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Abstract 

 

Laser-arc hybrid welding (LAHW) is more often used in shipbuilding and oil and gas industries 

in recent years. Its popularity arises due to many advantages compared to conventional arc 

welding processes. The laser beam source is used to achieve much higher penetration depths. By 

adding filler wire to the process area, by means of an arc source, the mechanical properties can 

be improved, e.g. higher toughness at low temperatures. Therefore, LAHW is a perspective 

process for low temperature service. Applicability of LAHW is under concern due to process 

stability and mechanical properties related to heterogeneous filler wire distribution through the 

whole weld metal in deep and narrow joints. This can cause reduced mechanical properties in the 

weld root as well as problems with solidification cracking. The fast cooling rate in the root 

provides hard and brittle microconstituents lowering toughness at low temperatures. Numerical 

simulations and experimental observations showed that an increase in heat input from the laser 

beam is an effective way to reduce the cooling rate, such as also possible by applying preheating.  
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1. Introduction 

 

The oil and gas, shipbuilding, and 

pipeline industries frequently utilise thick 

steel products made from high strength low 

alloy (HSLA) steel due to the excellent 

mechanical properties. These steels contain 

low carbon content for improved weldability. 

Joining such products by conventional arc 

welding methods usually requires many 

passes (multi-pass), which is very time 

consuming. Due to this, they are ineffective 

providing low productivity, and reheating of 

the coarse-grained heat affected zones 

(CGHAZ) generates martensite-austenite 

(M-A) islands that is very detrimental for 

toughness [1, 2] at low temperature. By 

application of highly concentrated welding 

sources such as laser beam welding (LBW) 

providing higher penetration depths, the 

number of passes can be reduced to a 

minimum [3]. The comparison between the 

two cases is shown in Fig. 1. High 

penetration depth is achieved when high 

power laser beam works in a keyhole mode, 

the drilled vapour capillary, which melts the 

surrounding material. This requires high 

power density (> 1.5 MW/cm2), focused in a 

small spot of ~300-800 µm in diameter, to 

cause boiling and subsequently vaporization 

of the material. A trapped laser beam inside 

the keyhole is absorbed, Fresnel absorption 
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[4-10], by a molten metal of keyhole wall and 

multiple reflections travel deep generating 

high penetration depths. This creates a recoil, 

or ablation, pressure [11] in order to sustain 

the keyhole opening. 

Recently, 1 µm ytterbium fibre laser 

sources became available at high powers up 

to 100 kW [12] providing a very high 

potential in application for joining thick 

sections [13]. In addition, LBW provides 

much higher productivity and reduces overall 

welding operation costs significantly due to 

higher penetration depth. Another advantage 

of LBW is the reduced heat input providing 

much less distortions [14, 15] and lower 

residual stresses. Residual stresses in welded 

joints can have a dramatic effect on its 

integrity, toughness, at low temperatures 

since they can exceed the yield strength of the 

base metal inevitably leading to the failure. 

However, only limited work was done [16, 

17] due to difficulties in accurate 

measurements of residual stresses in welded 

joints of thick plates.  

Laser-arc hybrid welding (LAHW) is a 

combination of an electric arc with LBW as 

illustrated in Fig. 2. In the case of gas metal 

arc welding (GMAW), a solid, or flux/metal 

cored (tubular) filler wire can be used. 

Tubular wires can further improve the 

productivity due to higher deposition rate of 

the filler wire since they have higher 

electrical resistance causing increased 

melting efficiency. Moreover, through the 

addition of alloying elements, the weld 

microstructure can be better controlled.  

In recent years, various researchers 

achieved good toughness at low temperatures 

by implementing LAHW technology. 

Webster et al. [18] applied CO2 laser-GMAW 

hybrid welding for 12-25 mm mild steel with 

single-pass joining within a wide range of 

welding speeds (0.8-1.2 m/min) and air gaps 

(0-3 mm). Solid wire was used and Charpy 

V-notch values > 40 J at -40ºC were 

achieved. A 20 mm thick HSLA steel was 

joined by 7.5 kW fibre laser-GMAW hybrid 

welding with double-sided welding 

technique by Akselsen et al. [19]. The 

toughness was > 27 J at -40ºC, in a wide 

range of welding speeds (0.5-2.0 m/min) and 

application of solid wire. Gook et al. [20] 

utilised metal cored wire in joining 20 mm 

(X80) and 23.4 mm (X100) thick HSLA steel 

with 14 mm root face for hybrid welding and 

filling passes made by GMAW, and achieved 

remarkable toughness of > 60 J at -60ºC. The 

use of solid wire provided lower toughness. 

In recent work [21], it was shown that 

excellent toughness can be achieved (> 45 J 

at -50ºC) in a wide range of process 

parameters by using metal cored wire for 

thick HSLA steel.  

An alternative method is multi-pass 

LBW with filler wire and narrow gap (~3-5 

mm). Ultra-narrow gap (1.2 mm) is also 

possible to utilise [22] for reduction of filler 

wire and enhance the overall productivity. 

However, these methods tend to be slow [23-

25] and are also susceptible to porosity, 

cracking and possible lack of sidewall fusion 

[26, 27].  

The paper discusses the application of 

deep penetration LAHW in joining thick 

HSLA plates. The effect of important process 

parameters on the quality of joints are 

presented. The effect of preheating and dual-

beam techniques as alternative solutions is 

studied based on finite element analysis 

(FEA). Materials and equipment used in 

experiments with process parameters are 

described in detail in previously published 

work [21, 28-30]. 
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Fig. 1. Multi-pass arc welding versus deep penetration LAHW. Where for arc welding groove 

preparation geometry is based according to ISO 9692-1, and for LAHW is non-standard based 

on previous experiments [30].  

 

 

 

Fig. 2. Physics of laser-arc hybrid welding process. [31, 32] 
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2. Problems and solutions of deep 

penetration LAHW joints 

 

Despite the many advantages of deep 

penetration LAHW, there are also some 

disadvantages. By combining two sources, 

the number of welding parameters is vastly 

increased. Moreover, since they interact with 

each other [28, 33-44], the optimisation of the 

process can be extremely complex. 

Optimisation of the parameters increases 

process stability, which may eliminate 

welding defects (e.g. porosity). These can 

significantly affect the mechanical properties 

of the welds, specifically the toughness [45] 

since they may act to initiate brittle fracture. 

Solidification cracking is also a very 

common problem due to high depth-to-width 

ratio in deep penetration welding, which 

under the prevailing conditions can occur due 

to weld centreline segregation of impurities 

and residual tensile stresses [19, 30, 46, 47]. 

From previous work [30] it was noted that 

most of the produced LAHW joints had 

solidification cracks in the root centreline. 

There was no direct link established to any 

welding parameter, meaning that it was most 

likely attributed to high depth-to-width ratio 

including fairly high strength of the steel used 

(> 520 MPa), which has more tendency for 

cracking compared to mild steels [48]. 

 

2.1. Filler wire mixing 

 

An important factor is the filler wire 

delivery, or transportation, to the root or 

excess dilution of base metal, which may 

strongly influence the low temperature 

toughness. This is due to how well the filler 

wire is homogeneously mixed, or distributed, 

with base metal throughout the whole weld 

depth as shown in Fig. 3. This problem is not 

significant when thinner plates are welded 

and toughness requirements are low, e.g. 27 J 

at -20ºC. However, when process parameters 

are not optimised it can appear in thinner 

plates as well, e.g. 7 mm thick plates [49]. 

Therefore, this problem is not studied it in 

detail by the welding community. In welding 

of thick plates with very high toughness 

requirements, filler wire distribution is 

extremely important since it can cause very 

low mechanical properties in the root zone. 

Insufficient wire supply to the root may 

prevent required alloying elements, non-

metallic inclusions (NMIs), and hence, 

acicular ferrite (AF) nucleation causing hard 

and brittle microstructural constituents such 

as bainite and lath martensite. Hard 

microstructures are also mainly attributed to 

faster cooling rate in the root and will be 

discussed later.  

To quantify how much filler wire that is 

delivered to the root is a complex task due to 

a similar chemical composition between the 

base metal and the wire. In some cases a 

discoloration can be visible [49] and the 

mixed/unmixed zone can be identified. 

Another option is to use different chemical 

composition wire, e.g. stainless steel, where 

filler wire distribution can be easily identified 

by contrast discoloration [21, 50]. In previous 

work [21, 29], the amount of filler wire 

delivered was judged by amount of formed 

AF and hardness values. These are 

reasonable factors since there is an abrupt 

hardness increase followed by absence of 

filler wire providing significantly lower 

amount of AF. 
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Fig. 3. Two fundamental factors affecting toughness in LAHW of HSLA steels: (a) weld 

defects [31] and (b) microstructures. 

 

 

The increase of homogeneity of deep 

penetrated welds requires optimized process 

parameters [21, 51], but can also be achieved 

by using a cut wire placed in the groove prior 

to welding [29, 52]. By the latter technique, 

more AF can be found in the root. However, 

previous work [29] has demonstrated that AF 

formation is prevented at fast cooling rates 

(the cooling time between 800 and 500C, 

t8/5, was less than 2 s). Thus, a high fraction 

of NMIs was inactive. As a result, the 

homogeneity of welds with the cut wire 

technique has certain limitations. To be able 

to utilize this technique, and hence provide 

higher AF fraction at very fast cooling rates, 

new wires need to be developed. The 

application of cut wire will be discussed later 

in more detail. 

 

2.2. Microstructure evolution 

 

The microstructure in low alloy steels 

has a strong effect on toughness in the weld 

metal and HAZ. Various microstructural 

constituents can be formed such as AF, 

polygonal ferrite (PF), grain boundary ferrite 

(GBF), Widmanstätten ferrite (WF), bainite 

(upper, lower), and lath martensite. 

It is generally accepted that AF is the 

most desirable microstructure due to its 

interlocking morphology of the ferritic plates 

with high misorientation angles (> 15º) and 

small grain size (< 3 µm) [53-59]. These are 

the main reasons for its excellent fracture 

toughness. Moreover, AF is also the only 

constituent that promotes both toughness and 

strength in combination. Higher AF fraction 

is more advantageous based on Akselsen and 

Grong [60], where increase of AF volume 

fraction from 25% to 75%, increased the 

toughness by ~40% (at -60ºC), depending on 

the strength class of the steel. At rapid 

cooling rates, AF can change its morphology 

and resemble intragranular AF/WF plates 

(idiomorphic), which is also frequently 

surrounded by a hard matrix (bainite, 

martensite), rather than the fine-grained AF 

microstructure. In HAZ, AF is not normally 

found due to the much lower fraction and 

larger sized NMIs. [53, 56] 

PF, or equiaxed ferrite, has low 

toughness due to larger grain size despite of 

its softness due to low carbon content. PF is 

mostly present in weld metal and fine-

grained HAZ. [53] 

GBF, or allotriomorphic ferrite, has 

lower toughness due to its very large grain 

(veins) and favourable crack propagation 

conditions. It is mostly presents in weld 

metal. [53, 61] 

WF due to its specific orientation, 

providing low misorientation angles, results 

in low toughness. WF can be found both in 

weld metal and HAZ. [53] 

Concerning hard microstructures, the 

lower bainite is somewhat effective in 
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fracture crack arrestment due to higher 

misorientation angles of ferritic plates. When 

compared with upper bainite, which has 

parallel ferritic plates with aligned M-A 

films, lower bainite may contain smaller M-

A or cementite precipitation within ferritic 

plates. At very slow cooling rates of CGHAZ, 

granular bainite is achieved, in low carbon 

steels, providing low toughness due to low 

misorientation angles and blocky M-A [62]. 

Untempered lath martensite has high 

hardness (within range of ~320-380 HV) and 

low misorientation angles of blocks and sub-

units (laths), and may therefore cause low 

toughness. Coarse upper bainite and lath 

martensite are frequently the dominant 

microstructures found in CGHAZ due to fast 

cooling rates. [53, 63-65] 

 

2.3. Cooling rate 

 

Due to high penetration depth of the 

keyhole in LAHW, the distribution of cooling 

rate is not equal through the whole depth. It 

significantly increases towards the root of the 

joint [29], especially when partial penetration 

welds are made, e.g. double-sided welding. 

This can be related to the fact that narrower 

weld pool in the root has considerably 

smaller volume and temperature decreases 

much faster. Numerical simulations have 

shown that substantial variations in the 

cooling rate along the weld depth (plate 

thickness direction) can be achieved in high 

depth-to-width geometrical ratio welds [29, 

66].  

Measurements of the cooling rate in the 

weld metal is challenging since the 

placement of the thermocouples in the root 

area is inconvenient. A viable option is the 

ejection of the thermocouple into the fused 

weld metal (harpooning technique) [67]. 

However, measurement of the cooling rate in 

HAZ is rather simple due to easy placement 

and peak temperature is much lower with no 

risk in damaging the thermocouple. Turichin 

et al. [68] measured the cooling rate in the 

HAZ at the root side and it can be less than 

1.0 s depending on the heat input from the 

laser.  

The FEA was used to calculate 

distribution of the cooling rate from the 

centreline of weld metal towards the base 

metal. A detailed modelling procedure can be 

found elsewhere [29]. One of the selected 

welds has the following characteristics: 

leading arc position, 5 mm laser-arc 

interdistance, 0.4 mm air gap, 0.8 m/min 

welding speed of the heat sources, 15 kW 

laser beam power, 4.0 kW arc power (current 

= 189 A and voltage = 21.4 V). Resulting 

penetration depth is 20 mm, as measured as 

partial penetration in 45 mm thick plates. The 

simulated weld is shown in Fig. 4 and several 

points were chosen to represent the cooling 

rate in different zones for the upper and the 

root zones. Note that the FGHAZ also 

includes ICHAZ and SCHAZ since they are 

very narrow in deep penetration welding and 

have smaller grains than base metal. 

According to the results, the cooling rate is 

almost constant for positions from the weld 

centreline towards the base metal (BM). The 

results are consistent with Yang and DebRoy 

[69] where the simulated and experimental 

values of the weld metal centreline and the 

HAZ are nearly the same. As a result, it can 

be stated that the cooling rate can be 

measurement based on HAZ values near the 

weld metal.   
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Fig. 4. (a) Simulated welded joint by FEA and (b) distribution of cooling rates in deep 

penetration LAHW.  

 

 

To suppress high hardness in the weld 

metal connected with undesirable 

microstructure providing low toughness, 

reduction of the cooling rate can be 

accomplished by several approaches:  

• Increase of the heat input from the 

heat sources; 

• Application of dual-beam laser 

technique; 

• Preheating before or during 

welding. 

 

Another solution is an increase amount 

of the deposited passes at expense of 

productivity, which can be considered as a 

technical solution. However, the filling 

passes should be done by arc welding 

methods as reported in [3, 20, 70]. Otherwise, 

it requires using large bevelling angles with 

decrease of productivity and increase of 

overall costs. Otherwise, making root passes 

with very low air gap opening is technically 

impossible. 

By using numerical simulations it is 

possible to predict the resulting 

microstructure in the coarse grained HAZ by 

correlating thermal histories to a continuous 

cooling transformation (CCT) diagram [16]. 

For the weld metal, the situation is more 

complex due to the use of filler wire. 

However, CCT diagram can also be made for 

weld metals, but requires more intricate 

prediction methods [53, 54, 71, 72]. 

 

2.3.1. Increase of heat input from laser 

beam 

An increase in heat input is effective in 

supressing hardness in the root of weld [21] 

due to slower cooling rate. However, it may 

generate larger grains in the CGHAZ, which 

is harmful to toughness [73, 74]. At slower 

cooling rate, Wang et al. [62] indeed 

demonstrated low toughness due to the 

formation of large upper bainite grains 

containing blocky M-A islands in 

combination with low misorientation angles 

between bainite packets. Therefore, lower 

heat input is preferable for HAZ in spite of 

the harder microstructures since it provides 

smaller grains which is more effective in 

supressing fracture crack propagation [73].  

An increase in heat input from the laser 

beam can be done by reducing welding speed 

or by increasing laser power. A decrease in 

welding speed reduces productivity. In order 

to maintain high productivity, a more 

powerful laser is needed, and hence, higher 

cost of investments. The application of higher 

laser power may require better cooling of the 

optics to maintain stable processing for a 
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prolonged production time. An increase of 

laser power and reduction in welding speed 

are both have certain limitations, since when 

maximum penetration depth is reached there 

is no a reasonable factor for its increase 

except of specific factors, e.g. reducing root 

humping defect problem [75] for single pass 

welding. However, this is not a factor for the 

double-sided configuration.  

In order to increase the heat input, and 

hence, the weld width with control of 

penetration depth, a larger spot diameter can 

be applied, or alternatively change the focal 

plane position (FPP). Larger spot diameter 

provides lower penetration depths [50, 76-

78] due to lower intensity on the surface. 

Moreover, Matsumoto et al. [79] 

demonstrated that larger focused spot 

diameter, with higher Rayleigh length or 

focus depth, can provide more stable 

processing and better quality of the joints in 

term of porosity. In addition, Schaefer et al. 

[80] demonstrated that changes in FPP 

affected clearly the melt flow. This may, in 

turn, have impact on process stability and 

weld quality.  

 

2.3.2. Dual-beam technique  

The dual-beam, or twin-spot or multi-

spot, technique is a possible alternative for 

thick steel section welding. Up to date, it has 

not been used extensively due to its 

complexity [81-83] and high costs of the laser 

beam sources. According to Xie [84], the 

hardness of welds was reduced due to slower 

cooling rate, and weld centreline 

solidification cracking was not found. In 

addition, porosity and spattering were 

suppressed due to more stable vapour plume. 

Hardness reduction was also achieved in 

welding of advanced strength steels [85, 86]. 

The martensite was partly tempered by the 

second laser beam. However, the second 

laser beam had similar power as the first 

beam, and hence, it increased width of the 

HAZ due to higher heat input. Therefore, 

distortions and residual stresses are 

increased. Since LBW and LAHW have 

inherently significantly lower heat input 

compared to arc welding, such an increase is 

probably acceptable.  

The simulation results of the dual-beam 

technique are presented in Fig. 5. By using a 

second laser beam with the same parameters 

as the first beam, and a laser-to-laser distance 

of 5 mm, the cooling rate can be reduced by 

~280% (from 0.5 s to 1.4 s) in the root. It is 

related to weld metal width increase, 

providing larger molten metal volume to cool 

down. In addition, grain coarsening of the 

austenite may occur in the CGHAZ, which 

can be harmful to toughness [62, 73, 74, 87]. 

However, larger grains are more favourable 

for AF formation [53, 88, 89], especially 

when welded steel has specific chemical 

composition [90-92]. By varying the laser-to-

laser distance and the total laser beam power, 

including other specific parameters (e.g. 

pulsing characteristics and/or focal spot 

diameter), a better control over thermal 

cycles can be achieved. Moreover, by using 

FEA the optimum parameters can be found 

avoiding expensive experimental trials. Still, 

the use of dual laser beams needs further 

investigation to understand its impact on 

mechanical properties and fracture 

toughness. Indications are that the heat input 

from the second laser beam  must be carefully 

controlled.  

Presumably, the beam parameters of the 

second laser beam (e.g. beam parameter 

product, BPP) with smaller focused spot 

diameter should be preferable to reach higher 

penetration depth with minimum heat input 

in the upper part of the weld.   
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Fig. 5. Effect of dual-beam LAHW on weld geometry and cooling rate.  

 

 

2.3.3. Preheating  

The cooling rate can be extended by 

preheating before or during welding at 

relatively high temperature (say > 100C). 

The preheating can be local or global. 

However, preheating can be an expensive 

procedure and should be used only if strictly 

required. For local preheating induction 

heating is a viable option and proven to be 

effective for thin plates [93, 94] and for 

thicknesses up to 20 mm [95]. 

The effectiveness of preheating depends 

on temperature and thickness of the specimen 

according to Yurioka et al. [96]. Based on 

their work, the effectiveness of preheating 

temperature decreases at > 130ºC regardless 

heat input, especially for thinner plates. The 

FEA results is presented Fig. 7 with selected 

preheating temperatures of 130ºC and 250ºC. 

A global preheating at 130ºC had a minor 

effect on cooling rate in the root, it was 

reduced only by 40% (from 0.5 s to 0.7 s), 

which is not sufficient to obtain softer 

microstructure for better toughness. 

Preheating at 250ºC extended the cooling rate 

by ~240% (from 0.5 s to 1.2 s). For the 

highest preheating temperature there is an 

increase in weld metal and HAZ width. It is 

also expected that this preheating may reduce 

hardness. Accordingly, it is suggested to 

apply ≥ 200ºC preheating for partial deep 

penetration process. Alternatively, post weld 

heat treatment (PWHT) can be applied, but it 

is not desired from a production and cost 

effectiveness standpoint. 

 

 

 

Fig. 6. Effect of preheating temperature on cooling rate. 
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3. Effect of process parameters on 

quality of joints 

 

LAHW contains a substantial number of 

process parameters. Here, the effect of each 

them is discussed concerning the quality of 

joints. Since the parameters interact with 

each other, they are interdependent, and some 

experiments were made with changing more 

than one variable at the time. Therefore, the 

discussion provided interpreting the 

interdependency factor.   

  

3.1. Effect of welding speed 

 

The welding speed is a primary 

parameter that affects the process stability 

and subsequently the quality of joints [28, 79, 

97-102]. It also influences the penetration 

depth. A reduction in welding speed provides 

deeper penetration [103], but the relationship 

is  non-linear, specifically at lower welding 

speed. 

Recent results [28] have shown that 

welding speed higher than 0.6 m/min in the 

CMT+P arc mode becomes unstable, 

producing a wire chopping destabilisation 

phenomena.  By striking the keyhole opening 

area, this may generate weld defects such as 

porosity. Spattering was also observed in 

these experimental trials when the chopped 

wire hit the surface area close to or into the 

weld pool, which significantly disturbed the 

melt flow. An increase of wire feed rate (or 

current) can eliminate this problem since arc 

rooting is enhanced [99, 104]. However, a 

conventional pulsed arc mode can also create 

such destabilisation.  

Based on the conducted experiments 

[21], the welds having the faster welding 

speeds (1.0-1.2 m/min) provided lower AF 

fractions in the root, even with large air gaps 

(0.8-1.0 mm) and moderate heat input from 

the laser beam (0.8-0.9 kJ/mm). As a 

potential result, the melt flow is 

unfavourable, and the supplied wire stays in 

the upper part of the weld pool. Therefore, 

not much fused filler is transported to the root 

to provide higher amount of AF. The effect 

of welding speed on the AF fraction in the 

root (average AF fraction at 75% and 95% 

depth) is shown in Fig. 7 by the one-way 

analysis of variance (ANOVA) regression 

method which is described elsewhere [30]. 

Note that only welds having similar 

penetration depths (17-21 mm) and 4-5 mm 

laser-arc interdistance [21] are included. 

According to the results, the AF fraction is 

reduced with an increase in travel speed 

regardless of other process parameters (arc 

mode, wire feed rate, arc position, air gap, 

and groove preparation geometry). Such 

trend can also be related to the stability of the 

melt hydrodynamics. At lower travel speed it 

is more stable based on experimental 

observation of deep penetration LBW 

conducted by Fabbro [97]. Kawahito et al. 

[105] showed that the keyhole diameter 

decreases with increasing welding speed; so 

does the absorption of the laser beam [8]. 

Presumably, the smaller keyhole diameter 

has higher probability to be overflown by the 

added filler wire and has lower transportation 

capability of the filler wire. 
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Fig. 7. Effect of welding speed on AF fraction in root area. 

 

3.2. Effect of air gap  

 

The presence of an air gap between 

welded plates increases the AF fraction in the 

root part in deep penetration LAHW [21]. As 

a consequence, the hardness level is also 

reduced. This may be related to more 

favourable melt flow, which transports the 

filler wire more effectively to the deeper parts 

of the joint. However, at this point cannot be 

proven since it requires the use of X-ray 

radiography and tracing particles in order to 

study melt flow during processing. 

Application of a simpler method as the use of 

stainless steel wire is not viable due to high 

expenses to reproduce welds.  

By increasing the air gap less base metal 

is melted, and therefore lower dilution is 

achieved. Lower dilution is positive for more 

favourable microstructure evolution since re-

melted base metal cannot provide high AF 

fraction due to lower amount of NMIs. 

However, it also depends on the cooling rate. 

In previous work [29], it was shown that in 

spite of large amount of NMIs, a low fraction 

of AF is achieved since most NMIs remained 

inactive at fast cooling rates.   

In addition, air gap is very effective in 

providing higher penetration depths [18, 30], 

e.g. increasing productivity. This is mainly 

due to the fact that less volume of base metal 

needed to be melted and potentially enhanced 

multiple reflections inside the air gap [104] 

causing higher beam absorption and more 

efficient melting. However, the wire feed rate 

must be increased when the air gap is 

extended. The associated increase in current 

can be harmful since it causes higher heat 

input (wider HAZ and coarser grains in the 

upper part of the weld) and the extra molten 

filler material can overflow the keyhole, 

especially for shorter laser-arc interdistances 

and leading arc arrangements [28, 33, 104]. 

Moreover, the stability of the keyhole 

dynamics inside larger air gap and the flow of 

molten material around it is under concern 

[36]. Under these conditions, large pores, or 

root humping in single pass welding may 

occur [75]. 

 

3.3. Effect of arc power and arc mode 

 

The effect of arc heat input, or filler wire 

feed rate, on the cooling rate in the root area 

is very low since the heat dissipates in the 

upper part of the joint as stated previously 

[21]. The FEA results are given in Fig. 8. It 

is clearly shown that the cooling rate did not 

change in the root. Moreover, an increase of 

arc power can destabilise keyhole dynamics 

and cause weld imperfections (spatter, 

porosity), as shown by previous work [28, 

30]. The destabilised keyhole can be related 

to an increase of the arc plasma drag force 

and the arc pressure [106, 107], since both 

factors directly depends on the current, 

pushing molten metal towards the keyhole. 

This is a concern for both the arc position 

(trailing or leading) especially when the 

laser-arc interdistance is short (~1-5 mm). 
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Another reason is that the metal overflow at 

an increased filler wire feed rate may cause 

collapse of the keyhole. As a result, the effect 

of arc power on keyhole stability must be 

studied in detail in LAHW. 

The CMT+P arc mode has improved 

stability in terms of droplet transfer [28]. The 

wire feed rate of this technique is limited, up 

to 10 m/min. Thick plate welding with large 

air gaps requires large amount of filler wire 

which may not be provided by CMT+P. On 

the other hand, this arc more can provide 

much lower heat input (by ~40-120%), 

depending on the wire feed rate [30]. 

Unfortunately, this did not lead to an 

improvement of the Charpy V-notch and 

CTOD results [21]. This can relate to the fact 

that the tested samples were extracted from 

the root of the joint where the arc power has 

very limited effect, see Fig. 8. 

Frostevarg [49] found that the CMT+P 

arc mode provided better weld metal mixing 

with increased air gap compared to pulsed or 

standard arc mode, presumably due to more 

favourable melt flow. However, relatively 

thin plates (7 mm thick carbon steel) were 

used for this task. No relation to the arc mode 

was identified in the case of deep penetration 

LAHW [21]. 

When compared to CMT+P, the 

conventional pulsed arc mode is potentially 

more beneficial. Here, higher frequency of 

droplets are hitting the weld pool having 

higher momentum (smaller in size) with 

increased velocities [108] possessing much 

higher kinetic energy. This may, in turn, force 

the melt down towards the root. Although, 

the melt of keyhole and its interaction with 

the arc melt might have a more significant 

effect on filler wire transportation to the root. 

Moreover, conventional pulsed arc has 

higher currents, and therefore, can be more 

harmful for the keyhole stability leading to 

some compromise in LAHW making it a very 

intricate process. Unfortunately, no further 

study was done on the effect of arc mode on 

weld metal mixing capability. 

 

 

 

 

Fig. 8. Effect of arc heat input on cooling rate.  
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3.4. Effect of arc position and laser-arc 

interdistance 

 

The quality of the joints in LAHW 

significantly depends on the laser-arc 

interdistance and arc position [15, 21, 28, 30, 

33, 36, 38, 40, 50, 104, 109-121] since they 

have a strong interdependency. Both process 

parameters affect melt flow dynamics and 

penetration depth, as discussed elsewhere 

[30].  

Based on the experimental observations 

[28], a leading arc position has the droplet 

flight trajectory deflected towards the 

keyhole. This can provide severe porosity 

within short laser-arc interdistances. The 

CMT+P arc mode is more preferable since 

the trajectory deflection is weaker compared 

to the pulsed arc mode. An increased wire 

feed rate can raise the probability of keyhole 

collapse. Whereas at longer laser-arc 

distances, the processing is stable and wire 

feed rate can be increased when it is required, 

e.g. at higher welding speed. Shorter laser-arc 

interdistance is safer to use in trailing arc 

position setup since the droplet flight 

trajectory is deflected from the keyhole.  

Application of shorter laser-arc 

interdistances can provide favourable melt 

flow resulting in higher homogeneity in the 

weld metal. However, in leading arc case 

longer laser-arc interdistance can be more 

beneficial for filler wire mixing due to more 

favourable melt flows [21]. Longer laser-arc 

interdistance in trailing arc setup is not 

suitable since the melt flows mainly to the 

rear part of the weld pool in this case. It is 

unlikely that the melt is delivered to the root 

area by keyhole melt flow [50], and weld 

pools can be completely separated at too long 

laser-arc interdistance [15]. Tsukamoto et al. 

[122] showed that trailing arc is more 

preferable due to inward melt flow to the 

root.  

Concerning the air gap, laser-arc 

interdistance and arc position, which are all 

interdependent, their combined effects on 

process behaviour has not been clearly 

identified due to lack of experiments. It has 

not either been studied in detail by other 

researchers. The maximum applicable air 

gap, the bridgeability, has not been identified. 

A physical model was proposed by Petring et 

al. [123], but the model does not reflect any 

dependency on laser-arc interdistance and arc 

position. It is more affected by other process 

and physical parameters (e.g. material 

density, surface tension and gravitational 

force).  

The summary of results and optimisation 

strategy is represented in Fig. 9, where high 

level of process parameters (on the left) and 

low process parameters (on the right) are 

separated. It presents that higher level of 

process parameters are more advisable for 

welding of thick section regardless arc 

position. However, too high level can be 

inappropriate and cause unstable processing. 

Due to very high complexity of LAHW 

and vast process parameters, there is still a 

large window for process improvement by 

optimisation. This is a complex due to their 

high interdependency, e.g. laser-arc 

interdistance, arc position, welding speed, air 

gap and arc power (wire feed rate). High 

speed imaging can provide better 

understanding of the process. However, it is 

restricted to the surface of the weld pool 

whereas melt flow and stability in deeper 

parts remain unknown. Therefore, X-ray 

filmography [103, 124, 125] with tracing 

particles can provide better understanding of 

the process. Another solution is to apply a 

sandwich method [126-128], where the steel 

is combined with transparent material, and 

that allows to study keyhole behaviour with a 

conventional optical high speed camera.  

In addition, numerical simulation can be 

calibrated and established for predicting 

quality of welds for industrial use. Moreover, 

FEA utilizing computational fluid dynamics 

(CFD) [37, 81, 82, 129-141] can reduce very 

expensive testing of LBW/LAHW. There is a 

high interest in predicting the amount of filler 

wire transported to the root. More advanced 

filler wire can be developed for higher AF 

formation ability at fast cooling rates. 

Preheating before welding and dual-beam 

technique can be carried out for assessment 
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of its viability to increase cooling rate in the 

root and compare it with the provided 

numerical simulations. 

 

 

 

Fig. 9. Optimisation of process parameters in LAHW for thick steel sections. 

 

 

3.5. Application of preplaced cut wire  

 

Recently, a cut wire was preplaced in the 

groove before welding to increase weld 

homogeneity for the deep penetration LAHW 

[52]. However, no toughness properties were 

published. Subsequently, cut wire was 

applied in welding HSLA steel [29], with 

results showing favourable microstructure 

evolution with low hardness in the root. 

Welds produced with the cut wire technique 

showed lower Charpy V-notch toughness at -

50°C when compared to conventional 

LAHW setup. However, still the toughness 

was high (74 J) for both the weld metal and 

the HAZ. CTOD testing revealed rather low 

toughness values for the cut wire experiments 

despite the very high number (density) of 

NMIs due to low base metal dilution. Thus, 

these inactive NMIs most likely favoured 

brittle fracture propagation [61], due to 

bainite formation, even though porosity was 

not observed in welds made with cut wire. By 

this method, larger air gaps must be applied 

due to low packing density. This leads to 

higher filler wire consumption and higher 

costs. An alternative to cut wire is to add 

powder, but this causes a further rise in 

welding costs. In fact, powders will give 

better packing density compared to randomly 

packed filler wire (1-3 mm length) with 

potentially lower amount of porosity. 

However, an increased laser power or 

reduced welding speed must be applied since 

stacked preplaced cut wires act as a solid. 

Therefore, heat input is increasing during 

welding which in turn causes problems with 

toughness in HAZ, e.g. larger width and 

coarser grain size. Moreover, the wire must 

be straight. Therefore, the wire from a spool 

is unlikely applicable since it has some 

curvature and additional straightening 

mechanisms must be adapted.  
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4. Conclusions   

 

Application of LAHW is a possible 

solution for welding of thick steel plates with 

high toughness requirements for low 

temperature service. However, it requires a 

sophisticated optimisation of process 

parameters for suitability due to complexity. 

The main problems associated with thick 

section welding are process stability, fast 

cooling rate in the root and homogeneity of 

welds, which are all important for appropriate 

mechanical properties. Since the process 

offers very high productivity implementation 

of the process in industry production is 

considered feasible. According to the 

numerical simulations, preheating and dual-

beam technology can be viable in prolonging 

cooling rate in the root for hardness decrease. 

It has been shown that LAHW of thick plates 

with metal cored wire can produce welds 

with acceptable toughness at down to -50ºC. 
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