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Abstract: Additive manufacturing (AM) is increasingly used to make complex components for a wide
spectrum of applications in engineering, medicine and dentistry. Wire arc additive manufacturing
(WAAM), as one of AM processes, utilises electric arc and metal wire to fabricate fully dense and
heavy metal parts at relatively low costs and high-energy efficiencies. WAAM was successfully
applied in the production of several welding-based metal structures. Recently, there was a growing
interest in WAAM processing of super duplex stainless steels (SDSS) due to their high strength
and excellent corrosion resistance, which make them the prime choice for load-bearing structures
in marine applications. Although a number of studies investigated the microstructural and me-
chanical properties of WAAM-processed SDSS components, little is known regarding their fatigue
performance, which is critical in engineering design. This study reports on the outcomes of fatigue
tests and fracture surface fractography of WAAM-processed SDSS. The results obtained indicate
a significant anisotropy of fatigue properties and fatigue crack initiations resulting from internal
defects rather than surface flaws. Based on these experimental results, we suggest an effective
design methodology to improve the fatigue life of the WA AM-fabricated SDSS components. We
also indicate that post-manufacturing surface treatments should not be underlined for the enhanced
fatigue resistance of WA AM-processed SDSS structures.

Keywords: additive manufacturing; design; fatigue; super duplex stainless steels; wire arc additive
manufacturing (WAAM)

1. Introduction

Additive manufacturing (AM) is an increasingly popular fabrication method for
the layer-by-layer manufacturing of components, using an energy source to melt wire
or powder feedstock [1]. The development of AM processes for metal materials has
surged over the last two decades because of their numerous advantages over subtractive
manufacturing processes, including casting, forging and machining [2]. In particular, AM
can drastically reduce material wastage, optimise the material properties, and decrease
lead production times to suit component applications [3].

While powder-based AM processes are commonly used for relatively small parts and
structures, medium- to large-scale components require different approaches. In recent
years, wire arc additive manufacturing (WAAM) emerged as a low-cost alternative to
powder-based AM, specifically for the fabrication of medium- to large-scale structures.
There are some key advantages for wire-based AM, which include a greater flexibility
and control over the fabrication, as well as an easy automotisation of the manufacturing
process [4]. Figure 1 shows standard WAAM process equipment, including a robotic arm
and positioner table.
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Figure 1. (a) Typical WAAM equipment, including a robotic arm and a positioner table, and (b) WAAM bead layering in
process (published with permission of AML3D Ltd.).

There are three main energy sources that can be normally used to deposit wire, which
include electron and laser beams, and a plasma arc. The usages of both beams in AM can
be more expensive and make the AM processes more complex than plasma arc processing.
In particular, wire-arc-based AM is advantageous over beam-based processes, due to its
lower capital cost of hardware. Furthermore, gas metal arc (GMA), based WAAM,, is a
less complicated and more robust process, requiring less maintenance and no expensive
tooling, and thus it is our study focus for this paper [4,5].

Driven by cost advantages with significantly reduced lead times, industries such as
the aerospace sector, intensely researched and investigated WAAM,; specifically, aluminium
grade 2319 and titanium alloy grades 5 and 23, more commonly known as Titanium 6V
4Al. Other sectors followed suit, in particular the maritime, petrochemical, desalination,
paper, nuclear energy, and oil and gas industries, focusing on high-strength and corrosion-
resistant alloys including stainless and duplex steels and nickel alloys [5].

Industry standards and guidelines for AM-related structural design were developed,
including WAAM standards for better process and quality control. Particularly, AWS,
BSI, ISO and ASTM [6-9] developed and published specific WAAM guidelines, including
acceptable criteria for the sizes and distributions of manufacturing defects, which represent
one of the technical challenges associated with welded and AM structures [10]. However,
extensive research is yet to be conducted to understand the fatigue properties and effects
of WAAM process parameters on these properties. Although there was some dominance of
research on the microstructural characterisation and WAAM process modelling, minimum
efforts were devoted to the investigation of the fatigue and crack growth behaviour of
WAAM-processed materials [11-13].

For WA AM-processed materials, fatigue studies predominantly focused on aerospace-
grade titanium alloys [14]. Several recent studies also investigated the fatigue properties of
steel components. For example, Dirisu et al. [15] studied the effect of cold rolled and ma-
chined surface finish on fatigue resistance of ER70 carbon steel parts fabricated by WAAM.
The study showed a very slight increase in the fatigue life of machined WAAM specimens
in comparison with as-deposited untreated ones. As-deposited rolled specimens yielded
a higher ultimate strength, but significantly lower fatigue limits. Further, Duraisamy
et al. [16] confirmed the microstructural and mechanical anisotropy of WAAM-fabricated
55347 stainless steels, and concluded that the reduction in internal manufacturing defects
could increase the fatigue strength, which is similar to welded structures.
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Due to their increasing use in the oil and gas sectors, pulp and paper mills and chemical
processing plants, and super duplex stainless steels (SDSS) became the focus of the current
investigation. Owing to their ferritic-austenitic microstructures, SDSS possess a higher
mechanical strength than standard austenitic steels and a superior corrosion resistance.
The materials were originally developed to resist corrosion in seawater; therefore, they
are particularly suitable for marine applications [17]. SDSS are two-phase austenitic—
ferritic alloys with principal alloying elements of chromium, nickel and molybdenum.
Their mechanical properties are often enhanced through nitrogen alloying [18]. Several
studies of the fatigue properties of conventionally made duplex steels were performed,
concentrating on low cycle fatigue and fatigue crack propagation [19,20]. In the wide
interval of fatigue lives, the fatigue life of SDSS with elevated nitrogen content was only
reported by Akdut [21]. However, little is known regarding the fatigue properties of SDSS
fabricated by WAAM. In particular there is little research focusing on obtaining fatigue
limits; the latter represent essential information needed for design against fatigue failures.
Stiitzer et al. [22] reviewed stainless steels including SDSS fabricated by WAAM. They
concluded that the fatigue properties of these materials could be very different compared
to conventional fabrication methods (casting, forging and machining), and significant work
must be conducted to characterise their fatigue resistance. Therefore, this paper aims to
investigate the fatigue resistance of WAAM-produced SDSS, its defect morphology, and the
features of failure initiations. Our results rationalise some technical solutions to increase
the fatigue life of fabricated components.

2. Materials and Methods
2.1. WAAM Processing

Two ER2594 SDSS test walls with dimensions of 450 mm x 230 mm x 23 mm (Figure 2)
were manufactured in WAAM process. The chemical composition of the material is
provided in Table 1. Layers were deposited using a standard cold metal transfer (CMT)
welding process at 4.8 kg /h, during which the droplet transfer was made in the short circuit
mode. The path planning for repeated bead layering was achieved using an integrated
ABB robotic system with software WAMSoft® (version 3, Adelaide, Australia), which
controlled the accuracy and consistency of welding parameters, the placement of beads
and the dwell time between layers. Fronius TransPuls Synergic 500 CMT was used as the
welding equipment power source.

Transverse direction

Figure 2. A ER2594 SDSS test wall fabricated by WAAM.

Table 1. Chemical composition of the ER2594 wire (wt.%).

C Mn W Si Cr Ni Mo N Cu Fe
0.014 0.57 <0.01 0.32 25.36 9.22 3.99 0.25 0.08 Balance

Multi-pass bead deposits were made on one side of a super duplex 2507 substrate,
which was retrained with clamps, using a 1.2 mm diameter super duplex wire feedstock
ER2594 SDSS. A layering strategy, which was 3 beads wide and had a slight oscillation,
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was employed. Welding was conducted with the torch perpendicular to the work and with
an alternating starting point sequence from each end of the test wall length to mitigate
any unevenness on the completed height. An argon shielding gas with 20 L/min flow
rate was used and measured at the torch nozzle. Two test walls were printed with an
optimised dwell time based on a set inter-pass temperature, both with CMT-WAAM process
parameters outlined in Table 2. Heat input and cooling rates were chosen from optimised
parameter values created from best practice and bead on plate trials, this also determined
the dwell time between layers, which was set at 150 °C until the proceeding bead was to
be deposited.

Table 2. WAAM Deposition Parameters.

Parameters Values
Contact tip to work distance (CTWD) 15.0 mm
Wire diameter 1.2 mm
Shielding gas 80% Ar + 20% CO,
Flow rate 20 L/min
Inter-pass temperature 150 °C
Wire-feed speed (WFS) 9.0 m/min
Travel speed (TS) 0.6 m/min
WEFS/TS 15
Layer height (LH) 2.5mm

Samples were polished and etched in preparation for metallographic examination
using standard procedures. A Fischer ferrite scope was used to determine the percentages
of ferrite and austenite in the deposited material across the entire height of the test walls.
Five reading spots were made across the height of the test walls.

Twenty-five specimens from the two walls (Figure 2) were cut and machined to obtain
13 longitudinally deposited and 12 transversely deposited specimens with the dimensions
(Figure 3), which comply with the ASTM E8/E8M-16a standard for tensile testing [23].
All specimens were polished prior to the mechanical testing. A minimum of at least
2 specimens underwent the same load conditions across all specimens in order to find the
fatigue limit values and gain consistent data.
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Figure 3. Test specimen dimensions.

2.2. Mechanical Testing

Tensile testing of the longitudinal and transverse specimens was conducted first to
evaluate the monotonic stress—strain behaviour at slow strain rates, as well as to evaluate
standard mechanical properties using a computer-controlled Instron machine equipped
with a 250 kN load cell. After that, fatigue tests were conducted by applying cyclic loading
in a sinusoidal manner with a frequency of 10 Hz and a stress ratio of R = 0.1 using the
Instron machine. All tests were performed under the strain control conditions at room
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temperature. After fatigue tests, fracture surfaces were examined using a Leica microscope
to assess fracture surfaces and identify defect geometries, failure modes, and fatigue crack
initiation sites.

3. Results and Discussion
3.1. Microstructure Examination

A phase balance of 50% of both « ferrite and y austenite is normally expected for an
SDSS plate and milled sections. Wire-feedstock-consumable grade ER2594 is normally
expected to achieve 40% of « ferrite and 60% of y austenite for welded joints. Therefore, it
should be expected that WAAM deposited ER2594 SDSS has the similar phase balance as
welded joints. The phase balance across the WAAM-produced SDSS was consistent with
previous literature [13,17,18] and the expected average values of 43% of « ferrite and 57%
7 austenite across the entire height of the test walls.

3.2. Mechanical Testing

Standard tensile testing of the fabricated specimens showed a predominantly ductile
fracture. The YS values were in the range of 642-725 MPa, with the UTS being 840-925 MPa.
This critical elongation confirmed the ductile mechanism of failure and ranged between
21% and 32% within the as-deposited material. These values are in good agreement with
the mechanical properties of SDSS found in the previous literature [23].

The summary of the conducted fatigue tests is presented in Figure 4 together with
fatigue data for two SDSS, SAF 2205 and SAF2507 base materials [19]. In contrast to the
monotonic loading data, fatigue results showed a strong anisotropic behaviour between
longitudinal (along the deposition direction) and transverse (perpendicular to deposition)
directions, see Figure 2. For example, the fatigue limit (at 10° cycles) for longitudinal
specimens is almost twice that of transverse specimens. This could be attributed to the
interlayer fusion zone and the presence of secondary austenite due to the reheating between
bead layers, as shown in previous research [24-26], however this was not investigated in
this study and will be the subject of future work. The fatigue limit range from 300 MPa
to 325 MPa (~46% and 50% of YS, respectively) was achieved for the longitudinal direc-
tion with 2 x 10° cycles completed. Internal defects and phase balance were potentially
attributed to limiting the maximum stress for some specimens. For instance, specimen 2613
(Figure 5) exhibited 2.12 x 10° cycles at maximum stress of 350 MPa, yet had a notable
internal pore defect of ~0.35 mm in diameter. Specimens 26L4 (Figure 6 ahead) and 26L6
showed notable pores of approximately <350 um, achieving only 25 x 10* and 44 x 10* at
325 MPa and 350 MPa, respectively.

Alternatively, the transverse test specimens resulted in much lower fatigue limit stress
values. Maximum stress amplitude values commenced at 400 MPa in the fatigue tests;
however, the stress amplitude decreased rapidly and resulted in some confidence that the
fatigue limit was around 175 MPa (in transverse direction). Specimens 26T5 and 26T6 in
Figure 7 showed the number of cycles of 1.62 x 10° and 2.02 x 10°, respectively. While the
latter specimen did not fail after 2.02 x 10° cycles, 26T6 (Figure 7), exhibited minor gas
pores of >0.1 mm failure had initiated. Both 26T1 and 26T4 failed due to large scattered
internal defects at ~2.5 x 10°; however, the maximum stresses applied were 300 MPa and
250 MPa, respectively, indicating that the size of these defects influenced early failure.
Although the defect sizes do not show a consistent relationship to any number of cycles to
failure, the results indicate evidence of large, imbedded defects of >500 pm, which must be
avoided; therefore, volumetric non-destructive testing is required to detect these types of
flaws. The results show that the smaller dimensioned flaws seen in 26L3 can be tolerated.
This specimen failed at 2.12 x 10° and exhibited a <0.05 mm sized defect.
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Figure 4. Stress amplitudes, 0; vs. the number of cycles to failure, Ny and comparison with the fatigue data for SAF 2205
and SAF2507 [19].

Figure 5. Macro of the fracture surfaces of specimen 26L3 at magnifications of (a) 0.8%; (b) 4 x, indicating a gas pore;
(c) 2.5x; and (d) 1.6, showing fibrous fracture morphology and with (d) showing crack initiation.
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Figure 6. Fracture faces of 26L4 showing gas pore defect at magnifications of (a) 0.8, (b) 4%, (c) 2%, and (d) 2.5%, showing
crack initiation site and fibrous fracture morphology.

The observations made during the fractography indicated multiple internal and
external defects, particularly as shown in Figures 5-7, which were identified as gas pores,
wormbholes and cluster pores, typically seen in gas metal arc (GMA) welding processes [11].
Interestingly, crack initiations not only occurred due to external gas pores, but were also
initiated from the specimen internal defects, as shown in Figure 5a,d, Figure 6a,b and
Figure 7a—d. This indicates the significance of crack initiation sites caused by imbedded
defects, which are prone to GMA-WAAM processes.

3.3. Fractography

Fractography analysis was carried out on six specimens from 25 fatigue specimens
(numbered from 26L1 to 26L6 and 27L1 to 27L7 to represent longitudinal direction, and
26T1 to 26T6 and 27T1 to 27T6 to represent transverse direction) to identify ductile, brittle
features, as well as defects, propagation, and failure mode crack initiation sites. Both sides
of the broken test specimens were investigated with optical microscopy.

Fractography surfaces revealed several areas of internal and external defects typically
seen for the gas metal arc (GMA) welding process. These defects, identified predominantly
as gas pores, were crack initiation sites that led to the failure of the specimens, highlighting
the significance that volumetric defects have on the fatigue life.

Of the test specimens that were analysed, all showed varying internal defects, as
described above. Additionally, there was no evidence of fusion defects commonly induced
by WAAM-CMT processes, although this is somewhat mitigated with the oscillation
procedure that was implemented. Figure 5 shows the failure surfaces of a fatigue specimen,
which displays a typical ductile failure mode and multiple internal pores as defects. The
crack initiation is shown in Figure 5a from an imbedded gas pore, which then led to
the ultimate failure of the specimen at 25 x 10~* cycles. The average pore size was
approximately 350 pm with a maximum pore size of approximately 750 pm. Similar defect
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features and fracture morphology were evident in specimens 26L4, 27T4 and 27T6, as
shown in Figures 6 and 7, which was indicative of a large portion of specimens tested.

Figure 7. Fracture faces of transverse specimens of 26T4 and 27T6, both showing external gas pores
defects at magnifications of (a) 0.8 x and (b) 4x, with (c) 0.8 x indication crack initiation site and an
external gas pore which is magnified in (d) 4 x.

It must be noted that no external surface defects were observed upon visual inspection
after the machining of test specimens. However, during the examination of fractography
surfaces, external and surface flaws were present, and thus radiographic testing for detect-
ing internal flaws, as well as dye penetrant inspection for external flaws, may be needed
for future fatigue specimens.

The tensile properties of the longitudinal and transverse specimens fabricated by
WAAM were found to be relatively close to each other (i.e., isotropic) and these basic
properties were also within the range of the corresponding values reported for other
manufacturing methods (e.g., casting and forging). However, the mechanical testing in the
High-Cycle Fatigue (HCF) regime demonstrates a strong anisotropy in fatigue resistance for
different directions. For instance, the fatigue limits for longitudinal (along the deposition
direction) and transverse (perpendicular to the deposition direction) specimens were found
to be significantly different. The fatigue limit at 10° cycles for longitudinal samples is almost
twice that of transverse specimens. Both fatigue limit values were generally much lower
than those reported for other manufacturing methods (see Figure 4). This large difference
in the fatigue resistance, along with isotropic behaviour under monotonic loading can likely
be attributed to: (1) the interlayer fusion zone and the presence of secondary austenite
due to the reheating between bead layers as discussed above; as well as (2) manufacturing
defects, which were described above and identified as gas pores, wormholes and cluster
pores. These defects create strong stress concentrations leading to initiations of fatigue
cracks and premature fatigue failures, as shown in Figures 5-7. It is also hypothesised that
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the shape and arrangement of these defects in a WA AM-fabricated structure is such that the
stress concentrations in the transverse direction are higher than those in the longitudinal
direction, and form the basis of future research with the aim of reducing defects and
improving transverse conditions. This hypothesis is yet to be confirmed with micro-CT
examinations, which will be completed in the future. Almost no difference was found
in the fatigue resistance (number of cycles to failure) of specimens with fatigue cracks
initiated from specimen surfaces and internal defects.

4. Conclusions

The current experimental findings have important implications for design against the
fatigue of structures fabricated by WAAM. These findings suggest simple rules, which
can be utilised to improve fatigue life. The strong anisotropy in the fatigue properties
dictates the preferable use of specific directions for deposition of layers. It is clear that
the deposition direction along the maximum (or first) principal stress is beneficial for
the fatigue resistance and generally improves the fatigue life of structures. The effect
is stronger for structures working under a bi-axial stress state with a large difference in
principal stresses; for example, for components subjected to pure shear. Therefore, the
standard FE analysis, which is often integrated into design procedures, can provide not only
the information regarding stress/strain distributions but can also guide the manufacturing
and optimisation of the fatigue resistance of engineering components working under cyclic
loading conditions.

The observed internal fatigue crack initiations for many tested fatigue specimens
indicate that post-manufacturing surface treatments may not be a very effective way to
improve the fatigue resistance of SDSS components fabricated by WAAM. In this respect,
the focus on improvements must be directed towards the selection of WAAM processing
parameters, such as deposition rates, bead placement, wire diameters and interpass tem-
peratures. By an appropriate selection of these parameters, it is possible to improve the
quality of fabricated components and avoid large manufacturing defects or, at least, reduce
their sizes and increase densities. In other words, surface treatments, such as post process
machining or polishing, can be effective when the dominant failure mechanisms are largely
associated with surface defects and/or a high level of residual stresses near the surfaces.
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