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ɐɟɥɶɸ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɵ ɹɜɥɹɥɨɫɶ ɢɡɭɱɟɧɢɟ ɜɨɡɦɨɠɧɨɫɬɟɣ ɝɢɛɪɢɞɧɨɣ ɥɚɡɟɪɧɨ-ɞɭɝɨɜɨɣ 
ɫɜɚɪɤɢ ɜ ɱɚɫɬɢ ɜɵɩɨɥɧɟɧɢɹ ɩɪɨɞɨɥɶɧɵɯ ɲɜɨɜ ɬɪɭɛ ɛɨɥɶɲɨɝɨ ɞɢɚɦɟɬɪɚ ɤɥɚɫɫɨɜ ɩɪɨɱɧɨɫɬɢ 
API 5L Б80 ɢ Б120. ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɛɵɥɢ ɫɮɨɤɭɫɢɪɨɜɚɧɵ ɧɚ ɢɡɭɱɟɧɢɢ 
ɦɟɬɨɞɨɜ ɩɨɜɵɲɟɧɢɹ ɭɞɚɪɧɨɣ ɜɹɡɤɨɫɬɢ ɝɢɛɪɢɞɧɵɯ ɫɜɚɪɧɵɯ ɲɜɨɜ ɞɥɹ ɭɫɥɨɜɢɣ ɧɢɡɤɢɯ 

ɬɟɦɩɟɪɚɬɭɪ ɷɤɫɩɥɭɚɬɚɰɢɢ ɬɪɭɛɨɩɪɨɜɨɞɨɜ. ɍɥɭɱɲɟɧɧɵɟ ɩɨɤɚɡɚɬɟɥɢ ɭɞɚɪɧɨɣ ɜɹɡɤɨɫɬɢ ɛɵɥɢ 
ɞɨɫɬɢɝɧɭɬɵ ɡɚ ɫɱɟɬ ɩɪɢɦɟɧɟɧɢɹ ɦɟɬɚɥɥɨɩɨɪɨɲɤɨɜɵɯ ɩɪɨɜɨɥɨɤ, ɨɛɟɫɩɟɱɢɜɚɸɳɢɯ 
ɮɨɪɦɢɪɨɜɚɧɢɟ ɩɪɟɞɩɨɱɬɢɬɟɥɶɧɨɣ ɦɟɥɤɨɡɟɪɧɢɫɬɨɣ ɦɢɤɪɨɫɬɪɭɤɬɭɪɵ ɦɟɬɚɥɥɚ ɲɜɚ. 
ɋɨɜɪɟɦɟɧɧɵɟ ɬɟɯɧɨɥɨɝɢɢ ɞɭɝɨɜɨɣ ɫɜɚɪɤɢ, ɬɚɤɢɟ ɤɚɤ ɫɜɚɪɤɚ ɦɨɞɢɮɢɰɢɪɨɜɚɧɧɨɣ ɢɦɩɭɥɶɫɧɨɣ 
ɫɬɪɭɣɧɨɣ ɞɭɝɨɣ, ɛɵɥɢ ɢɫɩɨɥɶɡɨɜɚɧɵ ɜ ɫɨɫɬɚɜɟ ɝɢɛɪɢɞɧɨɝɨ ɥɚɡɟɪɧɨ-ɞɭɝɨɜɨɝɨ ɩɪɨɰɟɫɫɚ ɞɥɹ 
ɨɛɟɫɩɟɱɟɧɢɹ ɛɨɥɟɟ ɝɥɭɛɨɤɨɝɨ ɩɪɨɧɢɤɧɨɜɟɧɢɹ ɩɪɢɫɚɞɨɱɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɜ ɭɡɤɭɸ ɡɨɧɭ 
ɩɪɨɩɥɚɜɥɟɧɢɹ ɝɢɛɪɢɞɧɨɝɨ ɥɚɡɟɪɧɨ-ɞɭɝɨɜɨɝɨ ɲɜɚ. Ɏɨɪɦɚ ɪɚɡɞɟɥɤɢ ɤɪɨɦɨɤ ɫ ɜɵɫɨɬɨɣ 
ɩɪɢɬɭɩɥɟɧɢɹ ɧɟ ɛɨɥɟɟ 14 ɦɦ ɩɪɢɧɹɬɚ ɜ ɤɚɱɟɫɬɜɟ ɨɩɬɢɦɚɥɶɧɨɣ. Ⱥɧɚɥɢɡ ɯɢɦɢɱɟɫɤɨɝɨ ɫɨɫɬɚɜɚ 
ɦɟɬɚɥɥɚ ɲɜɚ ɨɛɧɚɪɭɠɢɥ ɥɢɲɶ ɱɚɫɬɢɱɧɨɟ ɩɪɢɫɭɬɫɬɜɢɟ ɩɪɢɫɚɞɨɱɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɧɚ ɝɥɭɛɢɧɟ 
ɩɪɨɩɥɚɜɥɟɧɢɹ 14 ɦɦ. ɋɜɟɪɯ ɭɤɚɡɚɧɧɨɣ ɝɥɭɛɢɧɵ ɦɟɬɚɥɥɭɪɝɢɱɟɫɤɢɟ ɜɨɡɞɟɣɫɬɜɢɹ ɧɚ ɦɟɬɚɥɥ 
ɫɜɚɪɧɨɝɨ ɲɜɚ ɫ ɩɨɦɨɳɶɸ ɫɜɚɪɨɱɧɨɣ ɩɪɨɜɨɥɨɤɢ ɧɟ ɦɨɝɭɬ ɛɵɬɶ ɝɚɪɚɧɬɢɪɨɜɚɧɵ. 
Ɍɪɟɛɭɟɦɵɟ ɦɟɯɚɧɢɤɨ-ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɢɡɝɨɬɨɜɥɟɧɧɵɯ ɝɢɛɪɢɞɧɵɯ ɲɜɨɜ 
ɩɨɞɬɜɟɪɠɞɟɧɵ ɪɟɡɭɥɶɬɚɬɚɦɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɢɫɩɵɬɚɧɢɣ. ɉɨɥɭɱɟɧɧɵɟ cɪɟɞɧɢɟ ɡɧɚɱɟɧɢɹ 
ɭɞɚɪɧɨɣ ɜɹɡɤɨɫɬɢ ɫɨɫɬɚɜɥɹɸɬ ɜɟɥɢɱɢɧɭ ɨɤɨɥɨ 150J ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɢɫɩɵɬɚɧɢɣ  -60°C ɞɥɹ 
ɫɬɚɥɢ Б80. Ⱦɥɹ ɫɬɚɥɢ Б120 ɛɵɥɚ ɞɨɫɬɢɝɧɭɬɚ Мɪɟɞɧɹɹ ɜɟɥɢɱɢɧɚ ɭɞɚɪɧɨɣ ɜɹɡɤɨɫɬɢ 53J ɩɪɢ  
ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɢɫɩɵɬɚɧɢɣ -40°C. ɉɪɢ ɷɬɨɦ, ɬɪɟɛɭɟɦɨɟ ɡɧɚɱɟɧɢɟ ɭɞɚɪɧɨɣ ɜɹɡɤɨɫɬɢ ɦɟɬɚɥɥɚ 
ɫɜɚɪɧɨɝɨ ɲɜɚ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫɨ ɫɬɚɧɞɚɪɬɚɦɢ API 5L ɢ DIN EN 10208-2 ɫɨɫɬɚɜɥɹɟɬ ɥɢɲɶ 40J 

ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɢɫɩɵɬɚɧɢɣ 0°C. 

 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɜɵɫɨɤɨɩɪɨɱɧɵɟ ɬɪɭɛɧɵɟ ɫɬɚɥɢ, ɝɢɛɪɢɞɧɚɹ ɥɚɡɟɪɧɨ-ɞɭɝɨɜɚɹ ɫɜɚɪɤɚ, ɫɜɚɪɤɚ 
ɦɨɞɢɮɢɰɢɪɨɜɚɧɧɨɣ ɤɨɪɨɬɤɨɣ ɞɭɝɨɣ, ɫɜɚɪɤɚ ɩɪɨɞɨɥɶɧɨɝɨ ɲɜɚ, ɦɚɝɢɫɬɪɚɥɶɧɵɟ 
ɬɪɭɛɨɩɪɨɜɨɞɵ, ɩɟɪɟɦɟɲɢɜɚɧɢɟ, ɩɪɟɞɟɥ ɩɪɨɱɧɨɫɬɢ, ɭɞɚɪɧɚɹ ɜɹɡɤɨɫɬɶ. 

 

ɉɨɫɬɭɩɢɥɚ ɜ ɪɟɞɚɤɰɢɸ: 10.02.2017 

 

LIST OF SYMBOLS AND ABBREVIATIONS 
 

A5 – elongation after fracture 

Av – absorbed impact energy  

CEPCM – carbon equivalent 

I  – arc current 

LLB – correction of the arc length 

                                                             
1
 ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɵɩɨɥɧɟɧɨ ɜ ɪɚɦɤɚɯ ɩɪɨɟɤɬɚ IGF 16415σ ɨɛɴɟɞɢɧɟɧɢɹ FτSTA ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ 
ɩɨɞɞɟɪɠɤɟ Ɏɟɞɟɪɚɥɶɧɨɝɨ ɦɢɧɢɫɬɟɪɫɬɜɚ ɷɤɨɧɨɦɢɤɢ ɢ ɬɟɯɧɨɥɨɝɢɣ (BMАТ) Ƚɟɪɦɚɧɢɢ. 
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PL – laser power 

Rp0.2 – 0.2% proof stress 

Rm – tensile strength 

t – thickness 

ts – height of the weld root face 

ULB – arc voltage 

vd – wire feeding speed 

vs – welding speed  

EMPA – electron microprobe analysis 

GMAW – metal active gas welding 

HAZ – heat affected zone 

SAW – submerged arc welding 
 

INTRODUCTION 

 

To a large extend, longitudinally welded large-diameter pipes are used for modern oil- 

and gas-pipelines. Most applied base materials are API-steels X65 and X70 [1]. Constantly 

increasing natural gas and oil delivery rates demand advancements of the assigned materials. 

Wall thickness minimization or operating pressure increase are achieved by material 

substitution, e.g. employment of a high strength steel grade API-X80, API-X100 or API-X120 

[2-4]. Material substitution already allows material savings of more than 10 % or wall 

thickness minimization to about 14 % compared to steel grade X70 [5]. Such pipes are usually 

produced by first forming a large plate to an open ring. Subsequently, the ring is continuously 

tacked along its longitudinal gap by means of a metal active gas GMA welding process. In the 

further process, the remaining double-sided joint gaps are filled with layers using cost-

intensive multiple-wire submerged arc welding SAW processes. The GMA-tack weld is 

completely remelted in the process. The maximal root face depth depends on the welding 

process and is currently 8 mm. The innovative laser hybrid welding technology offers a 

significant increase in fully penetrated root face depth and welding speed compared to 

conventional welding technologies. This means for pipe production that the amount of SAW 

filler layers will be reduced and, in parallel, the increased welding speed will lead to a 

shortening of the production cycle for longitudinally welded pipes. Fig. 1 shows 

schematically the significant potential savings through an increased root face depth of 12 mm 

by application of laser-hybrid welding. 
 

a)     b)     
 

Fig. 1: Comparison between two welding technologies: longitudinal weld consisting of a GMA-tack weld and 

SAW filler layers (a); longitudinal weld consisting of a laser-hybrid weld and SAW filler layers (b) 

 

In addition to the mentioned economic efficiency the strength and impact toughness 

required for laser hybrid welded joints have to be ensured. The achievable mechanical and 

technological properties of laser hybrid welds are currently being investigated intensively by 
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international research groups. Thus, sufficiently high notch impact toughness of the laser 

hybrid welds on steel grades up to X70 with maximal wall thickness of 16 mm could already 

be demonstrated [6-9]. Laser hybrid welding trials on X80 grade steel have also demonstrated 

acceptable notch impact toughness of welds with a maximum root face depth of 9 mm [10]. 

Some promising results regarding weldability aspects of X100 grade steel in the high power 

fibre laser welding process have already been achieved [11]. Here regular sound laser welded 

root passes with a maximum depth of 6 mm, generally free from defects and porosity, could 

be produced. The toughness measured in the fused zone of the laser welded root passes shows 

some scatter, but is in general above 60 J at -60 °C, аСТМС ТЬ КММОЩЭКЛХО КММШЫНТЧР to the 

specification for linepipe API 5L. Microstructure and properties of laser hybrid welds made 

from a range of commercially available, mainly pipeline steels are discussed in detail in [12]. 

A series of crack free laser hybrid welds could be produced with a root face of 7.5 mm used 

for all tested steels. It is demonstrated by the authors of this study that laser/GMA hybrid 

welding enables the microstructure and mechanical properties of pipeline steels welds to be 

improved significantly. In this context, the greatest influence on the weld microstructure is 

exerted by a filler wire that affects the weld metallurgy and promotes the formation of a 

desirable microstructure containing acicular ferrite, for example, which improves hybrid weld 

toughness. It also appears that filler material transport deep into the narrow laser welding gap 

and its homogeneous distribution play an important role. Elements added by filler wires 

concentrate in the upper weld metal region rather than in the root region. This is to say that 

homogenous element distribution is difficult to obtain in narrow and deep penetration hybrid 

welds. The influence of welding conditions on filler wire element distribution was 

investigated in CO2 laser and pulsed GMA hybrid welding of 11 mm thick high strength 

structural steel JIS SM490A [13] using filler wire containing 72% Ni. It was found that the 

regions with homogenously distributed Ni from the filler wire reached depths down to 8 mm 

for welding with leading arc and down to about 10 mm with leading laser (square butt joint 

without gap). However, all the experiments of this study were carried out with quite constant 

welding parameters (except a slight change in wire feed rate) and any effects of energy 

parameters on the alloying element distribution were not observed. The effect of higher arc 

current with greater arc force on the laser hybrid weld shape is discussed in [14]. The results 

of this study demonstrate that the filler material penetration depth from pool top to root can be 

increased by approx. 3 mm to 6 mm for 6 mm thick plate when choosing an appropriate 

energy ratio (laser/arc) in laser MIG hybrid welding . These results suggest that innovative arc 

welding technologies, such as modified pulsed GMAW, can be decisive for increased fusion 

penetration. Such technology uses microprocessor-based metal transfer control permitting a 

very stable short arc with high plasma pressure on the weld pool and deeper filler material 

transport in the welding gap [15 - 19]. This is the reason why implementation of modified 

pulsed GMAW in the laser hybrid process is of practical interest in view of further hybrid 

weld quality improvement. However, any quantitative investigations dealing with this issue 

are still lacking. 

Another factor to be considered is that the superior toughness of fine grained or 

ultrafine grained X100 or X120 microstructure obtained through a thermomechanical 

controlled process may be irreversibly altered when the steel is welded with high heat input 

(GMAW, SAW processes). Coarsening of fine ferrite grains, caused by recrystallisation or 

abnormal phase transformation from austenite, results in remarkable HAZ softening and thus 

in remarkable reduction in HAZ toughness [20]. As reported in [21], a fast cooling process 

can effectively improve the HAZ toughness of high strength pipeline steel X120. Therefore, 

high power fibre laser hybrid welding, as a very low heat input process, offers a good 

opportunity of minimizing HAZ softening effects. 

Overall it can be stated that reliable laser hybrid field welding results for modern high 
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strength pipeline steels and commercially interesting process parameters, e.g. root face depths 

of 12 mm and above, are not available yet. Although some promising results regarding X80 

and X100 laser and laser hybrid weldability could already be achieved, any results concerning 

X120 laser hybrid weldability are still completely lacking.           

The present study demonstrates the laser arc hybrid weldability of high strength pipe 

steels X80 and X120 with 14 mm root face for producing longitudinal welds. Filler material 

distribution and penetration depth in laser hybrid welds produced by different arc modes such 

as GMA normal, GMA pulse and GMA modified spray arc are shown. The produced welds 

were tested and achievable mechanical and technological characteristics are discussed. 

 

MATERIALS, JOINT PREPARATION AND EXPERIMENTAL SETUP 

 

As base materials the pipe steels X80 and X120 with the chemical composition shown 

in Table 1 were used. According to the requirements of API 5L and ISO 3183 for the 

chemical composition and mechanical properties (Table 2) of high-strength pipe steels, the 

investigated materials belong to the group of low-alloy Si-Mn steels additionally micro 

alloyed with strong carbide-forming elements. In order to achieve the necessary high strength 

in X120 boron is added. Boron addition not only increases the strength of the base metal, but 

also transforms the weld heat affected zone HAZ into lower bainite and is effective in 

increasing the toughness of the HAZ [22]. In order to ensure a good weldability, the carbon 

content is kept below 0.1% and the low cold cracking susceptibility of these steels is 

guaranteed by a low carbon equivalent CEPCM. 

 

Table 1: CСОЦТМКХ МШЦЩШЬТЭТШЧ ШП Б80 КЧН ɏ120 ЬЭООХЬ КЧН МКЫЛШЧ ОqЮТЯКХОЧЭ 
 

Steel 

grade 

Element in wt. % 
CEPCM 

in % 
C Si Mn P S Cr Ni Al Mo Cu V Nb Ti B Fe 

X80 0.052 0.33 1.8 0.008 0.0008 0.17 0.01 0.04 0.14 0.02 0.004 0.04 0.012 - rest 0.17 

X120 0.054 0.31 1.6 0.009 0.0006 0.41 0.04 0.03 0.21 0.03 0.038 0.04 0.012 0.001 rest 0.19 

 

In combination with the higher cooling rate in thermomechanically controlled rolling, 

this results in high strength characteristics and brittle fracture resistance. 

 

Table 2: MОМСКЧТМКХ ЩЫШЩОЫЭТОЬ ШП Б80 КЧН ɏ120 ЬЭООХЬ 

 
Steel 

grade 

Thickness 

in mm 
Rp0.2 in MPa Rm in MPa A5 in % Rp/Rm in % Av in J 

X80 23.4 548 648 21.9 85 330 (-60°C) 

X120 20.0 816 1020 14.7 80 270 (-40°C) 

 

As filler materials, solid wires and metal cored electrodes made by two producers, i.e. 

BöСХОЫ SМСаОТßЭОМСЧТФ ЮЧН DЫКСЭгЮР SЭОТЧ, аОЫО ЮЬОН. The filler wires were developed for 

high strength steel welding of X80 and above according to EN 12534 and EN 18276. 

Chemical compositions and mechanical properties of the filler wires are listed in Table 3 and 

Table 4, respectively. The used wire diameter was 1.2 mm. 
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Table 3: Chemical composition of the filler wires 

 

Filler wire 
Element in wt. % 

C Mn Si P S Cr Ni Mo Fe 

SШХТН аТЫО BöСХОЫ σТMШ 1-IG 0.08 1.8 0.6 <0.015 <0.015 - 0.9 0.3 balance 

SШХТН аТЫО BöСХОЫ Б λ0-IG 0.1 1.8 0.8 <0.015 <0.015 0.35 2.3 0.6 balance 

Metal cored electrode 

BöСХОЫ КХПШЫЦ 700–MC 
0.07 1.6 0.7 <0.015 <0.015 0.35 2.0 0.3 balance 

Metal cored electrode 

Megafill MF 940 M 
0.05 1.4 0.6 <0.015 <0.015 - 2.0 - balance 

 

Measurements of diffusible hydrogen content in the deposited metal were performed 

according to DIN EN ISO 3690. The requirements for the hydrogen content in high strength 

filler materials were met. All measured values do not exceed 5 ml/100 g. The used wires 

belong to the "extra low hydrogen" filler materials according to AWS A5.1 pointing out their 

good resistant against hydrogen related cracking. 

 

Table 4: Mechanical properties of the filler wires 

 

Filler wire 
Rp0.2 in 

MPa 

Rm in 

MPa 
A5 in % 

Av in J 

(-60 °C) 
BöСХОЫ σТMШ 1-IG 620 700 23 > 47 

BöСХОЫ Б λ0-IG 890 950 15 > 47 

BöСХОЫ КХПШЫЦ 700–MC 770 830 18 > 63 

Megafill MF 940 M 550 640 22 > 47 

 

Welding experiments were performed on flat specimens in PA-position. The thickness 

of the metal plates was 20.0 mm for X120 and 23.4 mm for X80. The examined edge 

preparation with a 14 mm root face and К 45° ЛОЯОХХТЧР КЧРХО is shown in Fig. 2a. 

 
 

t variable 20.0 mm or 23.4 mm 

ts = 14 mm 

a)  

 

 

 
 

b) 
 

Fig. 2: Edge preparation (a) and welding sequence (b) 

 

The welds were performed in two layers as shown in Fig. 2b. At first a laser hybrid 

ХКвОЫ аКЬ аОХНОН ТЧ К ЛЮЭЭ УШТЧЭ. AПЭОЫ ЭСКЭ, ЭСО ЬЩОМТЦОЧЬ аОЫО ЭЮЫЧОН 180° КЧН ЭСОЧ ЭСО 
ЫОЦКТЧТЧР ЯШХЮЦО аТЭС ЭСО 45° ЛОЯОХТЧР КЧРХО аКЬ ПТХХОН аТЭС ШЧО ХКвОЫ ЮЬТЧР К МШЧЯОЧЭТШЧКХ 
GMA process. 

1st layer laser hybrid 

2nd layer GMA 45  

t 

ts 
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A 20 kW Yb fibre laser (IPG) (wave length 1064 nm, beam parameter product 

11.2 mm x mrad) was used as laser power source. The optics used for the experiments had a 

focal length of 350 mm. The laser beam was transmitted by an optical fibre with a core 

diameter of 200 µЦ КЧН ПШМЮЬЬОН Эo the diameter of 0.56 mm. A micro-processor controlled 

welding machine Qineo Pulse 600 (Cloos) with a maximal welding current of 600 A was used 

as an arc welding power source. Laser head and GMA torch were mounted on the robot arm. 

Welding was carried out with leading arc, backhand with a fixed angle between laser beam 

КЧН GMA ЭШЫМС ШП 25°. TСО РКЬ ЦТбЭЮЫО M21 (18% Cτ2 in Ar) was used as shielding gas in 

accordance with EN 439. The experimental setup and used process parameters for the welding 

experiments can be seen in Fig. 3. 

a) b) 

 
- leading arc, backhand 

- stick out 16 mm 

- distance from laser beam to wire 3.5 mm 

- focus position -4 mm 

Welding processes 

1
st
 layer 

laser 

hybrid  

2
nd

 layer 

GMA 

normal 

PL in kW 16…17 - 

vs in m/min 2.2…2.6 0.5 

vd in m/min 16 10 

ULB (max) in V  42 29 

ILB (max) in A  513 300 

shielding gas flow 

rate in l/min 
20 

LLB in % 1…45 30 

 

Fig. 3: Experimental setup (a) and welding parameters (b) 

 

It should be mentioned that the welding machine Qineo Pulse 600 supports the new arc 

processes such as modified spray arc. A modified spray arc is a very short arc with 

extremely high directional stability that results from a highly dynamic voltage regulation  

[15-19]. It results in improved welding process conditions such as stronger focused arc 

plasma with increased plasma pressure on the weld pool and higher energy density, which 

leads to a higher penetration level and deeper filler material transportation into the welding 

gap. 

 

RESULTS AND DISCUSSION 

 

Series of welding experiments were performed with the following combinations of the 

ЛКЬО ЦКЭОЫТКХЬ КЧН ПТХХОЫ ЦКЭОЫТКХЬμ Б80 аТЭС BöСХОЫ σТMШ 1-IG; X80 with Megafill MF 940 

M; Б120 аТЭС BöСХОЫ Б λ0-IG; X120 аТЭС BöСХОЫ Б λ0-IG. Analytical electron microprobe 

analysis EMPA was conducted to establish the weld metal composition and to obtain some 

representative information about the filler material penetration depth in the narrow laser 

welding gap. Hardness measurements, Charpy impact tests and tensile tests were carried out 

to examine the achievable mechanical properties of the laser hybrid welds and to verify their 

accordance with the standards API 5L and ISO 3183. X-ray examinations were made on most 

welds. All welded joints were found to be free from crack-like defects and the volume 

fraction of porosity was about 1.7% compared to the maximum permitted amount of 2.0% 

(―C‖ ХОЯОХ КЬ НОПТЧОН ТЧ Eσ ISτ 13λ1λ-1). The largest pore diameters were below 1 mm. 

welding direction 
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Welding with modified spray arc 

 

TСО КЮЭСШЫЬ’ ШаЧ ОбЩОЫТОЧМО ТЧ ХКЬОЫ СвЛЫТН аОХНТЧР КЧН ФЧШаХОНРО КЛШЮЭ ЭСО ЩЫШМОЬЬ 
suggest that welding of a 14 mm root face using conventional GMA process (normal or pulse) 

should not pose any problems. First welding results with modified spray arc indicated that the 

process needs to be optimised. It was noticed that the modified spray arc can provoke 

significant undercuts on the top side of the laser hybrid weld, Fig. 4.  

 

 
 

vs = 2.4 m/min, PL = 16 kW, vd = 16 m/min, ILB = 513 A, ULB = 42 V, BöСХОЫ σТMШ 1-IG 

 

Fig. 4: Laser hybrid welding with modified spray arc, undercuts 

 

Excessive penetration appears at the lower welding speed of 2.2 m/min, Fig. 5. 

One reason must surely be the high plasma pressure on the weld pool, which would not 

happen in the case of conventional GMA pulse welding using standard welding parameters. 
 

 

 
PL = 15 kW, vs = 2.2 m/min, vd = 16 m/min, BöСХОЫ σТMШ 1-IG 

 

Fig. 5: Laser hybrid welding with modified spray arc, excessive penetration 

 

Arc diagnostics using a PHOTRON Fastcam high speed camera were done in order to 

understand the relationships between arc parameters and weld quality. GMA welding trials 

аОЫО МКЫЫТОН ШЮЭ ПШЫ МШЦЩКЫТЬШЧ ЮЬТЧР ЬШХТН аТЫО BöСХОЫ σТMШ 1-IG in different 

operating modes of the welding machine. Visual evaluation of the arc length can be done 

using the high speed pictures shown in Fig. 6. 
 

vs = 1 m/min, vd = 10 Ц/ЦТЧ, BöСХОЫ σТMШ 1-IG 

   
a)  b)  c)  

 
Fig. 6: Arc diagnostics, high speed pictures of comparative GMA welding: GMA Pulse (a),  

modified pulse spray arc with LLB 5% (b), modified pulse spray arc with LLB 45% (c) 

 

3.3 mm 4.8 mm 
3.1 mm 
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The corresponding voltage and current characteristics were recorded and summarised in 

Table 5. The evaluation of measured signals shows that with the change of the arc type from 

conventional GMA pulse to modified pulse spray arc the arc parameters, primarily pulse 

current and base current, are also modified. The result is an arc with higher power on the one 

hand and increased arc length on the other hand. With an arc about 5 mm in length (Fig 6b), 

the energy introduced into the weld pool is no longer concentrated, i.e. the arc energy gets lost 

at the flanks and defects of the kind shown in Fig. 4 occur. The best way to get the arc energy 

more concentrated is to reduce the arc length. Arc length correction LLB, which can be done 

through arc voltage reduction, helped to reduce the arc length from 4.8 mm to 3.1 mm and to 

get it more directionally stable (Fig 6c). All further laser hybrid welds produced within the 

scope of this work were made using modified pulsed spray arc with arc length correction 

LLB 45% from a nominal value. 

 

Table 5: Arc diagnostics, voltage and current characteristics for the comparative GMA 

welding trials, vs = 1 m/min, vd = 10 Ц/ЦТЧ, ЬШХТН аТЫО BöСХОЫ σТMШ 1-IG 
 

Parameter GMA Pulse GMA – modified pulse spray arc 

arc current ILB in A 237.4 238.0 247.9 

 arc voltage ULB in V 30.9 31.7 30.6 

welding power in kW 8.4 9.1 9.4 

base current in A 87.3 63.7 65.4 

pulse current in A 494.0 573.9 608.2 

pulse width in ms 2.1 2.3 2.3 

pulse frequency in Hz 183.5 168.4 168.4 

arc length correction LLB in % 5 5 45 

arc length in mm 3.3 4.8 3.1 

 

An increase in welding speed from 2.2 m/min to 2.6 m/min and in laser power from 

16 kW to 17 kW was very effective for avoiding excessive penetration during welding with 

modified spray arc. Subsequently it was possible to produce a series of welds with an 

appropriate quality. An example for the material combination X80 with metal cored electrode 

MF 940 M is shown in Fig. 7.  
 

PL = 17 kW, vs = 2.6 m/min, vd = 16 m/min, ILB = 396 A, ULB = 35.6 V 

 
X80 with metal cored 

electrode MF 940 M 

 

 
arc length correction LLB = 45 % 

 
Fig. 7: Welding with modified spray arc and optimised arc length 

 

The metal cored electrodes could be used with modified pulse spray arc and with the 

same parameters as for solid wires. A very stable low-spatter process with slight undercuts 

could be observed for both types of wires. 



 ȽɂȻɊɂȾɇȺə ɅȺɁȿɊɇɈ-ȾɍȽɈȼȺə ɋȼȺɊɄȺ ȼɕɋɈɄɈɉɊɈɑɇɕɏ ɌɊɍȻɇɕɏ ɋɌȺɅȿɃ 29 

 

ȽɅɈȻȺɅɖɇȺə əȾȿɊɇȺə ȻȿɁɈɉȺɋɇɈɋɌɖ, № 1(22) 2017 

Penetration depth and dilution of the filler material 
 

The toughness of laser hybrid welds should be mainly controlled by the solidification 

behavior which is dependent on the filler material. Any other technological procedure for 

improving the weld metal toughness, such as preheating, would reduce the 

production efficiency and lower the throughput rate in high volume production of pipelines. 

Laser hybrid welding produces quite narrow welds with a high height-to-width ratio and filler 

material transportation into such narrow and deep welding gaps represents a difficult technical 

challenge. Welding trials with different arc variants, including modified pulse spray arc, were 

conducted to study the possible filler material penetration depth and the character of dilution. 

The trials demonstrated that the modified pulse spray arc, thanks to its more powerful 

dynamic effect on the weld pool, really provides the deepest penetration in the GMA part of 

the laser hybrid weld, which is around 5.0 mm deep. Macrographs illustrating the difference 

between the used arc variants are presented in Fig. 8. 
 

vs = 2.6 m/min, PL = 17 kW, vd = 16 Ц/ЦТЧ, BöСХОЫ σТMШ 1-IG 

   
a) b) c) 

 

Fig. 8: GMA molten area: GMA Pulse (a), GMA Normal (b), GMA modified spray arc (c) 

 

Planimetrically determined dimensions of the GMA zone for a solid wire and a metal 

cored elctrode are summarised in Table 6. By differences with the GMA molten area and 

GMA penetration depth, three measurements were used to calculate the average value of these 

variables. The GMA heat input per unit length in Table 6 was calculated by using an 

efficiency factor of 0.8 [12]. 
 

Table 6: GMA molten area and penetration depth, vs = 2.6 m/min, PL = 17 kW, 

vd = 16 m/min 
GMA process avg. GMA 

molten area in mm
2
 

avg. GMA penetration

depth in mm 

GMA heat input 

in J/mm 

SШХТН аТЫО BöСХОЫ NТMШ 1-IG  

GMA Pulse 14.9  0.2 3.7  0.2 271.2 

GMA Normal 21.0  0.2 4.4  0.2 297.0 

GMA modified spray arc 25.6  0.2 5.1  0.2 388.6 

Metal cored electrode MF 940 M  

GMA Pulse 13.8  0.2 3.9  0.2 240.1 

GMA modified spray arc 18.8  0.2 4.5  0.2 260.2 

 

The comparison shows that the GMA molten area and the GMA penetration depth 

depend on the arc technology. The deepest penetration can be obtained with modified spray 

arc using solid wire. When using the metal cored electrode, the GMA penetration depth and 

molten area are slightly smaller, because the arc is softer. 

An element map showing the 2D distribution of Nickel was prepared on longitudinal 

sections of laser hybrid welds produced with conventional pulse arc (Fig. 9a) and modified 

14.9 mm2 

    2 mm 

21.0 mm2 

    2 mm 

25.6 mm2 

    2 mm 
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spray arc (Fig. 9b). Both welds were performed with metal powder wire MF 940 M 

containing 2% Nickel chosen as a contrast element for the element mapping. 
 

 

 
a) 

 
b) 

PL = 16 kW, vs = 2.6 m/min, vd = 16 m/min, MF 940 M 
 

Figure 9: Distribution of Nickel in longitudinal laser hybrid weld sections, GMA Pulse (a), GMA modified 

spray arc (b) 
 

The analyses show that the areas with homogeneous distribution of Nickel are located in 

the top part of the laser hybrid welds, which is dominated by the arc process. The areas with 

homogeneous distribution of Nickel (0.59% – 0.63%) extend up to 3.7 mm for the 

conventional normal and pulse arc and up to 4.9 mm for the modified spray arc. The arc type 

does not have any influence on the character of Ni-distribution in the laser part of the hybrid 

weld. It was found that the maximum filler material penetration is not deeper than 

13 mm – 14 mm at all. 
 

Microstructure 
 

The optical micrograph in Fig. 10a shows, that base metal X80 has a ferrite-bainite 

microstructure, which is quite uniform and fine with a mean grain size only a few 

micrometers. Randomly-oriented ferrite particles can be observed in the weld microstructure 

of X80 (Fig. 10b and 10c). This weld microstructure is highly desirable as it reduces the 

effective grain size, exhibit crack propagation and improves toughness in welds. The 

microstructure of base metal X120 is fully bainitic with a very fine grain size (Fig. 11a). The 

resulted weld microstructure of X120 steel is also bainite with thin bainitic ferrite lath, which 

should exhibit good toughness of the HAZ (Fig. 11b and 11c). In order to correlate the 

microstructure results to mechanical properties, Charpy impact testing and tensile testing were 

performed for both steels.  
 

   
a)  b) c) 

 

Figure 10: Microstructure of the base metal and weld metal in the laser hybrid welds: X80 base metal (a); weld 

ЦОЭКХ Б80/λ40 M (Л); аОХН ЦОЭКХ Б80/ BöСХОЫ σТMШ 1-IG (c) 
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a) b) c) 

 

Figure 11: Microstructure of the base metal and weld metal in the laser hybrid welds: X120 base metal (a); weld 

ЦОЭКХ Б120/700 MC (Л); аОХН ЦОЭКХ Б120/BöСХОЫ Бλ0 (М) 
 

Hardness measurements and Charpy impact test 

 
Vickers hardness measurements were made using a 10 kg load. The Vickers hardness 

testing machines had been calibrated according to DIN EN ISO 6507-3. 

The maximum deviation of the hardness measurements HV10 was  3 %.  The Charpy-V-

notch specimens (10 mm x 10 mm) were notched in the middle of the laser-hybrid weld. 

Testing was executed in accordance with EN 10045. Details to the taking plan for Charpy 

specimens as well as location of the HV10 paths are shown in Fig. 12a and 12b respectively. 
 

 
 

Figure 12: Taking plan for Charpy test specimens (a) and location of Charpy-V-notch as well as HV10 

paths in details (b), root face 14 mm 

 

The measuring results for the Vickers hardness are illustrated in Fig. 13. 
The comparison shows that the peak hardness for X80 measured in the top of the laser hybrid weld 

was 312 HV10max. This hardness level is well below the maximum hardness limit specified for line 

pipe in API 5L or ISO 3183, which is 325 HV10max for steel grades X80 and above. The peak hardness 

for X120 was around 356 HV10max which is too high to fulfill the requirement of the API 

specification, but compared to the base material hardness of 320 HV10 it can be considered as 

tolerable. A slight decrease in hardness of about 50 HV10, particularly in the HAZ of the 2
nd

 filler 

ХКвОЫ (―ЛШЭЭШЦ‖ СКЫНЧОЬЬ ХТЧО), МШЮХН ЛО ШЛЬОЫЯОН КЭ ЭСО аОХНЬ Б120. TСО ЦОКЬЮЫОН ЩОКФ СКЫНЧОЬЬ 
values are summarised in Table 7.  
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a) b) 

    
c) d) 

 
Fig. 13: Macrohardness HV10 for different material combinations: 

Б80 аТЭС BöСХОЫ σТMШ 1-IG (К); Б80 аТЭС MF λ40M (Л); Б120 аТЭС BöСХОЫ Б λ0-IG (c); 

X120 with alform 700 MC (d) 

 

Table 7: Hardness results for different material combinations 

 

Welded materials 
HV10max 

base material top middle bottom 

Б80 аТЭС BöСХОЫ σТMШ 1-IG 
220 

312 286 285 

X80 with MF 940M 298 304 267 

Б120 аТЭС BöСХОЫ Бλ0-IG 
320 

344 352 346 

X120 with alform 700 MC 356 347 320 

 

The results of Charpy tests are given in Fig. 14 by plotting measured impact energy 

versus temperature. 
 

  
a) b) 

Fig. 14: Charpy impact energy results for laser hybrid welds: X80 (a); X120 (b) 
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The results show that the welds of X80 produced with the metal cored electrode MF 940 

M have rather high Charpy values at -60°C (1λ0J КЯОЫКРО) КЧН ЦООЭ ЭСО ЫОqЮТЫОЦОЧЭЬ ШП API 
5L and ISO 3183. The laser hybrid welds of X120 produced with metal cored electrode 

BöСХОЫ КХПШЫЦ 700-MC demonstrate also acceptable Charpy values (53J average) at the 

temperature -40°C. TСО ЮЬОН ЬШХТН аТЫОЬ ЬСШа ЫКЭСОЫ ЬМКЭЭОЫОН ЫОЬЮХЭЬ КЭ ЭСО ХШаОЫ ЭОЬЭ 
temperatures. 

 

Tensile tests 

 
Tensile tests were carried out using round specimens with 14 mm diameter at room 

temperature. Three specimens were tested for each material combination. The characteristic 

values determined for the different material combinations are shown in Table 8. 

 

Table 8: Tensile tests results 

 
Materials Rm (average) in MPa Fracture location 

Б80 аТЭС BöСХОЫ σТMШ 1-IG 640  2.4 base metal 

X80 with MF 940 M 651  2.4 base metal 

Б120 аТЭС  BöСХОЫ КХПШЫЦ 700-MC 942  5.0 HAZ 

Б120 аТЭС BöСХОЫ Бλ0-IG 940  5.0 HAZ 

 

The strength of the weld metal of all X80 welds was always much higher than that of 

the base metal. The fracture location for all tested X80 welds was in the base metal. The 

fracture location for all tested X120 welds was in the HAZ. 

The minimum failure stress requested for X120 according to API 5L is 915 MPa. The 

requirements of API 5L are definitely fulfilled with the obtained failure stress of 940 MPa for 

ultrahigh strength steel X120 (Table 8). 

 

CONCLUSIONS 

 

Potentials of the hybrid laser arc welding processes were investigated regarding 

reliable production of longitudinal welds of high strength pipe steels X80 and X120. The 

achievable mechanical properties of the laser hybrid welds were evaluated. The findings of 

the study can be summarised as follows: 

(1)  The modified spray arc, thanks to its more powerful dynamic effect on the molten 

pool, shows an increased penetration depth in the GMA part of the laser hybrid 

weld, which is around 5.0 mm deep. The areas with homogeneous filler material 

distribution extend up to 3.7 mm for the conventional pulse arc and up to 4.9 mm 

for the modified spray arc. The arc type the does not have any influence on the 

character of dilution in the laser part of the hybrid weld. Edge preparation with a 

root face of 14 mm is proposed as optimum, because no filler material penetration 

could be detected beyond this depth limit and any metallurgical influence on the 

weld metal properties through the welding wire is not possible. 

(2)  The peak hardness for X80 was 312 HV10max which is well below the maximum 

hardness limit specified for line pipe in API 5L or ISO 3183, which is 325 HV10max 

for steel grades X80 and above. The peak hardness for X120 was around 

356 HV10max which is too high to fulfill the requirements of the API specification, 

but compared with the base material hardness of 320 HV10 it can be considered as 

tolerable. 

(3) The Charpy test results have shown that the welds of X80 produced with the metal 
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cored electrode MF 940 M exhibit rather high Charpy values at -60°C (1λ0J 
average) and meet the requirements of API 5L and ISO 3183. The laser hybrid 

аОХНЬ ШП Б120 ЩЫШНЮМОН аТЭС ЦОЭКХ МШЫОН ОХОМЭЫШНО BöСХОЫ КХПШЫЦ 700-MC also 

exhibit acceptable Charpy values (53J average) at the temperature of -40°C. TСО 
used solid wires show rather scattered results at the lower test temperatures. 

(4) The strength of the weld metal of all welds X80 was much higher than that of the 

base metal. The fracture location for all tested welds X80 was in the base metal. 

The fracture location for all tested welds X120 was in the HAZ. The requirements 

of API 5L are definitely fulfilled with the obtained failure stress of 940 MPa for 

X120 (the minimum failure stress requested for ultrahigh strength steel X120 

according to API 5L is 915 MPa).  
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Abstract – The aim of the present work was to investigate the possibilities of hybrid laser arc 

welding regarding reliable production of longitudinal welds of high strength pipe steels X80 and 

X120 and to evaluate achievable mechanical properties of laser hybrid welds. The study focused 

on weld toughness examination in low temperature range up to -60 °C. SЮТЭКЛХО ПТХХОЫ ЦКЭОЫТКХЬ 
were identified in the context of this task. It could be shown that metal cored electrodes guaranteed 

sufficient Charpy impact toughness at low temperature for both investigated materials. Modern arc 

welding technologies such as modified pulsed spray arc were used to promote deeper penetration 

of the filler material into the narrow laser welding gap. Edge preparation with a 14 mm deep root 

face was considered as optimum, because no penetration of the filler material could be detected 

beyond this depth limit and therefore any metallurgical influences on the weld metal properties 

through the welding wire could be excluded. 
 

Keywords: high strength steel, hybrid laser arc welding, modified spray arc, longitudinal weld, 

pipeline. 
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