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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.
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Huswsxomerosani BucokoMinui crani 3 mMexxero mamuzocTu mouan 600 MIla
IIUPOKO BUKOPUCTOBYIOTHCA OJIA BUTOTOBJIEHHS DIBHOTO THUIY KOHCTPYKIIiN
BiAIOBiga/IbHOTO HpU3HAUEHHS (BaHTa’KHiI BaroHW, MOCTH, CYAWHHU IIif] THUC-
KOM, Ky30Ba BaHTa’KHUX aBTOMOOiJiB, meTasi BaHTa:KOMigiiMaJbHUX Kpa-
HiB, TpyOOIIPOBOAM, KOPIIYCU CyIeH ToIo). JlyroBe 3BaplOBaHHS ITUX CTajiei
He MOJKe 3aJOBOJIbHUTH MPOMHCJIOBICTL Uepe3 HU3bKY IIPOAYKTHUBHICTH i
HeoOXimHiCTHL TepMiuHOTO 00pOGJIEHHA Ao abo Immicasa 3BapioBaHHS. Bes Tep-
MOOOPOOJIEHHA y IMUX CTAJAX YTBOPIOIOTHCA XOJIONHI TPIilmHM y 30HI mepe-
rpiBy abo y 3BapeHOMY IIIBi, e MeTaJl TapTyeThCS il Uac 3BapiOBaHHA, i B
30Hi TepMiYHOTO BIJIMBY I103a 30HAMU 3arapTyBaHHA, e 3’ SABIAIOTHCSI 30HU
posm’akinenHs. ['iOpuaHe JasepHO-AYroBe 3BaplOBaHHSA CTae Bce OiJBII IIO-
mIupeHuM y mpomuciioBocTi. Ile moB’si3ane 3 mepCcIeKTUBOIO BIIPOBAAKEHHA
riOpuOHOTO JIa3epHO-IYTOBOTO B3BapIOBaHHA 3aMiCThb [IYroBUX IIPOIIECIB,
OCKiJIbKM TaKa 3aMiHa He BHMMAarae BeJUKHX BUTpPAT Ha Iepeo0amHaHHSA
BUPOOHUI[TBA Ta 3abe3meuye NMOMiTHe 36iJbIIIeHHA NPONYKTUBHOCTH. ¥ TOH
JKe yac sHauHa JacTWHA TeIJIOBOi eHeprii, moTpiOHOI AJA TOIJIEHHA MeTaJy
IpHy TiOpUAHOMY JIa3epHO-AYTOBOMY 3BapiOBaHHi, 3a0e3leUyeThCs BUKOPIC-
TaHHAM [IellleBUX AiKepes JKUBJIeHHS Ayru. PaHiille aBTOpu BU3HAUMUJIN OII-
TUMAJbHY MIBUAKICTh TiOPHIHOTO JIa3epHO-AYTOBOTO 3BApPIOBAHHSA 3 TOUYKU
30py (a30BOTO CKJIANY CTPYKTYPHUX CKJIQMOBUX, AVCIEPIYBAaHHSA 3epeHHOI
CTPYKTYPH, UYaCTKM KPUXKOTO pPyHHYBaHHA Ta iH. OgHaAK HeESICHO, AKUH
BILIMB MAalOTh AUCJIOKAIiMHI CTPYKTYpPH HA MOKA3HUK TPIiIMHOCTiIHKOCTH —
B’A3KicTh pyliHyBaHHA. MeToo maHoli po6oTH OyJI0O BUBUEHHS BILINUBY 30B-
HiIITHBOTO 3TMHAJBHOTO HaBAaHTAKEHHA Ha AUCJOKAIIHHY CTPYKTYypy Ta Ha
TPIIUHOCTiMKicTh, 3BapHUX 3’€IHAHDb 3 HU3bKOJIETOBAHOI BHMCOKOMIIIHOI CTa-
Ji, omep:KaHUX TiOPUAHUM JIa3ePHO-AYTOBUM 3BAPIOBAHHAM B PEXKUMIi 3 OII-
TUMAJBHOIO IIMBUAKICTIO 3BapOBaHHs. BH3HAUEHO CTPYKTYPHI UMHHUKU, IO
rapaHTyIOTh BHCOKHII piBeHb MIIIHOCTHM Ta TPIiIMHOCTIAKOCTH 3BapHUX
3’e¢THaHb BUCOKOMinHOI craji. ITokazaHo, IIJ0 KOMIIJIEKC BJIACTHUBOCTEI 3Ba-
pHUX 3’eIHAHL IPKU B0BHIIIHROMY HaBaHTA’KEHHI B IIMPOKOMY iHTepBaJi
TeMIIepaTypHUX YMOB 3abesneuye (GopMyBaHHS (parMeHTOBAHOI CTPYKTYpPU
HIKHBOTO OeHHUTY 3 PIiBHOMIpHUM pOBIIOAiJIOM T'YCTHUHHU AMCJIOKAaIliii i Ha-
HOUYACTHUHOK KapOigHux (das.

HuskosiernpoBaHHbIE BLICOKOIIPOUYHBIE CTAJM C IIPEIEJIOM TeKydecTu 0oJiee
600 MIIa mIupPOKO MCIOJB3YIOTCA AJIS M3TOTOBJEHUA PA3JUUYHOTO THUIIA KOH-
CTPYKIIMII OTBETCTBEHHOT'O HasHAUeHUs (IPy30BbI€ BaroHBLI, MOCTBI, COCYZbI
[IOJ AaBJIEHHEM, Ky30Ba I'DY30BBLIX aBTOMOOWUJIEH, MeTajlyd rPy30IMOAbEMHBIX
KPaHOB, TPYOOIPOBOALI, KOPIIyca CyJOB U T.A.). JlyroBas cBapKa 9THX CTa-
Jieli He MOKEeT YAOBJIETBODUTH IIPOMBIIIJIEHHOCTh U3-3a HU3KOUM MPOM3BOLU-
TEJbHOCTH W HEOOXOAMMOCTH TePMUUYECKOil 00pabOTKM A0 WJIM IIOCJE CBap-
Ku. Bes TepM0o0OPabOTKY B 3THUX CTANSIX 00Pa3yIOTCS XOJOLHBIE TPEIUHEI B
30HE IeperpeBa MJIM B CBAPHOM IIIBe, I'Jle METAJlJI 3aKAJIMBAeTCS BO BPeMs
CBapKU, M B 30HE TEPMHUUYECKOr0O BIMSHWS BHE 30H 3aKAJIKU, I'/le IMOABJISIIOT-
cA 30HBI pasMArdeHus. ['MOpUIHAA Ja3epHO-AYTroBas CBApKa CTAHOBUTCS BCE
6ojiee PaACIIPOCTPAHEHHON B IIPOMBIILJIEHHOCTA. JTO CBA3AHO C IEPCIEKTH-
BOIl BHeApeHUs TUOPUIHOI JIa3epHO-AYTrOBOIM CBapKM BMECTO NYTOBBIX IIPO-
IIECCOB, TOCKOJIBKY TaKas 3aMeHa He TpeOyeT OTHOCUTENHHO OOJBININX 3a-
TPaT Ha Mepeo0OpPyIOBaHUE IPOM3BOJACTBA W O0ECIIEUMBAET 3aMETHOE YBeJIH-
YyeHMNEe IIPOU3BOAUTENHLHOCTU. B TO JKe BpeMsa 3HAUUTEJbHAA YaCTh TEIJIOBOM
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9HEpPTUU, HeoOXOAWMOM IJid IIJIaBJeHUS MeTaJlla IIPU THOPUIHOM Ja3epHO-
IyTOoBOI cBapke, o0eceuMBaeTCsA WCIIOJb30BaHUEM [OEINEéBbIX MCTOUHUKOB
nuTaHus Ayru. Pamee aBTOPHI ONpEeAeIUJIN OITUMAJIBHYIO CKODPOCTh TI'H-
OpPUIHOM JIa3epHO-AYTrOBOII CBApKM C€ TOYKM B3peHusa (asoBOT0 cocTaBa
CTPYKTYPHBIX COCTABJSIONINX, OUCIEPTUPOBAHUA 36PEHHON CTPYKTYPHI, IO-
JU XPYIOKOro paspymieHus u aAp. OJHAKO HEsICHO, KaKoe BJIUAHUE HMEeIOT
IVCJIOKAIIMOHHBIE CTPYKTYPHI Ha IIOKA3aTeJb TPEIMHOCTOMKOCTA — BA3-
KOCTh paspyireHusa. Ileabio paboThl ObLIO M3yUeHUE BINAHUSA BHEITHEN u3-
rubarorieii HArpy3KW Ha IUCJIOKAIMOHHYI0 CTPYKTYPY M Ha TPEIUHOCTOM-
KOCTDH CBAPHBIX COEMIMHEHUI M3 HU3KOJIETHPOBAHHON BLICOKOIIPOYHOM CTAJH,
MOJIYYeHHBIX TMOPUAHON JIa3epHO-AYTOBOM CBApKOM B pPeKHME C OITHUMAJb-
HO# CcKopocThbio cBapku. OmpenesieHbl CTPYKTYPHBIE (DAKTOPBI, TapaHTHPY-
[oIle BBICOKUI YPOBEHb IMIPOYHOCTH U TPEITMHOCTOMKOCTH CBAPHBLIX COEIU-
HeHUII BBICOKONPOYHOM cranm. IlokasaHO, UYTO KOMILIEKC CBOMCTB CBapHBIX
coeIWHEHUII TPM BHEITHEM HATPY:KeHUM B INHPOKOM HHTEpBajie TeMIlepa-
TYPHBIX YCJIOBHUI obecleunBaeT (popMUpoBanme (pparMeHTHPOBAHHON CTPYK-
TYPLI HUMKHEro OefHMTA C PaBHOMEDPHBLIM pacIpeesieHrueM IIJIOTHOCTHU MA¥C-
JIOKAIMi ¥ HAaHOYACTUI KapOUAHBIX (as.
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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 o;> 600 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
[831-36]. 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 (K,¢) 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% C, 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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TABLE 1. Mechanical testing of fracture toughness (K,.) of welded joints.

. K,., MPa-m'/?

Tiests °C Weld HAZ
+20 90.8 89.9
-20 87.7 84.9
-40 74.7 70.7

filler material.

2.2. Mechanical Testing

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

3. RESULTS AND DISCUSSION
3.1. Fractographic Studies

After testing at T, =+20°C (Fig. 1, a, b) and T, =-20°C (Fig. 1,
¢, 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 um of dimples is typical. At T, =-20°C, the dimple relief is
mixed, i.e., these are dispersed dimples (up to 8 um) and larger ones
(15-45 pm) (Fig. 1, ¢, d).

Reducing the temperature of the test to T, =-40°C 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 um)
and ones with larger sizes (20—50 pum). The size of the quasi-brittle
fracture facets is 20—-50 um. For HAZ at T, = —-40°C, 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.
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Fig. 1. The microstructure of fracture surface of the weld metal (a, c, e)
and HAZ (b, d, ) of welded joints at various test temperatures: (a), (b)
Ttest = +2OOC; (C), (d) Ttest = _2000; (e)9 (f) Ttest = _4000; X1550'

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 —40°C. 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 (B;) and
upper (Byp) bainite are fractionized to A, =80-300 nm and #,=130-
400 nm, respectively. The width of the acicular structure of mar-
tensite (M) is b, =170-370 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 d,=80-300 nm (in the weld, Fig. 2, a, b)
and d,=130-400 nm (in the HAZ, Fig. 3, a, b) at uniform distribu-
tion of dislocation density p = (8—9)-10'° cm2.
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Fig. 2. The fine structure of the weld metal of steel N-A-XTRA-70: (a), (b)
lower bainite (x22000); (c¢) upper bainite (x25000); (d) martensite (x35000).

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 p=9-10-10" cm™
(Fig. 2, c; Fig. 3, c¢). In the structure of tempering martensite, the
dislocation density uniformly increases in volume of the laths to
p=10" cm™ (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
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Fig. 3. The fine structure of the HAZ metal of the welded joint of steel N-
A-XTRA-70: (a), (b) lower bainite (x25000); (c) upper bainite (x25000); (d)
martensite (x25000).

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 (o;) of welded joints
after external loading (K,.), 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
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TABLE 2. Structural hardening weld metal and HAZ of welded joints.

Hardening Zone
Weld HAZ
Friction of lattice Gy, MPa 20-30 20-30
Solid solution Ogg, MPa 148 110
Grain Acg, MPa 91 113
B; 300 400
Subgrain Acgz, MPa By 75 19
M 75 56
B, 173 255
Dispersive AGpy, MPa By 12 6
M 67 30
Dislocation Aoy, MPa 195 243
Total YAc,, MPa 1161 1259

of hardening is YAc;=1161-1259 MPa as presented in Table 2. The
highest value of hardening, both in the seam and in the HAZ, is
substructural (Acg;=450-475 MPa), dispersive (Acpy=252-293
MPa) and dislocation (Acp=195-243 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.
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