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Abstract
Among metal-based additive manufacturing, wire and arc additive manufacturing is receiving increasing attention for the 
production of components with medium to large dimensions. In the current research, the production of low-carbon steel 
thin-walled components by wire and arc additive manufacturing was addressed. Firstly, the influence of two depositing 
direction strategies on the wall shape was investigated. Subsequently, the effect of heat input on the shape stability and the 
microstructure evolution of the walls was studied. The results indicated that the alternating depositing direction strategy 
was more suited to build thin walls with relatively regular height. The heat input significantly influenced the shape stabil-
ity, but had slight effects on the microstructure evolution. The microstructure of the walls varied from the top to the bottom 
regions, leading to a variation in hardness from 157 ± 3.11 to 192 ± 4.30 (HV5). The microstructure of the built thin walls 
can be distinguished in three regions: The upper region exhibited lamellar structures; the middle region dominantly featured 
granular structures of ferrites with a small proportion of pearlites, which appear in the boundaries of grains; and the lower 
region showed a mix of lamellar and equiaxed structures of ferrites. The tensile properties of the built material also exhib-
ited anisotropic characteristics: The yield strength and ultimate tensile strength vary from 320 ± 6 to 362 ± 8 MPa and from 
429 ± 8 to 479 ± 7 MPa, respectively.
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1  Introduction

In the last decades, additive manufacturing (AM) has 
emerged as a new technology for manufacturing parts with 
highly complex geometries, including internal structures. 
The AM technique allows the manufacture of a physical 
part directly from its CAD model without requiring extra 
resources, for example cutting tools, jigs, and coolant flu-
ids as in machining [1]. Thanks to the layer-by-layer manu-
facturing principle, AM uses only an amount of materials 
required to build designed parts and support structures if 

necessary. Thus, the waste of materials and environmental 
impacts could be reduced [2, 3]. AM also enables the topo-
logical optimization for saving raw materials [4]. Nowadays, 
AM technologies, in particular metallic AM technologies, 
are effectively used in aeronautics, automobile, and biomedi-
cal engineering [1, 5].

Among metallic AM technologies, wire and arc addi-
tive manufacturing (WAAM) appears as the most beneficial 
technique to produce components with large dimensions. 
In WAAM systems, a welding source is used to make the 
arc between the electrode and the workpiece to melt the 
metallic wire. The welding source can be gas tungsten arc 
welding (GTAW), plasma arc welding (PAW), and gas metal 
arc welding (GMAW) [6, 7]. In comparison with powder 
bed fusion (PBF)-based AM and powder feed deposition 
(PFD)-based AM, WAAM exhibits a high deposition rate 
and low costs of investment and production [6, 7]. The depo-
sition rate of WAAM can reach up to 4–9 kg/h, whereas 
that of PBF-based AM is about 50 g/h and that of PFD-
based AM is roughly equal to 1 kg/h [8]. WAAM is also 

Technical Editor: Lincoln Cardoso Brandao.

 *	 Van Thao Le 
	 thaomta@gmail.com

1	 Institute of Research and Development, Duy Tan University, 
Da Nang 550000, Vietnam

2	 Advanced Technology Center, Le Quy Don Technical 
University, Hanoi 100000, Vietnam

http://orcid.org/0000-0002-0989-3998
http://crossmark.crossref.org/dialog/?doi=10.1007/s40430-020-02567-0&domain=pdf


	 Journal of the Brazilian Society of Mechanical Sciences and Engineering          (2020) 42:480 

1 3

  480   Page 2 of 11

much cheaper than other metal-based AM systems, and the 
production of the wire feedstock is cheaper than that of the 
metal powder. Therefore, WAAM is a more cost-effective 
and suited solution for the production of large-scale com-
ponents in the industry. However, the surface quality and 
dimensional accuracy of WAAM components are very low. 
The surface roughness of WAAM components is about 
0.5 mm, while that of PBF- and PFD-based AM is about 
20–100 μm. WAAM components also feature high thermal 
distortions and residual stresses. Among WAAM processes, 
GMAW-based AM presents a lower level of part accuracy 
and process stability. PAW-based AM provides the highest 
energy density, which allows high travel speeds and high 
quality of welding beads with minimized distortion. How-
ever, PAW-based AM normally requires the most expen-
sive investment [9]. When compared with the deposition 
rate of GTAW- and PAW-based AM, the deposition rate of 
GMAW-based AM is about two times greater [10]. Hence, 
the GMAW-based AM process is well suited to build large-
dimensional components.

Recently, the GMAW-based AM process has been exten-
sively investigated in terms of technological performance, 
optimization of process parameters, and metallurgical prop-
erties [11–19]. For example, Xiong et al. [15] studied the 
possibility of using the GMAW-based AM process for fab-
ricating inclined thin-walled components. Yang et al. [13] 
analyzed the thermal distortion of GMAW-based AM-built 
thin-walled components. The authors stated that the exter-
nal quality of thin walls was enhanced by increasing the 
interpass time between two successive deposits. Residual 
stresses in WAAM components could also be reduced by 
increasing the interpass time, as demonstrated by Zhao 
et al. [20]. However, if more the interpass cooling times 
are applied, the productivity will be decreased. In terms of 
internal quality of manufactured components, it is essential 
to understand the microstructure evolution and the change 
in terms of mechanical properties within one component. 
Recently, Ortega et al. [21] used CMT (cold metal transfer) 
as a heat source in the GMAW-based AM process to build 

4043 aluminum thin walls. The effects of traveling speed and 
power on the wall shape were investigated. The authors dem-
onstrated that the increase in travel speed leads to decrease 
in the width of welding beads and the thin walls. Gokhale 
et al. [22] carried out a study, in which a set of optimized 
process parameters was determined to build thin-walled 
components by using the GTAW-based AM process. The 
authors pointed out that the optimized process parameters 
enable thin-walled components to be built with a desirable 
thickness and a good shape quality. However, in their work, 
the microstructures, hardness, and tensile strengths of the 
built thin-walled material were not explored.

Up to now, considerable studies on microstructure and 
mechanical properties of WAAM-built parts are carried out 
in the cases of titanium and nicked alloys, as well as alu-
minum alloys [23–25]. However, studies on the metallurgical 
characterization of GMAW-based AM-built steel parts are 
still limited. Low-carbon steels are widely used in differ-
ent sectors, such as construction, transport, appliances and 
industry. In automotive industry and construction sectors, 
low-carbon steels are generally used in forms of strip steels 
and structural steels. About 50–60% weight of the vehicles 
was constituted by low-carbon steel [26]. Recently, WAAM 
technologies were also used to fabricate lightweight low-
carbon/austenite stainless steel components composed of 
thin-walled features, for example the arm of excavators [27] 
(Fig. 1a), tubular components (Fig. 1b) [28], the footbridge 
(Fig. 1c) [29], and so on.

The microstructural and mechanical characteristics of 
WAAM-built medium-carbon and low-carbon steel compo-
nents were investigated by a number of authors. Haden et al. 
[30] carried out a study in which a WAAM system was used 
to build thin walls from both low-carbon steel (ER70S) and 
304 steel. They demonstrated that the tensile strength of both 
low-carbon steel and 304 steel walls produced by WAAM falls 
within the same value range as that of wrought low-carbon and 
304 steels, respectively. Rafieazad et al. [31] used GMAW-
based AM to produce multilayer multibead low-carbon steel 
components. These authors reported that the tensile strength 

Fig. 1   Some examples of steel thin-walled components and steel components composed of thin-walled features fabricated by WAAM: a the 
excavator arm [27], b tubular components [28], and c the footbridge [29]
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in the building direction and that in the welding direction were 
comparable. However, the ductility in the welding direction 
was higher than that in the building direction. Lin et al. [32] 
explored the metallurgical characterization of medium-carbon 
steel (XC-45) manufactured by WAAM. They stated that the 
hardness and tensile strengths of WAAM XC-45 parts are 
comparable to those of AISI-1045 steel fabricated by conven-
tional manufacturing processes. The anisotropy in terms of 
microstructures causes the tensile strength difference between 
the building direction and the welding direction.

In this study, a better insight into the manufacture of thin-
walled low-carbon steel components built by WAAM is 
addressed. The effect of two deposition strategies on the geom-
etry of walls was firstly investigated in order to select the most 
suitable one. Subsequently, different levels of heat input were 
used to build thin walls for observing the effects of the heat 
input on the shape stability and the microstructure evolution 
of the built material. The variation in microstructures in differ-
ent regions of built thin walls was also analyzed. Finally, the 
tensile strengths of WAAM thin walls had been investigated 
in order to confirm the compatibility of WAAM components 
with industrial applications.

2 � Materials and research methodology

The 1.2-mm-diameter copper-coated ER70S-6 steel wire was 
used as the consumable electrode in the welding process. Its 
chemical composition is shown in Table 1. The ER70S-6 steel 
wire was selected because it is widely used in the welding field 
for different industrial applications, including structural steel 
components, auto bodies, pipes, and so on. It is also usually 
available in the workshops.

Two low-carbon steel (SS400) plates with dimensions of 
250 × 100 × 10 mm were used as the substrates for the welding 
deposition. An industrial robotic gas metal arc welding sys-
tem (Panasonic TA-1400) was employed to produce the thin 
walls upon the substrates according to the AM principle. The 
motions of the welding torch are performed by a six-axis robot. 
During the welding process, a 100% CO2 gas was employed 
for the shielding purpose with a flow rate of 15 L/min. The 
100% CO2 gas was selected for the shielding purpose because 
it is the cheapest gas and allows producing a deep welding pen-
etration. This gas is also commonly available in the workshops.

In the current study, to achieve different objectives as 
mentioned above, three following research stages were car-
ried out as follows:

(1)	 Investigation on the effects of deposition strategies on 
the shape of built thin walls.

In the first stage, two strategies—the same deposition 
direction (Fig. 2a) and the alternating deposition direction 
(Fig. 2b)—were used for building thin-walled samples on 
the substrates. In the first strategy, all welding layers were 
deposited in the same direction (Fig. 2a). On the other hand, 
in the second one, the deposition directions of two adjacent 
layers are opposite. Namely, the starting point of a new dep-
osition layer is placed at the ending point of the last deposi-
tion layer (Fig. 2b).

In both strategies, when a deposit was completed, the 
torch was moved to the starting point of the next deposit, 
and an idle time (tdw) of 60 s was applied between two adja-
cent layers to cool down the walls by the atmosphere in the 
experimental room. The same set of processing parameters 
(a welding current of 70 A, a voltage of 18 V, and a traveling 
speed of 300 mm/min) was used to build the thin walls in 
these strategies.

(2)	 Studying the effect of the heat input on the shape and 
the microstructural evolution of built thin walls

In order to investigate the effects of the heat input on 
the shape and the microstructure evolution of thin walls, 
four thin-walled samples were built on a substrate accord-
ing to the alternating direction deposition strategy (Fig. 3). 
The voltage U (V) and the travel speed v (mm/min) of the 
welding torch were kept constant at 18 V and 300 mm/min, 
respectively, for all samples. The welding current I (A) was 
varied from 50 to 110 A with an increment of 20 A, leading 
to a variation in the heat input Q. The heat input Q (J/mm) 
is determined by the following formula: Q = η * 60 * U * I/v, 
where η is the process efficiency and η  is 0.8 for the gas 
metal arc welding process [34].

It is noted that the build of each thin wall was performed 
separately on the substrate. Namely, when the build of a thin 
wall was finished, the wall and the substrate were cooled 
down to room temperature. Thereafter, the build of the new 
wall on the substrate was started. The distance between two 
adjacent walls is about 20 mm. Therefore, it could be consid-
ered that the build of a wall does not significantly influence 
the other ones. Herein, the sample (S1) was first built with 
I = 50 (A), followed by S2, S3, and S4 with I = 70 (A), 90 
(A), and 110 (A), respectively.

Table 1   Chemical elements of 
the ER70S-6 steel wire (in wt%) 
[33]

Element C Si Mn P S Ni Cr Mo Cu V

Standard 0.06–0.15 0.80–1.15 1.40–1.85 0.025 0.035 0.15 0.15 0.15 0.50 0.03
Typical 0.10 0.88 1.56 0.011 0.012 0.01 0.02 < 0.01 0.24 < 0.01
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The dimensions of the built walls, including the thick-
ness and the height, were measured by a digital caliper of 
Mitutoyo with an accuracy of 0.02 mm (model 500-150-30). 
The length and the height of each built thin wall were about 
80 mm and 18 mm, respectively. The thin-walled samples 
were also tested through X-ray computed tomography (CT) 
experiments to observe internal defects (Fig. 5).

To observe the microstructure and the hardness of as-built 
thin walls, a metallographic specimen was extracted from 
the thin walls by an EDM machine (Fig. 3b). The cross-
sectional surface was then ground and polished. Finally, the 
surface was etched by using an etching solution of 5% Nital. 

The microstructures were analyzed by a microscope Axio 
Imager A2M of Carl Zeiss. The microstructures of the as-
built thin wall were observed in three regions, namely the 
upper region, the middle region, and the lower region, as 
illustrated in Fig. 3c.

The hardness of thin walls was analyzed by a hard-
ness testing machine (Vickers Future-Tech FV-110). In 
each hardness test, a load of 49.05 N and an idle time of 
10 s were applied. The hardness measurement was also 
implemented in three regions where the microstructure 
was observed and in the center of the cross section of 
thin walls. The mapping for the hardness measurement is 

Fig. 2   Two deposition strategies 
for building thin walls (a, b), 
the corresponding shape of the 
walls built by two strategies (c, 
d), and the geometry of a single 
welding bead (e)

Fig. 3   a Four thin walls built on 
the substrate, b the specimen for 
observing the microstructures 
and measuring microhardness, 
and c a mapping of the micro-
hardness measurement in three 
regions of each thin wall
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depicted in Fig. 3c. In each region, the distance between 
two adjacent indentations is 0.5 mm. The hardness value is 
the average value of all indentations in each region.

The chemical composition of the as-built thin-walled 
material was also analyzed by a Thermo Scientific Spec-
trometer (ARL3460 OES). The percentage in weight of 
chemical elements of the as-built material is presented 
in Table 2. It was revealed that the chemical composi-
tion of the as-built thin-walled material falls within the 
same value range as that of the commercial ER70S-6 wire 
(Table 1).

(3)	 Observation on the tensile properties of the as-built 
thin-walled material

In order to observe the tensile properties of the as-built 
thin-walled material, a thin wall was built with the same 
set of processing parameters used in the first stage (I = 70 
A, U = 18 V, and v = 300 mm/min), as shown in Fig. 4a. 
To prepare the tensile specimens, the surfaces of the wall 
were firstly machined to achieve the core of the welded 
material. Thereafter, two groups of tensile specimens 
(TShi and TSvi, with i = 1, 2, and 3) were cut by using a 
wire-cut EDM machine, and their dimensions are shown 
in Fig. 4b. The width and the gauge length of a tensile 
specimen are 6 mm and 20 mm, respectively. The tensile 
properties of the built thin-walled material were measured 
on a tensile tester (INSTRON 3369). The tensile tests were 
conducted at room temperature, and the speed of the cross 
head displacement was 1.2 mm/min.

3 � Effects of deposition strategies 
on the shape of built thin walls

As shown in Fig. 2c, d, it was found that the alternating 
deposition direction enables the thin-walled sample with 
more regular height to be achieved. This phenomenon can be 
explained from the natural shape of a single welding layer. 
Normally, when the parameters of the welding process were 
not adjusted, the welding bead in the arc-striking region is 
higher than the steady region, and the bead height decreases 
toward the end of the welding bead (Fig. 2e) [12, 35]. In 
the alternating deposition direction strategy, the arc in the 
current welding layer was struck in the arc-extinguishing 
region and it was extinguished in the arc-striking region of 
the previous layer. Hence, the difference in terms of geom-
etry between the arc-striking and the arc-extinguishing 
regions of the previous layer was effectively compensated 
in the current layer (Fig. 2d). On the other hand, in the same 
deposition direction strategy, the height of thin walls was 
significantly decreased from the arc-striking region to the 
arc-extinguishing region (Fig. 2c). Moreover, the differ-
ence in terms of height between the arc-striking region and 
the arc-extinguishing region increases when the number 
of deposited layers increases. A large variation in terms of 
height after certain deposited layers can also make the ter-
mination of the welding process and resulting geometrical 
defects (Fig. 2c).

Figure 4a reveals the thin wall built with the alternating 
deposition direction strategy. It is observed that the thickness 
of the wall is relatively regular, particularly in the middle 

Table 2   Results of the chemical composition analysis on the GMAW-based AM-built thin wall (in wt%)

Element C Si Mn P S Ni Cr Mo Cu V

The as-built wall material 0.092 0.497 0.870 0.008 0.005 0.013 0.02 0.006 0.075 0.0098

Fig. 4   GMAW-based AM-built 
thin wall (a) and the positions 
for cutting two groups of tensile 
specimens and the dimensions 
of all tensile specimens (b)
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region. The average thickness of the thin wall is around 
3.85 ± 0.14 mm. The height of the wall is also regular with 
an average value of 106.53 ± 1.02 mm. The height at the two 
ends of the wall is also lower than that of the middle region 
(Fig. 5). This is due to the fact that the heat dispassion con-
dition in both end regions is worse than that of the middle 
region, and the fluidity of molten pool in both end regions is 
strong. Based on this result, in the following research stage, 
the alternating deposition direction strategy was chosen for 
building thin-walled samples.

4 � Effects of the heat input 
on the microstructural evolution of built 
thin walls

4.1 � Shape analysis

As shown in Fig. 3a, b, it was firstly found that the heat input 
has significant effects on the shape of the built thin walls. 
The thin walls (S1 and S2) built with lower heat inputs pre-
sent a shape more stable than that of the samples built with 
higher heat inputs (S3 and S4). This phenomenon is due 
to the fact that when the heat input increased, the cooling 
rate of the whole thin-walled part decreased. At a certain 
height of the thin wall, the molten metal was also subsided 
due to an excessive heat input (e.g., S3 and S4 in Fig. 3b). 
However, the width of the walls built with low heat inputs 
is smaller than that of the walls built with high heat input 
[36]. The widths of the thin-walled samples S1, S2, S3, and 
S4 were 3.34 ± 0.10 mm, 3.74 ± 0.12 mm, 3.98 ± 0.18 mm, 
and 4.86 ± 0.13 mm, respectively. This is because the wire 
feed speed in the GMAW process increases with the increase 
in the welding current, resulting in an increase in the quan-
tity of deposited material. Moreover, the increase in heat 

input leads to an increase in the welding bead width. That 
is why the wall S4 is the thickest, followed by S3, S2, and 
S1 (Fig. 3b).

4.2 � Macro analysis

As shown in Fig. 3b, it can be observed that for all samples, 
there are no major defects (e.g., cracks) in both in the welded 
metal and the interface zones between the deposited wall and 
the substrate, indicating the compatibility of the consumable 
low-carbon steel wire for additive manufacturing. Further-
more, from the results of X-ray CT scan of all thin-walled 
samples (Fig. 6), no considerable pores or improper fusions 
between adjacent layers were found. These observations con-
firm that the GMAW-based AM allows thin walls to be built 
with high density, good bonding strength between layers, 
and without major defects.

4.3 � Microstructure analysis

It was firstly observed that all thin-walled samples present 
the same microstructure characteristics without significant 
difference. These samples show a similar microstructure 
type in each region from the top to the bottom of built thin 
walls, i.e., the upper region, the middle region, and the lower 
region (Fig. 8). The heat input only has effects on the size 
of grains in each region of the built samples. Coarser grains 
were observed for the sample built with a higher heat input. 
For example, in the middle region, the average grain size of 

Fig. 5   Height variation of the wall built with the alternating deposi-
tion direction strategy

Fig. 6   X-ray computed tomography (CT) scan of a specimen 
extracted from S2 (a), and the results observed in three cross sections 
parallel to YZ (b), XZ (c), and XY (d) planes
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the sample S4 which was built with the highest heat input 
was 13.30 ± 1.76 μm, whereas that of the sample S1 which 
was built with the lowest heat input was 11.2 ± 1.68 μm 
(Fig. 7). This is due to the fact that the solidification time 
was increased and the cooling rate was slowed down when a 
higher heat input was used to build the sample, thus resulting 
in coarser grains in microstructures.

To detail the microstructure of the as-built material in 
three regions of the wall, sample S2 was taken into account, 
which is representative for other samples. The microstruc-
ture in three regions of the as-built thin wall is shown in 
Fig. 8. The upper region shows lamellar structures composed 
of acicular and lamellar structures of ferrites with three grain 
types: Widmanstätten ferrite (αw), allotriomorphic ferrite 
(α), and acicular ferrite (αa) (Fig. 8a). This is due to the 
influence of continuous cooling by the natural air and the 
heat conduction toward the bottom of the built samples. In 
addition, the upper region features a high rate of cooling. 
This causes a transformation of microstructures from the 
primary austenite dendrites into typical Widmanstätten fer-
rites αw.

On the other hand, the middle region reveals granular 
structures of ferrite with small regions of pearlite at grain 
boundaries (Fig. 8b). It was also observed that this region 
consists of two zones, namely the nonoverlapped zone (1) 
(Fig. 8b-1) and the overlapped zone (2) (Fig. 8b-2). The 
grains in zone (2) are moderately larger than the grains in 
zone (1). This is because of the heat effect of the molten pool 
that forms the current layer (i) on the previous layer (i − 1). 
The layer (i − 1) was reheated and partially remelted, result-
ing in the transformation in microstructure (e.g., the growth 
of grains) in the overlapped zone. Hence, a coarser grain size 
was observed in the overlapped zones.

The lower region consists of mixed lamellar and equi-
axed grains of ferrites. The lamellar grains distribute and 
coexist with thin pearlites in the equiaxed grains of fer-
rites (Fig. 8c). In comparison with the grains in the mid-
dle region, the grain in this region is finer. Indeed, the 
lower region (including several first deposits) features a 

higher cooling rate, because it contacts the substrate. On 
the other hand, in the middle region, the heat accumulation 
increases with the number of layers [37]. Hence, the mid-
dle region presents a lower thermal gradient and a lower 
cooling rate [13].

Briefly, the heat input only has an effect on grain size, but 
it does not significantly influence the microstructure evolu-
tion of built thin walls. The built thin walls exhibited dif-
ferent microstructure types in different regions. The micro-
structure formation of the built samples is mainly due to the 
reheating and remelting effect of the deposition of succes-
sive layers and cooling cycles. The cooling in the calm air at 
room temperature is also similar for all samples. Hence, they 
reveal the same microstructure type in each region: the upper 
region, the middle region, and the lower region.

4.4 � Microhardness analysis

As shown in Fig. 9, it was found that all the built samples 
reveal the same hardness evolution. The upper region of the 
samples reveals the hardest average hardness value, while 
the middle region shows the smallest average hardness value. 
This observation is in line with microstructures observed in 
Sect. 4.3 and the Hall–Petch relationship [38]. According to 
this relationship, the harness of materials is higher when the 
grain size in microstructure is finer.

Due to Widmanstätten structures (Fig. 8a), the microhard-
ness of the upper region is higher than that of other regions. 
Because of the presence of lamellar structures (Fig. 8c), the 
lower region has the microhardness values higher than that 
of the middle region. Moreover, in each region, the sample 
built with lower heat input reveals relatively higher micro-
hardness in each region. The reason is that a higher heat 
input leads to coarser grain size in microstructure of the 
built material. The microhardness of the samples S1, S2, S3, 
and S4 was in ranges of 162 ± 2.88 to 192 ± 4.30, 162 ± 3.51 
to 191 ± 3.96, 160 ± 2.30 to 182 ± 2.30, and 157 ± 3.11 to 
179 ± 3.16 (HV5), respectively.

Fig. 7   Microstructure in the 
core of the same layer in the 
middle region between the 
samples S1 (a) and S4 (b)
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5 � Tensile properties

Figure 10a presents the stress–strain curves of all tensile 
specimens in two groups. The strain–stress curves of all 
specimens present a typical behavior of low-carbon steels 
[39]. As revealed in Fig. 10b, it was found that the aver-
age values of UTS (ultimate tensile strength) and YS (yield 
strength) in the deposition direction (TShi) were lower than 
those in the building direction (TSvi). The average values 
of YS and UTS of specimens TSvi are 362 ± 8 MPa and 
479 ± 7  MPa, respectively, whereas the average values 
of YS and UTS of specimens TShi are 320 ± 6 MPa and 
429 ± 8 MPa. The deviation of YS/UTS between the depos-
iting direction and the building direction might be caused 
by the anisotropy in the microstructure. In comparison 
with wrought A36 low-carbon steel (YS = 250 MPa and 
UTS = 400–550 MPa), which has similar chemical compo-
sitions as ER70S-6, the values of YS of all tensile specimens 
are higher, whereas their UTS values are in the range of UTS 
values of wrought A36 low-carbon steel [30].

Fig. 8   Microstructures of built 
materials in the upper region 
(a), in the middle region with 
lower magnification (b), and in 
the lower region (c). The micro-
structure in the middle regions 
composed of nonoverlapped 
zone (1) (b-1) and overlapped 
zone (2) (b-2)

Fig. 9   Average value and standard deviation of hardness in each 
region
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6 � Conclusions

In this paper, the effects of the deposition strategy and heat 
input in the GMAW-based additive manufacturing process 
on the shape and microstructure evolution of thin-walled 
components were firstly investigated. Thereafter, the most 
suitable deposition strategy and a set of process parameters 
were used to build a thin wall for tensile tests. The main 
results of this study can be summarized as follows:

•	 The alternating deposition strategy enables thin-walled 
components with more relatively regular height to be 
achieved.

•	 The GMAW-based AM process allows building thin-
walled low-carbon components with a high density 
and without major defects such as cracks and improper 
fusions between adjacent layers.

•	 The variation in welding current leading to the variation 
in heat input levels has significant effects on the shape 
stability of built thin walls, but does not significantly 
influence the microstructure evolution and the micro-
structure type of the built thin walls. The increase in heat 
input only leads to coarser grains of the built thin wall 
and decrease in the hardness values.

•	 The microstructure of the built thin-walled material 
varies from the top to the bottom regions and can be 
distinguished in three regions, i.e., lamellar structures 
in the upper regions; granular structures of ferrites with 
small regions of pearlites at grain boundaries in the mid-
dle region; and equiaxed grains of ferrites in the lower 
region. This leads to the variation in hardness in different 
regions.

•	 There is a difference in terms of tensile properties 
between the depositing direction and the building direc-
tion, indicating the anisotropy in terms of mechanical 
properties of the GMAW-based AM-built thin-walled 
material.

•	 The mechanical properties of thin-walled low-carbon 
components built by the GMAW-based AM process are 

also comparable to those of wrought A36 low-carbon 
steel, which has similar chemical compositions compared 
to ER70S-6.

In future works, the surface quality and the thermal 
distortion of GMAW-based AM-built components will be 
studied. The surface quality and the thermal distortion are 
very important for the design and process planning stages. 
The generation of depositing paths for building multibead 
multilayer components and remanufacturing/repairing dam-
aged components is also an interesting topic that needs to be 
addressed in future works.
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