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MECHANICAL ANALYSIS OF THICK-WALLED LOW-CARBON STEEL 

STRUCTURES PRODUCED BY WIRE ARC ADDITIVE MANUFACTURING 

WITH ZIG-ZAG TRAJECTORIES  

This study investigates the mechanical properties of multilayer thick WAAM components using a zigzag 

deposition strategy. Four different low carbon steel (ER70S-6) walls with two deposition angles and two turning 

radii were evaluated. The comprehensive design of experiment focuses on microstructural analysis and mechanical 

properties, including hardness, tensile strength, and Charpy V-Notch (CVN). Non-destructive Testing (NDT), 

including ultrasound and radiography, was also performed to assess the integrity of the wall. The fracture surfaces 

from CVN and tensile test samples were examined with Scanning Electron Microscope. The results reveal a 

negligible anisotropy of global mechanical properties and a limited influence of deposition angle and turning 

radius. Overall, CVN results have shown ductile failure with a few brittle outliers. These results suggest that the 

selected deposition strategy does not have a significant effect on global mechanical properties, which showed an 

isotropic behaviour. Nevertheless, the CVN outliers underline the critical role of local microstructural 

heterogeneities in fracture toughness. These findings contribute to the characterisation of the WAAM process for 

thick parts. 

1. INTRODUCTION 

Additive manufacturing (AM) is a novel manufacturing technique that enables the 

creation of complex and customised 3D objects by depositing material layer by layer. 

Although its first applications mostly consisted of decorative objects and nonfunctional 

prototypes, AM and especially Metal AM have become a real alternative to conventional 

manufacturing processes thanks to the significant advancements in recent years [1]. Offering 
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design freedom, customisation, time and material efficiency, AM has expanded its 

applications across various industries. According to EN ISO/ASTM 52900 [2], Directed 

Energy Deposition (DED) is one of the seven categories of AM encompassing processes in 

which concentrated thermal energy is used to melt and deposit material. Among DED 

processes, Wire Arc Additive Manufacturing (WAAM) emerges as one of the most promising, 

which needs less maintenance and build cost compared to laser-based technology. WAAM 

also offers higher deposition rates (5-10 kg/h) compared to other technologies [3]. The process 

is based on arc welding, with an electric arc as a heat source and welding wire as feedstock 

[3]. It has different variants like plasma arc (PAW), gas tungsten arc (GTAW) and Gas Metal 

Arc (GMAW), the last being the most widely used [1].  

WAAM has witnessed an increasing interest from researchers and industry in the last 

decade, as it enables Maintenance, Repair, and Overhaul (MRO) production of complex parts 

with less material compared to conventional manufacturing processes like forging and, 

casting [4–7]. 

 

Fig. 1. Schematic representation of the wire deposition trajectories and layer start points for consecutive layer n, n+1 for 

θ = +/ − 45◦& + 60◦/ − 30◦deg 

Despite the advantages, WAAM presents a significant number of challenges to 

overcome for widespread industrial use of this technology. The mechanical properties of 

WAAM parts depend on the printing strategy, process parameters and part geometry. These 

three aspects, which are interdependent, have been widely explored by various studies to 

evaluate the mechanical performance as well as the dimensional accuracy. 

The set of process parameters used has a direct influence on the microstructure of the 

part, which defines its mechanical behaviour. Researchers have focused on optimising the 

individual input process parameters like shielding gas flux [8], wire feed speed (WFS), travel 

speed (TS), interlayer cooling time [3] and, preheat temperature [9], to characterise the 

mechanical performance [3, 9–12] and the residual stresses induced due to multiple thermal 

cycles [13]. 
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For a given part, its geometry and dimensions highly limit the number of feasible 

printing strategies. Therefore, it should be modelled with anticipation with each other. Several 

printing strategies have been proposed for thin (single bead) and thick (overlapping, spiral, 

oscillating, etc.) walls. 

In the case of thin walls, Huang et al. [14] compared two single bead walls, with a 

thickness of 3 mm and 8 mm. Compared to the nominal properties of the filler metal, the 

WAAM process resulted in a decrease of both the yield strength and ultimate strength by 

about 30% and 20% for 8 mm and 3 mm walls respectively. Le et.al [15] have also 

investigated the thin walls and concluded that the alternating deposition strategy produces a 

more regular layer height.  

Uyen et al. [16] tested four different infill patterns on a thick (16 mm) mild-steel and 

found that the spiral trajectory gives the best results with respect to microstructure and tensile 

strength. Whereas, Iturrioz et al. [17] obtained the best tensile test results with the zigzag 

strategy on a similar study on Invar36. Moore et al. [10] presented a comprehensive study of 

stainless-steel and carbon steel. Charpy impact tests were conducted on different printing 

strategies, and an oscillating pattern resulted in better results. 

 However, studies on thick walls and their effects on the microstructure, mechanical 

properties, including Charpy-V impact toughness properties, are less explored [14, 16–21]. 

Especially, there is a gap in literature concerning thicker (>30 mm) structures with a weaving 

strategy. Therefore, this paper presents a detailed analysis of the microstructure, including 

SEM images of the fracture surfaces and the mechanical properties of thick-wall (40 mm) 

WAAM low-carbon steel (LCS) samples. Here, the zigzag strategy was selected because, as 

concluded by Ozaner et al. [22], it helps mitigate warping and distortion by balancing heat 

distribution across layers, thereby reducing deformation. Furthermore, a variation in radii of 

curvature is introduced to study its effect on surface texture. This analysis is crucial for the 

design and validation of large-scale components with thick cross sections commonly found 

in industries like maritime, oil and gas and railway applications [3, 23, 24]. 

2. EXPERIMENTAL PROCEDURES 

An analysis comparing four walls, each produced using a zigzag deposition strategy 

with two angles (45° and 60°) and two radii of curvature (R) in the turning zones (R = 0.5 mm 

and R = 1.2 mm) is presented. The schematics of the strategy are shown in Fig 1. All walls 

are fabricated at the maintenance site of SNCF in Saintes, France, using a COMAU N-220 

Robot with 6-axis articulated robot with a 2-axis positioner, CMT welding generator 

Fronius® TPSi 400 ( Fig. 2).  

The nominal wall dimensions were 300 mm × 250 mm × 40 mm, with an average layer 

height of 2.7 mm, deposited on S235JR structural steel plates with dimensions of 400 mm × 

250 mm × 25 mm. The LCS wire used in the experiments is Castolin 45202 G3Si (EN ISO 

14341-A: G42 4M21 3Si, AWS A5.18: ER70S-6) [25] with 1.2 mm, whose chemical 

composition and mechanical properties are given in Table 3, as provided by the manufacturer. 

The ER70S-6 steel wire is chosen because of its low cost, its good weldability and its 

widespread use in the welding of LCS alloys in various industries, including rail 

transportation (rolling stock maintenance). The key process parameters which were held 
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constant during the experiments are given in Table 1. To ensure optimal welding conditions, 

the substrate plates were prepared by sandblasting to remove any oxide layers and were 

cleaned with alcohol to eliminate contaminants. The plates were then clamped to avoid 

deformation during the welding process. Before deposition, the substrate plates were 

preheated using a ceramic resistance heating pad to an initial temperature of approximately 

140°C to 150° C. 

 

Fig. 2. WAAM experimental setup 

 

Fig. 3. Wall after printing–W60R05  
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Table 1. Welding parameters used in the study 

Parameter Value 

Welding mode CMT- Gap bridging 

Wire feed speed (WFS) 6.5 m/min 

Current (A) 223 

Voltage (V) 14.3 

Travel speed (TS) 1000 mm/min 

Contact tip to workpiece distance (CTWD) 13 mm 

Shielding gas M21ArC18 - 14 L/min 

Interlayer temperature 185°C 

Preheat temperature 140°C–150°C 

Table 2. Wall angle and radius parameters 

Wall  Θ (deg) R (mm) 

W45R05 45° 0.5 

W60R05 60° 0.5 

W45R12 45° 1.2 

W60R12 60° 1.2 

Table 3. Wire material composition – ER70S 

M C Mn Al Si S P Cu Mo Ni B Ti Ti+Zr N V Cr 

% 0.08 1.49 0.003 0.88 0.016 0.012 0.01 0.01 0.02 0.0004 0.002 0.012 0.004 0.003 0.01 

Four walls with different configurations were fabricated as presented in Table 2. 

W60R05 is shown in Fig. 3. The robot followed a zigzag trajectory with a rotation of 90° of 

the weaving angle between each layer. Moreover, the start and end points of each layer were 

alternated between the four corners of the wall to avoid the build-up of geometric irregularities 

and to provide a more homogeneous heat distribution. The welding torch was kept 

perpendicular to the substrate, maintaining an average contact tip-to-work distance (CTWD) 

of 13 mm with an average layer height of 2.7 mm. The heat input was 0.15 kJ/mm, which is 

calculated using Eq (1), where Q is the heat input, ε is the thermal efficiency of the welding 

process (taken as 0.8 for MIG/MAG welding), V is the arc voltage (Volts), I is the arc current 

(A), and S is the Travel speed (mm/min).  

𝑄 =  𝜀 𝑉 (
𝐼

𝑆
)        (1) 

Following the deposition, all walls received a stress-relieving heat treatment before 

NDT and sample preparation. First, the surface texture of the walls was captured by a 3D 

scanner GOM ATOS Q and compared, as presented in Fig. 5. The analysis included NDT and 

mechanical testing.  

In the case of NDT, Ultrasonic Testing (UT) was used to evaluate the interface between 

the substrate and the wall, to detect the lack of fusion and insufficient weld penetration by 

using M2M Gekko machine at Agence d'Essai Ferroviaire (AEF), Paris, France. The internal 

defects, such as porosity and inclusions, were analysed by Radiographic testing (RT) over the 

YZ section of the walls by an external supplier. 
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To assess the mechanical properties, hardness, tensile, which were performed at AEF. 

The Charpy impact tests (-40° C) were conducted on samples extracted from the walls by the 

external supplier. The distribution of different samples on the wall is presented in Fig. 4. The 

first printed wall (W45R05) (Fig. 4.a) contains 33 cylindrical tensile specimens, 21 V-notch 

Charpy specimens, and 2 macro hardness specimens. The three other walls each have 13 

cylindrical tensile specimens, 12 V-notch Charpy specimens, and 1 macro hardness specimen. 

Due to the observed homogeneity and isotropy of the results of W45R05, the number of 

samples to be extracted from W60R05, W45R12 and W60R12 was reduced to simplify the 

analysis. 

 

Fig. 4. Schematics of Sample Extraction Planning for W45R05 (b)W60R05, W45R12 and W60R12  

 

Fig. 5. Wall Texture scanned by 3D scanner W45R12 

3. RESULTS 

In this section, the results of the above-described experiments are presented and 

compared for each wall. 

3.1 SURFACE TEXTURE 

Fig. 5 shows a patch of scan data from the mid-zone of W60R12. Overall, all four walls 

exhibit a similar level of surface waviness without significant variations between strategies.  
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3.2. NDT 

3.2.1. ULTRASONIC TESTING (C-SCAN) 

A multi-element ultrasonic C-scan inspection was performed to evaluate the integrity of 

the substrate–wall interface. A minimum recordable indication diameter of 3 mm was 

adopted, based on calibration with reference blocks. The probe was positioned on the bottom 

surface of the substrate to acquire (Fig. 6) the C-scan maps shown in Fig. 7. No significant 

indications were detected in any of the walls by ultrasonic testing. 

 

Fig. 6. Ultrasound Test procedure a) Side view b) Top view 

 

Fig. 7. C-Scan result of for wall a) W45R05 B) W60R05 C) W45R12 D)W60R12 
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3.2.2. RADIOGRAPHIC TESTING 

Radiographic tests were conducted according to the NF EN ISO 17636-1 [26].  

The minimum detectable defect size was 0.6 mm. In W45R05 and W60R05, no defects were 

detected. In W45R12 and W60R12, a spherical porosity of 1.5 mm was detected in the mid-

height zone. The defect is assumed to be caused by a process interruption or gas flow variation 

during the manufacturing process. 

3.3. HARDNESS TEST 

Vickers (HV10) hardness tests were conducted according to NF EN ISO 6507-1 [27]. 

The test specimen was divided into 6 zones along the build direction (z-axis). In each zone, 

multiple measurements were taken both along vertical (z-axis) and horizontal (x-axis) 

directions for all walls. Fig 8 shows these points of measurement for W45R05 at mid-height.  

 

Fig 8. Hardness measured points for W45R05  

 

Fig 9. Hardness points at the interface for the w45r05 

For W45R05 and W60R05, the maximum hardness values were found near the interface 

or in the first few layers of deposition. In contrast, the hardness measurements for W45R12 
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and W60R12 are quite homogeneous along the height. Average hardness values of all walls 

are also presented in Fig. 11, where error bars represent ±2 standard errors, corresponding to 

95 percent confidence interval. For the W45R05, the hardness was also measured at the 

interface, as presented in Fig 9, the measured values for vertical and horizontal profiles are 

presented in Fig. 10.  

 
Fig. 10. Hardness values of W45R05 at the interface b/w substrate & first layers: a) Vertical, b) Horizontal  

 

Fig. 11. Average Hardness value comparison for all walls: a) Vertical, b) Horizontal 

3.4. TENSILE TEST 

The tensile tests were conducted according to NF EN ISO 6892-1 [28] using specimens 

with a 6 mm diameter and 57 mm gauge length. The tensile strength (MPa), yield strength 

(MPa) and percentage elongation (A%) were compared for all cases. Overall, the tensile 

strength (459-471 MPa) and yield strength (305-328 MPa) values were homogeneous and 

isotropic across all walls and zones, as presented in Fig. 12, Fig. 13 and Fig. 14, where error 

bars represent ±1 standard deviation. Elongation at fracture was uniform in the Y direction 

for all parameter sets, but in the Z direction, the wall presented a significant variation in 

percentage elongation along its height, one of W60R05 is presented in Fig. 15.  
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SEM analysis of the tensile fracture surfaces confirmed ductile fracture behaviour across 

all specimens, characterised by the presence of equiaxed dimples presented in Fig. 16. The 

fracture surfaces exhibited similar morphology regardless of the build parameters used, 

suggesting that the fundamental fracture mechanism remained consistent despite variations in 

elongation values between the Y and Z directions. This dimple pattern is typical of ductile 

failure in LCS and correlates with the good elongation values obtained during testing. No 

clear trend in strength or ductility could be directly attributed to the weaving angle or R.  

 

Fig. 12. Yield strength comparison for the upper and lower zones 

 

Fig. 13. Ultimate Tensile strength comparison of the upper and lower zones 

 
Fig. 14. Elongation deformation comparison of the upper and lower zones 
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Fig. 15. Tensile Test result along the vertical  

 

Fig. 16. SEM analysis of the tensile fracture specimen W45R05 and W60R05  

3.5. CHARPY V-NOTCH (CVN) TEST 

Two impact tests were conducted: one at ambient temperature (~20°C) and another at (-

40°C) according to the NF EN ISO 9016 [29] and NF EN ISO 148-1 [30], using V notches 

with 2 mm depth. The obtained values were compared to the requirements of the EN ISO 

14341 [25], which specifies a minimum absorbed energy of 47 J for the filler metal G42 4M21 

3Si in the as-welded condition. Specimens from both upper (U) and lower (L) wall zones, in 

the Y and Z build directions, were compared among all four walls.  

The absorbed energy demonstrated appreciable variability across locations, ranging 

from 134 J to 260 J on average in the Y direction and from 123 J to 303 J on average in the Z 

direction. While most specimens exhibited sufficiently high toughness, certain specimens, 

particularly U-W45R05 (Z) and L-W60R05 (Y), showed significantly reduced energy 

absorption, with values lower than 47 J.  
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SEM analysis of the fracture surfaces revealed distinctive morphologies corresponding 

to the fracture toughness values. High energy specimens (240 J) exhibited predominantly 

ductile fracture features with deep, well-defined dimples, indicating ductile failure (Fig. 18). 

In contrast, low-energy specimens (<100 J) from positions L-W60R05(Y) showed mixed 

mode fracture characteristics with significant areas of quasi-cleavage features and shallow, 

poorly developed dimples, as illustrated in Fig. 19. High standard deviations in several cases 

are due to the intrinsic dispersion of the Charpy impact test and the presence of brittle outliers 

(Fig. 17). In general, the upper zone presented higher and more consistent toughness values, 

while the lower zone was more prone to variation and occasional low-toughness results. 

 
Fig. 17. Charpy Impact energy for all four walls 

 

Fig. 18. SEM analysis of Charpy (CVN) specimen for W45R05 
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Fig. 19. SEM analysis of Charpy (CVN) specimen for W60R05 

3.6. MICROSTRUCTURE 

Microstructural examinations were conducted on all four WAAM walls to investigate 

the influence of deposition parameters on grain morphology and phase distribution. Samples 

were polished and etched with 4% Nital solution to reveal the micro-structural features. 

Macrostructural analysis, as shown in Fig. 20, revealed distinct bands corresponding to the 

individual deposition passes.  

 

Fig. 20. Macro structure variation over the layer for W60R05 in lower zone 
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Detailed microstructural examination at higher magnifications (Fig. 21) showed a 

specific pattern in the variation of grain morphology. Fine equiaxed grains are present at the 

interface between layers due to the partial remelting of the metal, which is similar to 

normalising heat treatment. Meanwhile, the middle zones of the layers are not reheated to 

austenitization temperature (850°C–950°C), and the grains keep their columnar structure 

inherited from the previous solidification. This changeover of micro-structure along the z-

direction is present in all four walls. 

The analysis was conducted on 18 microscopic images per wall, 6 lower, 6 middle and 

6 upper regions, captured randomly on the samples shown in green in Fig. 4 for all walls. The 

images were analysed by ImageJ software revealing a maximum porosity ratio smaller than 

1% and an average porosity ratio less than 0.5% for all walls. Different weaving angles did 

not have any significant effect on the porosity ratio. 

 

Fig. 21. Microstructure variation over different zones  

3.7. POROSITY ANALYSIS 

The analysis was conducted on 18 microscopic images per wall, 6 lower, 6 middle and 

6 upper regions, captured randomly on the samples shown in green in Fig. 4 for all walls. The 

images were analysed by ImageJ software revealing a maximum porosity ratio smaller than 

1% and an average porosity ratio less than 0.5% for all walls. Different weaving angles did 

not have any significant effect on the porosity ratio.  

These results demonstrate the capacity of WAAM to produce dense parts with minimum 

porosity. The spatial distribution of porosity ratio varied among the walls, with W60R05 in 

Fig. 22 showing a concentration of pores primarily in the mid-height region, while the other 

walls exhibited more uniform distribution throughout the structure. 
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Fig. 22. Porosity in wall W60R05 in upper zone  

4. DISCUSSION 

The above-mentioned results revealed significant insights into the mechanical properties 

and microstructure of thick steel walls produced by WAAM process using different strategies. 

Overall, all four walls gave similar results in terms of mechanical properties and 

microstructure, indicating a negligible effect of theta and R on the results. Ultrasound and 

radiographic testing have shown that the walls are free from major internal defects such as 

cracks and lack of fusion.  

Despite the heat sink effect of the substrate during the first layer, ultrasound testing has 

not revealed any lack of fusion defects at the substrate-WAAM interface. Preheating the 

substrate has been demonstrated as the most effective method to mitigate defects in LCS 

WAAM builds [24]. X-ray images have only shown two isolated spherical porosities of 1.5 

mm, and all four walls have a <1% average porosity ratio. It is believed that local variations 

of protection gas flow and residues of contaminants on the filler metal and on the substrate 

are most likely to be the main sources of porosity. From a mechanical perspective, hardness 

distribution is homogeneous throughout the height of all walls, with values slightly greater 

near the substrate, aligning with the findings of previous research [19, 31]. Moreover, no 

significant difference has been observed in hardness among different walls with respect to the 

weaving angle. However, the current study revealed lower hardness values compared to 

bibliography [15, 32, 33].  

Tensile test results show that yield and ultimate strengths (Rp0.2, Rm) are significantly 

lower than standard properties (Re>420 MPa & Rm>500 MPa) of the filler metal used, while 

elongation at fracture frequently exceeds the standard value (20%), a result directly linked to 
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the inherent thermal cycles. Successive reheating of the previously deposited weld metal has 

an “annealing” effect on the microstructure, which results in reduced hardness and tensile 

strength and increased ductility. These microstructural modifications directly correlate with 

the mechanical behaviour observed and agree with the findings of for WAAM-processed 

steels [19, 31].  

Even though the yield and tensile strength showed an isotropic and homogenous 

distribution with respect to the specimen direction and position, elongation at fracture has an 

anisotropic behaviour in the lower part of the walls, resulting in lower values of percent 

elongation in the vertical direction (Z) than in the longitudinal direction (Y) (Fig. 12, Fig. 13 

and Fig. 14). Moreover, an increase of percent elongation has been observed in build direction 

for specimens extracted in vertical direction (Z). This can be attributed to the steep thermal 

gradients on the wall’s lower part during the early stage of the printing, which can result in 

anisotropic behaviour. As the wall gets higher, the heat sink effect of the substrate becomes 

negligible, the temperature distribution along the height of the wall becomes more uniform 

and the cooling rate decreases.  

CVN impact tests at -40°C show that most of the specimens met or exceeded the filler 

metal standard (>47 J) with few exceptions from W45R05 and W60R05, in accordance with 

the range found in recent WAAM literature [19, 31]. Fractography and Charpy failure modes 

indicate mostly ductile fracture with the presence of dimple and only some brittle zones, 

confirming the overall toughness and robustness of the manufactured walls under the 

conditions tested.  

Although most samples have shown a clear ductile failure with high fracture toughness 

values, a few brittle outliers have been observed (Fig. 17). The presence of these outliers can 

be attributed to the local heterogeneity caused by the alternating equiaxial-columnar grain 

microstructure. On one hand, long columnar grain boundaries can be preferential sites for 

intergranular fracture depending on the loading direction [34]. On the other hand, equiaxed-

columnar interface can force the cracks to change orientation resulting in increased crack 

tortuosity and energy dissipation, thus higher toughness values [35,36]. The high standard 

deviation of the results is due to the intrinsic dispersion of the CVN impact test and to the 

presence of brittle outliers. 

Macroscopic and microscopic examinations demonstrate very low porosity rates (<1%), 

with most samples showing no notable defects aside from those induced by surface oxidation. 

These porosity values are well within acceptable industrial limits for WAAM components.  

The current study revealed lower hardness, yield and tensile strength values compared 

to those of the literature on the mechanical properties of LCS WAAM components. Even 

though the studies have used filler metals of similar properties, the variation in mechanical 

properties can be attributed to the differences in deposition strategies, process parameters and 

especially the wall thickness. A decreasing trend of the mechanical strength with increasing 

thickness, which can be seen in Fig. 23  

Further microstructural analysis (grain size and ferrite/pearlite ratio) should be 

performed to better understand the underlying factors resulted in lower strength values 

compared to filler wire specification. To complement this study, future work should focus on 

the fatigue performance of WAAM parts, which is crucial for the validation of the process by 

demanding industrial applications. 
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Overall, the combination of microstructural observations, mechanical property results, 

and NDT indicates that WAAM is a reliable and repetitive method for producing thick steel 

structures suitable for demanding applications, including those in railways, maritime, and oil 

& gas sectors.  

 

Fig. 23. UTS and Yield strength value comparison for ER70S [10, 14–16, 19, 32, 36] 

5. CONCLUSION 

This study analysed the microstructure and mechanical properties of four WAAM walls 

using ER70S-6 filler metal with a zigzag deposition strategy (45°/60° weaving angles; 0.5/1.2 

mm turn radius) for producing LCS thick-walled components.  

The following conclusions are drawn:  

NDT:  

• The fabricated walls exhibit exceptionally low porosity (average porosity ratio < 

0.5%). 

• No significant defects (cracks, lack of fusion) were observed between the substrate -

wall interfaces and in the bulk volume of the walls. 

Mechanical Properties:  

• While ultimate tensile strengths (459–471 MPa) and yield strengths (~305–328 

MPa) are below filler metal requirements, the walls largely exceeded the 

requirement of elongation at fracture (%) values Charpy tests at -40°C reveal 

predominantly high toughness (>47 J) with few brittle outliers, linked to local 

microstructural heterogeneities.  

• Upper zones show higher toughness, while lower zones exhibit greater variability, 

underscoring the need for process optimisation to mitigate local brittleness. 

• The mechanical properties across different strategies showed similar and repeatable 

results. This consistency offers more flexibility in trajectory planning as different 

weaving angles give the same outcome. 

Microstructural Analysis:  
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• The microscopic analysis shows ferrito-pearlitic microstructure of banded regions 

from successive passes, with equiaxed grains at layer interfaces and columnar grains 

in mid-layer zones.  

Future work should prioritise comprehensive evaluation of fatigue performance. This 

will enable a deeper understanding of the process and support industries in producing highly 

functional parts with improved reliability. 
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