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ARTICLE INFO ABSTRACT

Keywords: Wire and arc additive manufacturing (WAAM) is a technology that enables the in-situ manufac-
Metal 3D printing turing of large-scale components efficiently for the construction industry. However, uncertainties
Structural tests persist regarding the characteristics of WAAM materials, such as anisotropic mechanical proper-
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ties and their correlation with metallographic structure and fracture morphology, printing paths,
and heat treatment. More experimental data is also required to establish design methods for the
application of WAAM stainless steel in construction. To bridge these knowledge gaps, a compre-
hensive series of tensile tests was therefore conducted on WAAM stainless steel. Four deposition
plates were fabricated using WAAM technique with different printing paths, and tensile coupons
were extracted in three directions from each plate. Tensile tests were conducted to evaluate the
mechanical properties of the material. Optical microscopy (OM) and scanning electron mi-
croscopy (SEM) were then employed to examine the metallographic structure of the material and
the fracture morphology of the coupons. The results showed that the WAAM material had good
yield and ultimate strengths but slightly lower ductility than conventional stainless steel.
Anisotropy was observed in some but not all printing paths, and Young's modulus, ultimate strain
and fracture strain exhibited the highest values in the 45° specimens. The grain size of the plate
was influenced by its printing path. Mechanical properties were associated with the metallo-
graphic structure and fracture morphology. Compared to the heat-treated counterpart, the non-
heat-treated material exhibited higher yield and ultimate strengths but lower ductility.

1. Introduction

Additive manufacturing (AM), also known as 3D printing and rapid prototyping is a process of joining materials to make parts
from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing [1]. AM offers the benefits of high digitaliza-
tion and geometric freedom, reduced material consumption and waste, and easy customisation, resulting in its increasingly wide-
spread application across multiple industries. AM is considered a critical component of Industry 4.0 [2-5].

According to ISO/ASTM 52900:2021 [1], AM techniques can be classified into seven categories: powder bed fusion (PBF), di-
rected energy deposition (DED), material extrusion (MEX), material jetting (MJT), binder jetting, (BJT), sheet lamination (SHL) and
vat photopolymerization (VPP). Currently, AM processes of metallic materials generally include PBF, DED, BJT and SHL [6]. Wire and
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arc additive manufacturing (WAAM) is a DED technique that employs welding arcs as the heat source and wire as the raw material to
build components layer by layer [7]. The welding processes for WAAM include gas tungsten arc welding (GTAW), gas metal arc weld-
ing (GMAW), and plasma arc welding (PAW) [2]. Cold metal transfer (CMT) used in this study is a GMAW-based technology that im-
proves the welding process through controlled metal deposition and low heat input. CMT has a broad range of applications, such as
AM, cladding, composite joint pin fabrication, and crack repair welding [8]. Various raw materials are used for AM, including metal,
ceramic, polymer and composite [1]. Austenitic stainless steel is a widely used metal for the construction industry due to its good cor-
rosion resistance and relatively low cost [9], which contributes to the construction of the world's first stainless-steel metal bridge
[10].

Among various AM processes, WAAM is well-suited for the production of medium to large-scale components due to its high depo-
sition rates, relatively low costs, and unlimited build volume [7]. Furthermore, it enables automated on-site production of building
parts [2]. Novel connectors and truss structures, typically optimized with topology optimization methods for enhanced material effi-
ciency, have been realized using WAAM, such as an innovative stainless steel connector for spatial shells designed collaboratively by
MX3D and Takenaka (Fig. 1(a)) [11] and an optimized truss structure by Ye et al. (Fig. 1(b)) [12]. For large-scale WAAM structural
systems, two footbridges have been manufactured in Amsterdam (Fig. 1(c)) [10] and Darmstadt (Fig. 1(d)) [13], with the latter con-
structed in situ. Overall, WAAM has the potential to drive significant advancements in the construction industry.

The behaviour of structural components or a structural system is heavily dependent on the constitutive relationships of the related
building materials. Thus, investigating the properties of WAAM material is crucial for the wider application of WAAM technology in
the construction industry. Recent studies have increasingly focused on the material properties of stainless steel produced using
WAAM. Tensile tests were conducted on WAAM stainless steel using raw materials such as 304L [14-16], 316L [17-19], and 308LSi
[20-25] to evaluate the mechanical properties. The primary printing strategy employed was layer-by-layer [15-25], whereas the dot-
by-dot approach was also used in a few cases [14,25]. These studies revealed that: 1) the tensile strength and ductility of WAAM stain-
less steel are comparable to those of conventionally fabricated counterparts; 2) the material responses exhibit significant anisotropys;
3) the geometric irregularity inherent to the WAAM process effectively decreases some mechanical properties; 4) tensile specimens
with varying thicknesses exhibit differences in mechanical properties; 5) inspection of the fracture surfaces reveals ductile fracture
behaviour in tensile specimens. Based on data obtained from tensile tests, constitutive models have been initially established to de-
scribe the anisotropic material response of WAAM stainless steel in the elastic [20,23] and plastic range [20], and design values for
key mechanical parameters have been proposed [26]. Microstructure studies have used electron backscatter diffraction (EBSD), opti-
cal microscope (OM) and scanning electron microscope (SEM) to examine the crystallographic texture and the metallographic struc-
ture [14,16,21,24,27], and results revealed that the anisotropy in WAAM material behaviour results from a strong crystallographic
texture. However, study into the fracture surface morphology of WAAM material and its correlation to mechanical properties is defi-
cient. The effects of printing paths, such as parallel and oscillation strategies, on WAAM-fabricated mild steel [28,29], high strength

(a) Takenaka connector [11]

(c) the footbridge in Amsterdam [10] (d) the footbridge in Darmstadt [13]

Fig. 1. WAAM structural components in the construction field.
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steel [30], and martensitic stainless steel [31,32] have been investigated. However, the effect on WAAM austenitic stainless steel re-
mains unexplored. Heat treatment also affects the mechanical properties and microstructures of WAAM austenitic stainless steel
[27,33,34], but data on this topic are scarce.

WAAM material properties are significantly influenced by various process inputs, including manufacturing equipment, printing
method, printing path, processing parameter and heat treatment method. Even with a fixed set of process inputs, material properties
may vary considerably [14,35,36]. Therefore, further experimental research is necessary to establish design guidance and specifica-
tion for the application of WAAM stainless steel in construction. In particular, the microscopic causes of mechanical properties, the ef-
fect of different printing paths, and the effect of heat treatment on WAAM austenitic stainless steel should be studied due to the
scarcity of available data. This study conducts a series of experiments including tensile tests, metallographic observation, and SEM
fracture surface observation to investigate the mechanical properties, the correlation between mechanical properties and microstruc-
tures, and the effects of heat treatments and different printing paths. Four deposition plates were fabricated using CMT-WAAM (cold
metal transfer wire and arc additive manufacturing) with four distinct printing paths. From each plate, nine tensile coupons were ex-
tracted using wire cutting in three different directions (0°, 45°, and 90°to the long side of the deposition plate). Tensile tests were per-
formed to study the mechanical properties and degree of anisotropy. OM and SEM were utilized to examine the metallographic struc-
ture of the material and the fracture surfaces of specimens after tensile tests, and the relationship between the microstructural charac-
teristics and mechanical properties was analysed. It should be noted that the author's research group previously conducted a series of
tensile tests on specimens fabricated with an identical procedure as this paper, except that the specimens were subjected to solution
heat treatment. Thus, the mechanical properties obtained from this paper were compared to those of the previous study to investigate
the effect of solution heat treatment on mechanical properties.

2. Preparation of test specimens

A series of smooth specimens with nominal thicknesses of 4 mm and 8 mm were to be prepared for the tensile tests. Given the un-
dulating surface of WAAM material, three deposition plates with nominal dimensions of 270 mm X 230 mm X 6 mm and one depo-
sition plate with nominal dimensions of 300 mm X 260 mm X 10 mm were fabricated using CMT-WAAM technology (Fig. 2). The
process parameters are provided in Table 1. A commercial 316L stainless steel plate with dimensions of
400 mm x 400 mm X 60 mm was used as the substrate, and was polished and cleaned before the deposition process. The raw mate-
rial used was a 1.2 mm diameter 316L stainless steel wire, with its chemical composition shown in Table 2.

(a) CMT-WAAM equipment (b) Manufacturing process

Fig. 2. WAAM production equipment and process.

Table 1
Process parameters of WAAM deposition.

Process parameter

Form/range of value

power form CMT

working current 110-175 A
working voltage 18-22V
scanning speed 400-600 mm/min
wire feed rate 5.5-7.2 m/min
deposition efficiency 0.8-1.6 kg/h
layer height 2.0-3.5 mm
ambient temperature 15-25°C
interlayer temperature 80-130 °C

wire material 316 L

wire diameter 1.2 mm
protection gas 97%Ar + 3%CO,
gas flow rate 20-30 L/min
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Table 2
Chemical composition of 316L stainless steel wire.

Composition C Mn Si P S Cu Ni Cr Mo

316L steel <0.03 1.0-2.5 0.3-0.65 <0.03 <0.03 <0.75 11.0-14.0 18.0-20.0 2.0-3.0

The deposition plates were fabricated by moving the welding torch back and forth along the Y direction, as illustrated in Fig. 3.
Fig. 4 shows the path of the welding torch's movement for each plate. The deposition plates were labelled as AB-TC, where A, B, and C
denote variables. The letter ‘A’ indicated the plate orientation: V for vertical and H for horizontal to the level surface. The letter ‘B’ in-
dicated printing layer direction: L for along the long side and S for along the short side of plates. The letter ‘C’ represented the thick-
nesses of tensile specimens extracted from the plate. Note that for convenience of subsequent expression, the nominal thicknesses of
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Fig. 3. Deposition plates.
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Fig. 4. The path of the torch's movement.
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smooth tensile specimens (4 mm and 8 mm) extracted from plates were used instead of the thicknesses of the as-built WAAM plates
(6 mm and 10 mm). For example, Plate VL-T4 was a vertical plate with its printing layer along the long side of the plate, from which
tensile specimens with a nominal thickness of 4 mm were extracted.

As shown in Fig. 5(a) and (b), nine tensile specimens were extracted from each deposition plate in three distinct directions (0°, 45°,
and 90°to the longer side of the plates). Surface undulations were removed using wire cutting to produce smooth specimens with
nominal thicknesses of 4 mm and 8 mm (Fig. 5(c)), as the effect of geometric irregularity was outside the scope of this study. The di-
mensions of the tensile specimens, which conform to the GB/T 228.1-2010 standard [37], are shown in Fig. 6.

The tensile specimens were labelled using the following format: ‘plate label - extraction angle to the longer side of the plate - the
serial number within the same class’. For example, Coupon VL-T4-45-1 represents specimen number 1 of the three specimens ex-
tracted at a 45° angle to the longer side of plate VL-T4. For convenience, the three coupons within the same class are denoted as one
group. For instance, Group VL-T4-45 refers to Coupons VL-T4-45-1~VL-T4-45-3.

3. Test scheme and data processing

This section presents tests conducted on WAAM specimens, including geometric measurements, tensile tests, metallographic scan-
ning test, and fracture surface SEM test. The data processing approaches are also demonstrated.

3.1. Geometric measurement and post-processing

A non-contact geometric measurement method, 3D scanning, was used to obtain the geometric model and cross-sectional area of
each specimen, as shown in Fig. 7(a). To examine the dimensional variations across different cross-sections, four typical specimens
(HL-T4-45-2, VL-T4-0-1, VS-T4-0-1, and VS-T8-90-3) were analysed. The specimens were contoured at 0.2 mm intervals along the
parallel tensile segment, as illustrated in Fig. 7(b), and the area and thickness of each contour were measured. The results showed that
the relative differences between the maximum and minimum values of both area and thickness were less than 0.01 for all four speci-
mens, as shown in Table 3. In Table 3, A .y, Amins tmax and tyi, denote the maximum area, minimum area, maximum thickness and
minimum thickness along the parallel tensile segment of each specimen, respectively. Thus, the parallel tensile segments of the speci-
mens were considered to have an equal cross-section. This demonstrated that the wire-cutting process was accurate enough to elimi-
nate geometric irregularity. Table 4 presents the cross-sectional areas and thicknesses of all specimens, which were determined as the
average of the corresponding values along the parallel tensile segment.

3.2. Tensile test and data processing methods

Tensile tests were conducted on an INSTRON 8802 machine with a loading capacity of 250 kN in accordance with GB/
T228.1-2010 [37]. The controlled displacement method was used for loading at a crosshead speed of 1 mm/min. Three methods
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Fig. 5. Sampling scheme of tensile coupons from WAAM plate.
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Fig. 6. Dimensions of the tensile specimens.
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(a) Scanning process (b) Geometric model

Fig. 7. Scanning process and geometric model of the tensile coupon obtained from the scanning data.

Table 3
Dimensional variations across different cross-sections of four typical specimens.

Coupon Apax (mm?) Apin (mm?) (Amax-Amin)/Amin tmax (Mm) tmin (Mm) (tmax~tmin)/ tmin
HL-T4-45-2 49.84 49.57 0.0054 4.01 3.98 0.0075
VL-T4-0-1 48.10 47.81 0.0061 3.90 3.87 0.0078
VS-T4-0-1 48.94 48.64 0.0062 3.96 3.93 0.0076
VS-T8-90-3 123.01 122.16 0.0070 8.24 8.17 0.0086

Table 4

Cross-sectional areas and thicknesses of tensile specimens.

Plate\Coupon 0-1 0-2 0-3 45-1 45-2 45-3 90-1 90-2 90-3 Avg. Std. Dev.
HT-T4 Area (mm?) 49.2 49.6 49.7 49.5 49.7 49.7 49.5 49.4 49.6 49.5 0.16
Thickness (mm) 3.95 4.01 4.03 3.99 4.02 4.01 3.98 3.99 4.00 4.00 0.02
VL-T4 Area (mm?) 48.0 47.0 47.3 45.4 46.8 47.7 47.9 47.0 48.2 47.3 0.81
Thickness (mm) 3.87 3.76 3.80 3.66 3.77 3.84 3.86 3.81 3.88 3.81 0.07
VS-T4 Area (mm?) 48.8 49.0 49.0 50.3 49.9 49.4 50.3 50.8 50.7 49.8 0.73
Thickness (mm) 3.93 3.94 3.92 4.07 4.03 3.97 4.05 4.08 4.08 4.01 0.06
VS-T8 Area (mm?) 119.0 119.1 118.7 119.6 119.5 119.9 117.7 121.2 122.6 119.7 1.36
Thickness (mm) 7.93 7.94 7.91 8.02 8.01 8.03 7.95 8.13 8.20 8.01 0.09

were considered to acquire the tensile strain of the specimens: 1) two strain gauges measured the strain data parallel and perpendicu-
lar to the loading direction at the specimen centre before 20000 pe, as shown in Fig. 8; 2) an extensometer with a standard gauge
length of 50 mm measured the elongation during the tensile loading process; 3) an Imetrum digital image correlation (DIC) system
measured the specimen elongation and strain field in the entire area. The tensile test setup is shown in Fig. 9.

Fig. 10(a) displays the initial range of stress-strain curves for Coupon VL-T4-0-2 obtained using the three measurement methods.
The strain gauge produced the smoothest stress-strain curve, while the others fluctuated considerably. Fig. 10(b) shows the full-range
stress-strain curves for Coupon VL-T4-90-1 obtained using the three measurement methods. The strain measured by DIC was larger
than that measured by the extensometer due to relative sliding between the extensometer and the coupon surface, resulting in a lower
strain measurement than its true value. The DIC measurement was deemed more accurate because it was conducted on the specimens
without contact with the surface. Therefore, the strain derived from the strain gauge and DIC were used as the data sources for the
stress-strain curves at the initial (¢ < 0.005) and subsequent ranges (¢ > 0.005), respectively. Basic mechanical properties, such as
Young's modulus, yield and ultimate strengths, ultimate and fracture strains, and Poisson's ratio were then determined from the
stress-strain curves. Since the stress-strain curves contained experimental noise, the finite difference approach was inappropriate for

Strain gauges

Fig. 8. Strain gauge set-up.
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Fig. 10. Comparison between stress-strain curves derived from different methods.

determining Young's modulus. Instead, a moving regression filter was passed to the curve, performing ordinary least squares regres-
sion (OLSR) analysis to calculate the derivative corresponding to each point. Young's modulus was then determined from the deriva-
tive-strain curve [24]. Poisson's ratio was calculated using the strain data within 1000 e to ensure that the specimen was in its elastic
stage.

3.3. Fracture surface SEM test and metallographic scanning test

One cube sample was extracted from the excess materials of each of the four deposition plates and prepared for metallographic
analysis. The preparation process involved embedding using a metallographic inlaying machine, polishing using sandpaper and the
polishing machine to achieve a mirror surface, and etching using an austenitic stainless steel etching solution to reveal their metallo-
graphic structure [38]. A CX40 M optical microscope was used for metallographic analysis. Fracture surface SEM test of the coupons
and metallographic scanning test of material were performed. Samples for the fracture surface SEM test were prepared, and a
QUANTAFEG65 SEM was used to examine the fracture morphology and explore the fracture mechanism.

4. Test results

4.1. Stress-strain curves and mechanical properties

The full range and initial range of the stress-strain curves of the tensile coupons are presented in Figs. 11-14, which were obtained
using the method described in Section 3.2. For specimens extracted from plate HL-T4 and VL-T4, the stress-strain curves were very
similar for the three coupons in each group (Figs. 11 and 12). However, for specimens extracted from plate VS-T4 and VS-T8, the
stress-strain curves for the three coupons in each group were highly dispersed, as shown in Fig. 13-14.

Table 5 presents the average values and standard deviations of the mechanical properties for each group of tensile specimens, in-
cluding Young's modulus (E), 0.2% proof stress (o 5), ultimate tensile stress (), yield to ultimate strength ratio (o /), ultimate
strain (g,), fracture strain (¢;) and Poisson's ratio (v).

The bar charts of mechanical properties are shown in Fig. 15. As shown in Fig. 15(a), the average Young's modulus varied signifi-
cantly between groups, ranging from 118.66 to 216.37 GPa. Group VL-T4-45 had the highest average Young's modulus, while Group
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Fig. 11. Stress-strain curves of tensile coupons extracted from plate HL-T4.
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Fig. 12. Stress-strain curves of tensile coupons extracted from plate VL-T4.
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Fig. 13. Stress-strain curves of tensile coupons extracted from plate VS-T4.
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Fig. 14. Stress-strain curves of tensile coupons extracted from plate VS-T8.
Table 5
Mean value and standard deviation of mechanical properties.
Coupon E/GPa 0.o/MPa o./MPa 00.2/ Oy £y & v
E o % 4 Oy o 602/04 4 &y 14 & o v c
HL-T4-0 140.12 6.28 377.39 1.99 587.97 2.25 0.64 0.01 0.33 0.01 0.36 0.03 0.30 0.01
HL-T4-45 191.17 7.59 419.39 4.65 641.00 6.43 0.65 0.01 0.35 0.09 0.37 0.12 0.20 0.03
HL-T4-90 187.69 11.05 421.29 4.42 617.96 3.45 0.68 0.01 0.32 0.05 0.34 0.06 0.39 0.02
VL-T4-0 139.09 9.37 312.53 15.71 603.31 17.51 0.52 0.02 0.31 0.04 0.43 0.06 0.36 0.02
VL-T4-45 216.37 6.50 359.03 8.51 606.91 3.28 0.59 0.01 0.53 0.01 0.54 0.01 0.11 0.04
VL-T4-90 118.66 0.80 335.98 5.39 611.24 7.97 0.55 0.00 0.27 0.01 0.33 0.01 0.38 0.02
VS-T4-0 139.40 6.28 364.77 8.25 580.68 18.33 0.63 0.01 0.30 0.05 0.35 0.04 0.24 0.07
VS-T4-45 160.29 44.08 360.56 13.32 561.90 2.73 0.64 0.03 0.31 0.01 0.39 0.03 0.26 0.04
VS-T4-90 160.81 10.18 341.50 19.17 549.30 25.82 0.62 0.02 0.38 0.02 0.48 0.03 0.27 0.06
VS-T8-0 161.25 14.81 350.20 11.81 580.54 7.02 0.60 0.01 0.30 0.01 0.38 0.01 0.17 0.05
VS-T8-45 181.61 19.92 372.75 2.23 586.19 3.52 0.64 0.00 0.41 0.05 0.45 0.06 0.16 0.10
VS-T8-90 162.44 16.00 326.21 8.39 541.13 9.21 0.60 0.02 0.39 0.09 0.49 0.13 0.43 0.06

VL-T4-90 had the lowest. The standard deviation of Young's modulus for groups HL-T4-0/45/90 and VL-T4-0/45/90 was smaller than
that for groups VS-T4-0/45/90 and VS-T8-0/45/90. Plate VL-T4 exhibited the highest degree of anisotropy, with Group VL-T4-45
having the highest average Young's modulus. Notably, plate VL-T4 was fabricated with the same printing path as Laghi's study [16],
and both studies reached similar conclusions regarding the anisotropy of Young's modulus. Plate HL-T4 displayed similar anisotropy
but was less distinct than plate VL-T4. Anisotropy is due to the oriented crystal caused by grain growing tracking the highest thermal
gradient [24]. Plate HL-T4 was printed in contact with the substrate plate on one side, while plate VL-T4 was printed in contact with
air on both sides. Due to the higher thermal conductivity of steel compared to air, the thermal gradient within plate HL-T4 was lower,
resulting in a less strong crystallographic texture. Therefore, plate HL-T4 exhibited less distinct anisotropy.

Fig. 15(b) and (c) display the bar charts of average yield strength (o(,) and ultimate strength (o,) for all groups, respectively.
The yield strength ranged from 312.53 to 421.29 MPa, while the ultimate strength ranged from 541.13 to 641.00 MPa. Groups
HL-T4-0/45/90 had higher yield strength than the remaining groups and exhibited relatively smaller dispersion among the three
coupons in the same group. The ultimate strength of groups HL-T4-0/45/90 and VL-T4-0/45/90 was slightly higher than the other
groups. The anisotropy of yield strength and ultimate strength was not distinct for the four plates.

As shown in Fig. 15(d) and (e), the ultimate strain ranged from 0.27 to 0.53, and the fracture strain ranged from 0.33 to 0.54. Plate
VL-T4 exhibited the most distinct anisotropy in both ultimate and fracture strains, with the order being VL-T4-45 > VL-T4-0 > VL-
T4-90.

As shown in Fig. 15(f), Poisson's ratio exhibited considerable anisotropy in plates VL-T4 and HL-T4, which followed the order of
VL-T4-90 > VL-T4-0 > VL-T4-45 and HL-T4-90 > HL-T4-0 > HL-T4-45. In these two plates, the Poisson's ratio of the 90° (groups
VL-T4-90 and HL-T4-90) and 0° (groups VL-T4-0 and HL-T4-0) coupons ranged from 0.3 to 0.4, whereas those of the 45° coupons was
no more than 0.2. The magnitudes of Poisson's ratio are similar to the results of Laghi's study [21]. Laghi et al. [21] also found that the
symmetry condition Eye voxEgge Vo, existed in WAAM sheet material, indicating orthotropic material behaviour. This condition was
also applicable to plate HL-T4 but not to plate VL-T4 in this study. Poisson's ratio exhibited considerable dispersion among coupons in
each group in plates VS-T4 and VS-T8. Thus, it had little reference value.
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Fig. 15. Mean value and standard deviation of mechanical properties.

Fig. 16 displays the typical macroscopic fracture surfaces of each group of specimens. Specimens from Groups VL-T4-45 and
HL-T4-45 exhibited diagonal stripes, as shown in Fig. 16(b) and (e). This indicates slip dislocation between the printing layers, re-
sulting in a higher yield and fracture strain. Necking phenomena were observed in specimens from Groups VL-T4-0, VS-T4-90 and
VS-T8-90, as shown in Fig. 16(d), (i) and (1), which also resulted in higher fracture strain. Specimens from Groups HL-T4-90 and
VL-T4-90 had stripes perpendicular to the loading direction, suggesting incomplete infusion between printing layers, as shown in
Fig. 16(c) and (f), which results in the lowest fracture strain among the three sampling discretions.

The test results obtained in this study were compared with previous studies [18,19,39-41] and related standards [42-44], as
shown in Table 6. The mechanical properties obtained in this study were comparable to those obtained in previous studies. The yield
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(a) HL-T4-0; (b) HL-T4-45; (c) HL-T4-90; (d) VL-T4-0; (¢) VL-T4-45; (f) VL-T4-90; (g) VS-T4-0; (h) VS-T4-45; (i)
VS-T4-90; (j) VS-T8-0; (k) VS-T8-45; (1) VS-T8-90

Fig. 16. Typical macroscopic fracture morphology for each group of specimens.

Table 6
Summary of mechanical properties of WAAM stainless steel.

References Technique Material Sampling mode Yield strength 6y, (MPa)  Ultimate strength 6, (MPa)  Fracture strain 7 (%)
Chen et al. [19] GMAW 316L VL-R2.5-90 235+ 6 533 = 23 48 = 2
Wang et al. [18] CMT 316L HL-T2-0 384.8 563.1 28.42
HL-T2-90 382.8 555.1 37.25
VL-T2-0 394.1 577.5 41.87
VL-T2-90 361.3 526.9 46.24
VS-T2-0 400.6 586.9 28.45
VS-T2-90 346.5 545.3 31.06
Rodriguez et al. [40] CMT 316L VL-T4-0 364 + 14 577 + 4 43 = 5
VL-T4-90 337 £ 2 574 = 8 42 = 4
Sasikumar et al. [41] GMAW 316L VL-T1-0 262.10 579.73 34.30
VL-T1-90 252.00 675.77 39.41
Cast 316L [44] 316L - 262 552 55
Wrought 316L (cold finished) [44] 316L - 255-310 525-623 30
Wrought 316L (Heat treatment-annealing) [44] 316L - 170 480 40
Standard (China) [43] 316L - 180 485 40
Standard (USA) [42] 316L - 170 450 40

strength and ultimate strength of the specimens in this study were approximately 2 times and 1.2 times those of the national standard
of 316L stainless steel, respectively. However, only Groups VL-T4-0, VL-T4-45, VS-T4-90, VS-T8-45 and VS-T8-90 met the fracture
strain requirements stipulated by the standards. Group VL-T4-90 had the lowest fracture strain, which was approximately 80% of the
standard requirement.

4.2. Metallographic structure

A cube sample was extracted from each of the four deposition plates to observe the metallographic structure of the material using
a CX40 M optical microscope. Fig. 17 shows the metallographic morphologies of the four samples. The metallographic structure con-
sisted of regular polygonal grains with distinct and straight boundaries, which were typical of austenitic metallography. Moreover,
the grain size varied among the plates: Plates HL-T4 had the smallest grains, VL-T4 had intermediate grains, and plates VS-T4 and VS-
T8 had large grains.

Previous studies also reported larger grain sizes in oscillated walls (corresponding to plate VS-T4 and VS-T8 in this study) than in
single-pass walls (corresponding to plate HL-T4 and VL-T4 in this study) [29,30]. This is due to the lower cooling rate of the former
printing strategy. For a given position, it takes less time for the torch to move to the same position in the next layer for the ‘VS’ (or os-
cillated) printing strategy, resulting in the accumulation of heat input. Therefore, the grain size was larger in plates VS-T4 and VS-T8
than in plates HL-T4 and VL-T4. Plate HL-T4 was printed in contact with the substrate plate on one side, while plate VL-T4 was
printed in contact with air on both sides. Due to the higher thermal conductivity of steel compared to air, the cooling rate of plate HL-
T4 was higher than that of VL-T4, resulting in a finer grain in plate HL-T4 than in VL-T4.

The grain size is correlated with yield and ultimate strengths. As grain size decreases, the number of grain boundaries increases,
impeding dislocation motion with the formation of dislocation pile-up and resulting in enhanced yield and ultimate strengths but de-
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i

(c) Plate VS-T4 (d) Plate VS-T8

Fig. 17. Metallographic microstructure in OM.

creased ductility [45-48]. This explains the magnitude order of yield and ultimate strengths of specimens among different plates ex-
cept for plate VL-T4. However, specimens from plate VL-T4 exhibited the lowest yield strength and high ductility despite its relatively
small grain size. This was likely due to its highly uniform grain orientation, which facilitated dislocation and increased its capacity for
plastic deformation.

4.3. Microscopic morphology of fracture surfaces

For all specimens, the morphology of each fracture surface varied significantly across different areas. However, most areas exhib-
ited dimples, a typical feature of transgranular plastic fracture [49], indicating a ductile fracture mechanism. As shown in Fig. 18, the
smallest dimples were found in specimens from plates HL-T4, followed by plates VL-T4. Specimens from plates VS-T4 and VS-T8, par-
ticularly VS-T4-90 and VS-T8-90, had relatively large dimples. The dimple size is positively related to the grain size [50]. Large-sized
dimples are generally caused by severe plastic deformation, indicating high ductility [5S0-52]. The dimple size observed was consis-
tent with grain size and ductility for each plate.

The fracture surfaces were predominantly dimpled, but some cleavages were also observed. Cleavage, a characteristic feature of
brittle fracture morphology [53], results from stress concentration caused by the excessive thermal gradient between layers and non-
uniform cooling during the manufacturing process [54]. Many river-shaped cleavages were found on the fracture surfaces of Coupon
HL-T4-45-3 and VS-T8-90-3, as shown in Fig. 19, suggesting that these specimens experienced both ductile and brittle fractures in dif-
ferent regions. This resulted in the relatively lower ductility for these two specimens compared to the others in their group, as shown
in Figs. 11 and 14.

Inclined dimples were observed on fracture surfaces of group HL-T4-90, VL-T4-90, VS-T4-0/45/90 and VS-T8-0/45/90, as shown
in Fig. 20. Normal stress forms equiaxed dimples, while shear stress causes microscopic holes to grow faster along the shear direction,
forming parabolic or semi-elliptical dimples. The dimples on the two mating fracture surfaces face opposite directions for shear dim-
ples and the same direction for tear dimples. The observed inclined dimples were formed due to the tearing of the specimens perpen-
dicular to the loading direction. This might be caused by incomplete fusion between printing layers, which were perpendicular to the
loading directions in these groups of specimens.

Step-shaped morphologies were observed on the fracture surfaces of groups VL-T4-45 and HL-T4-45, as shown in Fig. 21, indicat-
ing slip dislocation between the deposition layers under the tensile load. This caused a relatively larger elongation of these two
groups. Slip dislocation occurred because the printing layers were parallel to the direction of the largest shear stress in these two
groups.

A few defects were observed, such as incompletely melted wires and balls, and pores, as shown in Fig. 22. Fluctuations in process
parameters, scanning trajectory and external environment led to internal defects in materials [55], which affected the microstructure,
mechanical properties, and service safety of structural components.
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(d) VL-T4-0 (e) VL-T4-45 (f) VL-T4-90

(i) VS-T4-90

(i) VS-T8-0 (k) VS-T8-45 (1) VS-T8-90

Fig. 18. Dimple morphology on fracture surfaces for each group of specimens.

(a) HL-T4-45-3 (b) VS-T8-90-3

Fig. 19. Cleavages on fracture surfaces.
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(¢) VS-T8-0 (d) VS-T8-90

Fig. 20. Inclined dimples on fracture surfaces.

(a) VL-T4-45 (b) HL-T4-45

Fig. 21. Step-shaped morphologies.

5. Effect of heat treatment on the mechanical properties

The mechanical properties obtained in this study were compared with those of materials after solution heat treatment to examine
the effects of heat treatment on the mechanical properties. The comparison data was obtained from our previous study [56], which
used the same set of process inputs for manufacturing, the same specimen sampling method, and the same experimental procedures as
this study, except that heat treatment was performed on the material. The heat-treated specimens were heated to 1050 °C at a rate of
4-6 °C/min, and then air quenched and rapidly cooled after being maintained for 2 h.

Solution heat treatment is an essential method for metal processing. The carbide dissolves in the matrix when heated to around
1100 °C, and homogeneously distributes in it after holding for enough time. The homogeneous distribution of carbide improves the
corrosion resistance and ductility of the steel [57]. Moreover, the grain size increases and become relatively uniform, and sub-grains
and dislocations are eliminated. As a result, the solution heat treatment reduces the yield and ultimate strengths but enhances the
ductility [57-60].
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(a) HL-T4-0 (b) VL-T4-9 (¢) HL-T4-90

Fig. 22. Defects on fracture surfaces.

The mechanical properties of the solution heat-treated tensile coupons are shown in Table 7. Figs. 23 and 24 compare the mechan-
ical properties of the heat-treated and untreated tensile coupons. Young's modulus is almost identical because it is a stable property of
the material that does not depend on the processing method.

As shown in Table 7, solution heat treatment significantly reduced the yield and ultimate strengths of the tensile coupons. The
heat-treated coupons had a yield strength range of 240-298 MPa, and an ultimate strength range of 473-618 MPa, which were ap-
proximately 30% and 17% lower, respectively, than those of unheated counterparts. The yield-to-ultimate strength ratio of the heat-
treated coupons also decreased significantly and became more uniform between different groups. The fracture strain of the heat-
treated coupons ranged from 0.41 to 0.59, which was 10-70% higher than that of the untreated coupons except for one group (VL-T4-

Table 7
Mean value and standard deviation of mechanical properties (heat treatment) [56].

Coupon E/GPa 00.o/MPa o,/ MPa 00.2/ Oy & i
E 4 Go2 4 Ou 4 E 4 G2 4 O 4
HL-T4-0 145.86 18.93 262 2.36 529 3.74 0.49 0 0.45 0.02 0.29 0.03
HL-T4-45 216.54 43.04 287 1.25 582 4.97 0.49 0.01 0.51 0.03 0.26 0.02
HL-T4-90 198.2 33.16 286 1.25 568 1.25 0.5 0 0.54 0.03 0.36 0.07
VL-T4-0 137.21 7.84 268 6.16 537 8.38 0.5 0 0.48 0.01 0.4 0.02
VL-T4-45 198.07 8.84 298 6.6 618 16.42 0.48 0 0.50 0.01 0.09 0.01
VL-T4-90 144.6 6.12 262 4.97 506 2.49 0.52 0.01 0.57 0.04 0.44 0.01
VS-T4-0 158.71 11.85 263 4.5 529 2.5 0.5 0.01 0.41 0.00 0.35 0.02
VS-T4-45 185.71 12.91 266 1.7 527 6.55 0.5 0 0.58 0.01 0.17 0.05
VS-T4-90 161.73 11.72 260 5.89 515 2.49 0.5 0.01 0.59 0.03 0.3 0.06
VS-T8-0 154.34 5.07 260 6.13 523 2.16 0.5 0.01 0.44 0.03 0.45 0.09
VS-T8-45 150.71 5.68 258 2.87 509 4.5 0.51 0 0.52 0.04 0.38 0.04
VS-T8-90 184.27 17.37 240 5.79 473 1.7 0.51 0.01 0.53 0.01 0.1 0.06
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Fig. 23. Comparison of the yield strength, ultimate strength, and Young's modulus between heat-treated and untreated specimens.
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Fig. 24. Comparison of yield-to-ultimate strength ratio, Poisson's ratio, and fracture strain between heat-treated and untreated specimens.

45). In the case of tensile coupons extracted from Plates HL-T4 and VL-T4, the Poisson's ratios were similar between coupons with and
without heat treatment. As mentioned above, solution heat treatment enhances the ductility and reduces the strength of WAAM 316L
stainless steel by increasing the grain size and the homogeneous distribution of carbide. This existing knowledge was consistent with
the experimental results in this study.

6. Conclusions

In this paper, four 316L stainless steel deposition plates were fabricated using the CMT-WAAM technique with different printing
paths, and nine tensile specimens were extracted from each plate in three different directions (0°, 45° and 90° to the long side of
plate). Tensile tests were conducted to obtain insight into the mechanical properties of WAAM material. The effect of printing paths
was investigated by comparing the mechanical behaviours and microstructures of coupons extracted from the four plates. Anisotropy
was investigated by testing coupons extracted from different directions. The metallographic structure and fracture surface morphol-
ogy were observed and analysed using OM and SEM respectively, and the correlation between mechanical properties and microstruc-
tures was explored. The effect of heat treatment was investigated by comparing the mechanical properties of heat-treated and un-
treated materials. The main results are as follows:

(1) The results of tensile tests demonstrated that the yield and ultimate strengths of the coupons were comparable to previous
studies and met the requirements of the relevant standards. However, the fracture strain was slightly lower than that specified by
relevant standards. Plate HL-T4 exhibited the highest yield and ultimate strengths and lowest fracture strain, while plate VL-T4
exhibit the lowest yield strength and relatively high fracture strain, especially in the 45° sampling direction.
Anisotropy was observed in plate HL-T4 and VL-T4 but was less pronounced in plate HL-T4. The Young's modulus, ultimate
strain and fracture strain exhibited the highest value in the 45° specimens, while the ultimate strength did not exhibit anisotropy.
Plate VS-T4 and VS-T8 did not exhibit anisotropy.
The metallographic analysis demonstrated that the microstructure was austenitic. The grain sizes of the plates followed the
order: HL-T4 < HL-T8 < VS-T4 and VS-T8. The variation in grain size among different plates was due to the different heat
inputs of different printing paths. Overall, plates with finer grains exhibited higher strength but lower ductility, except for plate
VL-T4, which was likely due to the highly uniform grain orientation which facilitated plastic deformation.
Fracture surface SEM test demonstrated that the morphology of the fracture surface was mainly composed of dimples, indicating
a ductile fracture mechanism. The dimple size was positively correlated with the grain size. Overall, large dimples were
associated with high ductility. The fracture surfaces of coupons in groups VL-T4-45 and HL-T4-45 exhibited a step-shaped
morphology, indicating slip dislocation, which resulted in large ductility in these cases. Some cleavages were observed,
suggesting a combination of ductile and brittle fractures, resulting in reduced ductility in several specimens. Inclined dimples
formed due to tearing between the printing layers of the coupons with printing layers perpendicular to the loading direction. In
addition, a large number of defects were observed, including pores and un-melted wires.
(5) A few mechanical properties of the materials were changed after solution heat treatment. Compared to untreated specimens, the
yield strength and ultimate strength of the heat-treated specimens decreased by approximately 30% and 17%, respectively, while
the fracture strain increased by 10-70%. Heat treatment had little effect on Young's modulus.
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