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Abstract

The emerging technology of wire arc additive manufacturing (WA AM) has been enthusiastically embraced in recent years mainly
by the welding community to fabricate various grades of structural materials. In this study, ER70S-6 low-carbon low-alloy steel
wall was manufactured by WA AM method, utilizing a gas metal arc welding (GMAW) torch translated by a six-axis robotic arm,
and employing advanced surface tension transfer (STT) mode. The dominant microstructure of the fabricated part contained
randomly oriented fine polygonal ferrite and a low-volume fraction of lamellar pearlite as the primary micro-constituents.
Additionally, a small content of bainite and acicular ferrite were also detected along the melt-pool boundaries, where the material
undergoes a faster cooling rate during solidification in comparison with the center of the melt pool. Mechanical properties of the
part, studied at different orientations relative to the building direction, revealed a comparable tensile strength along the deposition
(horizontal) direction and the building (vertical) direction of the fabricated part (~400 MPa and ~500 MPa for the yield and
ultimate tensile strengths, respectively). However, the obtained plastic tensile strain at failure along the horizontal direction was
nearly three times higher than that of the vertical direction, implying some extent of anisotropy in ductility. The reduced ductility
of the part along the building direction was associated with the higher density of the interpass regions and the melt-pool
boundaries in the vertical direction, containing heat-affected zones with coarser grain structure, brittle martensite—austenite
constituent, and possibly a higher density of discontinuities.

Keywords Additive manufacturing (AM) - Wire arc additive manufacturing (WAAM) - Low-carbon low-alloy steel -
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1 Introduction

Additive manufacturing (AM) is a novel manufacturing tech-
nology in which a component is fabricated by depositing the
feedstock material layer-by-layer to build a fully functional,
dense, and 3D-shaped component [1-3]. A wide range of dif-
ferent metals, composites, and polymers can be used as the
feedstock material employing various AM techniques.

The additive manufacturing of metallic components can be
classified based on the adopted feedstock materials into three
main categories, i.e., powder-bed processes, such as selective
laser melting (SLM) or direct metal laser sintering (DMLS),
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powder feed processes, such as laser metal deposition (LMD),
also known as direct laser fabrication (DLF), and wire-feed
processes, such as wire arc additive manufacturing (WAAM)
[4, 5]. WAAM is an AM technology that usually benefits from
a robotic arm, carrying an arc welding torch as the energy
source to fabricate metallic parts additively in the form of weld
beads overlaid on previously deposited layers [6, 7]. In
WAAM, all the consumable wire is continuously fed into the
adopted electric arc or plasma and entirely melted [8, 9], lead-
ing to extremely high deposition rates associated with this
process (3-8 kg/h), which is drastically higher than that in
the powder-bed/feed AM systems (0.1-0.6 kg/h) [4].
Therefore, it is mostly suited for fabrication of large-scale
engineering components with more simple geometries and
less complexity in design [9—11].

The most commonly used welding processes integrated
with the WAAM technology are gas tungsten arc (GTA) and
gas metal arc (GMA) welding processes [12]. In recent years,
in multiple studies [12—14], the capabilities of the GMAW-
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based WAAM in terms of technological issues and metallur-
gical properties for different alloys have been widely ex-
plored. For instance, the microstructure and tensile properties
of 316 L austenitic stainless steel fabricated by GMA-AM
[12], the feasibility of depositing steel parts by means of dou-
ble electrode GMAW-based AM system [14], and the effect of
the main deposition process parameters on the surface rough-
ness of low-carbon steel parts fabricated using GMAW-based
additive manufacturing [13] have been investigated.

From the fabrication perspective, there are many similari-
ties between conventional GMAW and wire arc additive
manufacturing methods, leading to analogous challenges and
difficulties associated with both processes. For instance, the
strength—ductility combinations in steels can be affected ad-
versely from the thermal cycles experienced during layer-by-
layer deposition of WAAM, correlated to either the heat-
affected zone (HAZ) softening [15—17] and/or formation of
localized brittle zones (LBZs) along the interpass regions,
commonly observed in the multi-pass welding processes
[18, 19]. Therefore, adopting an arc welding process with a
low-heat input-transfer mode seems to be favorable for the
purpose of WAAM.

Another complexity associated with the WAAM of ferrous
alloys is that depending on the carbon content, alloying ele-
ments, and cooling rate of the steel, the manufactured compo-
nent in the as-printed condition may possess a blend of differ-
ent microstructures, e.g., ferrite, Widmanstétten ferrite, bai-
nite, martensite, or acicular ferrite [20]. Thus, to obtain a de-
sired microstructure with adequate strength and toughness in a
WAAM part, the GMAW process essential parameters should
be carefully selected [21].

In a recent study, Liberini et al. [1] characterized the mi-
crostructure of a wall-shape product obtained by the succes-
sive deposition of weld beads using an ER70S-6 steel wire
through GMA-AM. The authors reported microstructural in-
homogeneity across the deposited wall in the sequence of a
bainitic lamellar structure at the upper zone of the wall,
equiaxed grains of ferrite in the middle, and a ferritic structure
with thin strips of pearlite at the lower zone [1]. Consequently,
it was concluded that different thermal cycles associated with
the layer-by-layer deposition nature of the WAAM can result
in various microstructures from the top to the bottom of the
manufactured walls [1]. While the mechanical properties of
the fabricated walls were not reported in their study [1], such
microstructural non-uniformity across the building direction
could lead to anisotropic mechanical properties.

It is reported in multiple studies [22-25] that the high
cooling rate and temperature gradient experienced throughout
the components during the AM fabrication process dictate the
grain growth direction and morphology, yielding heteroge-
neous microstructures and anisotropic mechanical properties.
However, lower thermal input WA AM-based processes, such
as WAAM-—cold metal transfer (CMT) technique, can result in
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a more uniform microstructure and homogenous hardness
profile [26]. Wang et al. [27] also showed that in a 304-L
austenitic stainless steel wall produced by directed energy
deposition additive manufacturing, applying lower heat inputs
resulted in a finer microstructure, and, therefore, higher yield
and tensile strengths than those in the wall fabricated using a
higher heat input. They also reported that at a specific heat
input, the coarser microstructure at the top of the walls com-
pared with the bottom of the components resulted in a lower
yield and tensile strengths due to a lower cooling rate at the top
areas of the wall [27].

Wilson-Heid et al. [22] studied the relationship between the
microstructure and the anisotropy in ductility of an additively
fabricated Ti-6Al-4V and concluded that the elongation per-
centage in the transverse direction is higher than that of the
longitudinal direction. Wang et al. [28] also reported the an-
isotropic mechanical properties in a WAAM Ti-6Al-4V alloy,
showing a higher strength and lower ductility in the horizontal
direction compared with the building (vertical) direction. The
authors correlated such properties to the existence of different
crystallographic textures along the deposition direction versus
the building direction developed from the directional colum-
nar growth of Ti grains during solidification. On the other
hand, Haden et al. [29] observed no obvious anisotropy in
mechanical properties such as yield and tensile strength in a
low-carbon low-alloy steel (ER70S-6) produced via WAAM.
However, in their study, the reported mechanical properties
were not clearly correlated to the microstructure of the addi-
tively manufactured wall. In a recent study by Sridharan et al.
[20], a GTA welding system was used to additively manufac-
ture the low-carbon low-alloy steel ER70S-6 along the X-, Y-,
and Z-directions followed by a detailed mechanical properties
investigation. A significant scatter in the elongation with re-
spect to the sample directions was reported and correlated to
the differences in the level of porosities and discontinuities
and the localized variations of the microstructural features in
each sample.

In addition to all the experimental research on the advance-
ment of the WAAM technology and its accelerated adoption in
manufacturing of various engineering materials, the simulation
and modeling of various aspects of the process have been also
the focus of several studies. For example, the thermal history of
the process [30], the deposition path [4, 11], and the dynamics
of metal transfer [31] during the fabrication process have been
modeled in previous studies. In a study by Fachinotti et al.
[30], a thermal-microstructural model capable of describing
the thermal history of the WAAM process during the fabrica-
tion of Ti-6Al-4V alloy wall was developed. The proposed
model was also capable of predicting important microstructural
features in the fabricated part based on the predicted thermal
history of the process [30]. In another study, the metal transfer
dynamics of a wire feeding-based 3D printing process was
extensively investigated, and a correlation model between the
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process parameters, such as heat input and scanning strategy,
and the deposited bead geometry was developed [31].

It is well established that high-heat input-welding processes
can lead to coarsening of the ferrite grains in steels due to
recrystallization or abnormal phase transformation from
Austenite [32, 33]. The result can be a significant HAZ soft-
ening and a noticeable reduction in HAZ toughness. This is-
sue is even more critical in the WAAM process due to the
multi-pass nature of the process. Therefore, adopting a fast
cooling version of the GMAW/GTAW process would plausi-
bly favor the HAZ toughness of the WA AM-fabricated steels.

Surface tension transfer (STT) is an advanced current-
controlled short-circuit metal transfer mode in the GMAW
process developed by the Lincoln Electric Company [34].
The unique feature of the STT transfer mode is that it offers
a combined reduction in energy and improved energy control
through droplet by droplet control of the fusion zone, which
can be beneficial in minimizing the extent of HAZ softening
and can achieve a smooth bead profile and improved bead
geometry [34, 35]. The heat input associated with the STT-
GMAW process can be as low as 20% of that in conventional
spray or pulsed-GMAW processes [34]. Hence, a fast cooling
process, such as STT-GMAW, can dramatically enhance the
HAZ toughness of high-strength low-alloy steels. The capa-
bilities of this particular transfer mode for the WAAM of me-
tallic components are hitherto unreported.

In the context of WAAM, a large number of studies to date
have been carried out on the fabrication of Ti-6Al-4V, but not so
much on steels, which are the most commonly used materials in
modern industry with an unlimited number of applications in
various industrial sectors [29, 31]. Therefore, this study aims at
fabricating a low-carbon low-alloy steel (ER70S-6) using wire
arc additive manufacturing technique. For the first time herein,
the surface tension transfer (STT) waveform control technology
was adopted in wire arc additive manufacturing of the part. The
used feedstock wire is commonly utilized for the welding of
high-strength low-alloy steels owning moderate amounts of
scale or rust with widespread applications including structural
steels, auto bodies, pipes, fittings, castings, and forgings [36].
This article presents a detailed study of the microstructure and
mechanical properties of the WAAM thin-wall parts.
Additionally, the influence of the manufacturing process on
the anisotropy of the mechanical properties was investigated,
utilizing tensile testing and fractography techniques along both
vertical and horizontal directions.

2 Experimental Procedure

2.1 Materials and fabrication process

The used robotic WAAM platform, the fabricated wall, and its
graphical representation are shown in Fig. 1. Each deposited

layer on the x-y plane was comprised of six beads with a
length of 135 mm and the total height of about 150 mm, con-
taining 50 consecutive layers. The layers have a 3-mm center-
to-center overlap, leading to the total width of 22 mm for the
wall and the resulting beads for each layer have a height of
around 3 mm. The base plate was ASTM A36 mild steel with
12 mm thickness, which was thoroughly cleaned using stain-
less steel wire brushing and degreased by acetone prior to the
WAAM to avoid porosity formation during the fabrication
process. As drawn in Fig. 1b, a y-scanning strategy with al-
ternating directions, and 3 mm overlap along the x-axis be-
tween the successive passes on each x-y layer was used (y-axis
is aligned with the longer dimension of the base plate). The
adopted alternating direction scanning strategy was found to
contribute to the uniformity of the deposited beads’ profile at
both ends of the y-axis, resulted in fabricating a straight wall.
Moreover, the presented patterns on the front face (y-z plane)
of the schematic in Fig. 1b show the locations where vertical
and horizontal tensile test samples were machined from the
fabricated wall. Also, the squares labeled as the top, middle
top, middle bottom, and the bottom on the front face show the
location of the samples that were subjected to the microstruc-
ture and phase characterization analysis. Figure 1 c is the side
overview of the fabricated wall herein.

The ER70S-6 wire with 0.889 mm (0.035 in.) diameter
was used as the feedstock material with the chemical compo-
sition given in Table 1. A Lincoln Electric GMAW machine
with a torch mounted on a 6-axis Fanuc robot was employed
as the power source of the process (Fig. 1a). The process was
carried out using the following parameters: an arc current of
320 A, an arc voltage of 28 V, a wire feeding rate of 104 mm/
s (245 in./min), a scan rate of 5 mm/s (12 in./min), and pure
argon as the shielding gas with the flow rate of 45 L/min.
Additionally, advanced STT current-controlled short-circuit
transfer process was used herein to minimize the heat input
of the process and reduce the surface irregularities, the gen-
erated fume, and spattering during the fabrication process. To
further minimize the effects of consecutive thermal cycles on
the microstructure of the previously deposited layers, a 10-
min interlayer dwell time was implemented in the fabrication
program after the completion of each x-y layer. The selected
time interval allowed each layer to be cooled to a temperature
below 165 °C (325 °F) [37] before each new layer was de-
posited. Consequently, a steady-state deposition and a more
homogenous microstructure in all layers of the wall along the
building direction would be expected due to the similarity of
the thermal cycle associated with the solidification of each
layer.

Following the fabrication process, the base plate was cut
off and separated from the fabricated portion prior to the mi-
crostructure and mechanical properties characterization to
eliminate any effect resulted from the dilution at the bottom
side of the component.
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Fig. 1 a The used robotic
WAAM platform. b Schematic
illustration of the WAAM-
ER70S-6 steel wall. ¢ The
manufactured wall using WAAM
method
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2.2 Microstructure characterization

To perform microstructural characterization and investigate
possible microstructural anisotropy in the printed wall, four
samples from different locations of the wall, including the
bottom, middle bottom, middle top, and the top were sec-
tioned along both the deposition direction and the building
direction (illustrated in Fig. 1b). Standard steel grinding and
polishing procedures were applied utilizing a Tegramin-30
Struers auto-grinder/polisher followed by etching using 5%
Nital as the reagent. The microstructure of all specimens was
examined using an optical microscope (Nikon Eclipse 501)
and a field emission scanning electron microscope (FEI
MLA 650F). Phase characterization was carried out by means
of a Rigaku Ultimate IV X-ray diffraction (XRD) with Cu-K,

source at 40 kV and 44 mA at the diffraction angle range of
5°-90° with a step size of 0.02°. Electron backscatter diffrac-
tion (EBSD) analysis was also conducted over an area of
600 x 600 um? on polished samples with a step size of
1.4 um and a tilt angle of 70°, using Nordlys Il HKL EBSD
detector, Oxford Instruments. To post-process the obtained
EBSD data, the HKL Inc. software, known as Channel 5,
was employed.

2.3 Mechanical properties measurement

Vickers microhardness testing was conducted on different
areas of the wall including the bottom, middle bottom, middle
top, and the top (see Fig. 1a), utilizing a Buehler Micromet
hardness test machine at a load of 3 N and the loading time of

Table 1 The nominal chemical composition of the ER70S-6 feedstock wire (wt%)
C Mn Si Cr Ni Mo S \'% Cu P Fe
0.06-0.15 1.40-1.85 0.80-1.15 0.15 max 0.15 max 0.15 max 0.04 max 0.03 max 0.50 max 0.03 max Bal.
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45 s. It should be noted that the reported microhardness test
results for each sample in this study are the average value of 5
different indentation points on polished surfaces. The tensile
test samples were prepared based on the ASTM E8m-04 stan-
dard subsize specimen [38] with 5 mm thickness, 25 mm
gauge length, and 100 mm total length. Tensile properties
were measured using an Instron load frame with a crosshead
speed of 8 mm/min. It is also notable that the strain data was
recorded using an extensometer. The horizontal specimens
were machined from both the top and bottom zones of the
wall, and the vertical tensile specimens were selected from
the middle part of the wall, shown schematically in Fig. 1b.
In order to avoid the effect of endings, where the scanning
direction is reversed and the arc experiences some degree of
unstability, and also to eliminate the dilution effect of the base
plate, the microstructural characterization and mechanical
testing herein were only conducted on an effective area
15 mm away from both ends and 10 mm above the base plate.
Repeatability of the results was measured by testing at least
five samples under the same conditions to obtain a reliable
average value. The fractured surfaces of the tensile test sam-
ples from both vertical and horizontal directions were also
studied using the SEM. For each direction, three fractured

Fig. 2 Optical micrographs taken
from a the WAAM-ER70S-6 steel
wall at the fusion line and center
of the melt pool. b Higher
magnification of the enclosed area
in a shown by B, and the inserted
image shows an example of a
phase fraction analysis
micrograph, presenting the
distribution of the pearlite phase
(in red) along the ferrite grain
boundaries. ¢ The enclosed area
in a shown by C. SEM
micrographs from d the enclosed
area in b shown by D. e The
enclosed area in ¢ shown by E

samples were analyzed to ensure the consistency of the report-
ed features between the samples from the same direction.

3 Results and discussion
3.1 Microstructure characterization

Figure 2 a demonstrates the overall microstructure of the
ER70S-6 steel wall at different regions, showing the variation
of the microstructure from an area in the vicinity of a fusion
line towards the center of the melt pool (top left corner of the
image). Figure 2 b and d depict the dominant microstructure of
each melt-pool center composed of the typical fine polygonal
ferrite (F) as the primary phase and a low-volume fraction of
the lamellar pearlite (P) phase, which has primarily formed
along the ferrite grain boundaries. Similar microstructural fea-
tures were reported in a previous study for a WAAM-
fabricated ER70S-6 wall [29]. In addition, a closer look at
the microstructure along the melt-pool boundaries (Fig. 2c, ¢)
confirmed the formation of acicular ferrite along with bainite
regions (AF + B) adjacent to the melt-pool boundary. This
transition in microstructure is developed because of the
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overlapping scanning lines and solidification of individual
melt pools, resulting in different thermal histories from the
center of each melt pool to the boundaries of its adjacent melt
pools [39]. Since the fusion boundaries experience a higher
cooling rate during solidification process compared with the
center of the melt pools, the formation of some non-
equilibrium AF + B phases was detected adjacent to the fusion
lines. In a past study, Haselhuhn et al. [40] analogously report-
ed the transition of polygonal ferrite to acicular ferrite from the
melt-pool center to the melt-pool boundary in a WAAM-
ER70S-6 wall due to faster cooling rates that the material ex-
periences during solidification along the fusion line.

To quantify the volume fraction of the pearlite phase
formed along the ferrite grain boundaries, a detailed image
analysis of the microstructure taken from various locations
of the sample was performed using the ImageJ software (an
example is shown in the inserted image in Fig. 2b, in which
the red phase corresponds to the pearlite). Due to the low-
carbon content of the feedstock wire (0.06-0.15%), the vol-
ume fraction of the pearlite phase was approximated to be
only 12.54+0.56% of the total microstructure (the red
highlighted phase shown in Fig. 2b).

As compared with the ferrite and pearlite phases, the vol-
ume fraction of the acicular ferrite and bainite phases that
formed predominantly along the fusion boundaries were neg-
ligible (as evident from the micrographs in Fig. 2). The pres-
ence of a small volume fraction of bainite and acicular ferrite
has been also reported in the microstructure of API-X70 pipe-
line steel, which is commonly being welded using ER70S-6
filler wire [41]. In particular, bainite offers a higher strength
and toughness due to its smaller grain size and higher dislo-
cation density as a result of providing obstacles to dislocation
movement as compared with the polygonal ferrite [41]. In the
context of the microstructural modifications of the as-printed
additively manufactured components, implementing a post-
printing heat treatment would be an alternative to modify
and refine the microstructure and ultimately improve the me-
chanical performance of the printed sample, which is the sub-
ject of a future study by the authors.

It should be noted that the aforementioned microstructural
features were observed throughout all layers of the component
from the bottom to the top zones of the wall. Therefore, a
uniform microstructure could be obtained in different zones
of the WA AM-manufactured part, albeit some degree of inho-
mogeneity was detected in each deposited bead from the melt-
pool center towards its boundary. Such uniformity in the mi-
crostructure along the building direction of the wall could be
attributed to the sequence of the layer deposition and the
adopted interlayer dwell period. It is well established that in
metal additive manufacturing processes, the existence of mul-
tiple and complex thermal cycles is the primary factor leading
to the non-uniformity of microstructure along the building
direction [20, 42]. However, as stated in the experimental
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procedure section, a 10-min interval between each layer can
minimize the effect of heat accumulation and avoid micro-
structural variations in different layers across the z-direction.
Therefore, all layers have experienced approximately consis-
tent heating and cooling cycles, resulting in a uniform micro-
structure along the building direction.

As a complement to the SEM analysis, an EBSD analysis
was performed to obtain more information on crystallographic
texture and orientation features of the printed sample. The
EBSD inverse pole figure (IPF-z) map of the as-printed sam-
ple along the building direction (z-axis) is demonstrated in
Fig. 3a. The IPF-z map illustrates comprehensive information
on the grains’ orientation/misorientation, their size, and aspect
ratio. To quantify the detailed information of the grains, the
IPF maps were evaluated through statistical analysis of the
grain area, misorientation angle, and grains’ aspect ratio,
shown in Fig. 3 b, ¢, and d, respectively.

The IPF map and the statistical distribution of the grain area
and the aspect ratio show that the wall is mainly composed of
randomly oriented equiaxed grains (aspect ratio < 3) with an
average grain size of ~7.30 um. The grain size is considered
one of the most prominent microstructural characteristics that
affects the mechanical properties. The grain coarsening in the
HAZ of the previously deposited track is clearly visible in the
IPF map, denoted by the coarse grain region with an average
grain size of 15.76 +2.34 um, whereas the area inside the melt
pool revealed a noticeably smaller grain size (4.94 £ 1.26 um).
Considering the nature of layer-by-layer deposition associated
with the WAAM method, each deposited layer reheats the
previous one. The resulting high temperature in the previously
solidified track would facilitate the grain boundaries migration
and consequently causes grain growth in the vicinity of each
melt-pool boundary. Such microstructural inhomogeneities in
the structure of the printed component can adversely impact
the mechanical properties of the part and contribute to aniso-
tropic mechanical properties. As depicted in the grain area
distribution plot (Fig. 3b), the majority of the grains (approx-
imately 80%) have an area smaller than 100 um?, representing
an overall fine grain structure for the as-printed WAAM-
ER70S-6 part. The misorientation distribution graph (Fig.
3c) confirms that the misorientation angle of the grains is
mostly distributed between 0 and 4 degree, corresponding to
a uniform orientation of the cubic structure [43].

The statistical distribution of the grain shape aspect ratio is
plotted in Fig. 3d. The grain shape aspect ratio can be used as a
criterion to differentiate the equiaxed grains from the colum-
nar grains. A grain would be considered an equiaxed grain
when its shape aspect ratio is smaller than 3, whereas colum-
nar grains possess aspect ratios of > 3 [44, 45]. As revealed by
the grains’ aspect ratio distribution graph (Fig. 3d), more than
90% of the grains possess an equiaxed shape and only a small
portion of the grains (<6%) were characterized by a columnar
shape.
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Fig.3 a EBSD inverse pole figure map of the as-printed WAAM-ER70S-6 sample. Statistical distribution plots showing the distribution of b grain area,

¢ misorientation angle, and d grain shape aspect ratio

The pole figures (PFs) from the EBSD map shown in Fig.
3a were determined to investigate the texture distribution pro-
duced by the manufacturing process of the sample, and the
result is demonstrated in Fig. 4. The {100}, {110}, and {111}
pole figures of the WAAM-ER70S-6 sample are illustrated in
Fig. 4. The X and Y directions are shown on the {100} pole
figure, and the Z-axis is normal to the plane of the pole figure.
The PF maps revealed a weak texture, representing a random
texture with a maximum intensity of 3.08 above the random
background.

The XRD analysis of the WAAM-ER70S-6 wall was con-
ducted for phase identification on the samples extracted from
different heights along the building direction (shown in Fig.
1b), and the obtained spectras are presented in Fig. 5. As
clearly revealed, the as-printed wall predominantly contains
an «-Iron (BCC, Ferrite) phase as the main constituent, in
which the o-Iron peaks are located at 20 of approximately
44.55°, 64.85°, and 82.11° according to the JCPDS patterns
of 98-000-9982. The XRD measurements also revealed the
absence of an austenite (Iron-FCC) phase, confirming that
either the retained austenite has not formed in the as-printed
sample or its volume fraction is too low, below the detection
limit of the XRD. The precipitated cementite phase (in the

form of lamellae in the pearlite phase) was also not detected
on the XRD spectra due to its drastically lower volume frac-
tion as compared with the ferrite phase. The identical XRD
patterns obtained from different locations across the building
direction (shown in Fig. 5) is another compelling piece of
evidence for the uniformity and homogeneity of the micro-
structure along the building direction of the wall.

3.2 Mechanical properties

Figure 6 presents the overall Vickers microhardness variation
of the as-printed component along the building (vertical) di-
rection from the bottom to the top of the wall with 10 mm
margin from the bottom and top of the wall to eliminate the
effects of both dilution and the last deposited layer. The mi-
crohardness testing results (Fig. 6a) revealed that the overall
average microhardness of the sample was 160+7 HV
throughout the whole sample, indicating a uniform hardness
distribution across the building direction due to the consisten-
cy of the microstructure along the building direction. A uni-
form microhardness profile is generally favored as it repre-
sents more homogeneous and isotropic micro-mechanical
properties in the fabricated part [20]. The evenly distributed
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Fig. 4 Pole figures from the
WAAM-ER70S-6 wall

microhardness values have a minor deviation (=7 HV) from
the average microhardness value (160 HV), attributed to the
presence of various micro-constituents with different volume
fractions within the melt-pool boundaries, the center of the
melt pool, versus the HAZ, as described in the microstructure
characterization section. Vickers microindentation on differ-
ent microstructures (Fig. 6b) confirmed that the highest value
of microhardness (~ 175 £2 HV) corresponded to the acicular
ferrite and bainite (AF + B) regions at the melt-pool bound-
aries and the lowest value (~ 150+ 1 HV) belonged to the
coarse polygonal ferrite plus pearlite region in the heat-
affected zone (F+P)yaz. It should also be noted that the dom-
inant microstructure of the sample, including the fine ferrite
grains with the pearlite lamellae (F + P) formed at the ferrite
boundaries, showed the average microhardness of 160 +
2 HV.

The standard stress versus strain diagrams measured from
the WAAM-ER70S-6 samples along both the deposition
(horizontal) direction and the building (vertical) direction at
room temperature are shown in Fig. 7. Also, the bar chart
enclosed in Fig. 7 summarizes the extracted tensile properties,
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Fig. 5 XRD pattern of the WAAM-ER70S-6 samples taken from
different locations along the building direction
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including the yield strength (Y'S) and ultimate tensile strength
(UTS) of the WAAM-ER70S-6 wall along both the deposition
and building directions. The average values of UTS and YS of
the horizontal and vertical samples confirmed that the addi-
tively manufactured wall had approximately similar yield
strength and ultimate tensile strength values in both directions
(396 +£26 MPa and 503 +£21 MPa, respectively), indicating
isotropic tensile properties. Analogously, a few recent studies
have also reported isotropic tensile strengths for the WAAM-
fabricated ferrous parts [20, 29, 46]. However, as clearly vis-
ible in Fig. 7, the vertical specimens show a significantly
lower elongation than that of the horizontal samples (12 +
3% and 35+2%, respectively), confirming the prominence
of anisotropy in ductility. Such mechanical anisotropy in duc-
tility and toughness commonly occurs in additively
manufactured parts and has been reported in many studies
for various metals and alloys [47-49].

The consistency in the tensile strength of the vertical and
horizontal samples is mostly attributed to the uniformity and
homogeneity of the microstructure, as confirmed by the even-
ly distributed microhardness values in all deposited layers
from the bottom to the top of the WA AM-manufactured wall.
On the other hand, the drastic reduction in the ductility value
from the horizontal sample to the vertical one can plausibly be
rationalized by either (i) the presence of manufacturing dis-
continuities and defects, such as lack of fusion or porosity
accumulated in the interlayer regions, (ii) the grain coarsening
along the HAZ, and/or (iii) the formation of brittle martensite—
austenite (MA) constituent within the bainite lamellar struc-
tures. Such a constituent with a brittle nature could potentially
fracture during tensile loading of the sample prior to other
constituents (F or B), leading to the onset and propagation of
internal micro-cracks in early stages of the loading and ulti-
mately failure at significantly lower strain values. Further elu-
cidation of these phenomena is discussed in the following
sections.

Figure 8 shows the fractured samples after conducting uni-
axial tensile testing herein. Collectively, all vertical tensile
samples (Fig. 8a) revealed the development of some trans-
verse cracks, perpendicular to the building direction (or load-
ing direction), formed equidistant from each other during the
tensile test. Ultimately, one of those cracks propagated more
than the others and resulted in the failure of the sample.
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Formation of similar cracks with constant intervals justifies
the supposition that their formation is dictated by the same
reason(s). As displayed clearly in Fig. 8b, the onset and prop-
agation of the cracks were detected mainly in the HAZ, which
was characterized by grain coarsening due to the high temper-
ature that the material experiences in this region during the
solidification of the adjacent bead. The presence of coarse
grains in the HAZ deteriorates the mechanical properties, es-
pecially the ductility herein, implying that the grain coarsen-
ing around HAZ could be one of the main weakening mech-
anisms in the WAAM-ER70S-6 alloy along the building di-
rection. Therefore, the cracks could potentially nucleate and

St [ Vertical Samples
Horizontal Samples
g
s 600 — [ Horizontal Sample
~ i Y777} Vertical Sample
g g ]
= = 400 ]
] 2
200 - -
Q
& 200
[0
i 3
o
YS UTS YS UTS
e e L L R —
0 0.1 0.2 0.3 04

Strain (mm/mm)

Fig. 7 The stress-strain curves and their corresponding tensile properties
for the vertical and horizontal samples

propagate preferentially along the heat-affected zones leading
to a premature failure through the HAZ.

The impact of the grain size on the strength of the material
can be described mathematically using the well-known Hall-
Petch equation shown below,

oy = 0y +Kd 12 (1)

where oy is the yield strength of the material, d is the average
grain diameter, and o, and K are the material constants,
representing the lattice resistance to the dislocation motion
and strengthening coefficient, respectively [50]. Therefore,
the HAZ can potentially yield prior to the rest of the structure
during the tensile loading test. On the contrary, the horizontal
samples (Fig. 8a), which were machined primarily from the
bulk of each weld bead along the deposition direction,
contained the lowest possible HAZ structure incorporated in
their gauge length. These samples did not reveal formation of
multiple equidistant cracks on their gauge length during ten-
sile testing. Such behavior could be ascribed to the grain size
uniformity in this direction.

It should also be noted that fusion boundaries are common-
ly prone to interpass defects, such as lack of fusion, entrapped
gas, and porosity [51, 52]. Although these defects were not
detected visually on the as-printed tensile samples or on the
polished samples, their existence in the structure is still plau-
sible. Such defects can readily facilitate the brittle fracture by
providing potential sites for crack initiation and growth since
they can act as strong stress concentrators during tensile load-
ing [53]. Among such defects, the lack of fusion is of partic-
ular interest and highly probable to form during multi-pass
deposition-based processes, such as WAAM, resulting from
the special heat transfer condition between the layers in the
sample along the building direction [20]. It is reported that the
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Fig. 8 a Tensile samples after fracture. b An optical micrograph taken from the cross section of one of the equidistant cracks (shown by the arrows in a)

formed during tensile testing on the vertical sample

high-heat removal capacity from the interpass regions be-
tween the layers can potentially be attributed to a greater por-
tion of the lack of fusion regions within the adjacent beads
[20]. The formation of interpass defects can further be inves-
tigated by performing non-destructive testing (NDT) methods
capable of detecting defects that are not open to the surface,
i.e., radiography or ultrasonic testing, which is the subject of a
future study.

Another scenario can be defined that could further contrib-
ute to the observed lower mechanical integrity of the WAAM
sample along the building direction. It is well established that
in multi-pass welding of steels, due to increasing the temper-
ature of the interpass regions into the ferrite + austenite phase
stability zone between Ac; and Acz temperatures, a region so-
called the inter-critical heat-affected zone (ICHAZ) adjacent
to each melt pool in the previously deposited pass forms [54,
55]. In this region, the austenite phase could potentially nu-
cleate along the bainite lath boundaries or prior austenite grain
boundaries. By further diffusion of carbon atoms from the
matrix (F + B) into the nucleated austenite phase due to sig-
nificantly high solid solubility of carbon in austenite phase,
the austenite phase can slightly grow, even though the carbon
concentration of the ER70S-6 feedstock wire is low. Upon fast
cooling of this region, if the carbon content is low, or there are
no sufficient austenite stabilizing alloying elements to stabi-
lize the austenite at room temperature (the case of ER70S-6),
the reverted austenite phase transforms to the martensite—
austenite (MA) constituent, forming localized brittle zones
(LBZs) in the ICHAZ [56]. Consequently, these LBZs poten-
tially degrade the toughness of the low-alloy steels by crack-
ing of MA constituent and its detachment from the matrix
[18]. As shown in Fig. 9, a closer look at the HAZ of the
WAAM-ER70S-6 sample revealed the formation of some of
those LBZs. As Fig. 9 reveals, the new MA constituent is
nucleated within the bainite lamellar structure. Although the
amount of this phase was very minor as compared with the
other constituents in the microstructure, it is known that the
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formation of martensite—austenite promotes the crack nucle-
ation under tensile loading due to the brittle nature of this
phase [57], the induced residual tensile stress on the matrix
resulted from the martensitic transformation [57], the
incoherency of the MA-ferrite interface that leads to the
MA-ferrite interfacial cracking [58], and finally the slip local-
ization in the ferritic matrix around the hard MA phase that
could potentially lead to the localized cleavage of the matrix
[20]. Therefore, the formation of the MA constituent in the
ICHAZ can further contribute to the de-bonding and fracture
concentration between the consecutive layers.

Due to the geometry of the vertical samples relative to the
building direction, these samples accommodate a high density
of melt-pool boundaries and ICHAZs. Therefore, the content
of MA phase formed in these samples is significantly higher
than that in the horizontal samples. Such microstructural var-
iation between the vertical and horizontal samples can be par-
tially responsible for not only the measured lower ductility of
the vertical samples than that of the horizontal samples, but
also the formation of the equidistance macro-cracks on the
vertical samples during the tensile testing.

To further study the fracture behavior of the samples, the
representative SEM fractographs of the horizontal and vertical
samples were also analyzed and are depicted in Fig. 10. The
fracture surface of the horizontal sample was predominantly
comprised of large and deep cup-like depressions and conical
dimples with relatively uniform size, indicating occurrence of
an extensive plastic deformation and ductile behavior during
tensile testing [59]. It confirmed that the fracture is dominated
and controlled by microvoids nucleation at regions of local-
ized strain discontinuity, followed by the coalescence of
microvoids, leading to a cup and cone-shaped failure surface
with the shear lip of around 45° [60].

A different fracture surface for the vertical sample is clearly
distinguishable from the micrographs shown in Fig. 10 ¢ and
d. It was revealed that the degree of plastic deformation for the
vertical sample was not as severe as that in the horizontal
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Fig. 9 SEM micrograph taken from a the HAZ of the as-printed WAAM-ER70S-6. b The higher magnification of the enclosed area in a shown by B,

demonstrating the formation of MA phase between coarse bainite lamellas

sample. Although dimples can be observed on the fractured
surfaces of both vertical and horizontal samples, the morphol-
ogy of the dimples was found to be different, corresponding to
the variation of mechanical behavior and fracture mechanism
of the samples during tensile testing [59]. A comparison be-
tween dimples formed on the fracture surface of the vertical
and horizontal tensile samples at higher magnification
(Fig. 10b, d) reveals that their size is smaller and shallower

Fig. 10 SEM micrographs taken
from the fractured surfaces after
uniaxial tensile testing. a and b
the horizontal sample. ¢ and d the
vertical sample. The side view
image from the gauge of the
fractured e vertical sample and f
horizontal sample

in the vertical sample, implying that a lower plastic strain was
retained by the sample prior to its failure [61, 62]. Moreover,
there are some nearly flat areas, including micro-cracks
(marked by white arrows in Fig. 10c), in the vertical samples,
a compelling evidence for the occurrence of a relatively fast
cleavage fracture due to the crack propagation [60]. Therefore,
the observed morphological features of the fractured surfaces
of both horizontal and vertical samples were found to be in

50um

50pm
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good agreement with their tensile test results, confirming a
lower ductility for the vertical samples than the horizontal
ones, albeit the tensile strength remained approximately
constant.

Likewise, the side view of the fractured samples after uni-
axial tensile testing (Fig. 10e, f) confirmed that there is no sign
of extensive plastic deformation and necking in vertical sam-
ples. On the other hand, an almost homogenous deformation
has occurred in the necking area of the horizontal sample,
consistent with the results of tensile testing. Hence, it can be
concluded that the horizontal samples showed a ductile failure
during tensile testing, while vertical samples exhibited a mix
ductile-brittle fracture. Due to the similarity of the WAAM
process to the conventional welding processes, such as
GMAW or GTAW, it was expected that the fabricated wall
using WAAM might provoke anisotropy in tensile properties.
Depending on the sources of non-uniformity herein, i.e., HAZ
grain coarsening, interpass discontinuities, or formation of
LBZs, authors may need to come up with various innovative
strategies to suppress the measured anisotropy in mechanical
properties through optimizing the process parameters, deposi-
tion strategy, and/or conducting post-printing heat treatment,
which all are subjected to future studies.

4 Conclusions

In this study, ER70S-6 low-carbon low-alloy steel walls were
additively manufactured utilizing WAAM technique.
Microstructure and mechanical properties of the manufactured
component were characterized in different zones and direc-
tions. The following conclusions can be drawn:

1. The microstructure of the fabricated wall included two
distinct regions across the melt pools, i.e., a wide region
composed of fine polygonal ferrite and lamellar pearlite
phases as the predominant microstructure of each melt
pool, and a confined region at the melt-pool boundaries
containing acicular ferrite along with bainite constituents.
Formation of different regions with disparate microstruc-
ture in the fabricated part is primarily due to the existence
of different temperature gradients and solidification rates
from the center of each melt pool towards the boundaries
of its adjacent solidified tracks.

2. The printed microstructure was primarily comprised of
randomly oriented equiaxed grains possessing a weak cu-
bic texture.

3. The specific fabrication methodology in this study, utiliz-
ing advanced STT mode for the material’s deposition and
the adopted y-scanning strategy with alternating direc-
tions and 3 mm overlap along the x-axis between the
successive passes, along with the implemented cooling
intervals between the consecutive layers, contributed to
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the formation of a similar microstructure in all layers of
the wall along the vertical direction. This further contrib-
uted to the consistency of the localized mechanical prop-
erties along the building direction.

4. The average microhardness of the WAAM-fabricated
component was 160 +7 HV, which was roughly consis-
tent along the building direction of the component.
However, the Vickers microindentation revealed that at
the fusion boundaries, where some fraction of acicular
ferrite and bainite micro-constituents were detected, the
highest microhardness value was reached (~ 175 +2 HV),
whereas the heat-affected zone containing coarse ferrite
grains revealed the lowest microhardness (~ 150 £ 1 HV).

5. According to the tensile testing results, comparable yield
and ultimate tensile strengths were obtained along the
building (vertical) direction and deposition (horizontal)
direction of the fabricated WAAM-ER70S-6 part.
However, the ductility along the horizontal direction was
approximately three times higher than that of the vertical
direction. The significantly lower ductility in the building
direction was primarily ascribed to the higher density of
the interpass regions and the melt-pool boundaries in the
vertical direction, where a coarse grain structure in the
HAZ, formation of localized brittle zones (MA constitu-
ent), and plausibly a higher density of interpass disconti-
nuities exist.

6. The fracture surfaces of both vertical and horizontal sam-
ples showed a dimple structure characteristic of microvoid
coalescence. However, dimples were found to be larger
and deeper on the fracture surface of the horizontal sam-
ples, confirming the substantial plastic deformation of the
part along the deposition direction as compared with the
building direction.
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