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Low-alloyed high-strength steels with a yield strength of above 600 MPa 
are widely used for the manufacture of various types of critical-purpose 
constructions (freight cars, bridges, pressure vessels, truck bodies of lor-
ries, parts of load-lifting cranes, pipelines, ship hulls, etc.). Arc welding 
of these steels cannot satisfy the industry due to both the low productivi-
ty and the need for a heat treatment before or after welding. Without 
heat treatment, cold cracks form in these steels in the overheating area or 
in the weld where the metal is quenched during welding, and softening 
zones appear in the heat-affected zone outside the quenching sites. The 
hybrid laser–arc welding is becoming more common in the industry. This 
is due to the prospect of introducing hybrid laser–arc welding instead of 
arc processes, since such a replacement does not require a relatively large 
expenditure on the re-training of production and provides a noticeable 
increase in productivity. At the same time, a significant part of the ther-
mal power required to melt the metal in hybrid laser–arc welding is pro-
vided by the use of cheap arc power sources. Previously, the authors de-
termined the optimal speed of hybrid laser–arc welding from the point of 
view of the phase composition of the structural components, dispersion of 
the grain structure, the proportion of brittle fracture, etc. However, it 
was not clear, what effect of the dislocation structure is on the crack re-
sistance measure—fracture toughness. The aim of this paper is to study 
the effect of external bending load on the dislocation structure and on 
fracture toughness of low-alloyed high-strength steel welded joints pro-
duced by hybrid laser–arc welding by the mode at optimum welding rate. 
The structural factors, which guarantee a high level of strength and crack 
resistance of welded joints of high-strength steel, are identified. As 
shown, the complex of properties of welded joints under external loading 
in a wide range of temperature conditions ensures the formation of frag-
mented lower bainite structure with a uniform distribution of the disloca-
tion density and nanoparticles of carbide phases. 

Наносистеми, наноматеріали, нанотехнології  
Nanosistemi, Nanomateriali, Nanotehnologii 
2020, т. 18, № 2, сс. 333–344 

 

 2020 ІÌÔ (Іíñòèòóò ìåòàëîôіçèêè  

іì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðàїíи) 
Надруковано в Óкраїні. 

Ôотокоïіювання дозволено  

тілüки відïовідно до ліöензії 



334 O. M. BERDNIKOVA, A. V. BERNATSKYI, V. D. POZNIAKOV et al. 

Низüколеґовані високоміöні сталі з межею ïлинности ïонад 600 МПа 
широко використовуютüся для виготовлення різного тиïу конструкöій 
відïовідалüного ïризначення (вантажні вагони, мости, судини ïід тис-
ком, кузова вантажних автомобілів, деталі вантажоïідіймалüних кра-
нів, трубоïроводи, корïуси суден тощо). Дугове зварювання öих сталей 
не може задоволüнити ïромисловістü через низüку ïродуктивністü і 
необхідністü термічного оброблення до або ïісля зварювання. Без тер-
мооброблення у öих сталях утворюютüся холодні тріщини у зоні ïере-
гріву або у звареному шві, де метал гартуєтüся ïід час зварювання, і в 
зоні термічного вïливу ïоза зонами загартування, де з’являютüся зони 
розм’якшення. Гібридне лазерно-дугове зварювання стає все білüш ïо-
ширеним у ïромисловості. Це ïов’язане з ïерсïективою вïровадження 
гібридного лазерно-дугового зварювання замістü дугових ïроöесів, 
оскілüки така заміна не вимагає великих витрат на ïереобладнання 
виробниöтва та забезïечує ïомітне збілüшення ïродуктивности. Ó той 
же час значна частина теïлової енергії, ïотрібної для тоïлення металу 
ïри гібридному лазерно-дуговому зварюванні, забезïечуєтüся викорис-
танням дешевих джерел живлення дуги. Раніше автори визначили оï-
тималüну швидкістü гібридного лазерно-дугового зварювання з точки 
зору фазового складу структурних складових, дисïерґування зеренної 
структури, частки крихкого руйнування та ін. Однак неясно, який 
вïлив маютü дислокаöійні структури на ïоказник тріщиностійкости — 
в’язкістü руйнування. Метою даної роботи було вивчення вïливу зов-
нішнüого згиналüного навантаження на дислокаöійну структуру та на 
тріщиностійкістü зварних з’єднанü з низüколеґованої високоміöної ста-
лі, одержаних гібридним лазерно-дуговим зварюванням в режимі з оï-
тималüною швидкістю зварювання. Визначено структурні чинники, що 
ґарантуютü високий рівенü міöности та тріщиностійкости зварних 
з’єднанü високоміöної сталі. Показано, що комïлекс властивостей зва-
рних з’єднанü ïри зовнішнüому навантаженні в широкому інтервалі 
темïературних умов забезïечує формування фраґментованої структури 
нижнüого бейниту з рівномірним розïоділом густини дислокаöій і на-
ночастинок карбідних фаз. 

Низколегированные высокоïрочные стали с ïределом текучести более 
600 МПа широко исïолüзуются для изготовления различного тиïа кон-
струкöий ответственного назначения (грузовые вагоны, мосты, сосуды 
ïод давлением, кузова грузовых автомобилей, детали грузоïодъёмных 
кранов, трубоïроводы, корïуса судов и т.д.). Дуговая сварка этих ста-
лей не может удовлетворитü ïромышленностü из-за низкой ïроизводи-
телüности и необходимости термической обработки до или ïосле свар-
ки. Без термообработки в этих сталях образуются холодные трещины в 
зоне ïерегрева или в сварном шве, где металл закаливается во время 
сварки, и в зоне термического влияния вне зон закалки, где ïоявляют-
ся зоны размягчения. Гибридная лазерно-дуговая сварка становится всё 
более расïространённой в ïромышленности. Это связано с ïерсïекти-
вой внедрения гибридной лазерно-дуговой сварки вместо дуговых ïро-
öессов, ïосколüку такая замена не требует относителüно болüших за-
трат на ïереоборудование ïроизводства и обесïечивает заметное увели-
чение ïроизводителüности. В то же время значителüная частü теïловой 
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энергии, необходимой для ïлавления металла ïри гибридной лазерно-
дуговой сварке, обесïечивается исïолüзованием дешёвых источников 
ïитания дуги. Ранее авторы оïределили оïтималüную скоростü ги-
бридной лазерно-дуговой сварки с точки зрения фазового состава 
структурных составляющих, дисïергирования зёренной структуры, до-
ли хруïкого разрушения и др. Однако неясно, какое влияние имеют 
дислокаöионные структуры на ïоказателü трещиностойкости — вяз-
костü разрушения. Целüю работы было изучение влияния внешней из-
гибающей нагрузки на дислокаöионную структуру и на трещиностой-
костü сварных соединений из низколегированной высокоïрочной стали, 
ïолученных гибридной лазерно-дуговой сваркой в режиме с оïтималü-
ной скоростüю сварки. Оïределены структурные факторы, гарантиру-
ющие высокий уровенü ïрочности и трещиностойкости сварных соеди-
нений высокоïрочной стали. Показано, что комïлекс свойств сварных 
соединений ïри внешнем нагружении в широком интервале темïера-
турных условий обесïечивает формирование фрагментированной струк-
туры нижнего бейнита с равномерным расïределением ïлотности дис-
локаöий и наночастиö карбидных фаз. 

Key words: low-alloyed high-strength steel, hybrid laser–arc welding, 
structure–phase composition, nanoscale structures, dislocation density, 
crack growth resistance. 
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1. INTRODUCTION 

Low-alloyed high-strength steels with a yield strength of above 
600 MPa are widely used for the manufacture of various types of 
critical-purpose items (freight cars, bridges, pressure vessels, truck 
bodies of lorries, parts of load-lifting cranes, pipelines, ship hulls, 
etc.) [1–6]. To increase the service properties and reduce consump-
tion of metal and weight, these structures are manufactured from 
high-strength low-alloyed steels. Their welding is mainly carried out 
by arc methods [1, 3, 5]. Proper efficiency of welded products is 
achieved by ensuring the quality formation of welded joints. Heat 
treatment at the stages of production of steel and workpieces, be-
fore welding individual components or after welding a product is 
very important. However, it depends on the production capacity and 
the cost of the heat treatment itself [1, 3]. 
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 A special feature of welding of low-alloyed high-strength steels is 
their sensitivity to overheating with deterioration of the metal 
properties of the heat-affected zone (HAZ), the tendency to cold 
cracks in the overheating area or in the weld where metal hardening 
occurs during welding, and the occurrence of loss-of-strength zones 
in the HAZ outside the quench areas [1, 3, 5, 7–11]. Cracking is 
avoided by slowing down the cooling during welding, performing 
various kinds of heating, which complicates the technological pro-
cess and worsens the working conditions of the staff, post-weld heat 
treatment or using high-alloyed electrode materials [1–3, 12–14]. 
The last ones are characterized by high cost and negatively affect 
the environmental friendliness of the process [15, 16]. 
 Finding ways to improve the quality and properties of high-
strength steel joints, while ensuring enhanced welding productivity, 
is an urgent task. 
 The hybrid laser–arc welding is becoming more common in the 
industry [5, 7, 9, 14, 17–19]. Analysis [1, 3, 5, 8, 20–25] and 
commercial inquiries of enterprises indicates the interest of re-
searchers and businessmen in the use of hybrid laser–arc welding 
for the manufacture of metal structures from high-strength steels 
with a yield strength T600 MPa. This is due to the prospect of 
introducing hybrid laser–arc welding instead of arc processes. Since 
such a replacement does not require a relatively large expenditure 
on the re-training of production, and provides a noticeable increase 
in productivity. At the same time, a significant part of the thermal 
power required to melt the metal in hybrid laser–arc welding is 
provided by the use of cheap arc power sources. 
 As was shown in [5, 7–9, 14, 17–21], local heat input during hy-
brid laser–arc welding can lead to the formation of quenching 
structures in the weld metal and HAZ of welded joints from high-
strength steels. This may adversely affect the mechanical properties 
of welded joints [5, 8, 22, 25]. Nevertheless, it is known that, with 
this method of welding, residual deformations are less than with 
arc processes [9, 14, 21, 23]. 
 It is known that the mechanical properties and resistance to the 
formation of cold cracks in welded joints of low-alloyed high-
strength steels are significantly affected by the structure of the 
weld metal and HAZ of the joints [1, 3, 5, 7–9, 13, 17, 18, 26–30]. 
At present, the processes of structure formation in the weld metal 
and HAZ of welded joints during arc welding are studied quite well 
[31–36]. The effect of the thermal cycle in hybrid laser–arc welding 
on the structure and properties of the weld metal and the HAZ re-
mains insufficiently studied, since, as a result of the synergistic 
effect, during such a process, the above parameters can vary signif-
icantly. 
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 The formation of joints in the welding process occurs under the 
influence of many factors, unfortunately not always favourable. 
This is one of the causes of the formation of defects, namely: devia-
tions of the shape and size of the welds from the design, violations 
of their continuity due to pores, slag inclusions, cracks, non-fusion, 
undercuts and the like. Experience shows that even the widespread 
use of non-destructive testing methods such as x-ray, ultrasonic and 
magnetic flaw detection do not guarantee the detection of all small 
and sometimes large defects, which can be a source of nucleation of 
macrocracks. Since defects are a source of initiation of destruction 
of welded structures, to ensure the reliability of their operation, it 
is necessary to understand the nature of the formation and devel-
opment of cracks from defects under various loading conditions. 
 The authors [5, 7], using the methods of light and scanning mi-
croscopy, carried out the preliminary metallographic studies of the 
structure and fractographic studies of fractures of welded joints 
produced by hybrid laser–arc welding at various modes. The frac-
ture surfaces of welded joints obtained by impact bending tests at 
various temperatures were investigated. The authors concluded 
which mode is optimal (welding speed 20 mm/s) from point of view 
of the phase composition of the structural components, dispersion 
of the grain structure, etc. However, it is not clear, what effect the 
dislocation structure is on the crack resistance measure—fracture 
toughness. 
 The aim of this work is to study the effect of external bending 
load on the dislocation structure and on fracture toughness (K1C) of 
low-alloyed high-strength steel welded joints produced by hybrid 
laser–arc welding by the optimum mode at a welding speed of 20 
mm/s. 

2. EXPERIMENTAL DETAILS 

2.1. Technology of Welded Joints Production 

Hybrid laser–arc welding of butt joints of high-strength low-alloyed 
steel NA-XTRA-70 (0.19% С, 0.63% Si, 0.85% Mn, 0.65% Cr, 
0.12% Ni, 0.13% Mo; no more than 0.01% S and 0.02% P) 10 mm 
thick was carried out on samples without bevel edges. For the gen-
eration of laser radiation in continuous mode Nd:YAG laser 
‘DY044’ manufactured by ‘ROFIN-SINAR’ (Germany) was used. 
The parameters of welding modes are as follow: laser power—4.4 
kW, the depth of focal plane of the lens relative to the surface of 
the welded samples—1.5 mm, the speed of movement of the heating 
source—72 m/h (20.0 mm/s), arc current—125 A, arc voltage—23 
V. Union NiMoCr solid wire of 1.0 mm diameter was used as the 
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filler material. 

2.2. Mechanical Testing 

The tests were carried out for the weld bead and HAZ of welded 
joints at temperatures Ttest20C, 20C and 40C. The values of 
crack resistance, namely, fracture toughness (K1C), are presented in 
Table 1. From the test results, it can be seen that, at low tempera-
ture test (Ttest40C), the value of K1C decreases slightly and, at 
Ttest20C, almost remains at the level corresponding to 
Ttest20C. 

3. RESULTS AND DISCUSSION 

3.1. Fractographic Studies 

After testing at Ttest20C (Fig. 1, a, b) and Ttest20C (Fig. 1, 
c, d) of the metal of welded beads and HAZ of welded joints for the 
microrelief of surface of fracture, the ductile fracture with a size of 
1–8 m of dimples is typical. At Ttest20C, the dimple relief is 
mixed, i.e., these are dispersed dimples (up to 8 µm) and larger ones 
(15–45 µm) (Fig. 1, c, d). 
 Reducing the temperature of the test to Ttest40C leads to a 
decrease (up to 70%) of the proportion of the ductile component in 
the weld metal. The nature of fracture is mixed, i.e., predominantly 
ductile in combination with transcrystalline quasi-brittle (Fig. 1, e). 
The ductile component contains both dispersed dimple s (2–5 m) 
and ones with larger sizes (20–50 m). The size of the quasi-brittle 
fracture facets is 20–50 m. For HAZ at Ttest40C, a ductile type 
of fracture is characterized (Fig. 1, f). 
 Thus, fractographic studies have shown that the weld metal and 
the HAZ of a welded joint of low-alloyed high-strength steel pro-
duced by hybrid laser–arc welding at a speed of 20 mm/s after 
bending at different temperatures have the nature of predominantly 
ductile fracture, which evidences about high crack resistance. 

TABLE 1. Mechanical testing of fracture toughness (K1C) of welded joints. 

Ttest, C 
K1C, MPam1/2 

Weld HAZ 

20 90.8 89.9 

20 87.7 84.9 

40 74.7 70.7 
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3.2. TEM Studies 

Further studies were carried out by transmission electron microsco-
py (TEM) on fracture samples of welded joints obtained at a test 
temperature of 40C. The fine structure of the weld metal (Fig. 2) 
and the HAZ of the welded joint (Fig. 3) was studied in detail: the 
change in density and distribution of dislocations in the structural 
components, the nature of the emerging substructure, etc. 
 It is shown that, after loading by bending in the weld metal (Fig. 
2) and HAZ (Fig. 3), the substructures of laths of lower (BL) and 
upper (BU) bainite are fractionized to h80–300 nm and hl130–
400 nm, respectively. The width of the acicular structure of mar-
tensite (M) is h1170–370 nm. The lower bainite is formed in the 
weld (60%) and in the HAZ (80%) with 15–20% martensite. Dur-
ing the transition from the weld to the HAZ, the volume fraction of 
upper bainite decreases from 20% to 5%. 
 In the lower bainite, there is a fragmented substructure with 
clear boundaries of size dС80–300 nm (in the weld, Fig. 2, a, b) 
and dС130–400 nm (in the HAZ, Fig. 3, a, b) at uniform distribu-
tion of dislocation density 8–9)1010 см

2. 

     
                 a                                b                                с 

     
                 d                                e                                f 

Fig. 1. The microstructure of fracture surface of the weld metal (a, c, e) 
and HAZ (b, d, f) of welded joints at various test temperatures: (а), (b) 
Ttest20C; (c), (d) Ttest20C; (e), (f) Ttest40C; 1550. 
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 The structure of the upper bainite is characterized by the for-
mation of dislocation clusters along the boundaries with a certain 
increase in the density of dislocations up to 91010–1011 cm

2 
(Fig. 2, с; Fig. 3, с). In the structure of tempering martensite, the 
dislocation density uniformly increases in volume of the laths to 
1011 cm

2 (Fig. 2, d; Fig. 3, d). In this case, both the structure 
of the lower bainite and martensite are characterized by the pres-
ence of nanoparticles of carbide phases. The sizes of nanoparticles 
of carbide phases uniformly distributed throughout the bulk of the 
structural components of the lower bainite and martensite are of 
10–30 nm. 
 Thus, external loading contributes to the fragmentation of the 
structure of lower bainite with a uniform distribution of the dislo-
cation density and nanoparticles of carbide phases in the structural 
components of lower bainite and martensite. At the same time, the 
volume fraction of the upper bainite is insignificant, and the crack 
resistance of welded joints under external loading in a wide range 

          
                           a                                             b 

          
                           c                                             d 

Fig. 2. The fine structure of the weld metal of steel N-A-XTRA-70: (a), (b) 
lower bainite (22000); (c) upper bainite (25000); (d) martensite (35000). 
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of temperature conditions is ensured by the prevalence of the lower 
bainite structure. This, accordingly, ensures the operational relia-
bility of high-strength steel welded joints N-A-XTRA-70. 

3.3. Analytical Evaluation of Structural Hardening 

Analytical evaluation of the change in strength (T) of welded joints 
after external loading (K1C), taking into account the contribution of 
all structural parameters, was carried out according to the depend-
ences by Hall–Petch, Orowan, etc. [8]. The following structural pa-
rameters were taken into account: size of subgrains, dislocation 
density, sizes of carbide phases in structural components and inter-
carbide distances, volume fraction of structures in the welding zone 
(in the weld metal and HAZ). 
 Analytical estimates show that, under the conditions of a welding 
speed of 20 mm/s in the weld metal and HAZ, the calculated value 

          
                            a                                            b 

          
                           c                                             d 

Fig. 3. The fine structure of the HAZ metal of the welded joint of steel N-
A-XTRA-70: (a), (b) lower bainite (25000); (c) upper bainite (25000); (d) 
martensite (25000). 
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of hardening is Т1161–1259 MPa as presented in Table 2. The 
highest value of hardening, both in the seam and in the HAZ, is 
substructural (SG450–475 MPa), dispersive (DH252–293 
MPa) and dislocation (Disl195–243 MPa) hardenings. At the 
same time, the structure of lower bainite makes the greatest contri-
bution (70–80%) to these components of structural hardening. 
 Thus, studies have shown that the weld metal produced by hybrid 
laser–arc welding at a speed of 20 mm/s after external loading at 
low temperatures has high strength and crack resistance. 

4. CONCLUSION 

TEM studies have obtained data on the fine structure parameters of 
lower and upper bainite, martensite: subgrain components, struc-
ture fragmentation, and on the distribution of dislocation density in 
the metal of welded joints of low-alloyed high-strength steel N-A-
XTRA-70. 
 The relationship between the phase composition, structure pa-
rameters, fracture toughness and strength of welded joints has been 
revealed. 
 The structural factors that guarantee a high level of strength and 
crack resistance of welded joints of high-strength steel are identi-
fied. It is shown that the complex of properties of welded joints un-
der external loading in a wide range of temperature conditions en-
sures the formation of fragmented lower bainite structure with a 
uniform distribution of the dislocation density and nanoparticles of 
carbide phases. 

TABLE 2. Structural hardening weld metal and HAZ of welded joints. 

Hardening Zone 

 Weld HAZ 

Friction of lattice 0, MPa 20–30 20–30 

Solid solution SS, MPa 148 110 

Grain G, MPa 91 113 

Subgrain SG, MPa 

BL 300 400 

BH 75 19 

M 75 56 

Dispersive DH, MPa 

BL 173 255 

BH 12 6 

M 67 30 

Dislocation Disl, MPa 195 243 

Total Т, MPa 1161 1259 
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