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A B S T R A C T

Wire arc additive manufacturing (WAAM) is a metal 3D printing technique that offers the opportunity to 
fabricate large-scale structural components with high geometric flexibility and reduced material waste. This 
study aims to investigate the influence of different process parameters and cooling methods on the physical, 
mechanical and microstructural properties of WAAM steels with a view to assessing their suitability for use in 
construction. Six WAAM steel plates with nominal thicknesses of 3.5 mm, 5 mm, 8 mm and 12 mm, printed using 
ER90S-D2 welding wire, different process parameters and active or passive cooling, were examined. A total of 72 
tensile coupons extracted at different orientations relative to the print layers with either as-built or machined 
surface conditions were tested. 3D laser scanning was performed to capture the as-built surface undulations and 
facilitate the calculation of surface roughness. X-ray computed tomography (XCT) scanning was conducted on 
selected coupon specimens to examine the printing defects. The tensile testing revealed that the WAAM steels 
exhibited largely isotropic elastic behaviour, which aligned with the weak crystallographic texture found in the 
microstructural analysis. The as-built geometry led to notable reductions in strength and ductility, particularly in 
as-built specimens loaded perpendicularly to the print layers. The results also showed that the thicker WAAM 
plates generally exhibited lower yield strength due mainly to the slower cooling rate leading to coarser grains, as 
revealed by the microstructural examinations. High porosity was observed in the XCT scan results of some 
coupons and was shown to significantly reduce the material ductility. Finally, the adopted active cooling method 
was found to increase productivity, but to have a minimal effect on the resulting mechanical properties. The 
presented findings contribute to the understanding of the material behaviour of WAAM steel and its link to the 
key process parameters.

1. Introduction

Metal additive manufacturing (AM) has emerged as an innovative 
solution for a variety of industries for its ability to produce intricate 
geometries with enhanced automation and its potential to reduce ma
terial usage and wastage [1–4]. According to ISO/ASTM 52900 [5], 
metal additive manufacturing techniques include sheet lamination 
(SHL), powder bed fusion (PBF), and directed energy deposition (DED). 
One of the pre-eminent AM techniques, which falls under the umbrella 
of directed energy deposition (DED), is wire arc additive manufacturing 
(WAAM), which utilises an electric arc as the heat source and welding 
wire as feedstock to produce metal parts layer-by-layer. WAAM is 
deemed to be the most promising technique for the construction 

industry because of its utilisation of widely accessible welding tech
nology and feedstock wire, and its capability to produce large and 
intricate components both quickly and economically [6–8]. A number of 
examples of practical applications of WAAM in construction have 
emerged. For instance, the MX3D bridge in Amsterdam [9] demon
strates the scale at which the technology can be used, the steel bridge in 
Darmstadt [10] showed the potential for on-site production, the opti
mised steel trusses [11], the Imperial-Shimizu footbridge [12] in London 
illustrated the potential for material savings, the WAAM canopy in Hong 
Kong [13] highlighted the elegance of form that can be achieved, while 
the connection nodes presented in [14,15] showed the ability to produce 
intricate details.

An important challenge for the more widespread adoption of WAAM 
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material in construction relates to the variability and uncertainty in the 
mechanical properties [4,16] as well as the presence of defects and the 
dependency on the printing conditions. An increasing number of studies 

have been conducted to explore the mechanical properties of WAAM 
materials, including carbon steels [17–24], stainless steels [25–31], ti
tanium alloys [32,33], aluminium alloys [34–36] and others [37]. High 
strength steels, recognised for their high strength-to-weight ratio and the 
potential for lighter components, have been adopted across the aero
space, automotive and construction sectors [38–43]. Investigations into 
the material properties of WAAM high strength steels have also been 
carried out by [17,38,39,44–47]. However, knowledge gaps still exist, 
particularly regarding the effects of process parameters, such as arc 
current, travel speed, inter-layer cooling time and toolpath, which have 
been shown to considerably influence the microstructure and the me
chanical properties of the printed material [48–51]. The lack of 
knowledge of the link between the process parameters and the resulting 
mechanical properties hinders the wider adoption of WAAM in 

Fig. 1. Typical WAAM oval flat-sided tubes after removal from the base plate.

Fig. 2. (a) Overall WAAM setup and (b) application of active cooling for production of oval tubes.

Table 1 
Mechanical properties of as-welded ER90S-D2 wire, as stated in the wire 
certificate.

Mechanical property Minimum guaranteed 
value

Measured 
value

Yield strength fy (MPa) 560 607
Ultimate strength fu (MPa) 620 637
Elongation at fracture εf (%) 18 18
Charpy V-notch impact energy at 
− 70◦C Av (J)

47 60

Table 2 
Chemical composition of ER90S-D2 wire in (%), as stated in the wire certificate.

C Si Mn S Cu Cr Mo Ni Co Fe

0.10 0.71 1.89 0.011 0.025 0.04 0.44 0.05 0.013 Balance
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load-bearing applications.
Hence, the aim of this study is to explore the influence of varying 

process parameters on the resulting material properties of WAAM steels. 
A comprehensive experimental programme has been conducted on 
WAAM carbon steel printed using ER90S-D2 welding wire. The inves
tigation encompassed four nominal wall thicknesses – 3.5 mm, 5 mm, 
8 mm, and 12 mm, achieved with different process parameters and with 
or without active cooling. As-built and machined coupons were extrac
ted from different orientations to the print layers and tested. 3D laser 
scanning was used to accurately capture the geometric properties and 
surface roughness of the examined WAAM materials. X-ray computed 
tomography (XCT) scanning was utilised as a non-destructive technique 
for the detection of porosity. The mechanical properties of the WAAM 
specimens were obtained from tensile coupon testing assisted by digital 
image correlation (DIC). Lastly, microstructural analysis was performed 
to complement the mechanical evaluations. The insights gained from 
this study will facilitate the understanding of the link between process 

Table 3 
Process parameters used for WAAM ovals.

tnom = 3.5 mm tnom = 5 mm tnom = 8 mm tnom = 12 mm

Wire grade ER90S-D2 ER90S-D2 ER90S-D2 ER90S-D2
Wire diameter (mm) 1.2 1.2 1.2 1.2
Wire feed rate (m/min) 2.3 2.7 3.5 3.7
Average layer height (mm) 1.1 1.2 1.7 1.7
Interpass temperature (◦C) 350 350 350 350
Stick out (mm) 9–12 9–12 9–12 9–12
Welding voltage (V) 14.6 15.6 16.8 20
Welding current (A) 102 117 152 129
Shield gas composition 98% Ar, 2% CO2 98% Ar, 2% CO2 98% Ar, 2% CO2 98% Ar, 2% CO2

Shield gas flow rate (L/min) 16.0 16.0 16.0 16.0
Cooling method Passive Passive Active | passive Active | passive
Toolpath Single pass Single pass Double pass Weaving

Fig. 3. Illustration of the printing toolpaths.

Fig. 4. Orientation of the extracted WAAM coupons from a typical (a) as-built plate and (b) machined plate.

Fig. 5. Density measurement setup.

A. Spinasa et al.                                                                                                                                                                                                                                 Construction and Building Materials 479 (2025) 141078 

3 



parameters and mechanical properties of WAAM steels and aid the 
development of reliable structural design rules for WAAM steel com
ponents, including rules for design by advanced analysis [52,53].

2. Manufacture and preparation of test specimens

Six WAAM steel flat-sided oval tubes with four different nominal 
thicknesses tnom – 3.5 mm, 5 mm, 8 mm and 12 mm, as shown in Fig. 1, 
were printed by the Dutch manufacturer MX3D, using a 6-axis ABB robot 
equipped with a metal inert gas (MIG) welding system, as illustrated in 
Fig. 2(a). The ovals were printed diagonally (see Fig. 2(a)) on 30 mm- 
thick, 350 mm × 350 mm steel plates, and were removed from the 
substrate by flame cutting. Welding wire of grade ER90S-D2 [54] with a 
nominal diameter of 1.2 mm was employed as the feedstock. The wire 
diameter was kept constant to enable the influence of different printing 
strategies on the resulting mechanical properties to be isolated. The 
chemical composition of the feedstock material and the as-welded 

mechanical properties, as stated in the wire certificate provided by the 
manufacturer, are reported in Tables 1 and 2, respectively. The Carbon 
Equivalent (CE) of the adopted welding wire is equal to 0.63 and 0.43 
based on the formulae from AWS D1.1 [55] and EN 1011-2:2001 [56], 
respectively; note however that these formulae are mainly used for 
parent metals instead of welding wire. According to AWS 5.28 [54], the 
adopted welding wire offers overall good weldability and is suitable for 
both single and multi-pass applications.

The key process parameters for each nominal thickness, including 
the nominal voltage and current, torch speed, wire feed rate, toolpath 
etc., are presented in Table 3. The toolpaths selected for printing, i.e. 
single pass, double pass and weaving, as shown in Fig. 3, are commonly 
used for the printing of thin-walled elements in practice. Note that the 
part geometry is expected to somewhat affect the thermal history and 
the mechanical properties, but this is outside of the scope of the present 
paper. For the wall thicknesses of 8 mm and 12 mm, two ovals were 
printed for each thickness, employing either active cooling using com
pressed air from nozzles arranged in an array along one side of the ovals, 
or passive (i.e. natural) cooling; see Fig. 2(b). The primary purpose of 
active cooling was to reduce the dwell time and improve the overall 
productivity.

To assess the influence of the undulating as-built geometry on the 
mechanical properties, one of the two WAAM plates extracted from each 
oval specimen was machined flat. Six tensile coupons, including two 
repeats at each of the three different orientations θ = 0◦, 45◦ and 90◦

relative to the print layers, as defined in Fig. 4(a), were extracted by 
means of water jet cutting, from each plate, leading to 72 tensile cou
pons in total, along with samples for density measurements and micro
structural examination. Finally, the surfaces of the coupons were 

Table 4 
Measured densities of examined WAAM steel.

Material ID ρ (g/cm3) ρ/ρo

P3.5 7.766 0.9893
P5 7.821 0.9963
P8 7.817 0.9958
P12 7.829 0.9973
A8 7.824 0.9967
A12 7.833 0.9978
WAAM ER110S-G [17] 7.831 0.9975
WAAM ER110S-G [44] 7.830 0.9975
WAAM ER70S-G [57] 7.770 0.9898

Fig. 6. Typical optical micrographs for (a) P3 and (b) A8 as-polished samples.

Fig. 7. (a) Laser scanning, (b) point cloud and (c) polygon object of a coupon.
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sandblasted with cutting sand for waterjetter to remove any welding 
soot arising from the WAAM process. A visual comparison between the 
as-built and machined surfaces is presented in Figs. 4(a) and 4(b).

The label of each coupon specimen begins either with an ‘A’ (active 
cooling) or a ‘P’ (passive cooling). The first number is the nominal 

thickness tnom (in mm), followed by the angle θ (in ◦) between the 
orientation of the coupon and the print layers. Finally, 1 or 2 represent 
the repeated test ID, and M or AB corresponds to the surface condition - 
machined or as-built, respectively. For example, P3.5-0-1-AB is a coupon 
specimen extracted from a nominally 3.5 mm-thick, passively cooled 
and as-built plate at an angle of θ = 0◦ to the print layer orientation.

3. Density, geometric properties and surface roughness

The density of the WAAM steel and the geometric characteristics of 
the as-built tensile coupons were examined prior to testing. Archimedes’ 
law was used for the density measurements. To capture the undulating 
surface geometry of the as-built coupons, advanced 3D laser scanning 
was employed, and the key geometric properties as well as the surface 
roughness, were quantitatively determined.

3.1. Density measurements

Density measurements were conducted using Archimedes’ principle 
prior to geometric measurements, not only to determine the material 
density but also to verify the accuracy of the 3D laser scan data, as 
discussed in the following subsection. Four representative samples, D1 to 
D4, as shown in Fig. 4(a), were extracted from each type of as-built plate, 
and the density was measured using the setup presented in Fig. 5; the 
adopted scale had an accuracy of 0.001 g. Table 4 presents the measured 
values of the density ρ of the test material, together with the measure
ments on similar WAAM carbon steel reported by Weber et al. [44], 
Huang et al. [17] and Al-Nabulsi et al. [57], for comparison purposes. 
Overall, the measured density of WAAM steel has been shown to be very 
marginally lower than the standard value for conventional carbon steel 
ρ0 = 7.85 g/cm3, which is likely due to the presence of a higher level of 
porosity in these printed materials, as also observed in Al-Nabulsi et al. 
[57]. The plates examined herein with a nominal thickness tnom 
= 3.5 mm exhibited the lowest density; optical microscopy using an 
Olympus BX51 microscope revealed more pores in samples extracted 
from the 3.5 mm-thick plate compared with the other thicknesses – see 
Fig. 6.

3.2. Geometric analysis

Advanced 3D laser scanning was employed to digitally capture the 
undulating surface geometry of the as-built coupons. A Faro ScanArm, 
integrated with a FARO laser line probe, able to capture up to 500,000 
points per second with an accuracy of 0.1 mm and a resolution of 
0.075 mm, was utilised for this purpose – see Fig. 7(a). The scan data of 

Fig. 8. Determination of coupon geometry in Rhino 3D.

Table 5 
Geometric properties of the passively cooled as-built coupons.

Material ID θ (ο) t (mm) A (mm2) Amin / A Asd / A ez (mm)

P3.5 0 3.12 51.0 0.98 0.010 0.40
​ 0 3.17 51.6 0.97 0.021 0.38
​ 45 3.19 52.9 0.96 0.017 0.51
​ 45 3.23 54.2 0.96 0.018 0.43
​ 90 3.26 53.7 0.96 0.021 0.50
​ 90 3.23 52.7 0.95 0.024 0.50
P5 0 4.33 71.3 0.97 0.013 0.02
​ 0 4.35 72.6 0.98 0.010 0.06
​ 45 4.33 71.8 0.97 0.013 0.15
​ 45 4.39 72.9 0.98 0.011 0.22
​ 90 4.51 74.6 0.92 0.024 0.76
​ 90 4.54 74.7 0.93 0.025 0.78
P8 0 8.17 133.6 0.99 0.006 0.17
​ 0 7.44 121.2 0.98 0.006 0.08
​ 45 7.42 121.4 0.97 0.015 0.23
​ 45 7.46 121.6 0.97 0.016 0.22
​ 90 7.69 125.7 0.94 0.025 0.32
​ 90 7.79 127.1 0.94 0.028 0.33
P12 0 11.42 187.1 0.97 0.025 0.07
​ 0 11.15 181.4 0.98 0.007 0.08
​ 45 11.08 183.9 0.94 0.019 0.16
​ 45 11.07 180.7 0.97 0.014 0.15
​ 90 11.47 187.0 0.92 0.023 0.21
​ 90 11.45 187.9 0.91 0.024 0.26

Table 6 
Geometric properties of the actively cooled as-built coupons.

Material ID θ (ο) t (mm) A (mm2) Amin / A Asd / A ez (mm)

A8 0 7.84 130.5 0.99 0.005 0.05
​ 0 7.66 126.4 0.99 0.004 0.03
​ 45 7.85 128.6 0.93 0.028 0.06
​ 45 7.89 128.5 0.93 0.025 0.05
​ 90 7.87 128.3 0.92 0.039 0.10
​ 90 7.92 129.7 0.91 0.038 0.20
A12 0 11.68 189.2 0.98 0.010 0.05
​ 0 11.65 188.8 0.97 0.012 0.13
​ 45 11.53 187.8 0.98 0.010 0.10
​ 45 11.56 189.9 0.98 0.013 0.08
​ 90 12.01 196.1 0.92 0.022 0.16
​ 90 12.09 198.7 0.94 0.022 0.19
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each coupon were converted from a point cloud to a polygonal mesh 
using the software Geomagic Wrap [58] – see Figs. 7(b) and 7(c). The 
accuracy of the scan data was verified by comparing the volume of the 
coupon based on the measured weight and density with the volume of 
the polygonal mesh, where the difference was shown to be consistently 
less than 1%.

The processed scan data were imported as an STL file into Rhino 3D 
[59] for further geometric analysis. For each coupon, the 3D model of 
the specimen was reoriented in Rhino using principal component anal
ysis. The overall centroid of the coupon model was fixed to the global 
origin, and the longitudinal axis of the coupon was aligned with the 
global x-axis. The 3D model was then contoured at a predetermined 
interval equal to 0.1 mm [28] along the longitudinal axis (x-axis) in 

order to obtain the geometric properties of each cross-sectional contour 
– see Fig. 8. The cross-sectional area Ai and the deviation between the 
centroid of each cross-section contour and the overall centroid along the 
z-axis, labelled as ez,i, were subsequently determined. Moreover, the 
cross-sectional thickness ti of each contour i was defined as the average 
distance between all opposing cross-sectional grid points – see Fig. 8.

The derived geometric properties of the as-built coupons are pre
sented in Tables 5 and 6 for those with passive and active cooling, 
respectively, where A, Amin, Asd represent the mean, minimum and 
standard deviation values of the cross-sectional area, t is the average 
thickness of each coupon, and finally ez is the average of the absolute 
values of the eccentricities ez,i in the z-direction.

Fig. 9 shows the variation in average thickness ti along the parallel 
length of all as-built coupons. The variation of the thickness depends on 
the orientation of the coupon specimens relative to the print layer 
orientation θ. As expected, coupons extracted with θ = 90◦ presented the 
highest level of thickness variation along their length due to the surface 
undulations. This trend is also observed in Tables 5 and 6, where the 
ratio of Amin/A generally decreased for coupons with higher θ, whereas 
the eccentricities along z-axis generally increased by increasing θ. The 
as-built surface finishes associated with different process parameters 
and cooling methods were visually different, as shown in Fig. 10; the 
surface roughness of the examined WAAM steels is discussed further in 
Section 3.3.

3.3. Roughness of the as-built surfaces

The surface roughness of the examined WAAM steels, arising pri
marily from the layer-by-layer nature of the printing, is examined herein 
using the 3D scan data obtained from the as-built coupons. To isolate 
roughness within the 3D scan data, it is essential to first remove both the 
inherent error of form and the waviness of the coupons, as shown in 
Fig. 10. Error of form, in this case, out-of-flatness, is often present due to 
imperfections such as layer shifts or thermal distortions and may influ
ence the structural behaviour of the element. Waviness, on the other 
hand, pertains to variations in the thickness of the WAAM part that 
result from inconsistencies in the deposition process [60,61].

The out-of-flatness profile was determined as the centroid of each 
pair of opposing grid points, and was eliminated by subtracting the z- 
coordinate of the centroid zi,c from those of the corresponding surface 
grid points zi,1 and zi,2 – see Fig. 11(a). Subsequently, the waviness of 
each coupon surface was obtained by applying a moving average filter to 
smoothen the surface profile, with a filtering window size such that the 
surface undulations were retained, as shown in Fig. 11(b). To determine 
the appropriate filtering window size, expressed as the product of the 
layer height and a factor α, a sensitivity study was conducted, as shown 
in Fig. 12(a), where the roughness parameter Sz, as defined later in this 
section, is plotted against different α values. Errors may arise when there 
is a localised abrupt change in the layer width (i.e. the wall thickness), 
which may not be captured correctly by the adopted filtering method. It 
can be seen in Fig. 12 that increasing the factor α leads to an increase in 
the roughness parameter Sz, up to approximately α = 7 for all six 

Fig. 9. Thickness variation along parallel length of as-built coupon specimens.

Fig. 10. Comparison of surface finish of as-built specimens.
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different WAAM coupon types, as illustrated in Fig. 12(b), beyond which 
the derived roughness values remain relatively constant. Therefore, a 
filtering window size corresponding to α = 7 was used to determine the 
waviness. The waviness profile was eliminated from the scan data in a 
similar manner to the out-of-flatness by modifying the z-coordinates of 
the scan data, as illustrated in Fig. 11(c). Fig. 13 shows the scan data 
processing steps ((1)-(4)) for a typical examined surface for roughness 
analysis.

Following the guidelines in EN ISO 25178-2:2022 [60], the filtered 
surface profiles were evaluated using several parameters to describe the 
unevenness of the surface, including the maximum height Sz: 

Sz = zmax(x, y) − zmin(x, y) (1) 

the arithmetic mean height Sa: 

Sa =
1
Ã

∫∫

Ã
|z(x, y)|dxdy (2) 

the root mean square height Sq: 

Sq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
Ã

∫∫

Ã
z2(x, y)dxdy

√

(3) 

the skewness Ssk: 

Ssk =
1
S3

q
(
1
Ã

∫∫

Ã
z3(x, y)dxdy) (4) 

and the kurtosis Sku: 

Ssk =
1
S4

q
(
1
Ã

∫∫

Ã
z4(x, y)dxdy) (5) 

The x and y coordinates describe the longitudinal and transverse 
directions of the surface, respectively, while z represents the direction 
normal to the surface. The term Ã refers to the examined surface, i.e. the 
parallel length of the coupons. A contour spacing of 0.1 mm was 
employed along both the x and y-axes, consistent with the geometric 
analysis presented earlier, to balance accuracy and computational 
efficiency.

Fig. 11. Definition of (a) out of-flatness, (b) waviness, and (c) roughness.

Fig. 12. (a) Comparison of the maximum height Sz with the smoothening factor α and (b) fitted surface profile according to different smoothening factors α.
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Table 7 provides the derived surface roughness parameters, averaged 
from the results for all as-built coupons, for the examined WAAM ma
terials with different printing strategies. As the thickness increases from 
3.5 mm to 12 mm, there is an increasing trend for the maximum height 
Sz, the mean arithmetic height Sa and the mean square height Sq, which 
suggests that the thicker plates exhibited greater surface height varia
tions (i.e. more pronounced surface roughness). This can be attributed to 
the fact that the ovals with 8 mm and 12 mm thicknesses were produced 
using different toolpaths, i.e. double pass and weaving respectively, as 
shown in Fig. 3, which affected the surface roughness. Furthermore, the 
surface roughness has previously be found to also be affected by the 
layer height and weld pool geometry and stability, which are linked to 
the wire feed rate, the travel speed and heat input [62]; further in
vestigations on this topic are needed to understand this correlation 
better. The maximum height Sz, the mean arithmetic height Sa and the 
mean square height Sq for each tensile specimen are plotted against 

thickness in Fig. 14(a)–(c), where the results for coupons with the same 
printing strategy are shown to be rather consistent and the increasing 
trend of surface roughness with increasing thicknesses is clear. The 
cooling method is seen to have negligible influence on the surface 
texture. The skewness Ssk values for the 8 mm and 12 mm plates are 
negative, indicating left-skewed distributions, where more surface 
heights fall below the mean. In contrast, the 3.5 mm and 5 mm plates 
show positive skewness, suggesting right-skewed distributions, where 
surface heights predominantly lie above the mean. Finally, the kurtosis 
Sku values also vary with thickness; the 8 mm plates exhibit the lowest 
values of Sku, equal to 2.879 and 2.909, which are less than 3, indicating 
a less pronounced tail compared to a normal distribution. Conversely, 
the kurtosis values of the remaining plate thicknesses are above 3, 
implying a slightly more pronounced tail.

4. Defect examinations

To facilitate the qualification and wider adoption of WAAM in 
practice, knowledge and control of printing defects are essential. Non- 
destructive testing (NDT) enables the detection and assessment of de
fects in materials without compromising their usability [48,57,63]. In 
the present study, X-ray computed tomography (XCT), a common NDT 
method for metallic components, was used to inspect the quantitative 
distribution of pores in a selected group of WAAM steel specimens with 
nominal thicknesses of 8 mm and 12 mm.

Fig. 13. Illustration of the applied steps ((1) - (4)) for smoothening the surface profiles for roughness evaluation.

Table 7 
Roughness properties of the as-built plates.

Material ID Sz (mm) Sa (mm) Sq (mm) Ssk Sku

P3.5 0.403 0.033 0.042 0.134 3.339
P5 0.464 0.039 0.049 0.061 3.367
P8 0.502 0.057 0.069 − 0.065 2.879
P12 0.724 0.076 0.082 − 0.203 3.311
A8 0.523 0.062 0.070 − 0.108 2.909
A12 0.722 0.080 0.083 − 0.062 3.134

A. Spinasa et al.                                                                                                                                                                                                                                 Construction and Building Materials 479 (2025) 141078 

8 



4.1. XCT setup

XCT was used to scan the machined coupons associated with the 
nominal print thicknesses of 8 mm and 12 mm and both active and 
passive cooling. A 320 kV CT scanner was used to examine the internal 
defects. The interior of the equipment is depicted in Fig. 15 which shows 
the X-ray generator, which has its output port covered by a copper filter 
to limit the X-ray wavelength. A Styrofoam jig, transparent to X-rays, 
was placed on the central turntable to hold the specimen. Two images 
per degree of rotation were captured to enhance the contrast.

4.2. XCT results

The software myVGL [64] was utilised to analyse the captured 

images. The CT scan results revealed a high level of localised pores in 
Specimens P8-45-1-M, P8-45-2-M, P8-90-2-M and A12-90-2-M. Typical 
XCT results are displayed in Figs. 15 and 16 for Specimens P8-45-2-M 
and A12-90-2-M respectively. Figs. 16(a) and 17(a) illustrate the dis
tributions of the porosity, calculated as the volume fraction of pores at 
1 mm intervals, along the parallel length of the coupons. Figs. 16(b) and 
17(b) are the CT scans of the coupons, showing the distribution of pores; 
the locations at which the coupons fractured are shown in Figs. 16(c) 
and 17(c) and correspond to the areas with the highest concentration of 
pores. Figs. 16(d) and 17(d) depict the fracture surfaces of both coupons, 
where a high degree of porosity was revealed. The XCT results did not 
show any noticeable influence from the process parameters, wall 
thickness and cooling method on the level of defects; instead, the 
porosity was highly localised and attributable to external conditions / 
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Fig. 14. Comparison of (a) Sz, (b) Sa and (c) Sq with the average thickness t of all the tested tensile specimens.

Fig. 15. XCT scanning equipment for examination of defects in WAAM materials.
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human error (e.g. unintentional disturbances of the shielding gas). This 
could be detected from manufacturing logs [44], and more frequent 
supervision and intervention could minimise such defects.

5. Tensile coupon testing

The stress-strain behaviour of the WAAM material was investigated 
via tensile coupon testing. In total, 72 coupon specimens, half with as- 
built surfaces and half with machined surfaces, were tested. The test 
programme was performed to investigate the influence of various 

factors, including the printing strategy and the resulting thickness of the 
material, the cooling method and the loading direction relative to their 
print layer orientation, on the mechanical properties.

5.1. Test setup

The test setup used in this study is depicted in Fig. 18. An Instron 
8802 250 kN servohydraulic testing machine with hydraulic grips was 
used for the uniaxial monotonic loading of the coupons. The tests were 
conducted under displacement control according to EN ISO 6892- 

Fig. 16. Specimen P8-45-2-M: (a) Distribution of the volume of pores along the parallel length, (b) illustration of the pore distribution, (c) photo of the fractured 
tensile coupon and (d) photo of the fracture surface.

Fig. 17. Specimen A12-90-2-M: (a) Distribution of the pores along the parallel length, (b) illustration of the pore distribution, (c) photo of the fractured tensile 
coupon and (d) photo of the fracture surface.
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1:2019 [65]. The displacement rate was set at an equivalent strain rate 
of 0.00007 s− 1 up to the 0.2% proof strength, with a gradual increase to 
a strain rate of 0.00025 s− 1 beyond the yield strength until fracture. To 
capture the strain and displacement fields in the parallel length of both 
sides of the coupon specimens, two LaVision StrainMaster Compact 
stereo digital image correlation (DIC) systems with an integrated LED 
illumination source were utilised. Before testing, a random pattern, 
consisting of a black matt background and white speckles, was applied 
to the parallel length of both sides of the coupons; matt paint was used to 
avoid data loss due to reflection during the image capturing. The DIC 
images were acquired with a 2 Hz frequency and then processed in 
DaVis 10 [64]. The applied load and the machine displacement were 
measured and recorded along with the DIC images in DaVis 10 [66]. 
Finally, the elongation at fracture was determined by marking a set of 
overlapping standard gauge lengths equal to 5.65

̅̅̅̅
A

√
on both sides of the 

coupons, where A was taken as the mean cross-sectional area of the 
tensile coupon, as presented in Tables 5 and 6.

5.2. Test results

This section presents the key mechanical properties of the examined 
WAAM materials obtained from the tensile coupon tests. Figs. 19 and 22
display the stress-strain curves for the machined and as-built coupons, 
respectively. For the as-built coupons, due to their undulating geometry, 
the applied stress was calculated based on the mean cross-sectional area 
of their parallel length A determined by means of laser scanning, as 
shown previously in Tables 5 and 6, and the presented results should be 
considered to be ‘effective’ mechanical properties. For both the as-built 
and machined coupons, the longitudinal strain was determined via 
virtual extensometers over the parallel length using the DIC data. Ta
bles 8 and 9 and Figs. 20 and 23 present the key material properties for 
the machined and as-built tensile coupons, respectively, including the 
Young’s modulus E, the Poisson’s ratio v, the yield strength fy, the ul
timate strength fu, the strain at the ultimate strength εu, the strain at 
fracture over the standard gauge length εf and the strain hardening ex
ponents, n and mu, of the two-stage Ramberg-Osgood material model 
[67,68,69]. The Young’s modulus E was determined through a least 
squares analysis of the stress-strain data between approximately 20% 
and 60% of the yield strength fy, and the Poisson’s ratio v was computed 
based on the ratio of the mean transverse to mean longitudinal strains 
within the elastic range. Finally, the yield strength fy was taken equal to 
the 0.2% proof stress in the case where the stress-strain curves had no 
clearly defined yield point.

5.3. Discussion of test results

The obtained tensile coupon test results are discussed in this section; 
note that those coupons with significant porosity, as marked in Tables 8 
and 9, are excluded from the discussion to avoid misleading conclusions.

5.3.1. Extent of material anisotropy
The extent of material anisotropy is examined in this subsection 

based on the machined coupon test results. Fig. 19 illustrates that most 
of the stress-strain curves for the machined coupons loaded parallel to 
the print layer orientation (i.e. θ = 0◦) resemble typical hot-rolled steels, 
with a well-defined yield point and a yield plateau followed by strain 
hardening. On the other hand, the machined coupons with θ = 45◦ and 
90◦ to the print layer orientation exhibited more rounded stress-strain 
behaviour, without a distinct yield point or a yield plateau. The ob
tained Young’s modulus E is shown to be rather consistent for all the 
machined coupons, as depicted in Fig. 20(a), and falls within the ex
pected range of 200–220 GPa for conventional carbon steels. Similar 
observations can be made for the Poisson’s ratios v, as shown in Fig. 20
(b), revealing the elastic behaviour of the examined WAAM carbon steel 
to be essentially isotropic. The yield and ultimate strengths fy and fu are 
graphically compared in Figs. 20(c) and 20(d). A slightly higher yield 
strength fy was observed at θ = 0◦ for the 3.5 mm, 5 mm and 8mm-thick 
coupons due mainly to the presence of yield plateau, while the ultimate 
strengths fu were generally independent of the angle θ to the print layer 
orientation, except for the 12 mm-thick coupons. As shown in Figs. 19(d) 
and 19(f), the P12 and A12 specimens exhibited noticeably different 
stress-strain responses in the strain hardening range for different angles 
θ. This anisotropic behaviour in the plastic range might be attributed to 
the variability of individual coupons, and the more complex thermal 
history due to the adopted weaving toolpath; further work is needed to 
gain a deeper insight into the cause of such behaviour. The strains at the 
ultimate stress εu and at fracture εf, as shown in Figs. 20(e) and 20(f), 
remain similar across the different orientations. Fig. 21 shows the 
typical surface strains captured by DIC for three different angles θ 
shortly before fracture, where it can be observed that, independently of 
the angle θ, all the machined coupons showed very similar patterns of 
necking. The fracture of the coupon specimen shown in Fig. 21(c), which 
had a relatively high cross-section aspect ratio b/t of 5.3 and thus a 
relatively low average stress triaxiality, was primarily governed by 
shear, following the direction of maximum shear stress at an inclined 
angle; in contrast, those with relatively low cross-section aspect ratios, 
as shown in Fig. 21(a) and (b), tended to experience relatively high 
average stress triaxialities and thus fractured by void formation and 
along a line perpendicular to the applied tensile load [70].

5.3.2. Influence of the surface undulations
The influence of the undulating as-built geometry inherent to the 

WAAM process on the mechanical properties is analysed in this section 
by comparing the as-built and machined coupon test results. A com
parison between Fig. 19 and Fig. 22 shows that the stress-strain curves of 
the as-built coupons are generally similar to those of the machined 
coupons, with a distinct yield point typical of carbon steels only present 
for some of the coupons with θ = 0◦. Generally, the stress-strain re
sponses of the as-built coupons was slightly more rounded compared to 
their machined counterparts, particularly the as-built coupons with θ 
= 90◦ as a result of the earlier stiffness loss due to the undulating ge
ometry. The effective material properties of the as-built coupons, aver
aged for each angle relative to the print layer orientation and indicated 
by the subscript "eff", and normalised by the corresponding properties of 
their machined counterparts, are plotted in Fig. 26. For the Young’s 
modulus E, the undulating geometry had the most significant effect on 
the as-built coupons with θ = 90◦, whereas no significant influence was 
observed on the Poisson’s ratios v, as depicted in Figs. 26(a) and 26(b) 
respectively. In Figs. 26(c) and 26(d), the as-built coupons showed a 6% 
and a 3% decrease on average in yield strength fy and ultimate strength 

Fig. 18. Test setup for tensile coupon testing.
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Fig. 19. Stress-strain curves of machined coupons.
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Table 8 
Material properties of machined tensile coupon specimens.

Specimen ID E (MPa) ν fy (MPa) fu (MPa) εu εf fu/fy εu/εy n mu

P3.5-0-1-M 213605 0.27 665 728 0.13 0.21 1.09 66.70 32.20 1.75
P3.5-0-2-M 209971 0.27 670 733 0.12 0.20 1.09 59.87 20.40 1.53
P3.5-45-1-M 210381 0.29 639 736 0.12 0.20 1.15 61.46 19.38 1.96
P3.5-45-2-M 210678 0.28 636 735 0.12 0.17 1.16 57.59 16.68 1.93
P3.5-90-1-M* 214073 0.27 637 671 0.01 0.01 1.05 4.98 17.03 2.01
P3.5-90-2-M* 204042 0.28 594 607 0.01 0.01 1.02 3.59 14.79 2.16
P5-0-1-M 207816 0.27 634 702 0.13 0.22 1.11 65.36 20.40 1.94
P5-0-2-M 204182 0.28 626 696 0.13 0.21 1.11 64.68 31.51 1.52
P5-45-1-M 209471 0.28 583 688 0.11 0.18 1.18 57.19 29.06 2.15
P5-45-2-M 215207 0.28 601 709 0.13 0.18 1.18 63.90 27.29 2.36
P5-90-1-M 214210 0.29 589 706 0.13 0.20 1.20 62.67 24.25 1.88
P5-90-2-M 211210 0.28 589 691 0.11 0.17 1.17 53.16 9.36 1.70
P8-0-1-M 219158 0.27 483 751 0.15 0.22 1.55 73.15 18.75 3.23
P8-0-2-M 216786 0.29 507 739 0.16 0.23 1.46 81.38 35.10 3.51
P8-45-1-M* 204771 0.30 447 490 0.01 0.02 1.10 5.88 20.40 2.49
P8-45-2-M* 212001 0.28 496 548 0.01 0.01 1.11 6.18 20.47 2.67
P8-90-1-M 204714 0.29 492 747 0.12 0.17 1.52 59.90 10.58 1.75
P8–90–2-M* 204212 0.28 488 660 0.04 0.05 1.35 19.33 13.30 1.87
P12-0-1-M 214756 0.28 396 710 0.13 0.18 1.79 62.75 7.91 3.41
P12-0-2-M 216440 0.28 452 663 0.13 0.19 1.47 66.20 20.40 2.54
P12-45-1-M 216610 0.29 425 598 0.11 0.17 1.41 56.45 12.30 2.25
P12-45-2-M 209726 0.28 418 598 0.11 0.17 1.43 56.53 13.05 2.38
P12-90-1-M 217005 0.29 418 592 0.13 0.18 1.42 67.03 7.30 2.69
P12-90-2-M 218712 0.27 456 624 0.12 0.17 1.37 61.18 11.76 2.86
A8-0-1-M 218653 0.28 508 730 0.16 0.23 1.44 78.33 12.91 3.17
A8-0-2-M 217931 0.28 559 719 0.15 0.22 1.29 74.15 20.40 1.63
A8-45-1-M 215413 0.29 498 711 0.14 0.19 1.43 67.60 11.16 2.49
A8-45-2-M 218242 0.29 501 723 0.14 0.19 1.44 67.60 14.40 2.57
A8-90-1-M 213057 0.27 501 719 0.12 0.17 1.44 61.57 11.62 2.62
A8-90-2-M 210426 0.28 492 724 0.12 0.17 1.47 60.43 11.83 2.44
A12-0-1-M 208858 0.29 393 685 0.12 0.19 1.74 62.15 20.40 2.29
A12-0-2-M 210780 0.28 446 626 0.15 0.22 1.40 73.68 16.57 4.05
A12-45-1-M 211859 0.29 436 627 0.15 0.23 1.44 74.60 18.19 2.99
A12-45-2-M 210815 0.30 440 642 0.15 0.21 1.46 73.47 16.97 2.53
A12-90-1-M 204924 0.28 423 691 0.11 0.15 1.63 54.00 14.99 2.31
A12-90-2-M* 210016 0.28 426 701 0.09 0.09 1.64 44.66 9.95 2.01

*Tensile coupons with significant porosity within their parallel length
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fu, respectively, compared to the machined coupons. The as-built cou
pons with θ = 90◦ again showed the highest average reduction in both 
yield fy and ultimate strength fu of more than 7%, with fracture generally 
occurring at the minimum cross-section, as depicted in Fig. 25. 
Regarding the strain at the ultimate stress εu and the strain at fracture εf, 
the average ratios εu,eff/εu and εf,eff/εf are equal to 0.91 and 0.83 
respectively, and a clear variation in εu and εf can be seen in the as-built 
coupons tested at different angles θ, as shown in Figs. 23(e) and 23(f). By 
analysing the typical DIC surface strains shown in Fig. 24, it is revealed 
that the strain fields in the as-built coupons are somewhat non-uniform 
due to their undulating geometry, and the coupons with θ = 90◦ exhibit 
notably higher strain concentrations compared with the other orienta
tions as a result of the accumulation of deformations in the troughs of 
the undulating surfaces, and thus lower ultimate and fracture strains. 
Finally, Fig. 27 illustrates that the higher the ratio Amin/A, generally the 
lower the ratios of Eeff/E, fy,eff/fy and fu,eff/fu become. 

5.3.3. Influence of active cooling
As discussed in Section 2, two ovals with nominal thicknesses of 

8 mm and 12 mm were printed using both active and passive cooling 
methods to investigate their impact on the material properties. 
Comparing the results from the machined coupon tests in Fig. 20, the 12 
mm-thick actively cooled specimens with θ = 90◦ exhibited higher ul
timate strengths compared to the passively cooled counterparts. Addi
tionally, the elongation of the 12 mm-thick actively cooled specimens 
with θ = 45◦ was greater than that of the corresponding passively cooled 
specimens. Although these differences are evident, no clear trend was 
observed based on the limited dataset, and further studies are needed.

5.3.4. Influence of thickness
The influence of the printed wall thickness on the mechanical 

properties associated with both the as-built and machined surface fin
ishes is discussed in this section. It should be noted that the influence of 
wall thickness is primarily a result of the change in printing parameters 
leading to different heat inputs and cooling rates. The key mechanical 
properties are averaged for each different thickness independently of the 
cooling method (which has been shown in Section 5.3.3 to have had 
negligible influence on the studied coupons) and the angle θ to the 
printing layer orientation, and are plotted against the as-built wall 
thickness in Fig. 28. The Young’s modulus E and the Poisson’s ratio v 
remain relatively constant across the thickness range for both the 
machined and as-built coupons, while the yield strength fy and the ul
timate strength fu are shown to vary with the wall thickness. The yield 
strength fy shows a clear drop with increasing thickness for both the as- 
built and machined samples. This is attributed to the different micro
structure between the coupons with different thicknesses and is analysed 
thoroughly in Section 6. The ultimate strength fu also decreases slightly 
with increasing thickness for both the machined and as-built coupons 
with the exception of the 8 mm-thick specimens. In addition, strain 
hardening was less pronounced in the coupons with smaller thicknesses, 
as reflected by the fu/fy values in Table 8, where the machined coupons 
with nominal thicknesses of 3.5 mm and 5 mm have an average ratio of 
fu/fy equal to 1.14, while those with nominal thicknesses of 8 mm and 
12 mm have an average ratio fu/fy equal to 1.48. Finally, no clear trend 
is observed for the percentage in elongation at the ultimate stress εu and 
at fracture εf.

Table 9 
Material properties of as-built tensile coupon specimens.

Specimen ID E (MPa) ν fy (MPa) fu (MPa) εu εf fu/fy

P3.5-0-1-AB 204629 0.27 652 728 0.14 0.22 1.12
P3.5-0-2-AB 203728 0.27 644 713 0.13 0.18 1.11
P3.5-45-1-AB* 202191 0.30 621 716 0.11 0.14 1.15
P3.5-45-2-AB* 200576 0.27 612 707 0.11 0.12 1.16
P3.5-90-1-AB* 194588 0.26 593 655 0.03 0.03 1.10
P3.5-90-2-AB* 194081 0.26 582 694 0.07 0.07 1.19
P5-0-1-AB 203589 0.27 646 704 0.12 0.23 1.09
P5-0-2-AB 206345 0.27 623 698 0.13 0.19 1.12
P5-45-1-AB 207857 0.28 569 682 0.11 0.15 1.20
P5-452-AB 206581 0.29 569 685 0.14 0.20 1.20
P5-90-1-AB 189316 0.28 550 654 0.09 0.10 1.19
P5-90-2-AB 191986 0.27 538 619 0.05 0.06 1.15
P8-0-1-AB 212642 0.28 457 709 0.14 0.20 1.55
P8-0-2-AB 209608 0.27 475 697 0.14 0.20 1.47
P8-45-1-AB 205757 0.28 487 684 0.09 0.10 1.41
P8-45-2-AB 204789 0.27 481 683 0.10 0.16 1.42
P8-90-1-AB* 195864 0.29 472 593 0.03 0.04 1.26
P8-90-2-AB* 197797 0.28 470 622 0.04 0.04 1.32
P12-0-1-AB 204384 0.28 377 640 0.11 0.18 1.70
P12-0-2-AB 210011 0.29 415 616 0.14 0.21 1.48
P12-45-1-AB 206103 0.29 381 566 0.11 0.15 1.49
P12-45-2-AB 204450 0.28 382 571 0.13 0.17 1.50
P12-90-1-AB 197263 0.28 385 613 0.12 0.15 1.59
P12-90-2-AB 193341 0.28 382 601 0.11 0.15 1.57
A8-0-1-AB 208539 0.29 455 730 0.15 0.23 1.60
A8-0-2-AB 211651 0.27 540 705 0.15 0.23 1.31
A8-45-1-AB 207133 0.28 465 680 0.11 0.15 1.46
A8-45-2-AB 204097 0.28 469 685 0.11 0.13 1.46
A8-90-1-AB 204618 0.27 456 682 0.11 0.13 1.50
A8-90-2-AB 203730 0.28 453 674 0.09 0.10 1.49
A12-0-1-AB 212587 0.28 418 606 0.15 0.21 1.45
A12-0-2-AB 203923 0.30 379 646 0.12 0.18 1.71
A12-45-1-AB 203218 0.29 404 623 0.14 0.19 1.54
A12-45-2-AB 200858 0.29 398 596 0.09 0.09 1.50
A12-90-1-AB* 197509 0.28 395 596 0.06 0.06 1.51
A12-90-2-AB* 193261 0.29 392 571 0.04 0.05 1.46

*Tensile coupons with significant porosity within their parallel length
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Fig. 20. (a) Young’s Modulus E, (b) Poisson’s ratio ν, (c) yield strength fy, (d) ultimate strength fu, (e) elongation at ultimate strength εu and (f) elongation at fracture 
εf at different angles θ of machined tensile coupons.
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5.3.5. Influence of defects
The impact of defects on the mechanical performance of WAAM 

materials is discussed herein based on the XCT scanning and tensile test 
results for the 8 mm and 12 mm-thick machined coupons. XCT scanning 
revealed that four coupons had somewhat higher porosity than others, 
namely P8-45-1-M, P8-45-2-M, P8-90-2-M, and A12-90-2-M. The me
chanical performance of these coupons is therefore examined relative to 
the others. Fig. 28 compares the maximum porosity, as defined in Sec
tion 4.2, for all scanned coupons with their material properties (i.e., E, v, 
fy, fu, εu and εf). The Young’s modulus E, the Poisson’s ratio v and the 
yield strength fy exhibited negligible influence from the porosity. The 
ultimate strength fu of the most porous coupons, i.e. P8-45-1-M, P8-45-2- 
M, P8-90-2-M, is, on average, 15% lower than those without significant 
porosity, while no obvious decrease was observed for specimen A12-90- 
2-M since the porosity was less severe. Finally, the presence of pores 
strongly affects the ductility, as reflected by the reductions in εu and εf; 
the porous 8 mm-thick coupons, i.e. P8-45-1-M, P8-45-2-M, P8-90-2-M, 
exhibited a decrease up to 90% in εu and 93% decrease in εf. In contrast, 
the A12-90-2-M coupon showed a smaller reduction in εu and εf due to 
its lower porosity, as illustrated in Figs. 29(e) and 29(f). Such porosity 
has been shown to significantly reduce the ductility under monotonic 
tension, but have insignificant influence on the structural behaviour 
under monotonic compression [71]; fatigue life is also negatively 
affected by porosity [72].

5.3.6. Comparison with as-welded properties from wire certificate
In this section, the material properties obtained from the machined 

coupon tests in Table 8, excluding the impact of the surface undulations, 
are compared with the as-welded properties specified in the wire cer
tificate in Table 1. Most examined WAAM materials failed to meet the 
minimum guaranteed yield strength fy, except for those with nominal 
thicknesses of 3.5 mm and 5 mm. This can be attributed to the multiple 
thermal cycles and the slower cooling rate for WAAM compared with 
conventional welding. Most machined coupons reached the specified 
minimum ultimate strength fu, except for some porous specimens. As 
shown in Table 8, the tested machined coupons generally displayed 
good ductility, with most of them meeting all the ductility criteria of 
Eurocode 3 for hot-rolled steels, i.e. fu/fy > 1.05 and εf > 12% for elastic 
global analysis, as specified in EN 1993-1-1 [73].

6. Microstructural analysis

AM processes are characterised by the rapid solidification of metals 
and the intricate thermal histories, which significantly influence the 
underlying microstructure and the resulting mechanical properties of 
the materials [17,28,44]. To explore the mechanical properties from a 
metallurgical perspective, microstructural characterisation of the 
examined WAAM carbon steel was performed through Electron Back
scatter Diffraction (EBSD) analysis. The sample preparations and find
ings from the EBSD analysis are described in this section.

6.1. Preparation of metallographic samples

Metallographic samples for microstructural analysis were extracted 
from the centre of the P3.5, P5, P8, P12, A8 and A12 WAAM plates, 
which were manufactured using different cooling methods and process 
parameters. For each plate, three samples were first mounted in bakelite, 
with their front, cross-section and side faces exposed, as shown in 
Fig. 30, and then prepared following the procedure recommended in 
ASTM E3-11 [74]. The preparation involved grinding using SiC papers 
progressively from 500 to 4000 grit size and then polishing using 6 μm, 
3 μm and 1 μm diamond suspensions and finally a 0.04 μm OP-S solu
tion, pH balanced using H2O2 and water in the ratios 7:3:10., resulting in 
a mirror-like surface before mounting onto stubs for EBSD analysis. The 
grain size and morphology and the texture were investigated using a 
Zeiss Sigma-500 scanning electron microscope (SEM) equipped with an 
Oxford Instruments Symmetry EBSD detector and forescatter electron 
(FSE) imaging. The metallographic samples for EBSD were tilted to 70◦

relative to the horizontal to generate diffraction patterns with sufficient 
intensity. A 60 μm aperture size, 15 mm working distance and 20 kV 
accelerating voltage were used to collect the data. Each sample surface 
was scanned at 1000× magnification to ensure sufficient grains across a 
wide region without losing sub-structure features. The EBSD patterns 
were acquired using Oxford Instruments Aztec software package [75]
and post-processed analysed using MTEX [76].

6.2. Microstructural characterisation

The grain size distribution, phase proportion and texture of the 
examined WAAM material manufactured using different cooling 

Fig. 21. Surface axial strains at fracture of typical machined for orientations: (a) θ = 0◦, (b) θ = 45◦ and (c) θ = 90◦.
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Fig. 22. Stress-strain curves of as-built coupons.
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Fig. 23. (a) Young’s Modulus E, (b) Poisson’s ratio ν, (c) yield strength fy, (d) ultimate strength fu, (e) elongation at ultimate strength εu and (f) elongation at fracture 
εf at different angles θ of as-built tensile coupons.
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methods and process parameters were characterised through EBSD 
analysis. Forescattered diffraction (FSD) imaging was used for EBSD 
mapping to provide information on surface topography and crystallo
graphic orientation contrast. Figs. 31 and 32 show typical FSD images 
taken for samples from the P12 and A12 plates, coupled with the cor
responding inverse pole figure (IPF) maps coloured with respect to the 
build direction, with overlaid grain boundaries, and {100}, {110} and 
{111} pole figures. The IPF maps show the orientation of individual 
grains relative to a specific sample direction – the build direction in this 
study, while the pole figures present the global texture, where each point 
represents the orientation of a specific crystallographic plane or direc
tion relative to the sample reference frame. The contour level in pole 
figures, also referred to as the texture index, indicates the intensity of a 
preferred orientation compared to random orientations. It is noted that 

the texture was obtained from the crystallographic orientations of 
approximately 1000 grains within the scanned area. All the IPF and pole 
figures show no preferred crystallographic orientations in the examined 
material regardless of the cooling methods and process parameters, 
indicating nearly isotropic behaviour. This isotropy also explains the 
consistency of the Young’s modulus E and yield strength fy of the cou
pons loaded in the different directions relative to the deposition layers, 
and has also been reported by Weber et al. [44] and Huang et al. [17]. It 
is noted that some coupons had small differences in ultimate strength fu 
in the different loading directions; this is attributed largely to the 
presence of porosity and lack-of fusion defects, rather than the crystal
lographic texture and grain shape. As expected, the body-centred cubic 
(BCC) ferritic phase was predominated in the material manufactured 
using the different cooling methods and process parameters, with only a 

Fig. 24. Surface axial strains at fracture of typical as-built coupons for orientations: (a) θ = 0◦, (b) θ = 45◦ and (c) θ = 90◦.

Fig. 25. Fracture position of an as-built coupon coinciding with the smallest cross-sectional area along its parallel length.
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Fig. 26. Comparison of (a) Young’s Modulus E, (b) Poisson’s ratio ν, (c) yield strength fy, (d) ultimate strength fu, (e) elongation at ultimate strength εu and (f) 
elongation at fracture εf at different angles θ between as-built and machined coupons.
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Fig. 27. Influence of Amin/A ratio on the (a) Young’s Modulus E, (b) yield strength fy and (c) ultimate strength fu ratio between as-built and machined coupons.
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Fig. 28. Variation of averaged (a) Young’s Modulus E, (b) Poisson’s ratio ν, (c) yield strength fy, (d) ultimate strength fu, (e) elongation at ultimate strength εu and (f) 
elongation at fracture εf with average thickness.
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Fig. 29. Variation of (a) Young’s Modulus E, (b) Poisson’s ratio ν, (c) yield strength fy, (d) ultimate strength fu, (e) elongation at ultimate strength εu and (f) 
elongation at fracture εf with the maximum porosity.

Fig. 30. Extraction of metallographic samples from WAAM plates.
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small proportion of the austenitic face-centred cubic (FCC) phase.
It is well-established that the average grain size has a significant 

effect on the yield strength of the material, as described by the Hall- 
Petch relationship [77,78]. A smaller grain size means more grain 
boundaries, which can provide higher resistance to dislocation move
ment, thus leading to an increased yield strength of the material. In this 
study, the grain size d of each individual grain is defined as the diameter 

of an equivalent circle with the same area. The grain size distributions of 
all the examined WAAM material printed using the different cooling 
methods and process parameters are presented in Fig. 33, with their 
average grain size davg and average yield strength fy,avg of the machined 
coupons – excluding those with significant pores – and reported in 
Table 10. It can be seen that the material printed with the passive and 
active cooling methods had no difference in average grain size and yield 

Fig. 31. Typical (a) FSD image, (b) inverse pole figure (IPF) map along the build direction and (c) pole figures of the ferrite phase of P12 sample.

Fig. 32. Typical (a) FSD image, (b) inverse pole figure (IPF) map along the build direction and (c) pole figures of the ferrite phase of A12 sample.
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strength. Note that the cooling rates were not quantitively measured 
during the manufacture of the ovals; future work could be dedicated to 
the accurate measurement of local cooling rates from different cooling 
methods and the resulting effects on phase fractions and grain sizes. The 
coupons with the larger thicknesses had larger grain sizes, which ex
plains their lower measured yield strengths; this finding is consistent 
with previous studies on WAAM carbon steel [17].

7. Conclusions

An experimental study has been conducted to examine the me
chanical behaviour and microstructural properties of wire arc additively 
manufactured (WAAM) steel printed with different process parameters 
and cooling methods. The examined WAAM material featured ER90S-D2 
welding wire, active and passive cooling and four different nominal wall 
thicknesses. A total of 72 tensile coupon tests were performed, with 

specimens extracted at three different angles relative to the print layer 
orientation, covering both as-built and machined surface finishes. 3D 
laser scanning was employed to capture the as-built surface geometries, 
X-ray computed tomography (XCT) scanning was conducted to examine 
the defects, and digital image correlation (DIC) was used to capture 
deformation and strain distributions during tensile testing.

From the surface geometry examinations, the surface roughness was 
found to increase with material thickness, while the cooling methods 
were shown to have an insignificant effect. The XCT results revealed 
high localised porosity in some coupon specimens, most likely due to 
external conditions / human errors; no significant influence from the 
different process parameters and cooling methods on the extent of de
fects was observed. The machined coupon test results indicated that all 
the examined WAAM steels generally exhibited nearly isotropic material 
behaviour in the elastic stage, which agrees with the homogeneous grain 
structure and weak crystallographic texture revealed in the electron 
backscattered diffraction (EBSD) analysis for all the samples. The un
dulating geometry of the as-built coupons, particularly for those ori
ented at 90◦ to the print layers, caused slight reductions in the Young’s 
modulus and yield and ultimate strengths, and significant decreases in 
ductility due to localised strain concentrations. The applied active 
cooling method was shown to have minimal influence on the mechanical 
properties. On the contrary, the WAAM steels with different wall 
thicknesses, achieved through the use of different process parameters, 
thus resulting in different heat inputs and cooling rates, were shown to 
exhibit considerably different mechanical properties. The thicker sam
ples displayed lower yield and ultimate strengths, which was attributed 
to the coarser grains caused by slower cooling, as observed in the 

Fig. 33. Grain size distributions of (a) P3.5, (b) P5, (c), P8, A8 and (d) P12, A12 samples.

Table 10 
Variation of the measured yield strength with the average grain size of examined 
WAAM steel.

Nominal thickness and cooling 
method of the material

fy,avg 

(MPa)
Average equivalent circular 
grain diameter (μm)

P3.5 653 1.70
P5 604 1.98
P8 494 2.33
P12 427 3.34
A8 510 2.20
A12 428 3.33
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microstructural analysis. XCT effectively identified the internal pores in 
some machined coupon samples, which were shown to impact the me
chanical properties, particularly the ductility, highlighting the need for 
defect monitoring and control in WAAM processes.
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