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Abstract: The combined use of laser beam and electric arc for welding thick clad steel

plates in a single pass has been developed to solve the issues concerning the individual

applications of the heat sources, such as the low filling efficiency of conventional electric

arc methods and the drawbacks concerning laser beam defects due to rapid cooling and

solidification. This work was addressed to the weldability assessment of ferritic steel plates,

clad with austenitic stainless steel, under the laser-leading configuration, testing the effects

of two different values of the inter-distance between the laser beam and the electric arc.

Specimens of the welded zone were investigated by metallographic observations and EDS

measurements; mechanical properties were characterized by the Vickers microhardness

test and by the FIMEC instrumented indentation test to obtain the local values of the

yield strength. Welding simulations by theoretical modelling were also carried out to

outline the differences in the thermal fields generated by the two heat sources, their

interaction, and their effect on the configurations of the weld pool and the thermal profiles

to which the materials are subjected. The welding setup with higher inter-distance was

more suitable for joining clad steel plates, since the action of the deep keyhole mode is

substantially separated from that of the shallower electric arc. In this way, the addition of

alloying elements, performed by melting the filler wire, concentrated in the cladding layer,

helping maintain the austenitic microstructure, while the laser beam acts in depth along

the thickness, autogenously welding the base steel.

Keywords: combined welding; weldability; clad steel; fused zone; heat affected zone

1. Introduction

Conventional methods for welding thick steel plates are based on many passes where

the heat input is generated by an electric arc and the filler metal is introduced in the form

of a continuous wire [1]. In this form, welding is a laborious process that accounts for a

considerable part of the working time and cost. Thick plates require large grooves with

beveled edges, which can be filled with a slowly travelling electric arc resulting in high

heat input and residual stress [2].

Laser-Arc Hybrid Welding (LAHW) is considered a valid solution for joining thick

plates thanks to the high energy density and deep penetration. It requires an expensive set

up but offers the benefit of fast welding speed and focused high-power density [3].

In the keyhole mode, typical of high-power Laser Beam Welding (LBW), the weld

area is minimized, resulting in narrow high-quality welds. However, LBW tends to pro-
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duce a hard martensitic microstructure due to high cooling rates [4]; furthermore, this

technique can lead to issues such as high-temperature cracking, underfill, and internal pore

formation or defects due to rapid cooling and solidification [5]. These shortcomings can be

overcome by using hybrid welding technology consisting of a laser beam coupled with an

electric arc, a method developed at the end of the 1970s and presently highly valued in the

petrochemical and automotive industries, as well as in shipbuilding.

LAHW combines, in a synergic way, the advantages of the laser beam, with its high

power density, and the electric arc, typically characterized by good bridgeability of the joint

gap due to the introduction of the filler metal.

The simultaneous action of these heat sources influences the formation of the weld

pool, allowing the welding of thick plates in a single pass. In Figure 1, the typical cross-

sections obtained by multi-pass arc welding, LBW, and LAHW are compared [6]. The

shape of the LAHW joints resemble a wine glass and can be divided into two parts, as in

Figure 1c where the red line separates the wide zone principally affected by the electric

arc heat input from the narrow one due to the keyhole welding mode [7]. Recently, Gook

et al. [8] highlighted the presence of an upper arc zone characterized by the alloying effect

of the filler wire; however, this action decreases along the keyhole towards the weld root.

Figure 1. Sketches of the sections obtained respectively by: (a) Multi-pass arc welding; (b) Single

pass of LBW; (c) Single pass of LAHW.

Re-heating and re-melting problems, which affect the multi-pass process of arc weld-

ing, can be overcome by working in a single pass. Therefore, LAHW results in high filling

efficiency, allowing us to obtain weldments with better properties than with the traditional

welding methods [9]. Recently, Zhang et al. [10] LAHWed, with only three passes, two

butt-positioned plates of Q355B steel, 20 mm thick; Brunner-Schwer et al. [11] showed,

by joining the 25 mm thick steel structures of a wind tower in a single pass, the ability

of the LAHW process to reduce working time and increase productivity when compared

to Submerged Arc Welding (SAW). In particular, the LAHW process time is reduced by

more than 80%, and the process cost is reduced by up to 90%. Recently, Bunaziv et al. [12]

demonstrated, through a comparative study, that LAHW consumes significantly less energy

and requires less working time than Gas Metal Arc Welding (GMAW); in addition, due to

less beveling of the plates, the filler usage in LAHW is significantly lower than in GMAW.

In other words, LAHW is more efficient than the well-established arc welding method in

terms of sustainability.

Compared with LBW, LAHW represents a better solution because the heat input of

the arc provides a moderate cooling rate, which can lead to reduced hardness; furthermore,

by adding a filler wire with suitable composition, more favorable microstructures can

be obtained. Since the presence of the electric arc leads to a higher tolerance to any

misalignments, LAHW also shows better bridgeability than LBW. However, strict control

of the heat input is required to avoid the onset of residual stress and distortions, which

could be slightly higher than in LBW [4].

Figure 2 shows the two possible configurations of the hybrid process: laser-leading or

arc-leading. The choice of one of these two variants leads to different features of the weld
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geometry, penetration depth, and the microstructures of the fusion zone (FZ) and the heat

affected zone (HAZ).

Figure 2. LAHW configurations (vector v represents the welding speed direction): (a) Laser beam

leading; (b) Arc leading.

In [13], the authors experimented with these two configurations for butt-welding

two mild steel plates (10 mm thick) in a single pass. When the laser beam precedes the arc

(Figure 2a), the molten metal flow is inward; consequently, the alloying elements of the

filler wire can be distributed towards the keyhole bottom in a more efficient way than in

the arc-leading configuration.

Conversely, in the arc-leading configuration (Figure 2b), the metal flow is outward,

causing a less homogeneous distribution of the filler. In any case, this arrangement gives a

more stable arc and deeper penetration. The latter is presumably due to the fact that the

laser beam impinges the melt pool with better absorption than a solid surface, reducing the

energy loss from the laser through heat conduction [14]. Furthermore, in [2], the authors

proved that the arc-leading configuration helps to prevent the formation of a hump at the

weld root and has higher electrical stability than the laser-leading configuration.

Due to the high welding speed used in LAHW, the wire feed rate should be set at a

higher value. It requires a higher current rating to maintain the arc length at equilibrium;

consequently, to prevent any damage, the torch is water-cooled. The dynamic interactions

of the laser irradiation and the heat input of the electric arc, together with the filler metal

droplet conditions, govern the shape of the weld bead [15]. The shape and the microstruc-

tural characteristics of weld depend on the ratio of laser power/electric power, which

determines the balance between the effects of the two heat sources. In the qualitative form,

it can be stated that when this ratio decreases, the process changes from being like laser

welding to more closely resembling arc welding [7].

Steel plates of thicknesses up to 25 mm can be successfully welded using a hybrid

20 kW laser and Metal Active Gas (MAG) system in a single pass with a welding speed

of 1 m/min [3]. Moreover, several authors demonstrated that the advantages of LAHW

steel plates are not limited to the geometrical features and reduced presence of welding

defects, but are also due to better metallurgical characteristics, as highlighted in [16] for

high nitrogen austenitic steels. In particular, Yang et al. [17] showed how a proper choice of

the arc current and the laser power leads to reduced porosity and hence to better mechanical

strength in LAHW dissimilar medium/low carbon steels. In [6], the authors LAHWed

low carbon steel plates, achieving satisfying quality joints with high mechanical strength

and plasticity. Silva et al. [18] compared the microstructure of hardenable steels joined

by LBW and LAHW, demonstrating the metallurgical and operational advantages of the

hybrid process.

The inter-distance (d) between the laser plume and the arc impingement point is

considered a crucial parameter: when it is too short, keyhole collapse may occur; therefore,
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a certain distance between the laser and arc is desirable [5]. In any case, the value of this

parameter needs to be adapted for each weld case according to the materials and several

other parameters, such as joint type, welding configuration and speed, arc power and mode,

and shielding gas. In [19], the authors used the arc leading configuration to weld 7 mm

thick steel plates, showing that the synergy between laser and electric arc occurred for

inter-distances not exceeding 5 mm. Usually, values in the range 2–3 mm were considered

in literature [2,6,9,13].

In this regard, Kang et al. [20] observed that the process of welding austenitic steel

plates becomes unstable when the laser-arc distance was either smaller than 1 mm or larger

than 9 mm. Gao et al. [21] demonstrate, for 7 mm thick steel plates, that when this distance

is less than 4 mm, the interaction between the laser induced plasma and the arc plasma is

dominant; whereas, as this distance increases, a preheating action of the electric arc becomes

prevalent. If the effect of the laser beam prevails, the melt pool could be too narrow, making

it difficult for bubbles to escape and causing defects such as pores and cracks. Greater

values of d lead towards a configuration where the electric arc does not directly affect

the keyhole (tandem mode): in the case of leading laser beam, the trailing arc produces a

short-time post-heating treatment of the weld that can improve the microstructure [14]. As

a matter of fact, at higher laser-arc inter-distance, the heat sources become more separated,

turning from a hybrid process with shared melt pools into a tandem process with an indirect

interaction between the sources [22].

Gao et al. [23] experimented the tandem configuration with a trailing arc, maintaining

a distance d = 40 mm between the two heat sources. This value implies the formation of

a shallow melt pool due to the electric arc being separated from the keyhole, which acts

in depth along the thickness. The trailing arc heats the weld produced by the laser beam,

acting as secondary heat treatment and resulting in a reduction in the cooling rate and

residual welding stress.

Figure 3 shows a sketch of the tandem welding mode in the laser leading configuration:

the trailing torch is spaced so far away from the laser beam that the melt pool does not

interfere with the keyhole. In this way, the weld bead will have two distinct zones: the

upper one is affected by the action of the electric arc (here the transfer of the alloy elements

occurs due to the melting of the welding wire), while the lower one is produced by the

action of the keyhole and can be affected by the pre-post heating effect generated by the

electric arc.

 
Figure 3. Sketch of the tandem configuration with indication of the welding speed v direction:

(a) Deep weldment produced by the keyhole; (b) Shallow weldment due to the electric arc.

For its multiple advantages, the combined welding process is also carried out to join

clad steel plates. The plates consist of a substrate of inexpensive carbon steel coated with

a layer, usually of stainless steel or other more expensive metals, with high corrosion

resistance, such as Ti, which confers specific metallurgical characteristics [24,25]. The
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current technology allows a secure interface between the two metals, providing a viable

and cost-effective alternative to the use of expensive alloys [26].

The traditional joining method consists of multiple passes of arc welding; consequently,

the heating cycles affect the composition and metallurgical characteristics of both FZ and

HAZ [27,28]. To overcome these shortcomings, different solutions have been proposed

for welding clad steel plates in a single pass, such as LBW with filler metal interposed as

consumable inserts between butt-positioned clad steel plates [29]. More commonly, the

combined laser–arc process, with filler metal added by melting the electrode wire, is used;

in general, to achieve a suitable composition of the FZ, this technique requires a careful

choice of the experimental setup, as well as an accurate setting of the process parameters,

as documented by several authors during the last two decades [10,30,31].

However, the case of clad steels is particularly laborious, as it is necessary to develop

specific operating methods. Therefore, due to the complexity of the phenomena, the

evaluation of the clad steel weldability must be equally accurate and targeted to the

specific case.

With these premises, and considering that only a few articles in the literature have

dealt with this topic, the purpose of the present work lies in the application of the laser-arc

welding technique to join structural steel plates clad with an austenitic layer, carrying out a

careful assessment of weldability by combining and correlating the experimental results

of microstructural and local mechanical characterizations of the welded joint, as well as

thermal field simulations.

Given the issues that emerge due to the simultaneous presence of ferritic and austenitic

layers, a combined laser-arc process in a single pass was used to differentiate the com-

position of the weld at the two different levels of the cladding layer and the base metal.

In addition to having successfully carried out the welding of thick clad plates in a single

pass, the novelty of the present work consists in an accurate verification of weldability

through experimental investigations and analytical evaluation of the thermal field. In this

regard, a procedure for simulating the thermal fields in the case of clad steel was specifically

developed by adapting a conduction-based theoretical model to the morphology of the

weld cross-section detected experimentally.

The welding trials were carried out with the laser-leading configuration, testing

two different values of the inter-distance between the impact points of the laser beam

and the electric arc to compare the effects on microstructure and mechanical properties.

Metallurgical and mechanical characterizations, performed with the specific objective

of identifying the best procedure to optimize the weld features, were completed by the

analysis of the theoretical thermal fields caused by the welding sources.

Metallographic investigations and EDS measurements were performed to ascertain

the metallurgical features of the FZ and HAZ, assessing whether the conditions for good

weldability were achieved. Mechanical properties were verified by carrying out Vickers

microhardness tests and by the instrumented indentation test FIMEC (flat-top cylinder

indenter for mechanical characterization), which was used to obtain the local values of the

yield strength.

2. Materials and Methods

2.1. Materials

The clad steel plates, produced by hot rolling, had a total thickness of 9 mm (6.5 mm

the carbon steel substrate and 2.5 mm the austenitic cladding layer). They were prepared

with square edges and no gap at the substrate level, while the cladding layers were V-

grooved with inclination of 45◦ (Figure 4a). The plates were butt-welded in horizontal
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position (PA position) with the austenitic side exposed to the traveling thermal sources. The

compositions of the plate and the filler wire, as given by the supplier, are shown in Table 1.

Figure 4. Welding setup: (a) Preparation of the two clad steel plates in the cross-section plane;

(b) Laser-leading configuration.

Table 1. Compositions of the clad steel plates and welding wire (wt. %).

Materials C Mn Si P S Cr Ni Mo Cu Fe

Plate substrate
ASTM

A515 Gr.60
0.145 0.85 0.20 0.008 0.001 - - - - Bal.

Plate cladding
AISI
304L

0.017 1.32 0.39 0.029 0.003 18.39 10.07 - - Bal

Welding wire
DIN 1.4562

(X1NiCrMoCu 32-28-7)
0.014 1.67 0.03 - - 27.24 29.29 6.05 1.02 Bal.

As is well documented in literature (for a review, see the article by Gupta et al. [32]),

the use of Nickel-based fillers in dissimilar austenitic/ferritic joints allows us to eliminate

issues such as carbon migration and the consequent metallurgical deteriorations of the

interfaces. For this reason, a filler with about 30% Ni was preferred to the usual austenitic

filler AWS 309L.

2.2. Process Setup

The choice of process configuration plays a fundamental role in the success of the

welding and should therefore be carried out considering the specific needs. As explained in

the introduction, the laser leading configuration has proven to produce a good distribution

of the alloying elements coming from the electrode wire, especially in the joint zone exposed

to thermal sources. For this reason, it is the most suitable to produce the required alloying

action at the level of the austenitic cladding layer.

The welding trials were performed with the laser beam preceding the electric arc,

both travelling at the same speed (Figure 4), using a continuous wave CO2 laser apparatus

(United Technologies, East Hartford, CT, USA) and a GMAW torch, which act simultane-

ously on the cladding layer side in a single pass. The torch, equipped with the welding

wire, was cooled by a flux of water circulating inside the wall. The main details of the

welding set-up are shown in Figure 4b.

The choice of the inter-distance between the two heat sources was made with the

aim of limiting, in the portion of the joint including the cladding layer, the contribution

of carbon steel in the dilution process. Therefore, as will be discussed in Section 2.3,

two different values, 8 mm (Procedure A) and 55 mm (Procedure B), were adopted for a

useful comparison.
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2.3. Welding Parameters

The welding speed v = 1.2 m/min and the wire feeding rate equal to 15 m/min were

the same for each procedure. The other welding parameters are given in Table 2.

Table 2. Welding parameters for the two procedures.

Procedure A
(d = 8 mm)

Procedure B
(d = 55 mm)

LBW
Power (kW) 5 5

Focal diameter (mm) 0.5 0.5
Defocusing (mm) 0 0

Distance beam/arc (mm) 8 55
Shielding gas (L/min) (1) 30 (He)
Welding speed (m/s) 0.02 0.02

GMAW
Voltage (V) 38.2 38.3
Current (A) 307 472
Power (kW) 11.7 18.1

Wire diameter (mm) 1.2 1.2
Wire feeding rate (m/s) 0.25 0.25
Shielding gas (L/min) 60 (He) 15 (Ar)

Cumulative parameters
LBW/GMAW power ratio 5/11.7 = 0.43 5/18.1 = 0.28

LBW + GMAW power (kW) 16.7 23.1
Welding speed (m/s) 0.02 0.02

Total heat input (kJ/m) 835 1150
1 In this case the shielding gas comes only from the torch.

The basic parameters for the laser source were chosen based on the available equip-

ment and the experience gained in previous works [29,33].

In the literature, given the multiplicity of welding parameters, it is possible to find a

variety of combinations of their values: for example, focusing on the total heat input, the

values we adopted for procedure A and B, 835 and 1150 kJ/m respectively, are comparable

to 935 kJ/m utilized in [13] for LAHW in single pass 10 mm thick steel plates, or to

1820 kJ/m considered in [34] for LAHW in two passes 40 mm thick steel plates.

A laser beam is utilized for welding the substrate, starting from the bottom of the

groove on the cladding layer: its working parameters (0.5 mm focal point diameter, 5 kW

power, and 0.02 m/s welding speed) allow this task to be accomplished in agreement with

the indications given in [35].

Concerning the electric arc, the high heat input permits us to achieve high weld widths,

as shown in [36]. Assuming an almost independent action of the two heat sources, a higher

power of the electric arc was used in procedure B to ensure welding in the cladding layer.

Furthermore, the high values of current adopted for the two procedures limit the possibility

of pore formation [17]. The values set for arc voltage, wire diameter, and feeding rate, 38 V,

1.2 mm, and 0.25 m/s (15 m/min), respectively, allow us to weld in a stable way within the

region of the spray arc mode [37].

The choice of d = 8 mm, adopted for procedure A, is based on the work of Kang

et al. [20], who LAHWed, in a single pass, two clad stainless steel plates with different

values of the inter-distance within the range 3–9 mm. They observed that as d increases, the

two heat sources become sufficiently spaced so that the laser beam does not participate in

the alloying action. The latter is left to the heat input of the electric arc, which acts mainly

on the austenitic layer side. Consequently, the dilution with the carbon steel substrate
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is reduced and the alloying element content of the upper part of the weld increases. In

particular, when d > 7.5, the Cr content approaches that of the austenitic layer.

For procedure B, the choice of d = 55 mm was made considering the indication in

the article by Gao et al. [23], in which the tandem mode is developed, maintaining an

inter-distance of 40 mm. Indeed, a higher value of d and a lower LBW/GMAW power

ratio must be chosen to obtain a tandem configuration with prevalence of the effects of

the electric arc [38]. In this case the thermal field of the laser beam does not significantly

influence the action of the electric arc, and the two heat sources do not overlap their effects.

This condition was adopted to substantially separate the deep keyhole mode from the

shallower action of the electric arc, with the aim of concentrating, as much as possible, the

addition of alloying elements in the austenitic cladding layer.

2.4. Experimental Methods

To identify the optimal procedure, the weldments were first investigated by visual

inspections, then the weld beads were cut to obtain cross-section specimens for the exper-

imental trials. They consisted of macro- and micrographic optical observations (Nikon

SMZ, Nikon Instruments, Tokyo, Japan) and scanning electron microscopy with energy

dispersive spectroscopy (SEM-EDS) using a field emission scanning electron microscope

(Quanta 450 FEG apparatus, FEI Technologies Inc., Hillsboro, OR, USA). Concerning the

Vickers microhardness test (Future-Tech Corp, Vickers microhardness tester, Kawasaki,

Kanagawa, Japan), ten measures were conducted for each zone. The FIMEC test, repeated

three times for each zone, was carried out with a punch diameter equal to 1 mm and a con-

stant penetration rate 0.l mm/min, using a self-built apparatus present in the laboratories

of the University of Rome–Tor Vergata (see [39] for a detailed description). The micro-

graphic observations were performed after suitable preparation by mechanical grinding

and etching with Glyceregia reagent (16% HNO3, 42% HCl, 42% glycerol) by immersion

for 15 s at room temperature.

2.5. Theoretical Modeling of Thermal Fields

To analyze the interaction between the thermal fields generated by the laser beam

and the electric arc in the two cases (procedure A and B), the theoretical approach based

on the phenomenological laws of the heat conduction was used, utilizing the analytical

solutions of the thermal field for moving heat sources proposed by Rosenthal [40]. This

approach, originally applied to arc welding, was subsequently extended for simulating the

temperature distribution due to laser beam welding [41].

Assuming a reference system (x,y,z) with the origin fixed to the thermal source (the

axes of the reference system are shown in Figure 4a,b), moving along the welding axis x on

the plate surface with speed v (m/s), the 3D thermal field T(x,y,z) due to a point source is

given by the following equation:

T(x, y, z) = T0 +
QP

c π k rP
e−

v
2α (rP+x) (1)

where T0 is the initial temperature, QP is the point source power (W), c is a numeric

coefficient (c = 2 for a point positioned on the surface, and c = 4 when it is inside the plate,

as specified by Rosenthal [40]), k (W/mK) is the thermal conductivity, and α (m2/s) is the

diffusivity. The radial distance from the source rP (m) is expressed by:

rP =

√

x2 + y2 + (z − zP)
2 (2)

with zP being the depth of the heat source location from the upper surface of the plate.
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The thermal field due to deep penetration welding is generally modelled by a mobile

source uniformly distributed on a line along the plate thickness (z axis). In this case,

Rosenthal’s solution takes the following form:

T(x, y) = T0 +
QL

2 π k
e−

v
2α x K0

(v rL

2α

)

(3)

It expresses the 2D temperature field T(x,y) on a horizontal plane xy, with QL (W/m)

being the power per unit of the line source length, K0 being the modified Bessel function of

the second kind of order zero, and rL (m) being the radial distance from the source in the

plane xy:

rL =
√

x2 + y2 (4)

The previous equations allow us to express the thermal field at each point of the xyz

space when the reference system is fixed on the heat source. To calculate the temperature

variations in a fixed point on the plate, as the mobile sources move, the following coordinate

transformation along the x axis must be applied:

x → ξ = x − vt (5)

where ξ is the new coordinate along the welding axis x, v is the speed of the thermal source

moving along the welding axis (welding speed), and t is the time that varies during the

relative movement of the heat sources with respect to the calculation point.

The use of conductivity-based models constitutes a substantially simplified approach

to the calculation of the thermal field due to welding processes, as they neglect the complex

multi-physical phenomena that occur in the interaction between the mobile heat sources

and the material. Therefore, according to this approach, the thermal effects of fusion

welding processes can be modelled analytically if the most appropriate mobile heat sources

are used. To this end, a wide variety of mobile source models based on Rosenthal’s solutions

have been investigated in recent decades for simulating the thermal field generated both in

the case of arc welding [42] and deep penetration laser welding [43].

To compensate for the simplification inherent in this type of modeling, the use of

parameterized combinations of virtual point-line sources and the setting of their key

properties (layout and relative positions, distribution of power) has been proposed, so

that their effects on simulated melt pool and weld cross-sections can be consistent with

experimental findings [33]. This approach has already undergone basic experimental

validation in the case of the full penetration keyhole mode laser beam welding with

satisfactory results. An extensive comparison between the results obtained by a multi-

physics numerical simulation and the theoretical one has been also performed to further

strengthen the model validity [44].

For the purposes of the presented work, this thermal field modeling approach was

extended to the simulation of the effects due to the combined arc-laser welding system

on clad steel by reproducing the shape of the cross-section of the welds due to the super-

position of the thermal effects of the laser beam followed by the electric arc, as will be

described in Section 3.5.

3. Results

3.1. Visual Inspection and Macrographic Observations

Upon visual inspection, the austenitic cladding layer is clearly identifiable; the weld-

ments obtained with the two procedures have a regular shape, without macroscopic cracks

and defects, such as distortion, serious misalignments, or undercuts. The cross-sections
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representing procedures A and B, respectively, identified with the same letters, are shown

by the macrographs in Figure 5.

 

Figure 5. Cross-sections of the welds obtained with the two welding procedures (A,B).

The coupled effects of the two heat sources lead to a typical Y shaped cross-section [45],

with a wider upper portion on the austenite side exposed to the arc, and a lower narrow

portion on the carbon steel side exposed to the laser beam. The electric arc works in the

upper portion of the weld, which is alloyed by the filler wire; while the action of the laser

beam prevails as the root of the weld is approached.

The wider weld cross-section of specimen A can be intuitively ascribed to an over-

lapping effect of the laser beam thermal field on that of the electric arc. In procedure B,

due to the high inter-distance, the thermal fields of the two heat sources are substantially

separated: therefore, the weld area produced by the electric arc is reduced (here the alloying

action of the filler is more effective), while the portion close to the weld root is autogenously

welded by the laser beam alone.

Both procedures give a complete penetration along the entire thickness, and the welds

comply with all the requirements and recommendations on quality levels in laser beam-

welded steel joints according to ISO 13919-1:2019 [46]: internal imperfections (lack of fusion,

cavities, incomplete penetration), surface imperfections (undercuts, weld metal excesses,

toe overlap), and imperfections in joint geometry (linear misalignment) are minimal or

absent. In particular, regarding the limit for undercuts and joint misalignments, the weld

beads can be classified as class B.

3.2. Optical Microscopy Observations and Vickers Test

The interface between the AISI 304 L cladding layer and the ASTM A 515 base steel is

highlighted by a thin line that follows the ferritic grains profile (Figure 6). The contents of

Cr, Ni, and Mn decrease linearly, through a narrow diffusion layer, from the stainless steel

side to the carbon steel one; the Fe atoms diffuse in the opposite direction [26]. The mobile

carbon atoms diffuse over a longer distance from the ferritic steel towards the austenitic

layer, where they accumulate at grain boundaries, giving rise to Cr carbide precipitation

and so to the formation of a hard sensitized zone. As a result, they leave a less hard

decarburized zone with coarse ferritic grains on the carbon steel side, similar to what was

noted by other authors [47]. Consequently, the Vickers microhardness trend across the

interface is characterized by a maximum near the cladding line on the austenitic side and a

minimum on the carbon steel one (Table 3).
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Figure 6. Optical micrograph of the interface between AISI 304 L and ASTM A515 Gr. 60 with indica-

tion of the microhardness values: (a) Austenitic cladding layer; (b) Sensitized zone; (c) Decarburized

zone; (d) Base carbon steel.

Table 3. Vickers microhardness values in the cladding layer and base steel, with indications on

detection zones referred to Figure 6.

Microhardness
(HV)

AISI 304 L
(Far from the

Cladding Line)

AISI 304L
(Sensitized

Zone)

A 515 Gr. 60
(Far from the

Cladding Line)

A 515 Gr. 60
(Decarburized

Zone)

Range 179–204 248–264 131–145 122–138
Average value 198 254 143 132

In agreement with several authors [45,48] who investigated the effect of LAHW on clad

steel plates, the columnar dendrites observed in Figure 5 grow from the edge of the melt

pool towards the center, where the temperature is higher and the temperature gradient is

smaller. As a matter of fact, the heat dissipation rate is different depending on the direction,

being prevalent along the one perpendicular to the weld interface. For this reason, the

grains grow faster from the fusion boundary and towards the weld centerline, assuming a

columnar dendrite morphology [49].

As shown in Figure 7, the dendrites observed in specimen A consist of a fine and hard

microstructure (Vickers microhardness along the centerline varies in the range 370–410 HV).

Conversely, specimen B is characterized by columnar dendrites, which assume a cellular

morphology in the center region (Vickers microhardness along the centerline varies in the

range 150–160 HV (Table 4).

 

Figure 7. Dendritic microstructures of FZ near the weld centerline of the two specimens.
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In both specimens, ASTM A 515 Gr. 60 steel shows a wider HAZ than AISI 304 L. As

observed by Cao et al. [50], the austenitic steel has only a limited HAZ, characterized by

a very thin layer with small grains, close to the fusion line, followed by slightly enlarged

grains, indicating that softening occurred due to the heat input (Figure 8).

 

Figure 8. Optical micrograph of the interface weld/austenitic parent metal (specimen A): (a) Den-

drites (FZ); (b) Thin layer with small austenitic grains (HAZ); (c) Slightly enlarged grains (HAZ);

(d) Austenitic parent metal.

The formation of the HAZ mainly affects carbon steel, extending over a width of

more than 1 mm in both cases A and B (Figure 5). By analyzing the HAZ at the interface

with FZ (Figure 9), the different properties can be highlighted. In specimen A, ferrite and

pearlite gradually transformed into a phase with Vickers microhardness reaching values

around 330 HV close to the fusion line; therefore, the HAZ results harder than both the

austenitic cladding layer (198 HV) and base carbon steel (143 HV). Conversely, specimen B

is characterized by a softer HAZ, with microhardness in the range 155–170 HV (Table 4).

 

Figure 9. Optical micrographs of the interface FZ/A 515 Gr. 60 base plate for the two specimens.
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Table 4. Vickers microhardness values in the FZ (alloyed zone) and HAZ (boundary with carbon

steel), with indications on detection zones referred to Figures 7 and 9.

Microhardness
(HV)

Specimen A
FZ

(Along the Weld
Centerline)

Specimen A
HAZ

(on the Carbon
Steel Side)

Specimen B
FZ

(Along the Weld
Centerline)

Specimen B
HAZ

(on the Carbon
Steel Side)

Range 370–410 317–345 150–160 155–170
Average value 394 330 153 164

3.3. SEM-EDS Observations

The dendritic microstructure, highlighted by visual inspections and optical microscopy

observations (Figures 5 and 7), characterizes the two specimens. In particular, as shown in

Figure 10, the dendrites of specimen A have a martensitic microstructure, which justifies

the high values of the microhardness measured.

 

Figure 10. SEM micrograph taken on the FZ centerline of the specimen A.

The compositions resulting from SEM-EDS microanalysis in the FZ of the two speci-

mens are given in Figure 11, together with the areas of 300 × 200 µm2 (indicated by the

orange rectangles) where these measurements were carried out.

A greater presence of alloying elements, such Ni, Cr, and Mo, can be noticed in the

weld obtained with the procedure B, while carbon content is not detectable through SEM-

EDS microanalysis. Furthermore, the weld composition remains substantially constant,

going from the center to the lower part where the welded section narrows considerably.

This high presence of alloying elements is due to the dilution between the austenitic steel

and the filler, while the contribution of the carbon steel substrate is negligible. This is

congruent with the findings of Kang et al. [20], previously anticipated in Section 2.3; for

high values of the inter-distance, the two heat sources become sufficiently spaced so that

the laser beam does not participate in the alloying effect, which can be only traced back to

the electric arc, acting mainly on the austenitic layer. As a consequence, the dilution with

the carbon steel substrate is reduced and the alloying elements content increases.
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Figure 11. Results of EDS measurements on two representative points in the cross-section for both

specimens (A,B).

3.4. FIMEC Test

Over the years, the FIMEC test has been taken into consideration by several authors,

who experimentally verified its reliability in measuring the mechanical properties of metal-

lic materials [39] and polymers [51], while others have turned their attention to developing

models for flat indentation [52,53]. Figure 12a shows the load-penetration depth curve ob-

tained on a 25Cr4Mo steel specimen [39], which represents the typical result of the FIMEC

test: first an elastic stage of deformation occurs up to a limit pressure PL, followed by a

nearly linear plastic stage that ends at a pressure PY, by a stage with decreasing slope and

finally by a trend with an almost constant slope. A lot of experimental results (Figure 12b)

confirmed that the yield stress σY, resulting from the tensile test, is approximately equal

to PY/3 when the indentation rate is not higher than 0.1 mm/min (the relative difference

between PY/3 and σY obtained by tensile tests does not exceed ±7%).

Figure 12. Results of the FIMEC test for different materials: (a) Typical indentation curve;

(b) Assessment of the relationship σY = PY/3 (Reproduced from [39]).
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The results of the FIMEC test on the AISI 304 L cladding layer (CL), A515 Gr.60 base

metal (BM), and on the welds (FZ) for both specimens A and B are reported in Figure 13.

The load vs. penetration depth curves, carried out in different zones of the parent metals,

are characterized by a good reproducibility, since they are practically superimposable; the

points of the change in slope are highlighted on the curves. The PY/3 values corresponding

to these curves are reported in Table 5 (with indications on the indentation points posi-

tioning). They provide an indication of the local variations in the yield strength, which

reaches the highest value in the FZ of specimen A. The deviations of these values between

the detected curves, on the whole, do not exceed 5%.

Figure 13. Results of FIMEC test for specimens (A,B).

Table 5. Values of σY in MPa (calculated as PY/3).

ASTM A515
Base Metal

(Far from Weld)

AISI 304L
Cladding Layer
(Far from Weld)

FZ
Specimen A

(Weld Center)

FZ
Specimen B

(Weld Center)

σY = PY/3 (MPa) 928/3 = 309 976/3 = 325 2723/3 = 907 1345/3 = 448

Finally, it is worth noting that the slope of the final trend is much more pronounced

when the FIMEC test is carried out on the FZ of specimen A. This result indicates a higher

brittleness, as observed in [54] for three different martensitic steels.

3.5. Thermal Field Simulation

To analyze the thermal fields generated by the heat sources in the two cases (varying

the inter-distance between the leading laser and the trailing arc), their interaction, and their

effect on the configurations of the weld pool and the thermal profiles to which the materials

are subjected, the theoretical modelling introduced in Section 2.5 was used.

To reproduce the shape of the welds (Figure 5) due to the superposition of the thermal

effects of the laser beam followed by the electric arc, the former was modelled by a line

source of Equation (3) type, while the latter was modelled by a system consisting of two

point sources of Equation (1) type, positioned along the z axis. For both procedures A

and B, the line source, associated with high penetration keyhole mode laser welding, was

considered as extended, starting from the interface between the two materials along the

entire thickness of 6.5 mm of the substrate (2.5 mm < z < 9 mm), since the laser beam comes

into contact with the plate at the bottom of the V-groove of the cladding layer (Figure 4a).

Therefore, the power per unit length of the line source, calculated as the ratio of the power

of the laser beam (5 kW from Table 2) and the length of the line source (6.5 mm), was set as

QL = 769.23 kW/m.
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The system of coupled point sources that simulate the arc welding was set differently

for the two procedures:

• Procedure A—one point source on the surface at zP1 = 0 mm and the other one at

zP2 = 4 mm, with the total power of the electric arc (11.7 kW from Table 2) divided

between the two sources according the ratio QP1/QP2 = 1.86, that is QP1 = 7.61 kW

and QP2 = 4.09 kW;

• Procedure B—one point source on the surface at zP1 = 0 mm, and the other one at

zP2 = 3 mm, with the total power of the electric arc (18.1 kW from Table 2) divided

according the ratio QP1/QP2 = 2.34, that is QP1 = 12.68 kW and QP2 = 5.42 kW.

In both cases, the values of the QP1/QP2 ratio (as well as the position of the point

sources, also specified in the text) were fixed to adapt the theoretical model to the real

morphology of the weld bead (Figure 5), according to the assumptions on the parametric

model of the virtual heat sources used, as previously discussed at the end of Section 2.5.

To achieve that, the simulated melt pool and the experimental FZ width in the cross-

section at z = 2.5 mm match, arc efficiencies of 0.75 for procedure A and 0.20 for procedure

B, were considered, respectively; for the laser beam, an efficiency equal to 0.55 was assumed

in line with what is debated in [33]. The data on thermophysical properties of the materials

used for the simulations are shown in Table 6. They were assumed as constant and referred

to an intermediate temperature between room and melting temperatures, set equal to

700 ◦C, and were estimated based on the specific indications provided in the literature for

the clad steel [55] and the base steel [56].

Table 6. Thermophysical properties of clad and base steels.

Material
Density
ρ (kg/m3)

Specific Heat
CP (J/kg◦C)

Conductivity
k (W/m◦C)

Diffusivity
α = k/ρCP (m2/s)

Melting Temp.
Tm (◦C)

AISI 304 L 7682 600 25 5.42 · 10−6 1400

ASTM A515 Gr.60 7650 768 28 4.76 · 10−6 1510

Results are shown in Figure 14, where some representative xy plane isotherms, at the

interface between the cladding layer and the base metal (z = 2.5 mm), are drawn: the one

for T = Tm = 1455 ◦C (average value of the melting temperatures of the two materials at

the interface) defines the contours of the melt pool sections (filled shapes in red); the other

two isotherms are shown for T = 850 ◦C and 500 ◦C (range of carbide precipitation).

The maximum width of the melt pools at the cladding layer/base metal interface

is approximately 6 and 2 mm for procedure A and B, respectively, in agreement with

the macrographic observations (Figure 5). This confirms that the combinations of virtual

point-line sources used in the theoretical model and the setting of their key parameters

(layout and relative positions, distribution of power) simulate melt pools and overall weld

cross-sections that are consistent with the experimental detections of weld seam shapes (in

accordance with the premises on the adopted theoretical model, specified in Section 2.5).

By applying the coordinate transformation (5) in the equations of type (1) and (3), used

to model the heat sources, the temperature profile of points at the interface between the

cladding layer and the base metal (z = 2.5 mm), fixed on a line orthogonal to the welding

line at the interface, can be calculated as a function of time, i.e., during the movement of

the thermal sources along the welding axis x with the velocity v. These profiles represent

the thermal cycles to which the fixed points are subjected during the movement of the

sources. In Figure 15, the temperature profiles are reported for points at different distance y

from the welding axis x, starting from the limit of FZ (y = 3.05 mm and y = 1.02 mm for

procedure A and B, respectively), up to y = 5 mm.
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Figure 14. Thermal simulation results for the two procedures: melt pools (filled shapes with contours

at T = Tm) and isotherms at 850 ◦C and 500 ◦C in the xy plane, calculated at the interface between the

cladding layer and the base metal (z = 2.5 mm).

Figure 15. Thermal simulation results for the two procedures: temperature profiles for fixed points

located at the interface between the cladding layer and the base metal (z = 2.5 mm), parameterized

according to the y coordinate (distance of the point from the welding line at the interface).
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4. Discussion

As was said in the introduction, many authors have utilized a laser-arc inter-distance

below 4 mm to ensure a synergic effect between the heat sources. In this regard, Bunaziv

et al. [22] performed hybrid welds on thick HSLA steel plates under different condi-

tions, with the aim of carrying out generalizable considerations. In this way, they demon-

strated that the laser-arc inter-distance is a crucial parameter: for a deep penetration, they

found that the optimal values of d are different in the case of leading laser or leading

arc configurations.

For the same plates in [22], the authors verified experimentally [57] that, with a

leading pulsed arc, an increased inter-distance in the range from 4 to 8 mm results in higher

penetration depth. With a trailing arc, shorter values of d are preferable because they allow

an improved melt flow, favorable to the inward motion of the alloying elements. In this

case, values of d greater than 2 mm reduce the depth of the zone affected by the alloying

action of the filler metal.

Furthermore, as observed by Reutzel et al. [30] for the leading laser configuration,

distances greater than 6 mm can lead to complete penetration into 6 mm thick steel plates,

giving rise to two separated fusion zones.

Similar results were found by the theoretical simulation of the thermal fields

(Section 3.5). In Figure 14, for procedure A (d = 8 mm), it can be observed that the melt

pools generated by the leading laser beam (on the right) and the trailing electric arc (on the

left) do not overlap: this can be traced back to the shape of the isotherms for T = Tm, which

constitute the contours of the melt pools of the two thermal sources, and are closed curves

that remain separate.

This condition occurs for all the isotherms of the thermal fields generated by the

two sources down to that corresponding to the temperature of 890 ◦C. It is the threshold

temperature that marks the transition from the condition with separate isotherms (one

for each thermal source) to the condition in which the isotherms merge: for temperatures

below this threshold, the corresponding isotherms of the two fields come into contact and

become one, forming a single closed curve, as in the cases of 850 ◦C and 500 ◦C, shown in

the figure.

Even for procedure B (d = 55 mm), the two melt pools do not overlap, but in this case,

the simulation shows that also the other isotherms, corresponding to the two heat sources,

are distinct, highlighting that the thermal fields remain substantially separate even at the

lowest temperature (500 ◦C).

This does not mean that the thermal fields generated by the two sources do not

influence each other: in both modes A and B, the thermal field generated first by the laser

beam strengthens the one subsequently generated by the electric arc, expanding the weld

pool and the isotherms corresponding to the second heat source. This strengthening effect

can be easily appreciated by comparing the extension of the isotherms of the thermal field

generated by the electric arc in the absence and presence of the leading laser beam. It turned

out to be substantial in case A, in which the inter-distance d between the two sources is

reduced, and is still present but more limited in case B with high inter-distance.

As an overall result, in the cases analyzed, the values of d, equal to 8 and 55 mm, led

sequentially to two distinct welds: first, the leading laser beam performed an autogenous

weld along the entire thickness of the substrate; subsequently, the filling action occurred

under the trailing electric arc alone. In effect, two distinct parts can be clearly identified in

the cross-sections of the welds, highlighted respectively by the orange and green outlines

(Figure 16):

• In the cross section of specimen A, obtained by working with d = 8 mm, the electric

arc gives rise to a FZ with a large extension predominantly on the cladding layer



J. Manuf. Mater. Process. 2025, 9, 90 19 of 23

level (orange outline); approaching the weld root, the FZ gradually reduces until the

action of the electric arc runs out. Finally, the last zone before the root maintains the

shape of the first weld carried out under the keyhole condition due to the laser beam

(green outline);

• In specimen B, the welded section produced by electric arc has a smaller and shallower

extension, since it benefits, to a limited extent, from the thermal field produced by the

laser beam because of the high inter-distance d = 55 mm. In this case, the alloying

process takes place with the prevalent contribution of the filler and the cladding layer,

and the shape of the first weld made by the laser beam is maintained for a greater

length than that observed in specimen A.

 

Figure 16. Cross sections of the specimens A and B, with the areas welded by the electric arc (orange)

and by the laser beam (green) outlined.

The results of SEM-EDS microanalysis (Figure 11) allow us to determine the FZ

microstructure through the Schaeffler diagram (Figure 17), based on the equivalent com-

positions expressed as percentages by weight, Creq = Cr + 1.5 · Si + Mo + 0.5 · Nb and

Nieq = Ni + 30 · C + 0.5 · Mn, as currently carried out by researchers who investigate the

welding process of dissimilar and clad steels [58,59]. The low value of carbon content in the

austenitic cladding layer, base steel, and filler metal leads us to consider that its content in

the FZ negligible for calculating Nieq. Therefore, using the data in Figure 11, the equivalent

compositions in specimen A and B are given in Table 7.

 

Figure 17. Schaeffler diagram with indication of the points representative of the FZ composition for

the specimens A (points A1 and A2 as in Figure 11) and B (points B1 and B2 as in Figure 11).
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Table 7. Equivalent compositions (wt%).

A1 A2 B1 B2

Nieq 6.8 6.63 20.51 19.51
Creq 11.48 11.27 22.9 18.7

As shown in Figure 17, the representative points of specimens A and B are located

within the martensitic and the austenitic field, respectively (points A1 and A2 being sub-

stantially superimposable because of the corresponding values of equivalent compositions),

in agreement with the metallographic observations and the results of Vickers surveys and

the FIMEC test.

In conclusion, the combined welding set-up with the greater inter-distance proved to

represent the most efficient configuration, as it led to a weld characterized by satisfactory

mechanical properties and an austenitic microstructure, which is not affected by carbide

precipitation. This last issue is clearly confirmed by the results of thermal fields simulation

focused on the analysis of temperature profiles on points of the HAZ, summarized in

Figure 15, which are particularly useful for evaluating the possibility of sensitization.

The temperature profiles are significantly affected by the inter-distance between the

two heat sources. In procedure A, the effect is negligible, given the short time between the

passage of the first source (leading laser) and the second one (trailing arc): at a speed of

0.02 m/s, the time necessary for the electric arc to reach a point previously subjected to the

laser beam (i.e., to travel the 8 mm distance that separates the two sources) is equal to 0.4 s.

In procedure B, the effect of the 55 mm inter-distance is clear, as the points are subject to

two distinct thermal waves, spaced 2.75 s apart in time (the time necessary to travel the

55 mm inter-distance between the two sources at 0.02 m/s).

In this regard, it seems interesting to highlight that in general the use of a combined

welding mode with high inter-distances, such as for procedure B, can have the advantage

of compressing the exposure times to high temperatures, avoiding potentially negative

effects on the HAZ, as it subjects the materials to thermal cycles broken down into distinct

waves of shortened temporal amplitude.

In both the analyzed cases, it is possible to establish that, due to the short exposure

times at the critical temperature range 500–850 ◦C for carbide precipitation (below 6 s and

4 s for procedure A and B, respectively), this phenomenon of metallurgical deterioration

can be excluded [60]. This can be concluded with even greater certainty for the austenitic

weld obtained with procedure B, because for carbon concentrations around 0.05%, as can

occur in the molten zone due to the dilution between filler, cladding layer, and base steel,

the precipitation of carbides between 850 and 500 ◦C requires times of several minutes or

more, much longer than the few seconds calculated by the simulation.

5. Conclusions

A careful evaluation of the weldability of austenitic clad steel plates, joined by combin-

ing the action of LBW and GMAW, was carried out. The LAHW process, widely recognized

in the literature as highly efficient and sustainable, was confirmed to be suitable for weld-

ing thick plates in a single pass and using a single filler material. The metallurgical and

mechanical characterization performed on the welds demonstrated that a correct choice of

welding setup and high Cr-Ni filler metal allows us to obtain a satisfactory joint.

In particular, the leading laser beam configuration with an inter-distance of 55 mm

showed low interaction between the thermal fields generated by the two heat sources and

provided better results than the configuration in which they were closely overlapped (inter-

distance of 8 mm). At the larger inter-distance, the action of the leading laser beam in deep

keyhole mode was substantially separate from the more superficial action of the trailing
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electric arc; consequently, the contribution of the carbon steel to dilution on the cladding

layer level was negligible. For this reason, the addition of alloying elements, performed by

melting the filler wire, was concentrated in the austenitic cladding layer, while the laser

beam acts in depth along the thickness, welding the base steel in an autogenous way.

The set-up with smaller inter-distance led to a weld characterized by a hard and brittle

martensitic microstructure, while that obtained with the higher inter-distance showed

satisfactory mechanical properties and an austenitic microstructure, in which carbide pre-

cipitation can be excluded due to the very short time of permanence within the sensitization

range of temperature.
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