al with the newly formed structures change [9‒11]. 
Taking this fact into account, the aim of this paper 
is to present the results of laboratory studies on the 
influence of welding thermal cycles on the structure 
and mechanical properties of the metal in the HAZ 
overheating area in welded joints of different chemi-
cal composition of medium-carbon alloy steels.

RESEARCH METHODS
The studies were carried out on medium-carbon alloy 
steels, the maximum requirements for the concentra-
tion of alloying elements and chemical composition 
of which are given in Table 1.

The influence of welding thermal cycles on the 
structural transformations of the metal in the HAZ 
overheating area was studied using model specimens 
that were heated and cooled through the thermal cy-
cles typical of arc welding processes.

The welding thermal cycle was recorded using 
a chromel-alumel thermocouple with a diameter of 
0.5 mm.

To simulate the welding thermal cycles, the re-
search complex Gleeble 3800 equipped with a high-
speed dilatometer was used, which allowed detecting 
the temperature interval, in which structural and phase 
transformations in the metal start and end.
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Rigidly fixed specimens were studied, that were 
continuously heated and cooled in a manner similar 
to the thermal cycles typical of arc welding process-
es. The specimens were heated by a current passing 
through the specimen at a rate of 210 °C/s (heating 
time 6 s) to a temperature of 1250 °C. The cooling 
intensity of the specimens was adjusted so that in the 
temperature range of 600‒500 °C, the cooling rate 
(W6/5) varied from 2.5 to 30.0 °C/s. More details of 
this procedure and the requirements for model spec-
imens are described in [12]. The final identification 
of the final structure formed as a result of the thermal 
cycle effect on the metal was revealed on the basis of 
metallographic examinations. The ratio of the phases 
formed as a result of transformations was determined 
by the segment method.

Metallographic examinations were performed us-
ing the Neophot-32 microscope; the microhardness of 
individual structural components and the integrated 
hardness of the metal were measured in the LECO 
M-400 hardness tester at loads of 100 g (HV0.1) and 
10 kg (HV10), respectively. The specimens were pre-
pared for studies according to the standard method 
using diamond pastes of different dispersion, and the 
microstructure was revealed by chemical etching in a 
4 % alcohol solution of nitric acid.

The microhardness (HV), strength (σ0.2 and σt), duc-
tility (δ5) and impact toughness (KCU20) of the HAZ 
metal were evaluated by the results of testing standard 
specimens made from model specimens heated by the 
current passing through the specimen. The specimens 
were continuously heated and cooled through the 
thermal cycles of arc welding processes. The model 
specimens of 12×12×120 mm, from which standard 
specimens for tensile and impact toughness tests were 
made, were heated using the MRS-75 equipment. The 
cooling rate of the specimens was regulated by blow-
ing them with air at different intensities.

RESEARCH RESULTS AND DISCUSSION
Metallographic examinations have established that 
the structure of the base metal of steel 1 was iden-
tified as martensite, which has a microhardness 
HV0.1 = 4680‒5020 MPa (Figure 1, a).

The transformation of supercooled austenite in the 
metal in the HAZ overheating area of steel grade 1, 
regardless of its cooling rate, occurs exclusively in 
the martensitic area. The cooling rate of the metal 
affects the structure parameters. As the cooling rate 
grows, the structure becomes finer. This is evidenced 
by the fact that the size of martensite packets in the 
metal in the HAZ overheating area decreases from 
approximately 40 µm at W6/5 = 2.5 °C/s to 12 µm at 
W6/5 = 30 °C/s. The cooling rate of the metal in the 
HAZ overheating area also affects its microhardness 
(Table 2). Thus, at W6/5 = 2.5 °C/s, it is in the range of 
4510‒4600 MPa, and at W6/5 = 30 °C/s it is approxi-
mately 5510 MPa.

The structure of the base metal of steel 2 represents 
a mixture of bainite and martensite with a pronounced 
rolled texture (Figure 2, a). The hardness of the base 
metal is HV0.1 = 4770 MPa.

Examinations of the metal structure of steel 2 spec-
imens, which were continuously heated and cooled 
through the welding thermal cycles, revealed the fol-
lowing. At a cooling rate of W6/5 = 1 °C/s, the structure 
of the simulated HAZ metal is bainitic-martensitic 
(B–M) with a microhardness HV0.1 = 3210‒3860 MPa 
(bainitic component) and HV0.1 approximately 
≈ 4730 MPa (martensitic component) (Figure 2, b). 
The size of martensite packets (Dp) is in the range of 
120‒240 µm.

At higher cooling rates (W6/5 > 3 °C/s), an exclu-
sively martensitic structure is formed in the metal in 
the HAZ overheating area of steel 2 (Figure 2, c, d). 
Its microhardness increases from 5090 to 5490 MPa 
as the metal cooling intensity grows. At the same time, 

Table 1. Requirements for the chemical composition of the studied steels and mass fraction of alloying elements in them, wt.%

Steel grade C Si Mn Cr Ni

1
Requirements 0.29‒0.36 1.2‒1.5 0.60‒1.00 1.50‒2.00 2.00‒2.40

Actual 0.32 1.2 0.70 1.80 2.20

2
Requirements ≤0.32 ≤0.4 ≤1.20 ≤1.00 ≤1.80

Actual 0.23 0.25 0.84 0.50 0.97

Table 1 (Cont.)

Steel grade Mo B V Ti S P

1
Requirements 0.45‒0.55 – 0.18‒0.25 0.005‒0.025 ≤0.003 ≤0.012

Actual 0.50 – 0.20 0.024 0.008 0.011

2
Requirements ≤0.70 ≤0.005 – – ≤0.010 ≤0.015

Actual 0.33 0.002 – – 0.004 0.013
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Figure 1. Structure of the base metal (a) and metal in the HAZ overheating area (b‒d) of steel 1: b — 2.5; c — 10.0; d — 30 °C/s

Table 2. Microhardness of the base metal and metal in the HAZ overheating area of steel 1

W6/5 °C/s Base metal 2.5 5.0 10.0 15.0 30.0

Structure M M M M M M

HV0.1, MPa 4680‒5020 4200‒4950 5100‒5150 5050‒5350 5150‒5350 5150‒5350

Figure 2. Structure of the base metal (a) and metal in the HAZ overheating area of steel 1 cooled at the following rates: b — 1.0; c — 
10.0; d — 30 °C/s
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martensite packets are also refined. As the cooling rate 
grows, their sizes decrease from Dp = 100‒150 µm at 
W6/5 = 3 °C/s to Dp = 50‒70 µm at W6/5 = 20 °C/s. The 
microhardness values characteristic of the metal of 
the studied steels and the cooling conditions of the 
specimens are given in Table 3.

The results of studies on the influence of the 
cooling rate of the HAZ overheating area on the me-
chanical properties of the metal are given in Table 4. 
They show that, despite the fact that the studied steels 
contain different amounts of alloying elements, their 
concentration in steel 1 is higher, and due to heat 
treatment, they acquire almost the same hardness, 
approximately HV 4850‒4860 MPa. Nevertheless, 
the strength and ductility of these steels is somewhat 
different. Steel 1 has the highest values. As for the 
impact toughness of steels, it can be noted that steel 2 
will have a better ability to resist dynamic loads.

As noted above, structural changes occurring 
in the metal under the influence of welding thermal 
cycles also cause certain changes in the mechanical 
properties of the overheated HAZ metal in welded 
joints of the studied steels.

As for the metal strength indices, despite the dif-
ferences in the absolute values of σ02 and σt, which 
are higher in steel 1, the same tendency is observed 
for both steels in terms of the influence of metal cool-
ing conditions on these indices. At a cooling rate 
W6/5 < 5.0 °C/s, the strength of the HAZ metal in re-
lation to the base metal decreases by 15‒20 %. In the 
range of cooling rates 10.0 ≤ W6/5 ≤ 15.0 °C/s, this dif-

ference becomes much smaller and at W6/5 ≥ 20.0 °C/s 
reaches the strength of the base metal.

Despite the fact that the HAZ metal strength of the 
studied steels is lower in steel 2, its ductile properties 
(δ5), regardless of the metal cooling rate, are worse 
than in steel 1. This is probably predetermined by dif-
ferent conditions of heat treatment of steels. Taking 
into account that the concentration of alloying ele-
ments in steel 2 is lower than in steel 1, it is obvious, 
that to ensure high hardness of this steel, its heat treat-
ment conditions were more rigid.

As for the impact toughness of steel, in the initial 
state it is significantly, almost 1.5 times higher than 
that of less alloyed steel 2. However, as a result of 
high-temperature heating during the welding thermal 
cycle, the KCU values of the metal in the HAZ over-
heating area almost level and tend to decrease mono-
tonically as the metal cooling intensity grows.

Conclusions
The results of studies on the influence of welding ther-
mal cycles on the mechanical properties of the metal 
in the HAZ overheating area in welded joints of dif-
ferent chemical composition of medium-carbon alloy 
high hardness steels (HB 500) showed the following.

1. As a result of heat treatment of medium-carbon 
alloy steels of high hardness (HB 500) according to 
conditions typical of arc welding process, a martensi-
tic structure is formed in the metal in the HAZ over-
heating area, the dispersion of which grows with an 
increase in the metal cooling rate.

Table 3. Microhardness of the base metal and metal in the HAZ overheating area of steel 2

W6/5, °C/s Base metal 1 3 5 10 20

Structure M B+M M M M M

HV0.1. MPa 4700‒4900 2950‒3850 (B) 
4150‒4550 (M) 4200‒4950 5100‒5150 5150‒5350 5150‒5350

Table 4. Mechanical properties of the metal in the HAZ overheating area of the studied medium-carbon alloy steels

Steel grade W6/5, °C/s
HV σ0.2 σt δ5 φ

KCU, J/cm2

MPa %

1

0 5400 1460 1780 11.1 58.6 80.0
5 4370 1262 1490 12.7 55.0 62.1

10 4920 1395 1615 12.1 53.6 58.0
15 5200 1445 1705 11.2 48.3 54.6
20 5500 1502 1805 10.6 47.3 48.7
30 5710 1607 1896 10.4 46.8 44.3

2

0 5100 1432 1670 7.6 55.0 127.0
5 4200 1158 1327 8.5 45.0 72.0
10 4930 1409 1637 7.2 28.8 56.0
20 5150 1435 1692 7.0 25.9 52.0
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2. The high hardness of the metal, which is ac-
quired due to heat treatment of steel during rolled 
production, can be reduced as a result of its heating 
through the thermal cycles typical of arc welding. It 
has the most significant manifestation in the metal 
cooled at W6/5 ≤ 5.0 °C/s. The lower the concentration 
of alloying and microalloying elements in steel, the 
lower the metal hardness.

3. At a cooling rate W6/5 ≤ 5.0 °C/s, the strength 
of the HAZ metal in relation to the base metal de-
creases by 15‒20 %. In the range of cooling rates 
10.0 ≤ W6/5 ≤ 15.0 °C/s, this difference becomes much 
smaller and at W6/5 ≥ 20.0 °C/s reaches the strength of 
the base metal.

4. The impact toughness of less alloyed steel is 
almost 1.5 times higher than that of steel containing 
a higher concentration of alloying and microalloying 
elements. However, as a result of high-temperature 
heating during the welding thermal cycle, the KCU 
values of the metal in the HAZ overheating area al-
most level and tend to decrease monotonically as the 
metal cooling rate grows.
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