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Featured Application: Wire arc additive manufacturing has been applied in aerospace (such as
stiffened panels, wing ribs), nuclear energy, marine (such as ship’s propeller) and architecture
(such as steel bridge) industries.

Abstract: Wire arc additive manufacturing (WAAM) has been considered as a promising technology
for the production of large metallic structures with high deposition rates and low cost. Stainless steels
are widely applied due to good mechanical properties and excellent corrosion resistance. This paper
reviews the current status of stainless steel WAAM, covering the microstructure, mechanical properties,
and defects related to different stainless steels and process parameters. Residual stress and distortion
of the WAAM manufactured components are discussed. Specific WAAM techniques, material
compositions, process parameters, shielding gas composition, post heat treatments, microstructure,
and defects can significantly influence the mechanical properties of WAAM stainless steels. To achieve
high quality WAAM stainless steel parts, there is still a strong need to further study the underlying
physical metallurgy mechanisms of the WAAM process and post heat treatments to optimize the
WAAM and heat treatment parameters and thus control the microstructure. WAAM samples often
show considerable anisotropy both in microstructure and mechanical properties. The new in-situ
rolling + WAAM process is very effective in reducing the anisotropy, which also can reduce the residual
stress and distortion. For future industrial applications, fatigue properties, and corrosion behaviors of
WAAMed stainless steels need to be deeply studied in the future. Additionally, further efforts should
be made to improve the WAAM process to achieve faster deposition rates and better-quality control.

Keywords: WAAM; microstructure; mechanical properties; residual stress; heat treatment; distortion;
shielding gas; anisotropy; interpass rolling; defects

1. Introduction

Additive manufacturing (AM) techniques adopt layer-by-layer accumulation with the aid of
CAD/CAM model to develop three dimensional (3D) products. Based on the ISO/ASTM 52900-15
standard, AM processes include vat photo-polymerization (VP), binder jetting (BJ), material extrusion
(ME), material jetting (M]J), sheet lamination (SL), powder bed fusion (PBF), and directed energy
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deposition (DED) [1]. Compared with traditional manufacturing, AM (abbreviations used in the
paper are summarized in Table 1) techniques have the ability to produce complex components with
less waste of materials and energy, and shorter processing cycle [2,3]. To date, AM has successfully
processed a variety of metal components [4-9]. Metal additive manufacturing processes utilize laser
beam, electron beam, or arc as the heat source and the feedstock material is in the form of powder,
wire, or sheet [1,10]. AM processes used for metals mainly include powder bed fusion (PBF) [11-15],
directed energy deposition (DED) and sheet lamination (SL) [10]. The commonly used metal AM
processes include PBF-L (powder bed fusion utilizing a laser as the heat source) [16-25], DED-GMA
(directed energy deposition with gas metal arc), and DED-L (directed energy deposition using laser
beam as the heat source) [26,27]. According to the material feedstock, commonly used metal AM
processes can be classified as powder-based and wire-based systems [28]. Additive manufacturing
processes based on metal powders, which mainly use an electron beam or laser as the heat source,
are usually confined in a sealed chamber due to the high reactivity of the melt pool and the health
and safety issues with the fine powders, which limits the dimension of the parts that can be built.
In addition, the cost of the fine powder is much higher than wires and the build rate is rather slow,
so that it is only suitable for small to medium sized high value components which require a better
resolution [29]. As compared to the powder-based AM process, the wire arc additive manufacturing
(WAAM) technique, which employs an electric arc as the heat source and the building capacity can be
expanded to tens of meters, has the potential to fabricate fully dense and large dimensional parts with
relatively low forming costs and high manufacturing efficiencies [30]. In general, the primary cost of
metal wire is roughly ten percent of the same weight of metal powder [28]. Besides, WAAM machines
can be easily adapted from arc welding robots, which are usually much cheaper than L-PBF machines
and laser-DED machines. In the WAAM process, the wire is heated, then melted and transferred to
the melt pool, thereby solidifies at the boundary of the melt pool and forms the designed parts layer
by layer [28], as shown in Figure 1 [31]. WAAM is derived from traditional arc welding technology
and belongs to the direct energy deposition (DED) techniques [10]. WAAM, also known as shape
welding (European name) and structural weld build up (American name), has been in use for a long
time [32]. Early in 1926 “Application of electric arc as the heat source to produce bulk objects by
spraying molten metal into the deposited layers” was patented by Baker [32]. In 1983 Kussmaul
employed shape welding to manufacture large-scale products from high strength 20MnMOoNib5 steel of
79 ton weight [32]. WAAM (shape welding) was used to manufacture primary nuclear components by
the German in the late 20th century [32]. Up to now, WAAM has been applied in aerospace (such as
stiffened panels, wing ribs), nuclear energy, marine (such as ship’s propeller) and architecture (such as
steel bridge) industries [33]. Some commercial WAAM machines have been developed, as listed in
Table 2. WAAM technology has attracted the attention of different research institutions around the
world [34-49], as listed in Table 3.
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Figure 1. Diagrammatic sketch of WAAM process [31].
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Table 1. List of abbreviations.

30f28

Laser Technology Co., Ltd.

Max wire feed rate: 1-5 m/min

Abbreviations Phrases
3D Three-dimensional
AD As-deposited
AD-+H900 As-deposited plus H900 ageing treatment
AM Additive manufacturing
BJ Binder jetting
CGEF Complete grown equiaxed ferrite
CMT Cold metal transfer welding
DED Directed energy deposition
DED-GMA Directed energy deposition with gas metal arc
DED-L Directed energy deposition-laser
DSS Duplex stainless steel
DWF-PAM Double-wire feed and plasma additive manufacturing
EL Elongations
GMAW Gas metal arc welding
GMAW-CMT Gas metal arc welding with the cold metal transfer process
GTAW Gas tungsten arc welding
H Horizontal
IGEF Incomplete grown equiaxed ferrite
LMPD Laser metal powder deposition
ME Material extrusion
MJ Material jetting
PAW Plasma arc welding
PBF Powder bed fusion
PBF-L Powder bed fusion-laser
RP Rapid prototyping
SG Shielding gas
SG1 Shielding gasl
SG2 Shielding gas 2
SL Sheet lamination
SLM Selective laser melting
ST As-deposited followed by solution treatment only
ST+H900 As-deposited followed by solution treatment and H900 ageing
SWEF-PAM Single-wire feed and plasma additive manufacturing
UTS Ultimate tensile strength
\ Vertical
P Vat photo-polymerization
WAAM wire arc additive manufacturing
YS Yield strength

Table 2. Commercial WAAM machines.
Company Model Details Country
GTarc3000-3 A three-axis system for the production of parts
Gefertec GmbH WAAM machine up to 3 m3 w?th a maximurl; mass of 300(§)kg. Germany
Applied to the production and repair of
Mazak VARIAXIS j-600AM aerospace parts, molds, and dies and Japan
oil-drilling components.
A closed loop control system and an inert
Addilan Addilan VO.1 chamber with a special loading and unloading Spain
system.
Nanjing Erél(g)mi tI(Xiwfltomatlon ArcMan-600 Building leen51ons. 40.0 X 400 x 600 mm China
! Layer thickness resolution: 0.5-0.25 mm
Nanjing Zhongke Raycham RC-WAAM-3000 Building Dimensions: 3000 x 2000 x 1000 mm China
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Table 3. Main research groups working on WAAM.

4 0f 28

Synonyms of Wire Arc Additive

Country Research Groups Manufactuting (WAAM) Ref.
Southern Methodist Rapid prototyping (RP) based on .
United States University gas tungsten arc welding (GTAW) Jandric et al. [34]
Tufts University Near-Net Shape Manufacturing Kwak et al. [37]
South Korea Korea Institute of Science and 3D welding Song et al. [35,36]
Technology
Japan Osaka University 3D micro welding Katou et al. [38]
University of Sheffield Shaped metal deposition Baufeld et al. [39]
Cranfield University Wire Arc Additive Manufacturing ~ Williams et al.
United Kingdom University of Manchester Wire Arc Additive Manufacturing ~ Prangnell et al.
Coventry University Wire Arc Additive Manufacturing  Biswal et al.
University of Wales Swansea Shaped metal deposition Clark et al. [40]
Harbin Institute of Technology GMAW-bas'ed rapid Xiong et al. [41,42]
. manufacturing
China
Harbin Institute of Technology GMAW bas?d additive Yang et al. [43]
manufacturing
Xi An Jiao Tong University MPAW—Dbased rapid prototyping  Aiyiti et al. [44]
India Indian Institute of Technology =~ Hybrid Layered Manufacturing Suryakumar et al. [45]
Wireand are additve Ding et al. 46,47
Australia University of Wollongong manuiacturing

Wire-feed additive manufacturing

GTAW based-additive
manufacturing

Ding et al. [48]

Ma et al. [49]

The WAAM process can be achieved through gas metal arc welding (GMAW), gas tungsten arc
welding (GTAW), plasma arc welding (PAW), or cold metal transfer welding (CMT) for melting metal
wires and constructing a 3D component layer by layer [50-54]. Among these, GMAW is limited by
the minimum wall thickness and coarse sidewall surface owing to its relatively large melt pool and
heat input [50,55,56]. To surpass the limitations, cold metal transfer welding (CMT) [57-59] can be
adopted to achieve a very smooth droplet detachment by minimizing the arc burn time and moving
the wire electrode back and forth at frequencies up to 150 Hz [60,61]. TIG-WAAM has very clean
deposition and can manufacture metal components with high quality [62,63]. In theory, metals with
good weldability could be potentially used for WAAM process and so far researchers have successfully
fabricated 3D objects in Ti-based [64-67], Al-based [68,69], steel-based [70,71], and Ni-based [72] alloys.
Stainless steels—such as austenitic, martensitic, and duplex stainless steels—are good candidates for
WAAM due to their excellent mechanical properties and high corrosion resistance [73]. Moreover,
studies on AM of stainless steel 316 indicate that the arc power of WAAM (also known as directed
energy deposition with gas-metal-arc, DED-GMA) is 5-10 times higher than that of laser in PBF-L and
DED-L [74-88], which leads to much higher printing speed of WAAM, as shown in Figure 2 [26].

Recently, there have been a number of investigations on wire arc additive manufacturing of
stainless steels, including filler metals’ chemical composition, process parameters, process modeling,
defects, residual stress and distortion, microstructure, and mechanical properties. Stainless steels are
usually classified as: ferritic stainless steel (409, 430, etc.), austenitic stainless steel (316, 304, etc.),
austenitic—ferritic duplex stainless steel (2205, 2209) and martensitic stainless steel (420, 17-4). Their
microstructure features and mechanical properties are quite different after WAAM. Stiitzer et al. found
that mixing different filler metals can reduce the nickel equivalent and increase the ferrite content in
GMAW duplex stainless steel specimens [89]. Moreover, appropriate process parameters can help to
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achieve a high-quality WAAM structure. Heat input, cooling rate and reheating effect can impact the
morphology, microstructure, and mechanical properties in WAAM components [86,90]. Caballero
et al. found that the cooling rate during deposition has an essential influence on retained austenite
formation. Direct ageing on the as-deposited condition leads to a reduction of ductility by nearly
50% [91]. Mukherjee and DebRoy et al. studied the printability of 316 stainless steel by heat transfer
fluid flow model. They concluded that DED-GMA has deep penetration, which makes DED-GMA
components have the lowest probability of lack of fusion defects compared to PBF-L and DED-L
parts [26].
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Aref et al.
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Zhang et al.
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Wang et al.
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Ma et al.
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Figure 2. Arc power and scanning speed of WAAM (also called DED-GMA), DED-L, and PBF-L
processes for 316 stainless steel [26].

Although successful WAAM builds of various stainless steel parts have been reported in the
literature, there is still lack of a holistic view on this topic. This paper is to provide a systematic review
on WAAM of stainless steels regarding the macroscopic characteristics and the microstructure of the
steels undergoing different WAAM processes and parameters. The causes and morphology of defects,
residual stress, and distortion in the WAAM parts will be discussed as well. Then, the mechanical
properties, including hardness and tensile strength, and the correlation with process parameters will be
explored. Finally, some suggestions on the future study of WAAM of stainless steels were put forward.

2. Macroscopic Characteristics of Samples

WAAM process parameters determine the heat input and thermal accumulation, thereby impact
the macro morphology [92,93]. Zhang et al. [52] indicated that the forming efficiency and precision
could be improved by starting and ending the arc of each layer through a back-and-forth scanning
strategy. In the study of GMAW forming characteristics, Xiong et al. [94,95] found that higher wire
feeding rate reduces the stability of the molten pool and larger scanning speed makes the arc less
stable. Both can lead to an increase in surface roughness. However, a lower interlay temperature
could decrease surface roughness. The research of Ding et al. [92], Yang et al. [93], Zhang et al. [52],
and Xiong et al. [94,95] showed that the macroscopic morphology of WAAM varies with different
forming parameters. The process parameters and their influence on macroscopic morphology of
WAAM stainless steel parts will be introduced in detail later.

Wau et al. [96] studied the influence of the bottom current mode, scanning speed, and interlayer
cooling time on the macro morphologies of 316L stainless steel samples using MIG (metal inert gas)
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welding additive manufacturing. The process parameters of different samples are listed in Table 4.
As presented in Figure 3, there were no significant defects between the layers of the samples. A thin
and tall sample, G3010 (gradual reduction of bottom current, scanning speed was 30 cm/min, cooling
time was 10 s), had uniform layer height, as demonstrated in Figure 3a. Through the samples in
Figure 3b, Wu et al. [96] found that gradual reduction of current improves bottom formation.

Table 4. Process parameters of different samples [96].

Sample Scanning Speed/cm.min~1 Cooling Time/s Bottom Current Mode

G3010 30 10 Gradual reduction of bottom current
T3010 30 10 Transient reduction of bottom current
G3510 35 10

G3000 30 0 .

G3005 30 5 Gradual reduction of bottom current
G3015 30 15

G3010

(b) T3010

Figure 3. Morphologies of different parts in samples prepared using different parameters [96]: (a) profile

of sample G3010; (b) the bottom parts of different deposited samples; (c) the upper-right parts of
different deposited samples (the parts in (b) correspond to the bottom region of (a), and the parts in (c)
correspond to the upper-right region of (a)).

As shown in Figure 3a,c (samples G3010and G3510), the increase in scanning speed leads to a
decrease in the deposition rate, resulting in the unevenness on the outer surface. Compared with
sample G3000 whose cooling time is 0 s, the morphology of sample G3005 was improved; however,
both ends of the layers collapsed due to the extremely high temperature. However, formation of the
ends got better if cooling time was increased to 10 or 15 s [96].

Compared to GMAW and GTAW, plasma arc welding based additive manufacturing technology
has a more concentrated arc, relatively higher energy density (as listed in Table 5), and shaping precision.

Table 5. Linear energy density (heat input) of three different WAAM techniques

Linear Energy

WAAM Techniques Material Density/Heat Input Reported by
GMAW-CMT Duplex stainless steel-G 25 94 0.4-0.87 KJ/mm Eriksson et al. [97]
GTAW Ti-6Al-4V 0.186-1.492 KJ/mm Bermingham et al. [98]
PAW Ti-6Al-4V 0.655-1.302 KJ/mm Lin et al. [99]

Feng et al. [100] investigated the forming quality of SWF-PAM (single-wire feed and plasma
additive manufacturing) and DWF-PAM (double-wire feed and plasma additive manufacturing)
processes. When using the same deposition current 130 A to prepare Cr-Ni (HO0Cr21Ni10) stainless
steel samples, an increase in scanning speed decreases the layer height of the deposited walls but
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improves the surface-quality and reduces waviness. The macrographs of the deposited samples are
presented in Figure 4. Although with the same deposition current and scanning speed, the surface
waviness of SWF-PAM samples was slightly better than that of DWF-PAM samples. However,
the detailed surface condition of SWF-PAM and DWEF-PAM samples was not studied.

=
— o
ol
: k:a:z:
-

@@ (b)) (e (d (e (f)

Figure 4. Photographs of different deposited wall samples [100]: (a), (b), and (c) showing the
DWE-PAM samples prepared at speeds of 30 cm/min, 50 cm/min, and 60 cm/min, respectively; (d),
(e), and (f) demonstrate the SWF-PAM samples prepared at speeds of 30 cm/min, 50 cm/min, and
60 cm/min, respectively.

The surface of CMT- base additive manufacturing parts is rather smooth as mentioned by the
work of Fronius International GmbH [57,58], Bruckner et al. [59], Zhang et al. [60], and Pickin et al. [61].
To investigate the ability of CMT in terms of surface condition, Posch et al. [55] adopted CMT to
manufacture blade-like geometries of duplex stainless steel. With consistent welding parameters for all
layers, they achieved quite smooth surface comparable to that obtained by hot rolling, flame cutting,
or sand casting. The absolute surface roughness (R,) of duplex stainless steel geometry was 24.5 pm,
and the average distance between the highest peak and lowest valley (R,) was 135.3 um, which can be
seen in Figure 4 of [55].

Other factors, such as deposition path and wire material, also affect the surface condition. During
wire-arc additive manufacturing of duplex stainless steel blocks, an alternating direction path generated
the uniform layer height, while a one-direction deposition path yielded uneven sides due to the heat
accumulation at the stop point during the deposition of each layer [101]. Rodriguez et al. [88] applied
multi-bead CMT deposition parameters to build 316L stainless steel walls. The R, of CMT-based
WAAM parts was 220 pm.

In summary, macroscopic characteristics are closely related to wire feeding speed and scanning
speed, welding current mode, cooling time, and interlay temperature. The influences of main process
parameters on the macroscopic morphology of WAAM stainless steel parts are listed in Table 6.
Further studies on optimizing the above-mentioned process parameters are needed for achieving better
dimensional accuracy and surface quality of WAAM parts.
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Table 6. Process parameters affecting the macro morphology of WAAM stainless steel parts

8 of 28

WA[.\M Material Process Parameters Macroscopic Characteristics Reported by
Techniques
. . . Gradual reduction of .
MIG 53666114 (austenitic) stainless ~ Welding current mode bottom current Improves bottom formation Wu et al. [96]
Increasing scanning speed Unevenness of both ends
SWE-PAM: single-wire feed and plasma additive tslll;gt}g?gziﬁz_sxgchee-e%uzﬁéy than
PAM HOOCr21Nil0 (austenitic) ~ manufacturing

PAM: SWE-PAM,

stainless steel

plasma additive manufacturing

DWEF-PAM: double-wire feed and plasma additive
manufacturing

/

Increasing scanning speed

Better surface quality

Feng et al. [100]

DWE-PAM
Alternating direction . .

GMAW Type—2209 (duplex) Deposition path deposition path Uniform layer height Hosseini et al. [101]

stainless steel
One-direction deposition ~ Uneven sides: the start side was
path higher than the end side.
. Decreasing interlay temperature Surface roughness decreases
CMAW HO08Mn2Si low-carbon Xiong et al. [95]

steel

Increasing scanning speed

Surface roughness increases

Increasing wire feeding speed

Surface roughness increases
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3. Microstructure

The microstructures of WAAM stainless steel are largely determined by the thermal history
during the processes. During WAAM processing, the thermal cycle—including repeated heating and
cooling [102,103]—creates non-equilibrium microstructures in the deposited parts [104].

Table 7 summarizes the microstructure, tensile strength, yield strength, and elongation of stainless
steels manufactured by different WAAM technologies. The process factors affecting microstructure
and mechanical properties are listed in Table 7. The microstructures of a HOOCr21Nil0 stainless
steel part prepared by DWF-PAM are illustrated Figure 5 [100]. Owing to different heating state and
thermal cycles in different areas of the deposited samples, the microstructures are characterized by
three different regions: the top, middle, and bottom sections. The macrostructure, microstructure, and
mechanical properties of the middle section are critical to the manufactured components. As presented
in Figure 5b, the ferrite (6-Fe) phase are embedded on the fine austenite matrix and each layer consists
of a sequence of fine grain (C), columnar grain (B), and equiaxed grain (A) regions from the bottom to
the top. In SWF-PAM samples, the above microstructures were also observed.

Top section é"ﬁw ; ‘

-’imﬁﬁm-éﬁﬁ%ms;iﬂfi?%ﬁiif%

L

iy

Middle section

b el

g ev”f’ﬁl’*i'lﬁ \E:l J‘Ij
i 1 lﬁl, \ |
Bottom section J %3'“.’} ﬂbql,l ﬁ‘:u :W bk ” ”Mﬁ Im “’*g,'llfuR ;‘Hgk\
oy gl e
.F '.P‘l [lﬂ [f f‘lW; ﬁ’irr{" ey r'w.d.umm T .rv‘ 1” il

(b)

Figure 5. (a) Macrostructure of the cross-section of a WAAMed HO0Cr21Nil0 stainless steel part and
(b) three regions A, B, and C of each deposited layer, i.e., Equiaxed grain region (A), Columnar grain
region (B), and Fine grain region (C) [100].

Feng et al. [100] investigated the microstructure in the adjacent area between the 35th layer and
36th layer of DWF-PAM and SWF-PAM processed parts (Figure 6). They pointed out that increased
scanning speed can produce better grain structures (finer complete grown equiaxed ferrite (CGEF)
grain structures), and two wires melting in the same melt pool can augment the cooling rate, resulting
in the formation of a finer complete grown equiaxed ferrite (CGEF) grain structure. As shown in
Figure 6, as the scanning speed increased from 30 cm/min to 60 cm/min, the number of complete grown
equiaxed ferrite (CGEF) grains significantly increases in DWF-PAM samples. However, in SWF-PAM
samples, there are some incomplete grown equiaxed ferrite (IGEF) grains when the scanning speed
increases from 30 cm/min to 50 cm/min. As the scanning speed increases to 60 cm/min, the IGEF grains
quantity reduces, and only a few CGEF grains appear. Due to the CGEF grains distributed in the
interface region adjacent to next layer, the ultimate strength of DWF-PAM samples is higher than that
of SWF-PAM specimens. The ultimate tensile strength of DWF-PAM samples increases by an average
of 10.2%, roughly by 52.98 MPa, when compared with those of SWF-PAM specimens [100].
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Table 7. Microstructure and mechanical properties of stainless steels manufactured by WAAM.
Process Materials Process Factors Microstructure YS (MPa) UTS (MPa) EL (%) Hardness (HV) Reported by
. A lot of complete grown About 5.50’ similar in
DWF-PAM HOO0Cr21Ni10 Scanning speed iaxed ferrite (CGEF) grain / the vertical and 44.7-58.7 ~193 Feng et al. [100]
(austenitic) &SP equiaxed territe gramns horizontal directions
inl 1
stainless stee A number of incomplete Around 510, similar
SWE-PAM grown equiaxed ferrite (IGEF)  / in the vertical and 20.5-35.4 ~187 Feng et al. [100]
grains, and a few CGEF grains horizontal directions
‘S/\I;)Aefl\l/’lulse 316 (austenitic)y  Heat input, cooling Coarser secondary dendrite Horizontal 418.0 ~ Horizontal 550 + 6 / / Wang et al. [90]
stainless steel rate atmm spacing
Higher than the
‘?\I]’Aefﬁrc iﬁ‘lslgngrfgndary dendrite Horizontal 4179 Horizontal 553 +2  / }S‘gre‘ig;sjlgé Wang et al. [90]
WAAM parts
Chemical As the nickel content reduces,
Duplex Stainless L. the austenite plates become Stiitzer et al.
GMAW-CMT p composition of p / / / /
Steel feedstock smaller in size and less in [89]
content.
Higher percentage of retained
As-built, Shielding austenite: 0.85%, area
CMT 17-4PH N gas 1 (SG1): 38% He percentage. Mainly a dendritic  / Average 994 Average 11.9  ~330 Caballero et al.
(martensitic) +2% CO, + Ar martensite-§ ferrite [91]
stainless steel microstructure
A;;ZL;léEi?leldmg Lower percentage of retained
fom osition: 2.5% austenite: 0.12%, area / / / ~340
P © 277 percentage
C02+AI‘
SG1+post-deposition
CMT gaﬁ&)::s steel heat treatment: Columnar microstructure / Average 1208 Average 7.3 ~450 [Cgeit])auero etal
AD+H900
SG1+post-deposition
CMT :Za-fn}jeljs steel heat treatment: A columnar microstructure / Average 1352 Average 13.8  ~440 E)all]aallero etal
ST+H900
17-4 PH SG1+ Solution Caballero et al.
CMT stainless steel treated N/A / Average 1003 Average 12.6  ~330 [91]

* The WAAM process was also referred as DWF-PAM, SWF-PAM, GMAW-CMT, and CMT in different papers.
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(e) SWF-PAM sample at the speed of 60 cm/min (f) DWF-PAM sample at the speed of 60 cm/min

Figure 6. Microstructures in the adjacent area of the middle section of the deposited walls [100]
(HOOCr21Ni10 steel).

Similarly, Hejripour et al. used GMA-WAAM to fabricate 2209 duplex stainless steel (DSS) walls
and tubes, and indicated that calculation of cooling rates in deposited layers could help forecast
the formation of the phases [105]. Their numerical and experimental results revealed that austenite
formation could be significantly promoted by slow cooling rates in the layers at elevated temperatures.
Wang et al. reported that cooling rate significantly affected the scale of the solidification structure [90].
The relationship between cooling rate (GR, the cooling rate in K/s) and secondary dendrite arm spacing
(A7) is given in Equation (1).

Az = 50(GR) ™ )

According to Equation (1), SpeedArc WAAM could produce smaller secondary dendrite arm
spacing in 316L stainless steel components than SpeedPulse WAAM because of the higher cooling
rate [90]. (SpeedArc: the primary metal transfer mode is the short-circuited transfer mode. SpeedPulse:
the primary metal transfer mode is a projected spray transfer mode.)

Other factors also have specific effects on phase balance, including material composition [105] and
heat treatments [91]. For instance, in the investigation of adjusting the ferrite-austenite ratio of WAAM
duplex stainless steel components, Stiitzer et al. [89] mixed two different filler metals to decrease the
nickel equivalent, thus increased the ferrite content in the specimens. The sample fabricated with
100% of the filler metal G 22 9 3 (see Figure 7a) contains large austenitic side plates. From Figure 7a—f,
as the percentage of the filler metal GZ 22 5 3 increases, the nickel content reduces, and the austenite
plates become smaller in size and less in content. The sample fabricated with 100% of the filler metal
GZ 225 3 (see Figure 7f) contains relatively small austenite platelets. However, the investigations
carried out by Stiitzer et al. did not involve any post processing heat treatments.
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(d)76,9% G2293NL +23,1% GZ2253L (e)23,1% G2293NL +76,9% GZ2253L (f)100% G2253NL

Figure 7. Micrographs of the structures fabricated with different mixing ratios at 500 x magnification,
taken in layer 10, etching: Beraha II, white: austenite, blue/brown: ferrite [89]. (WAAMed duplex
stainless steel components by mixing two different filler metals)

Caballero et al. [91] researched the microstructures of CMT 17-4 PH stainless steel samples under
four different heat treatment conditions, including as-deposited (AD), as-deposited plus H900 ageing
treatment (AD + H900), and as-deposited followed by solution treatment and H900 ageing (ST +
HO900; solution treatment: 1040 °C for 30 min; H900 ageing treatment: 480 °C for 1 h), as presented in
Figure 8. The shielding gas was comprised of 38% He and 2% CO, in argon (SG1). The Creq/Nieq ratio
of 17-4 PH stainless steel is greater than 1.55, which yields a primary ferrite solidification mode. Under
equilibrium cooling, phase transformation sequence of alloy 17-4 PH is as follows: L — &-ferrite —
y-austenite + 0-ferrite — martensite + d-ferrite [106]. However, the high cooling rates during WAAM
processing limit the amount of §-ferrite that can convert to y-austenite. Thus, some of the 5-ferrite
will remain at room temperature. This is why a dendritic martensite-5 ferrite microstructure can be
observed in the AD condition sample (Figure 8a).

50 pm 500 ym

Figure 8. Micrographs [91]: (a) Sample fabricated with SG1 (Shielding gas 1: 38% He + 2% CO, + Ar),
As-deposited condition; (b) Sample for tensile testing, AD + H900 condition; (c) Sample for tensile
testing, ST+H900 condition (Material: 17-4 steel).

Additionally, most o-ferite is transformed into austenite which thereafter transformed into
martensite due to the slower cooling rate when temperatures are above A3. As a result, the microstructure
is mainly composed of martensite, as shown in Figure 8c (sample under ST+H900 condition) [91].
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Caballero et al. [91] also reported the influence of shielding gas (SG) composition on the final
microstructure. They found that a higher percentage of retained austenite was observed when using
SG1 (Shielding gas 1: 38% He + 2% CO, + Ar) compared with using SG2 (Shielding gas 2: 2.5%
CO,+Ar).

Different heating cycles in different areas produce an inconsistent solid phase transformation,
leading to different microstructures of HOOCr21Nil0 stainless steel part [100]. Cooling rates and
temperatures of different heat treatments have a significant impact on phase transformation of alloy
17-4 PH [91]. For duplex stainless steels, the ratio of austenite to ferrite phase crucially affects the
properties in strength and corrosion resistance [107]. The high content of austenite and the formation
of secondary austenite can significantly lower corrosion resistance and strength of stainless steel [89].

In summary, thermal history in WAAM processes play an important role in controlling the
microstructure, such as the ratio of austenite and ferrite phases. Itis feasible to control the microstructure,
such as promoting the nucleation and growth of precipitates in d-ferrite, which can influence the
mechanical properties [91], by controlling the process parameters. Modifying the material compositions,
such as using double wires [89], is another effective approach to achieve desirable final microstructures.
Post heat treatments also can significantly influence and change the final microstructure. Therefore,
in order to obtain desirable microstructures in WAAM stainless steel parts, it is very necessary to
thoroughly understand the solidification behaviors [105] and phase transformations in complex WAAM
thermal cycles, and the correlation between material compositions, process parameters, heat treatment
parameters and the final microstructure. Besides, the WAAM samples often show considerable
anisotropy in terms of tensile strength and microstructure due to the directionality of the layer wise
deposition process. It is useful to develop new processes, such as in-situ rolling + WAAM, to solve the
anisotropy problems caused by the coarse columnar crystals in the deposition direction.

4. Residual Stresses and Distortion

Similar to welding and other additive manufacturing process, residual stress and distortion are
inevitable to WAAM processes [33,108,109]. Ding et al. [108] reported that the stresses generated
during the WAAM process led to large distortion of the parts after clamp removal. Post heat treatment
is usually necessary to relieve these stresses. Besides, high residual stresses can have a substantial
effect on mechanical properties of the manufactured structures. The residual stresses higher than the
local UTS (ultimate tensile strength) of the material can lead to cracking, while the ones between the
local YS (yield strength) and UTS can cause warpage or plastic deformation [110]. According to Ding
et al. [108], the residual stress distribution across the WAAM fabricated wall was uniform and the
residual stress in the former layer rarely affected the subsequent layers. However, after the clamping
was released, the value of the rebalanced internal stress at the top of the integral component became
much lower than that at the interface to the substrate because of bending deformation of the sample.

Apart from the above-mentioned residual stresses caused by the thermal history of WAAM
process, for WAAM of steels, solid-state phase transformation is an important factor that one must
consider in studying stress evolution [111]. In multi-pass laser metal powder deposition (LMPD)
process of martensitic stainless steel (16 wt % Cr-4.5 wt % Ni-1.6 wt % Mo-0.9 wt % B-0.6 wt % Mn-0.12
wt % C), Fang et al. [111] studied the influences of solid-state phase transformation on residual stress
by the numerical simulation and XRD residual stress measurement. When phase transformation is
ignored, the simulated residual longitudinal stress is around 1100 MPa. However, it is just about
253 MPa when phase transformation is considered. The residual longitudinal stress measured by
XRD method is 390 MPa. With phase transformation and stress influence considered, the longitudinal
residual stress is about 296 MPa, which is closer to the measured data (390 MPa). The results show that
phase transformation can result in lower residual stresses. The austenite (high temperature phase) is
the weaker phase. As the temperature decreases, the strain induced or stresses assisted martensitic
transformation occurs. Transformation induced plasticity (TRIP) and the density change can result in
the large stress reduction [111].
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There are several types of distortion in WAAM parts, including bending deformation, shrinkage
in the longitudinal and transverse directions [112]. The repeated heating and cooling can cause
thermal expansion and shrinkage of the deposited parts, leading to deformation, especially in large
thin-walled components [109]. Residual stresses and distortion are closely related to deposition paths
in WAAM [113,114]. Lee et al. [114] reported that a bidirectional tool path with 180° rotation decreased
the residual stress by around 50% at the bottom corner of the sample, which potentially reduces the
cracking susceptibility. When fabricating martensitic stainless steel samples by the oscillation pass
(Figure 9) [115], high distortion occurred in the substrate because of high heat input, as shown in
Figure 10. Gordon et al. [116] reported that when deposition path was one-direction from left to
right, the residual stresses resulted in a distinctive curvature of a single-bead wall, which can be
seen in Figure 1 of [116]. The cooler left-end at the beginning makes the sample beginning a little
higher than desired. However, the right-end of the build is lower than anticipated, because residual
heat from the previous deposited layers causes the metal to flow more [116]. In general, proper
deposition paths can notably reduce residual stresses and deformation, particularly in large scale
WAAM fabrication [33,114].

6.6 mm

50 mm

w.

Figure 9. Diagram of the oscillation pass [115].

Figure 10. Deformation during oscillation [115].

In summary, thermal history and residual stresses have a significant impact on the distortion of
WAAM parts, and the effect of both becomes more pronounced as the component volume increases [116].
The residual stresses can cause deformation, decrease in dimensional accuracy, defects, as well as
worsening of mechanical properties of the components. Phase transformation (especially martensitic
phase transformation) has a significant impact on reducing residual stress [111]. In theory, if the
martensite transformation is controlled to occur within a certain temperature and time domain,
the residual stress can be controlled to a lower level [111]. Proper deposition path planning can
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significantly reduce residual stresses [114]. Therefore, further efforts should be made to optimize the
WAAM deposition path, the thermal history and control the phase transformation during WAAM to
reduce the residual stress and distortion through both modelling and experimental studies. Besides,
in-situ rolling + WAAM is an effective approach for reducing the residual stress in WAAM parts.

5. Defects

Common defects and their formation reasons in WAAM metallic parts are listed in Table 8.
Porosity [116], cracks, and lack of fusion [101] are the typical defects found in stainless steel parts
produced by WAAM. Process parameters, such as deposition paths and heat input, cause defects during
deposition. A complex deposition path is more likely to produce the spatter ejection or insufficient
fusion, creating voids or gaps in the affected areas [33]. Compared to GTAW- and PAW-based WAAM,
GMAW have more problems of excessive heating, spattering, or porosity, because the electric current
acts directly on the feedstock [88]. Some porosities and lack of fusion appears on the cross section
of GMAW duplex stainless steel samples, especially between the beads, as shown in Figure 11 [101].
Gordon et al. [116] investigated porosity data for three different locations in the WAAM stainless steel
304 build. Thermal history causes different porosity for top-right, top-left, and bottom-right locations.
The data for the three locations show obvious multimodality (see Figure 4 in [116]) because of gas
generation or the insufficient energy for complete melting the layers during the process.

Table 8. Defects in WAAM components and the formation reasons

WAAM

Techniques Material Defects Reasons Reported by
WAAM 304 stainless Porosity Insufficient energy for complete melting the Gordon et al.
steel layers; gas generation. [116]
Raw Contaminants of wire and
Porosi s
WAAM Metals. (Steel, orosity material-induced substrate Wu et al. [33]
Al, Ti, etc.) .. ;
. Insufficient fusion or
Process-induced L
spatter ejection
Delamination Incomplete melting or insufficient re-melting
of the underlying solid between layers
CTAW Inconel 625 Sohd1f1c.at10n Ex1.st.er.1ce ,Of liquid film at terminal Tian et al. [117]
cracking solidification
CTAW Intermetallic Grain Intermetallic phase-equilibrium is freely Dong et al.
Al/Cu boundary crack  broken [118]

r 3 Line 1

Figure 11. Typical cross-section of WAAM type-2205 duplex stainless steel samples. The brighter area
contains more austenitic and the darker more ferritic. A pattern may be seen in the deposited sample,
where lines 1 and 2 represent the brightest and darkest etched regions, respectively [101].
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The raw material factor, such as contamination of the substrate and filler metal, is another cause
of defects. Dirt, moisture, and grease on the surface of substrate and filler metal can be easily absorbed
into the molten pool, thereby producing porosity after solidification [33].

In summary, defects—such as lack of fusion, cracks, and porosity—need to be controlled to a
minimum level to achieve sound mechanical properties. Precise control of heat input and thermal
history, proper shielding gas and tight gas seals, high quality feedstock, and clean substrate surfaces
are helpful to reduce defects during stainless steel WAAM process.

6. Mechanical Properties

Current studies on mechanical properties of stainless steel structures fabricated by WAAM mainly
focus on hardness and tensile strength. Although, in many cases, the mechanical properties of WAAM
parts can be comparable to those of conventional machined components, there is still a need to well
understand the correlation between process parameters and the mechanical properties of WAAM
manufactured parts [119].

Studies indicated that heat input during WAAM process has a significant impact on macro
morphology, microstructure of the parts, and mechanical properties [90]. Although the wire feeding
rate remains the same, the heat input will vary when using different arc modes [90]. Another factor
that affects mechanical properties of WAAM components is metal transfer mode, which leads to
different rate of liquid droplet transfer, even though the wire feeding rate remains the same [120-122].
In this sense, Wang et al. [90] studied the effects of arc modes on mechanical properties during wire
arc additive manufacturing of 316L stainless steel. The relationship between forming parameters of
WAAM technique and hardness, tensile strength, and elongation rates of stainless steel parts has been
investigated [88,96,100].

6.1. Hardness Distribution

Hejripour et al. concluded that duplex stainless steel (wire 2209) WAAM-made parts had a lower
hardness value than the base metal (a 2205 duplex stainless steel substrate) due to the lower ferrite
content in the layers [105]. According to Wang et al., the Vickers hardness values of 316L stainless
steel components exceed 175 HV, obtained by both SpeedArc (the primary metal transfer mode is
the short-circuited transfer mode) and SpeedPulse (the primary metal transfer mode is a projected
spray transfer mode) additive manufactured process [90], as shown in Figure 12. Though scanning
speeds and deposition rates are the same for both processes, the Speed Arc WAAM can provide a more
exceptional solidified structure (smaller secondary dendrite arm spacing) in the deposition parts owing
to a lower heat input and higher cooling rate. As a result, the hardness values of Speed Arc WAAM
parts are higher than those of SpeedPulse WAAM parts. However, this article does not address the
hardness distribution of different layers of the same component.

Wau et al. found that the hardness value of the 316L stainless steel sample reduced slowly from
the bottom to top because of the heat accumulation. As described in Figure 13, the average hardness in
the bottom region ranges from 177.9 HV to 182.75 HV, which is slightly higher than that in the top
region, i.e., in the range of 169-174.35 HV [96].
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Figure 12. Vickers hardness of 316L stainless steel components prepared by SpeedPulse and Speed Arc
additive manufacturing. A 500 g load was applied for all indentations with a dwell time of 10 s [90].
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Figure 13. Micro-hardness of bottom, middle, and upper parts of sample G3010 (gradual reduction of
bottom current, scanning speed is 30 cm/min, cooling time is 10 s) [96].

On the other hand, process parameters—such as the transient and gradual reduction of bottom
current, scanning speed, and cooling time—have little influences on the hardness of the deposited
samples. As seen in Figure 14, there is no significant difference in hardness values between different
samples (316L stainless steel) [96]. In the study of Feng et al. [100], the scanning speed also barely
affect the hardness of WAAMed stainless steel samples (HO0Cr21Nil0 stainless steel) (see Figure 13
in [100]). However, the average microhardness values of samples G3510 and G3015 are slightly higher
than that of others, since these two samples have relatively small heat inputs [96]. As reported by
Caballero et al. [91], post processing heat treatment could adjust the final hardness of WAAM 17-4 PH
stainless-steel components., specimens underwent H900 ageing treatment (AD+H900 and ST+H900)
have higher hardness than the ones treated without further ageing (as presented in Figure 15 [91]).
The maximum hardness value acquired for H900 ageing treatment is 448 HV30, while the maximum
hardness value obtained for AD or ST treatment is about 340 HV30, the hardness value increased 32%
after heat treatment [91].
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Figure 14. Average micro hardness values of different deposited specimens (316L Stainless Steel) [96].
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Figure 15. Hardness distribution of the oscillated pass samples (17-4 PH stainless) deposited in different
shielding gas under different heat treatment conditions (SG1: 38% He + 2% CO, + Ar; SG2: 2.5% CO,
+ Ar; AD represents as-deposited; ST: as-deposited followed by solution treatment only; AD+H900:
as-deposited plus H900 ageing treatment; ST+H900: as-deposited followed by solution treatment and
HO900 ageing) [91].

In summary, post heat treatments usually have much more significant influence on the hardness
of WAAMed samples than printing process parameters.

6.2. Tensile Strength

High quality WAAM components can be achieved with proper process parameters and a
comprehensive understanding of the solidification phenomenon [105]. Thompson et al. [123] stated
that geometry of the final part, the thermal history, and the localized solidifications phenomena have
an essential influence on the microstructure, which in turn affects the mechanical properties of the
deposited parts. In this sense, studies have been carried out on the influence of process parameters on
tensile strength.

Feng et al. [100] studied the relationship between the scanning speed, microstructure and ultimate
tensile strength. They found that CGEF grains contributed to an increase in the ultimate tensile
strengths and elongation rates of the Cr-Ni stainless steel samples manufactured by DWF-PAM or
SWE-PAM, while the scanning speeds were ranging from 30 cm/min to 60 cm/min. Yield strengths and
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ultimate tensile strengths are also dependent on the deposition direction, which leads to the upward
growth of the coarse columnar crystals resulting in anisotropy [124,125]. As stated by Wu et al. [96],
there is no obvious difference in the mean values of the horizontal and vertical tensile strengths between
samples. However, the tensile strengths are indeed different in the horizontal and vertical orientations
in the same build [88,96].

Tables 7 and 9 list the tensile strength of stainless steel structures from different WAAM processes.
The tensile strength of WAAM 316L steel is comparable to the wrought one. The 316 stainless steel
samples fabricated by CMT and TopTIG with different current programs (continuous or pulsed)
have comparable elongations (EL). Besides, the elongation is similar in horizontal (X) and vertical
(Z) orientations [88]. However, samples deposited by MIG welding [96], CMT, and TopTIG based
WAAM [88] are anisotropic in terms of yield strength (YS) and ultimate tensile strength (UTS). Yield
strength of CMT samples in vertical orientation is lower than that in horizontal orientation owing to
preferential growth of austenite grains [88]. Furthermore, research on anisotropy of MIG welding
depositions shows that short heat dissipation time, severe heat accumulation, and cooling rate decline
made the structure more uniform. A higher scanning speed can accelerate the cooling rate, leading to
distinct anisotropy in sample G3510. Moreover, the relatively low thermal input of the bottom transient
current (sample T3010) can cause a more pronounced anisotropy [96]. According to Caballero et al. [91],
post-deposition heat treatment can help to obtain the required tensile properties. However, direct aging
(without prior solution treatment) on as-deposited condition can lead to 6-ferrite phase embrittlement,
making the martensitic stainless-steel (17-4 PH stainless-steel) parts brittle. The localized brittle
facets found in the fractographs can serve as evidence of possible localized -ferrite embrittlement
(see Figure 16).

Figure 16. Fracture morphology of tensile fracture surfaces of AD+H900 condition: as-deposited plus
HO900 ageing treatment [91].

The anisotropy of tensile strength has an important effect on the performance of additive
manufacturing components. Even though some studies have been conducted on the anisotropy of
mechanical properties of WAAM stainless steels, further studies are needed for deeper understanding
its mechanism and then properly control it. WAAM-in-situ rolling and post heat treatments could be
useful approaches to reduce the anisotropy.

In summary, WAAM techniques, material compositions, process parameters, shielding gas
composition, post heat treatments, and the microstructure and defects can significantly influence the
mechanical properties of WAAM stainless steels. Further understanding on the correlation between the
above-mentioned factors and precise control of them, especially the final microstructure, are important
for better controlling the mechanical properties of WAAM stainless steels.
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Table 9. Tensile strength of stainless steel parts produced using different WAAM processes
Process Materials Sample YS (MPa) UTS (MPa) EL (%) Reported by
SpeedPulse WAAM 316 (austenitic) stainless steel Horizontal As-deposited 418.0 550 + 6 / Wang et al. [90]
SpeedArc WAAM 316 (austenitic) stainless steel Horizontal As-deposited 417.9 553 +2 / Wang et al. [90]
Wrought (cold finished) 316 (austenitic) stainless steel / Cold finished 255-310 525-623 / Yadollahi et al. [87]
T3010-H1 335.00 537.40 /
T3010-H2 310.00 498.77 /
T3010-H3 336.83 563.78 /
T3010-V1 370.33 628.19 /
T3010-V2 371.11 616.07 /
T3010-V3 342.56 585.83 /
G3010-H1 330.17 541.08 /
) . B G3010-H2 345.67 561.38 /
peEd-;);i-r;iff;igddmve 316 (austenitic) stainless steel G3010-H3 As-deposited 32717 570.56 / Wu et al. [96]
G3010-V1 369.17 628.04 /
G3010-V2 364.17 606.68 /
G3010-V3 339.50 574.68 /
G3510-H1 307.33 524.30 /
G3510-H2 306.17 525.75 /
G3510-H3 336.67 593.59 /
G3510-V1 359.56 634.47 /
G3510-V2 336.67 602.56 /
G3510-V3 336.67 621.44 /
G3015-H1 333.33 564.69 /
G3015-H2 335.83 558.86 /
G3015-H3 353.00 619.28 /
G3015-V1 373.00 637.98 /
G3015-V2 345.83 609.24 /
G3015-V3 365.50 595.88 /
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Process Materials Sample YS (MPa) UTS (MPa) EL (%) Reported by
CMT technology in continuous modes Horizontal 3643+139 577.3+4.0 434 +4.7
Vertical 3369+17 5741+79 42.0 +3.7
316L (austenitic) stainless steel - As-deposited Rodriguez et al. [88]
CMT technology in pulsed modes Horizontal 3740+ 112 588.0+5.7 451+£35
Vertical 331.7+54 536.0+153 45.6+16.7
TopTIG technology in continuous Horizontal 365.5+8.7 5903 +3.6 423 +27
mode Vertical 3222+27 5399+147 431%69
. Post-deposition heat
Horizontal treatment: AD+H900 / 1293 8.2
. Post-deposition heat
" . Vertical X 1124 6.5
CMT 17-4 PH (marttenslltlc) stainless treatment: AD+H900 Caballero et al. [91]
stee . Post-deposition heat
Horizontal treatment: ST+H900 / 1353 138
. Post-deposition heat
Vertical treatment: ST+H900 1351 138
Horizontal As-deposited (AD) / 1009 11.6
Vertical As-deposited (AD) 979 12.2
. Post-deposition heat
Horizontal treatment: ST / 1000 12.8
Vertical Post-deposition heat 1006 124

treatment: ST

H: horizontal; V: vertical; EL: elongations; YS: yield strength; UTS: ultimate tensile strength; T3010: transient reduction of bottom current, scanning speed 30 cm/min, cooling time 10 s;
G3010: gradual reduction of bottom current, scanning speed 30 cm/min, cooling time 10 s; G3510: gradual reduction of bottom current, scanning speed 35 cm/min, cooling time 10 s; G3015:
gradual reduction of bottom current, scanning speed 30 cm/min, cooling time 15 s; AD: as-deposited; AD+H900: as-deposited plus H900 ageing treatment; ST: as-deposited plus solution
treatment; ST+H900: as-deposited followed by solution treatment and H900 ageing.
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7. Summary and Outlook

WAAM has been proved to be a low-cost, high efficiency AM process (compared with PBF AM

processes) for producing large-scale stainless steel parts. Recent studies on WAAM of various stainless

steels have been reviewed from the aspects of macroscopic characteristics, microstructure evolution,
post heat treatments, residual stress and distortion, defects, and mechanical properties.

)

)

®)

4)

)

(6)

7)
®)

©)

Macroscopic characteristics of WAAMed stainless steel parts are closely related to wire feeding
speed and scanning speed, welding current mode, cooling time, and interlay temperature. Further
studies on optimizing the above-mentioned process parameters are needed for achieving better
dimensional accuracy and surface quality of WAAM parts.

Thermal history in WAAM processes plays an important role in controlling the microstructure,
such as the ratio of austenite and ferrite phases. Thus, it is feasible to control the microstructure
by controlling the process parameters. Modifying the material compositions, such as using
double wires, is another effective approach to achieve desirable final microstructures. Post heat
treatments can also significantly influence and change the final microstructure. Therefore, in
order to obtain desirable microstructures in WAAM stainless steel parts, it is very necessary to
thoroughly understand the solidification behaviors [104] and phase transformations in complex
WAAM thermal cycles, and the correlation between material compositions, process parameters,
heat treatment parameters, and the final microstructure.

Residual stresses and thermal history have a significant impact on the distortion of WAAM
parts. The effect of both becomes more pronounced as the component volume increases [116].
The residual stresses can cause deformation, decrease in dimensional accuracy, defects, as well
as worsening of mechanical properties of the components. Phase transformation (especially
martensitic phase transformation) has a significant impact on reducing residual stress [111].
Proper deposition path planning can also significantly reduce residual stresses [114]. Therefore,
further efforts should be made to optimize the WAAM deposition path, the thermal history, and
control the phase transformation during WAAM to reduce the residual stress and distortion
through both modelling and experimental studies.

Defects, such as lack of fusion, cracks, and porosity, need to be controlled to a minimum level to
achieve sound mechanical properties. Precise control of heat input and thermal history, proper
shielding gas and tight gas seals, high quality feedstock, and clean substrate surfaces are helpful
to reduce defects during stainless steel WAAM process.

WAAM techniques, material compositions, process parameters, shielding gas composition, post
heat treatments, microstructure, and defects can significantly influence the mechanical properties
of WAAM stainless steels. Further understanding on the correlation between these factors and
precise control of them, especially the final microstructure, are important for better controlling
the mechanical properties of WAAM stainless steels.

WA AM samples often show considerable anisotropy in terms of tensile strength and microstructure
due to the directionality of layer wise deposition process. It is useful to develop new processes,
such as in-situ rolling + WAAM, to solve the anisotropy problems caused by the coarse columnar
crystals in the deposition direction. In-situ rolling + WAAM also can reduce the residual stress in
WAAM parts.

The main limitation of the paper is that the numerical modelling of the WAAM process was not
sufficiently discussed in this paper.

For future industrial applications, fatigue properties, and corrosion behaviors of WAAMed
stainless steels need to be deeply studied.

Additionally, further efforts should be made to improve the WAAM process to achieve faster
deposition rates and better quality control.
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