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1. Introduction 
Over the past decades, additive manufacturing (AM) has 

drawn growing interest from researchers and industries 

worldwide. Customized 3D components can be produced 

in a layer-by-layer manner by AM techniques using 

powder or wire feedstock [1]. Compared with the 

powder-based AM techniques that have been extensively 

studied and industrialized, wire arc additive 

manufacturing (WAAM) possesses the advantages of 

high deposition efficiency (up to 10 kg/h with WAAM [2] 

compared with typically 0.6 kg/h using powder-based 

AM [3]) and the relatively lower cost of wire feedstock 

which can be substantial, when considering the repair 

and fabrication of large-scale metallic components. 

WAAM can be executed via different welding techniques, 

such as gas metal arc welding (GMAW), gas tungsten arc 

welding (GTAW), and plasma arc welding (PAW) [4]. 

The cold metal transfer (CMT) is a variation based on 

GMAW developed by Fronius [5]. The heat input during 

welding is significantly reduced and coupled with precise 

droplet deposition, hence leading to reduced weld pool 

dimensions and spatters. The feasibility of CMT-WAAM 

processes has also been demonstrated by researchers 

using Inconel 718 superalloy and Al-6Mg alloy as 

feedstock materials [6, 7]. 

ER70S-6 steel is a well-known low-carbon steel with 

excellent welding properties and its WAAM formability 

has been reported by different research groups [8–11]. 

ER70S-6 parts fabricated by CMT-WAAM have also 

been reported recently [12]. However, there is a lack of 

studies on the effects of process output parameters with 

the input CMT process parameters. Moreover, as a low-

carbon steel with Mn and Si, silicate islands tend to form 

on the surface of weld beads, and their inclusions can 

result in destabilization of the following deposition [13]. 

Consequently, the mechanical performance of ER70S-6 

components composed of multiple weld beads may be 

affected by the accumulation of silicate islands. In this 
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study, the CMT-WAAM process of ER70S-6 steel is

parametrically investigated through the dimensional 

responses of weld beads, followed by block deposition

with interlayer oxide removal. The mechanical properties

of the deposited samples are studied, and their

correlations with the silicate islands and thermal 

conditions are discussed. The result of this study will aid

the time-efficient production of ER70-S components 

with consistent mechanical performance.  

2. Experiment 
The ER70S-6 wire used in this study was provided by 

HYUNDAI WELDING with the nominal composition in 

Table 1. The diameter of the ER70S-6 wire is 1.2 mm. 

An ABB robot arm equipped with a Fronius TPS/400i 

CMT system was employed to conduct the CMT-

WAAM experiments. All experiments were carried out 

on EH36 steel substrates with shielding gas composed of 

82% Argon and 18% CO2. 

Table 1. Nominal composition of the ER70S-6 wire 

Element C Si Mn P S Fe 

wt. % 0.07 0.83 1.48 0.011 0.015 Bal. 

The single-bead deposition was carried out first to 

investigate the dimensional responses with varying 

parameters and determine a potential processing window. 

After processing development, coating and block 

deposition experiments were performed using the 

optimized parameters to evaluate the mechanical 

performance of ER70S-6 parts. The CMT process 

parameters used in the deposition experiments are given 

in Table 2. During the coating and block deposition, the 

overlap rate and layer thickness were fixed at 50% and 3 

mm, respectively; the deposited beads were parallel with

each other within the same layer while normal to those in 

adjacent layers. Moreover, during the deposition of a 

block sample, the Si-enriched particles (also known as 

silicate islands [13]) on each deposited surface were 

brushed off layer by layer to investigate their influence 

on mechanical properties. The sample is therefore 

denoted by oxide-removal, while the block sample 

fabricated without this procedure is denoted by as-

deposited. 

Table 2. Process parameters of CMT-WAAM deposition 

 Wire feeding 
speed, m/min 

Travel speed, 
mm/s 

Single-bead 5, 7, 9, 11 10, 15, 20, 25, 30 

1 & 2-layer coating 11 30 

As-deposited block 11 20 

Oxide-removal 
block 

11 20 

 

The deposited samples were removed from substrates 

and cross-sectioned via electrical discharge machining 

(EDM) for metallurgical and mechanical characterization. 

After grinding and polishing, the samples were etched by 

a 5% Nital etchant for 20 s to reveal the microstructures. 

An Olympus MX51 optical microscope was used to 

observe the melt-pool structures. For single-bead and 

coating samples, the vertical distribution of Vickers 

hardness was measured every 0.5 mm using a Matsuzawa 

MMT-X3, with a load force of 200 gf and dwell time of 

15 s. For the block samples, a Zwick Roell 8150SK 

hardness tester was used to measure the Rockwell 

hardness every 5 mm vertically along the building 

direction, with a load force of 10 kgf and dwell time of 2 

s. An Instron 5982 universal testing machine was used to 

evaluate the tensile properties according to ASTM E8M-

04 standard. The tensile specimens were extracted from 

both as-deposited and oxide-removal samples, as 

illustrated in  Figure 1. Tensile tests were performed 

along the deposition direction of specimens with a 

crosshead speed of 1 mm/min. 

 
Figure 1. Block samples and the illustration of tensile 

parts 

3. Results and Discussion 

3.1 Single-bead dimensions 

The single bead is the fundamental element of a CMT-

WAAM part, and therefore the understanding of its 
80
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dimensional responses to the key CMT parameters, i.e., 

wire feeding speed (WFS) and travel speed (TS), can 

help to ensure the efficiency and quality of deposited 

parts. A processing map including the WFS from 5 to 11 

m/min and TS from 10 to 30 mm/s was investigated. The 

cross-sections with the minimum and maximum areas in 

the single-bead deposition are shown in Figure 2(a) and 

(b), along with the illustration showing the measurement 

of single-bead dimensions, including height (H1), depth 

(H2), width, and area. Both cross-sections present solid 

combination between the deposited material and 

substrate despite their difference in  dimensions, 

suggesting good weldability. The measured dimensions 

of single-bead cross-sections are plotted in Figure 3(c) to 

(f). The resultant melt-pool width ranges from 4.94 to 

9.06 mm, whilst the height and depth range from 1.14 to 

2.73 mm, and 0.67 to 2.35 mm, respectively. Moreover, 

the cross-section area is distributed between the range of 

4.897 to 26.39 mm2. Overall measured dimensions are 

positively correlated to the WFS but negatively 

correlated to the TS. The combination of a high WFS and 

low TS indicates that more material can be deposited per 

unit length, therefore, resulting in a large melt pool. 

Furthermore, the wide dimensional ranges suggest that 

the single-bead parameters could be optimized according 

to the geometry of specific components to achieve a 

balance between deposition efficiency and forming 

accuracy. 

Since the deposition efficiency is the primary 

consideration of the current CMT-WAAM approach, a 

wire feeding speed of 11 m/min is selected for the block 

deposition in this study. The material deposition rate can 

be estimated by WFS·ρ·πr2, where ρ and r denote the 

density (7.83 g/cm3) and radius (0.6 mm) of the ER70S-6 

wire, respectively. It should be noted that the practical 

wire feeding rate is ~8 m/min, rather than the pre-set 

value (11 m/min) during the deposition. Hence the 

deposition rate is approximately 4.3 kg/hr, which is 

significantly higher than those of powder-based AM 

techniques [6]. It is considered a major advantage of 

WAAM when applied to repair or produce large metallic 

components demanded by the marine industry. 

 
Figure 2. Optical microscopy (OM) images of the (a) maximum and (b) minimum single-bead melt pools. The dimension 

profiles of measured (c) height, (d) depth, (e) width, and (f) area of melt pools. 

 

3.2 Microstructures 

A vertical cross-section of the block fabricated using the 

optimized parameters is provided in Figure 3(a) The 

cross-section shows good densification without evident 

cracking, indicating that successful block formability is 

achieved by the CMT-WAAM process with the high 

deposition rate.  
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Figure 3. OM image showing the vertical cross-section of 

the as-deposited block sample. (b) Upper surface of the 

as-deposited block sample with silicate islands. 

Silicate islands are often observed on the weld beads of 

low-carbon steel with Si as a deoxidizer, and their 

accumulation may affect the mechanical performance of

components composed of multiple beads and layers [13]. 

Figure 3(b) presents the distribution of evident silicate 

islands on the as-deposited surface. The microstructures 

of as-deposited and oxide-removal samples are further 

revealed in Figure 4(a) and (b). Numerous particles with 

a diameter of approximately 10 µm are distributed in the 

as-deposited sample. On the contrary, such obvious 

particles are rarely observed in the sample with oxide 

removal. Therefore, the removal of the silicate islands on 

surfaces can help to reduce the presence of large particles. 

It indicates that the formation of those large particles in 

the as-deposited sample is mainly due to the remelting of 

the silicate islands on layer surfaces. Aside from the large 

particles, particles smaller than 1 µm are prevalent in 

both samples, as shown in Figure 4(c). Their diameters 

are close to two orders of magnitude smaller than the 

larger particles observed in Figure 4(a). EDS results in 

Figure 4(c) and (d) show that both the large and small 

particles are silicate particles, which are comprised of 

Mn-Si oxides [13].  

Figure 4. OM images showing the distribution of silicate particles in (a) as-deposited and (b) oxide-removal samples. (c) 

Scanning electron microscopy (SEM) image of a large silicate particle and corresponding energy dispersive spectroscopy 

(EDS) mapping results. (d) EDS line scanning result of a small silicate particle. 

3.3 Mechanical properties  

3.3.1 Hardness  

The Vickers hardness distribution of single-bead, 1-layer 

and 2-layer samples are plotted in Figure 5(a). The 

hardness of the substrate material is consistent among 82
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different samples. However, the hardness of the as-

deposited parts varies with the deposition progress. The 

single-bead sample possesses the highest hardness (~300 

Hv), while the hardness of the 1-layer and 2-layer 

samples decreases successively. Since hatching was 

introduced during the deposition of multiple beads and 

layers, the as-deposited material could undergo remelting 

and heat input from subsequent beads and layers, i.e., 

different thermal conditions, leading to the variation of 

microstructures and resultant mechanical properties [14]. 

 

Figure 5. (a) Vertical Vickers hardness distribution of single-bead and coating samples. (b) Vertical Rockwell hardness 

distribution of as-deposited and oxide-removal samples. (c) Surface temperature profiles during the block deposition of as-

depositedand oxide-removal samples. 

The Rockwell hardness results of the block samples are

plotted in Figure 5(b), and the hardness measured at the 

top and bottom are given in 

Table 3. The hardness of both samples shows a 

significant decreasing trend from bottom to top, and the 

hardness of the sample with oxide removal is overall 

higher than that of the as-deposited sample. During the 

deposition of the block samples, the heat accumulation is

substantial and results in increasing surface temperatures 

layer by layer. Consequently, the top part solidifies under 

a relatively low cooling rate while the bottom part 

experiences prolonged heat input. Similar mechanical 

heterogeneity has been recognized in AMed parts 

produced with different materials and techniques [15]. To 

monitor the temperature variations during block 

deposition, the surface temperature was measured before

the deposition of each layer, and the results are plotted in 

Figure 5(c). Besides the layer-wise increment of 

temperatures, it is recognized that the surface 

temperature of the sample with oxide removal is overall 

lower due to the increased holding time between layers. 

The interlayer holding time was fixed at 30 s during the 

deposition of the as-deposited sample but increased over 

30 s due to the oxide-removal operation. Therefore, the 

thermal histories experienced by the as-deposited and 

oxide-removal samples were different and could be the 

key factor in mechanical properties aside from the Si-rich 

particles. 

Table 3. Mechanical properties of as-deposited and oxide-removal samples 

As-deposited Oxide-removal GMAW (vertical) 

Hardness at bottom, HRC 14.8 18.9 
3 – 6  

Hardness at top, HRC 5.6 5.3 

Yield strength, MPa 348.8 394.0 396 ± 26 

Ultimate tensile strength, MPa 504.0 540.0 503 ± 21 

Fracture elongation, % 24.8 20.3 12 ± 3 

3.3.2 Tensile properties 83
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The mechanical properties of block samples were also 

evaluated by tensile tests. The stress-strain curves are 

plotted in Figure 6(a), and the yield strength, ultimate 

tensile strength and fracture elongation results are given 

in 

Table 3. In accordance with the hardness results, the 

sample with oxide removal possesses enhanced strength. 

Meanwhile, there is also concomitant decay of ductility

as the strength improves, showing a strength-ductility 

trade-off. The fractography in Figure 6(b) and (c) 

suggests that the early failure tends to occur around the

large silicate particles in both samples. Although Figure 

4(b) shows that such large particles can be significantly 

removed, there are still residual ones which limit the 

ductility of the sample with oxide removal. On the other 

hand, the size of the large silicate particles is too large for 

effective dispersion strengthening [16]. 

 

Figure 6. (a) Tensile curves of as-deposited and oxide-removal samples. (b) SEM fractography of an oxide-removal sample 

and (c) a large silicate particle revealed at its fracture surface. 

In general, the ER70S-6 parts produced by the current 

CMT approach possess comparable tensile strength and 

hardness against the one produced by GMAW-WAAM, 

as shown in Table. 3 [10]. The microhardness 

distribution and tensile results further suggest that the 

mechanical performance of ER70S-6 is sensitive to the 

thermal history during deposition, whilst the influence of 

the amount of silicate islands on the mechanical 

properties is modest. 

4. Conclusions 
In this study, ER70S-6 was successfully deposited by the 

CMT-WAAM process with a high deposition rate. The 

wide range of the attainable output bead dimensions

suggests that further processing optimization could be 

carried out to balance the efficiency and accuracy of the 

process. The silicate islands that occurred on deposited 

surfaces could be partially removed during the printing 

process to reduce the number of large silicate particles in 

the block sample. However, such large particles cannot 

be fully eliminated and therefore limit the ductility of 

both as-deposited and oxide-removal samples. The 

thermal evolution during the AM process has a more 

significant influence on the mechanical performance of 

WAAMed ER70S-6, than the amount of large silicate 

particles. Hence, it is important to control the dwell time 

between layers to fabricate components with consistent 

mechanical performances. 
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