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In this paper, gas metal arc welding-based additive manufacturing (GMAW-AM) was used to build thin-
walled 308L stainless steel parts. The microstructural and mechanical characteristics of the built thin
walls were investigated. The results show that the GMAW-AM thin-walled 308L is dominantly composed
of columnar dendrites, which grow along the build direction when increasing the number of depositing
layers. The microstructure of the GMAW-AM thin-walled 308L mainly consists of two phases: a small
amount of d ferrite phases displayed within c austenite dendrites. The microhardness of built materials
ranges from 155 ± 1.20 HV0.1 to 169 ± 5.67 HV0.1. The average ultimate tensile strength (UTS), yield
strength (YS) and elongation (EL) of the GMAW-AM thin-walled 308L in the vertical direction are 531.
78 ± 4.52 MPa, 343.67 ± 7.53 MPa, and 39.58 ± 1.38%, respectively, which are obviously lower than those
in the horizontal direction (UTS: 552.95 ± 4.96 MPa, YS: 352.69 ± 8.12 MPa, and EL: 54.13 ± 1.29%).

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

Wire arc additive manufacturing (WAAM) using welding arc as
the heat source to melt and deposit metallic wire layer-by-layer to
form components has received much attention because of its high
deposition rate and utilization efficiency of materials. The welding
arc in WAAM can be gas tungsten arc welding (GTAW), gas metal
arc welding (GMAW), and plasma arc welding (PAW) [1]. WAAM
has been extensively investigated for the manufacture of compo-
nents made of aluminum and titanium alloys in military and aero-
space industries [2,3]. Concerning the manufacture of steel
components by WAAM, most of the published works used low-
carbon [4] and austenitic stainless steels such as 316L [5] and
304 [6]. For instance, Haden et al. [6] studied the microstructural
and mechanical properties of both stainless steel (304) and mild
steel (ER70S) manufactured by the GMAW-AM process. Chen
et al. [7] investigated the microstructure and mechanical proper-
ties of 316L components built by GMAW-AM. Until now, limited
works study the manufacture of 308L steel by WAAM. 308L is an
austenitic stainless steel, which is widely used in gas, oil, and min-
ing, as well as automobile industries because of its lower level of
carbon. Some authors have considered 308L and 308LSi stainless
steels as studied materials in GTAW-AM [8] and laminar plasma-
based AM [9]. Very few studies reported the microstructural and
mechanical properties of 308L parts manufactured by the
GMAW-AM process. Therefore, this study aims at investigating
the microstructural and mechanical properties of thin-walled
308L manufactured by the GMAW-AM process.
2. Materials and methods

The commercial GM-308L stainless steel wire with diameter of
1 mm (supplied by Kim Tin Corporation of Vietnam) was used to
build the thin-walled samples on SS400 steel plates with dimen-
sions of 200 mm� 100 mm� 10 mm by an industrial GMAW robot
(Panasonic TA1400) according to the WAAM process. First thin-
walled sample with dimensions of 20 mm in height and 100 mm
in length was built for observing the microstructure and micro-
hardness of built materials. Second thin-walled sample with
dimensions of 100 mm in height and 220 mm in length was built
for the tensile tests. All thin-walled samples were built by using
the alternating deposition direction strategy and the same process
parameters, including welding current of 120 A, voltage of 20 V
and travel speed of 400 mm/min. A gas of 99.99% argon with a con-
stant rate of 15 L/min was used for the shielding purpose during
the build of thin-walled samples.

The chemical compositions of GMAW-AM thin-walled 308L
were analyzed using a thermo Scientific Spectrometer, as shown
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in Table 1. It is found that the percentage of the main elements of
built thin-walled 308L fall in the value range of GM-308L wire
given by the manufacturer.

The microstructure of GMAW-AM thin-walled 308L was
observed by an optical microscope on the grinded and chemically
etched cross section of the first wall (Fig. 1a). The microhardness
of built materials was measured by a Vickers microhardness tester
with a load of 980.7 mN and a dwell time of 15 s applied for each
indentation.

Three tensile specimens in each vertical or horizontal
direction were extracted from the second thin-walled sample.
Table 1
Chemical compositions of 308L austenitic stainless steel (in wt. %).

Element Cr Ni Si Mn Mo

GM-308L wire 19.5–21 9.0–11.0 0.30–0.65 1.0–2.5 0.50
Built 308L wall 19.86 9.84 0.48 1.70 0.009

Fig. 1. Microstructures of GMAW-AM thin-walled 308L: (a) overall structure of cross s
magnification photographs of layer i and the HAZ between layers (i-1) and i.
The dimensions of each tensile specimen were designed according
to ASTM E8M-13 standard. All tensile tests were performed on a
tensile test machine with a displacement rate of 20 mm/min and
at room temperature.

3. Results and discussion

Fig. 1a reveals an overall structure of a cross-section of GMAW-
AM thin-walled 308L. It is observed that the thin wall was success-
fully built with no obvious defects such as cracks, pores, and
incomplete fusion between the deposited layers. The structure of
Cu C P S Fe

max 0.75 max 0.03 max 0.03 max 0.03 max Balance
6 0.076 0.021 0.028 0.019 Balance

ection, (b) the top region, (c) the middle region, (d) the bottom region, (c-1) high



Fig. 3. Tensile properties of thin-walled 308L stainless steel manufactured by the
GMAW-AM process.
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the cross section reveals distinguished wavy bands with well-
metallurgical bonding between adjacent layers, and large numbers
of columnar dendrites growing along the build direction.

The microstructure of GMAW-AM thin-walled 308L mainly con-
sists of two phases: a small amount of d ferrite phases displayed
within c austenite dendrites. For austenitic stainless steels, the
mode of solidification is determined by the ratio between the
chromium equivalent (Creq) and nickel equivalent (Nieq), where
Creq and Nieq are calculated by Schaeffler formula [10]:
Creq = Cr + Mo + 1.5Si + 0.5Nb and Nieq = Ni + 30C + 0.5Mn. Using
the chemical composition of GMAW-AM thin-walled 308L given in
Table 1, the values of Creq and Nieq are equal to 20.59% and
11.32% respectively, and the ratio Creq/Nieq = 1.82. In this case,
1.48 < Creq/Nieq < 1.95, so the GMAW-AM 308L solidifies according
to the FA mode [10]: L ? L + d ? L + d + c ? d + c ? c, where L, d
and c are liquid, delta ferrite and austenite, respectively. The d
ferrite phase is first generated as primary phase. The austenite
phase subsequently forms, grows, and gradually replaces the
primary ferrites due to the rapid cooling and solidification. The
remaining ferrite exists in the grain and sub-grain boundaries of
an austenite matrix with vermicular or skeletal structures
(e.g. Fig. 1c, c-1, and c-2) or lathy dendrites (e.g. Fig. 1b and d).

Due to the different conditions and thermal cycles, the
microstructure of GMAW-AM thin-walled 308L vary along the
build direction of the wall. The bottom region reveals columnar
dendrites (Fig. 1d) growing in different directions. The microstruc-
ture is also finer than other regions, because the heat is directly
conducted to the substrate at room temperature, so the cooling
rate is higher. The middle region presents typical microstructures
of the wall, consisting of vertically-oriented columnar dendrites
(Fig. 1c). In this region, the material of the previous layer (i-1) is
re-melted by the heat of the successive layer i, generating equiaxed
grains in the head affected zone (HAZ) between two adjacent lay-
ers (Fig. 1c-2). The grain size in the HAZ is coarser when compared
to those in the non-HAZ (Fig. 1c-1). The microstructure of the mid-
dle region is coarser than that in the bottom, because when the
deposits increase, the heat is accumulated and the cooling rate is
slower. The top region contact directly with the air and the time
is also short, so it is composed of randomly oriented equiaxed
grains (Fig. 1b).

Fig. 2 shows the average microhardness of GMAW-AM thin-
walled 308L measured in three regions. In each region, the hard-
ness was measured at four positions distributing on the centerline
of the cross section. The average hardness value in the bottom, the
middle, and the top region are 169 ± 5.67 (HV0.1), 163 ± 5.36 (HV0.1)
and 155 ± 1.20 (HV0.1), respectively. The variation of microhard-
ness is consistent with the observation of microstructures. The
microhardness presents the highest average value in the bottom
Fig. 2. Microhardness of GMAW-AM thin-walled 308L.
region because the microstructure in this region is finer than that
in other regions (Fig. 1).

The ultimate tensile strength (UTS), yield strength (YS) and elon-
gation (EL) of GMAW-AM 308L in both the vertical and horizontal
directions are shown in Fig. 3. The average UTS, YS and EL of the
built material in the horizontal direction are 552.95 ± 4.96 MPa,
352.69 ± 8.12 MPa, and 54.13 ± 1.29%, respectively, which are obvi-
ously higher than those of the vertical specimens (UTS: 531.78 ± 4.
52MPa, and YS: 343.67 ± 7.53 MPa EL: 39.58 ± 1.38%). This is due to
the inhomogeneity of microstructures of the built material that is
commonly observed in the materials manufactured by WAAM
processes.
4. Conclusions

In this study, the thin-walled 308L stainless steel was success-
fully built by the GMAW-AM process. The metallurgical and
mechanical properties of GMAW-AM thin-walled 308L were inves-
tigated. The main obtained results can be summarized as follows:

� The microstructure of GMAW-AM thin-walled 308L steel was
typically characterized by columnar dendrites in the bottom
and middle regions of the wall. The top region of the wall is
mainly composed of equiaxed dendrites. The equiaxed grains
are also observed in the heat affected zone between two adja-
cent layers. The microstructure of GMAW-AM thin-walled
308L is composed of small amount of d ferrite phases existing
within c austenite dendrites.

� The microhardness of GMAW-AM thin-walled 308L steel ranges
from 155 to 169 HV0.1. The average microhardness of the mid-
dle region of the walls is around 163 HV0.1.

� The tensile properties of GMAW-AM thin-walled 308L steel
present anisotropic characteristics: UTS = 552.95 ± 4.96 MPa,
YS = 352.69 ± 8.12 MPa, and elongation = 54.13 ± 1.29% in the
horizontal direction, whereas UTS = 531.78 ± 4.52 MPa, YS = 3
43.67 ± 7.53 MPa, and elongation = 39.58 ± 1.38% in the vertical
direction.
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