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Abstract: Because low thermal conductivity and high viscosity are common characteristics of
austenitic steel, it is easy to cause a large amount of heat accumulation in the chip area, result-
ing in tool edge collapse or wear, and the traditional preparation method is unsuitable for preparing
large and complex austenitic steel components. Wire + arc additive manufacturing (WAAM) provides
a great application value for austenitic stainless steel because it can solve this problem. The cold metal
transfer (CMT)-WAAM system with good control of heat input was used to fabricate the multi-trace
and multilayer stainless steel 321 (SS 321) workpiece in this study. The microstructure and corrosion
properties of the SS 321 workpiece were observed and compared with those of an SS 321 sheet. The
results showed that the microstructure of the SS 321 workpiece from top to bottom was regularly and
periodically repeated from the overlapping remelting zone, inter-layer remelting zone, and primary
melting zone. There was white austenite matrix and black ferrite, and a small amount of skeleton
and worm ferrite was distributed on the white austenite matrix. The average hardness value from
the top to the bottom region was approximately uniform, indicating that the workpiece had good
consistency. The corrosion properties in 0.5 mol/L HySOy solutions were compared between the SS
321 workpiece and the SS 321 sheet. The results showed that the corrosion properties of the top region
of the workpiece were better than that of the middle and bottom part, and the corrosion properties of
the SS 321 workpiece were better than that of the SS 321 sheet.

Keywords: SS 321; corrosion properties; CMT-WAAM

1. Introduction

Because the common characteristic of austenitic steel is low thermal conductivity
(10~30 W/ (m-°C)) and high viscosity, there are high mechanical, temperature, and speed
loads on the workpiece-tool-chip interface in the cutting process. Under the action of a
certain thermal-mechanical coupling, it is easy to produce tool-chip bonding phenomenon,
and it is easy to cause a large amount of heat accumulation in the chip area, which leads
to the softening of the tool materials and accelerates their failure, resulting in tool edge
collapse or wear. The traditional preparation method is not suitable for preparing large
and complex components of austenite, while welding technology is suitable for producing
complex structures involving stainless steel [1,2]. Wire + arc additive manufacturing
(WAAM) is new rapid manufacturing welding technology. Compared with laser additive
manufacturing [3] and electron beam additive manufacturing [4], wire + arc additive
manufacturing with an arc as a heat source and welding wire as the filler material, has the
advantages of high manufacturing efficiency, simple equipment, and low cost, and it is
very suitable for preparing large complex components.

Many studies about austenitic stainless steel additive manufacturing have been carried
out. Especially in recent years, the number of papers about WAAM austenitic stainless steel
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has increased. Li et al. investigated the low cycle fatigue behavior of stainless steel 308L
(SS 308L) fabricated by WAAM. The results showed that WAAM SS 308L, compared with
hot-rolled SS 308L, had higher yield stress and longer fatigue life [5]. Wang et al. studied
the effect of heat treatment temperature on the microstructure and tensile properties of
austenitic stainless 316L (SS 316L) using WAAM [6]. Van Thao Le et al. [7] studied the
microstructure and mechanical properties of 308L fabricated by the gas metal arc welding
(GMAW) additive manufacturing. These researchers mainly studied the mechanical properties
of stainless-steel additive manufacturing. Palmeira Belotti et al. [8] studied the microstructural
characterization of thick-walled SS 316L made by WAAM. The results showed an oriented and
textured structure with large grains at the overlapping region of adjacent fusion zones. Mohan
Kumar et al. studied the high-temperature performance of an SS 321 wall manufactured by
WAAM [9]. Oliveira et al. [10,11] studied the effect of contaminations and heat treatments
on 316L fabricated by WAAM. Most of these studies focused on the mechanical properties
of SS 308L and SS 316L. There were few studies on SS 321 additive manufacturing.

Because 321 stainless steel has poor thermal conductivity and strong liquid metal
fluidity, it is easy to produce heat accumulation in additive manufacturing, resulting in
inflow and collapse. However, there are ways to mitigate this. It is critical to select the
appropriate additive manufacturing system, and the heat input cannot be too large. Cold
metal transfer (CMT) melting technology does well on the heat input control and steady
transfer model [12]. A CMT-WAAM system was selected in this work.

The research of SS 321 fabricated by additive manufacturing mainly focused on the
microstructure and corrosion behavior in a neutral chloride ion environment [13,14]. In
fact, SS 321 is widely used in the petrochemical industry, nuclear reactors, aircraft engine
exhaust systems, and other high-temperature fields. It is also commonly used in power
plants and other enterprises as flue gas desulfurization anode plates. The flue gas contains
50, and SO. When the flue gas is cooled and dewed on the anode plate, it will condense
out, leading to the corrosion of the components. The SO, reacts with water to produce
H3S0;. Finally, sulfuric acid is generated under the action of oxygen. The anode plate is
corroded to failure under the action of sulfuric acid. Therefore, to the study of the corrosion
behavior of SS 321 in sulfuric acid has practical significance. However, no research work
has been reported on the corrosion properties of SS 321 in an acidic environment. In this
work, the microstructure and hardness of an SS 321 workpiece fabricated by a CMT-WAAM
system was studied. The corrosion properties of SS 321 and an SS 321 sheet in 0.5 mol/L
H)S04 solutions was reviewed to provide theoretical reference and data support for the
application of SS 321 in an acidic medium.

2. Materials and Methods
2.1. Materials

The chemical composition of ER321 feeding wire and SS 321 sheet are shown in Table 1.

Table 1. Chemical composition of ER321 feeding wire and SS 321 sheet (wt.%).

Element C Si Mn Ni Ti Cr Mo Fe
ER321 wire 0.08 0.50 1.47 9.10 0.50 19.05 <0.075 Bal.
SS 321 sheet 0.05 0.75 1.50 9.10 0.50 171 / Bal.

Figure 1 shows the microstructure of the SS 321 sheet. The distribution and size of
austenite grains were uniform. There was a strip of ferrite between the austenite grains.
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Figure 1. Optical microstructure of SS 321 sheet.

2.2. Experimental System and Process Parameters

The CMT-WAAM system consisted of a welding power supply (TPS 4000), a robot,
and a gas cylinder, as shown in Figure 2a, and the deposition direction along Y axis. The
traveling direction of the CMT-WAAM system is shown in Figure 2b. The cross-section
diagram of the CMT-WAAM SS 321 workpiece is shown in Figure 2c. The test samples
were extracted from the top, middle, and bottom of the CMT-WAAM SS 321 workpiece.
In the process of the SS 321 additive manufacturing, the value of current was 150-170 A
and that of power was 18.1 V. The printing speed was 13-16 mm-s~!. The preheating
temperature was 30-50 °C, and the interlayer temperature was <100 °C. The dry extension
was 10-15 mm, and the inter-channel offset was 3-3.5 mm. The shielding gas was a 90% Ar
and 10% He premix at a gas flow of 15-20 L-min~1.
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Figure 2. Schematic diagram of wire arc additively manufactured SS 321 by a CMT-WAAM system
(a), the traveling (b), and the diagram of section and the sampling position of the SS 321 workpiece (c).

2.3. Microstructure Observation and Performance Test

The test samples and the size were extracted from the top, middle, and bottom parts
of the SS 321 workpiece, as shown in Figure 2¢, and the size was 10 mm x 10 mm X
5 mm. For comparative analysis, the SS 321 plate was cut into samples of the same size,
named SS 321 sheet. They were ground with 240, 600, and 1000 mesh silicon carbide papers,
in turn, and then were mechanically polished with 2.5 pm diamond polishing paste for
microstructure observation, hardness test, and electrochemical test.
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The microstructures of samples were observed by an optical microscope (Nikon
Epiphot 300 model, Tokyo, Japan). The hardness test was carried out by a DHV-1000
hardness test (Shanghai Shangcai Tester Machine, Co., Ltd., Shanghai, China). The test
point interval was 0.5 mm, the load was 500 g, and the holding time was 10 s.

A Corrtest CS2350 electrochemical workstation was used to carry out the electrochemi-
cal experiments at 23 £ 1 °C. The experimental medium was 0.5 mol H,SOy solution, and it
was made of analytical-grade 97% H,SO,4 and distilled water. A three-electrode system was
adopted for the electrochemical tests. The polishing sample to be tested was the working
electrode, a Pt electrode was the auxiliary electrode, and a saturated calomel electrode was
the reference electrode. To achieve a steady-state and gain open-circuit potential (OCP), the
working electrodes (sample) were tested over time for 30 min. The experiments stopped
when the current density reached 20 Ma/cm?. Each test was repeated three times for the
reliability of the experimental data.

The corrosion morphology and the element analyses were performed using a field
emission scanning electron microscope (SU-70) (Hitachi, Tokyo, Japan).

3. Results and Discussions
3.1. Macroscopic and Microstructure Observation
Figure 3 shows the overall macro morphology of the SS 321 workpiece formed by the

CMT-WAAM process. The workpiece had a surface with a corrugated morphology. The
weld bead was compact, free of cracks and visual defects.

Figure 3. Macroscopic morphology of SS 321 fabricated by CMT-WAAM.

3.2. Microstructure Observation

Figure 4 shows the microstructure between welding traces of the SS 321 workpiece.
Figure 4(a,al,a2), Figure 4(b,b1,b2) and Figure 4(c,c1,c2) are the metallographic structures
of the top, middle, and bottom samples, respectively. The microstructure of the three pieces
from top to bottom was regularly and periodically repeated from the overlapping remelting
zone, inter-layer remelting zone, and primary melting zone. As shown in Figure 2c, the
blue parts represent primary melting zones. The red parts represent the overlapping
area of the two welding passes, namely the overlapping remelting zones, and the yellow
details represent the overlapping area between the upper layer and the lower layer, namely
the inter-layer remelting zones. Compared with the top, middle, and bottom samples
in Figure 4a—c, the overlapping remelting zone and the inter-layer remelting zone of the
middle piece were smaller and narrower. The microstructures of the SS 321 workpiece
in each region were similar. Its structure consisted of cellular and dendritic crystals. The
bright areas were austenite, while the dark areas were ferrite. According to Schaeffler’s
diagram and the empirical formulas for nickel equivalent (Nieq) and chromium equivalent
(Creq) [15,16],

Creq=Cr+ Mo +1.565i @)

Nieq = Ni + 30 C + 0.5 Mn @)
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Figure 4. Microstructure between welding traces of 321 stainless steel printed workpiece.
(a—c,al—c1,a2—c2) are the metallographic structures of the top, middle, and bottom samples, re-
spectively.

The value of Creq/Nieq of the element composition of ER321 wire listed in Table 1
was 1.75. The solidification mode of the SS 321 workpiece belonged to the FA solidification
mode. The solidification process was as follows: after the molten metal was successfully
spread in the appropriate position, the heat flow and the liquid temperature of the metal
was reduced to the solid-liquid two-phase region, and the 6 ferrite was preferentially
precipitated from the liquid phase. When the temperature continued to decrease to the
solid line, the 6 ferrite gradually transformed to y austenite. The first precipitated ferrite
matrix was swallowed by the new austenite. Due to the rapid cooling rate of the weld
metal, the y austenite still contained untransformed complete 6 ferrite when fully solidified.

There were equiaxed grains or more refined structures on the interface between the
two welding passes. The upper layer crystallized vertically to the lower layer, as shown in
Figure 4al,bl, or at a certain angle with the adjacent weld pass, as shown in Figure 4c1.

A small amount of skeleton and worm ferrite was distributed on a white austenite
matrix. Figure 4a2 shows that the metallographic structure of the top sample had columnar
dendrites and equiaxed crystals. When the last layer was completed, the heat accumulation
of the whole workpiece reached the maximum, and the temperature gradient in the vertical
direction was the smallest. Since the top layer would not be subjected to subsequent
multiple heating cycles, at this time, the heat loss was more likely to be perpendicular
to the direction of the weld pass. Therefore, the growth direction of the dendrite would
change from perpendicular to the bottom plate to perpendicular to the weld pass. Namely,
the dendrite orientation deflection phenomenon occurred. At the top of the workpiece,
the welding passes directly contacted with air, and the heat dissipation trend along the
whole top surface was balanced with that along the vertical surface. Under this balance,
the crystallization state changed from columnar dendrite to equiaxed dendrite. The mi-
crostructure of the middle sample is shown in Figure 4b2. It showed that dendrite had
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300

obvious directionality, and majority of the 5 ferrite appeared in worm morphology rather
than in the skeleton one. Xiaohui et al. [17] studied 316L stainless steel fabricated by GTAW-
WAAM. The results showed that many austenitic dendrites were vertically distributed in
the well-formed 316L components, and large columnar grains were formed in the middle
region. The microstructure of the members was composed of §, v, and 6 phases. The &
phase first exhibited a network morphology in austenite dendrites. As the deposition layer
was affected by thermal cycles, the 5 phase gradually dissolved in austenite and became
worm morphology. Secondary dendrites were underdeveloped, and their microstructure
was the smallest in Figure 4c2. The continuity of skeleton  ferrite was poor, the dendrite
orientation was slightly disordered, and the secondary dendrite was developed, weakening
the directionality of columnar and dendritic austenites, preventing continuous network
chromium carbide precipitation at austenite grain boundaries from intergranular corrosion.

3.3. Hardness Analysis

The curves of hardness and average hardness are shown in Figure 5. The hardness
of the four samples showed fluctuation. The hardness fluctuation of 321 steel additive
manufacturing samples may be due to the continuous heating of the deposition layer,
which caused slight development of the 6 ferrite phase due to the facilitation of solute
elements’ redistribution during the additive manufacturing process [18]. It can be seen
from Figure 4 that a small amount of austenite fine grains appeared in the interlayer fusion
zone, which also causes fluctuation of the hardness value. The average hardness value
of the SS 321 sheet was 198 HV. For the SS 321 workpiece, the Vickers hardness increased
with distance from the bottom plate, but the hardness range was not extensive, indicating
that this WAAM workpiece had good consistency. This result was consistent with our
other WAAM stainless steel [19]. The maximum average hardness of the WAAM SS 321
workpiece was 202 HV, while the maximum hardness of the SS 321 sample fabricated by
electron beam was 198 HV [20].
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Figure 5. Curves of hardness (a) and average hardness (b) of SS 321 sheet, the top region, middle
region, and bottom region of the SS 321 workpiece.

3.4. Corrosion Behavior of Samples
3.4.1. OCP Measurements of Samples

Figure 6 shows the changing trend of the open-circuit potential (OCP) curves of the
SS 321 sheet and different regions of the SS 321 WAAM in 0.5 mol/L H,SO4 solutions.
Figure 6 displays that the OCP of the four samples shifted in the positive direction with
an increasing immersion time. It reached a steady-state potential when the immersion
time was 1500 s. These results indicate that the passive film formed spontaneously on the
surface of the four samples [21]. The steady-state potentials of the SS 321 sheet and the
top, middle, and bottom regions of the SS 321 workpiece were —0.11 Vgcg, —0.025 Vgcg,
—0.075 Vgcg, and —0.03 Vs, respectively.
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Figure 6. OCP curves of samples with immersion time in 0.5 mol/L H,SO; solution.

3.4.2. Potentiodynamic Polarization Tests of Samples

Figure 7 displays the potentiodynamic polarization curves of the SS 321 sheet and the
samples extracted from the top, middle, and bottom of the SS 321 workpiece in 0.5 mol/L
solutions. The corrosion behaviors of the four samples were similar, but their corrosion
potential (Ey+) and corrosion current density (icrr) were notably different. The valuses
of Ecorr and icopr extracted from Figure 7 are listed in Table 2. The i values of the SS 321
sheet and the top, middle, and bottom regions of the SS 321 workpiece were (7.54 & 0.16)
x 1077 A-em™2, (1.65 £ 0.19) x 1077 A-cm™2, (5.63 & 0.24) x 10~7 A-cm~2, and (3.85 =+
0.12) x 107 A-cm~2, respectively. The results showed that the corrosion properties of the
top region of the workpiece were better than that of the middle and bottom region, and the
corrosion properties of the SS 321 workpiece were better than that of the SS 321 sheet.

12F _@—ss321
1ok —&— Top
: —A— Middle
0.8} —¥—Bottom
Z 0.6}
Hoal
b2
202}
1S3}
0.0 F
-02}
-04 F
_0‘6 = - - - | - - ..I_ - |
10" 10° 10 107 10° 10° 10* 10° 107
i/ A-cm™

Figure 7. Potentiodynamic polarization curves of samples in 0.5 mol H,SO; solution.
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Figure 8 shows the surface morphologies of a corroded SS 321 sheet (Figure 8a) and dif-
ferent regions of SS 321workpiece printed. Figure 8b—d are the surface morphologies of the
corroded top, middle, and bottom regions, respectively. It can be seen from Figure 8a that
the grain boundary of the SS 321 sheet had slight corrosion, and pitting corrosion occurred
near the grain boundary. A small amount of ferrite harmed the grain boundary corrosion
resistance of the SS 321 sheet. Figure 8b shows that there was no obvious intergranular
corrosion, only a small amount of pitting corrosion in the top region of the SS 321 workpiece.
Figure 8c shows there was a tiny amount of intergranular corrosion and pitting corrosion
in the middle region. Figure 8d displays that there was a bit intergranular corrosion and
little pitting corrosion in the bottom region. Due to the effect of repeated thermal cycles
in the middle and bottom of the SS 321, it was easy to precipitate continuous-network
chromium-rich (Cr, Fe)»3Cq along the grain boundary at the sensitization temperature
range. Thus, the matrix around the grain boundaries produced a chromium-poor zone,
resulting in intergranular corrosion. Therefore, compared with the SS 321 sheet, the SS 321
workpiece had excellent intergranular corrosion resistance. The reason was that in the SS
321workpiece, ferrite was dispersed and uniformly distributed between austenite, which
weakened the direction of columnar and dendritic crystals of austenite and prevented
continuous-network chromium carbide precipitation at the austenite grain boundaries,
to avoid intergranular corrosion. This was attributed to the slow cooling rate, and the
austenite was easy to homogenize. Therefore, in the SS 321 workpiece, ferrite was beneficial
to improve resistance to intergranular corrosion.

2ekv X2,008 180mm 11 4@ SEI

53 12 48 SEIgZakuU X2,888 18mm 8353 12 48 SEI

Figure 8. Surface morphologies of corroded SS 321 sheet (a), and samples (b), (c), and (d) extracted
from the top, middle, and bottom regions of the SS 321, respectively.

Table 2. Parameters extracted from potentiodynamic polarization curves (Figure 6).

Ecorr (mVgcE) icorr (x10~7 A-cm—2)
SS 321 sheet —138.14 4+ 4.56 7.54 +0.16
Top —53.18 £ 1.57 1.65 +0.19
Middle —100.75 £ 1.77 5.63 +£0.24
Bottom —97.11 £ 2.06 3.85 +0.12

4. Conclusions

In this work, the microstructure and corrosion properties of the multi-trace and multi-
layer stainless-steel 321 workpiece fabricated by the CMT-WAAM system were studied.
The results showed that the microstructure of the SS 321 workpiece from top to bottom was
regularly and periodically repeated from the overlapping remelting zone to the inter-layer
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remelting zone, and the primary melting zone. There were a white austenite matrix and
black ferrite, and a small amount of skeleton and worm ferrite was distributed on the
white austenite matrix. The average hardness value from the top to the bottom region was
approximately uniform, indicating that the SS 321 workpiece had good consistency. The
corrosion properties of the SS 321 workpiece and the SS 321 sheet were studied in 0.5 mol/L
H,SOy solutions. The results showed that the corrosion properties of the top region of
the workpiece were better than that of the middle and bottom region, and the corrosion
properties of the SS 321 workpiece were better than that of the SS 321 sheet. The reason
was that, in the SS 321workpiece, ferrite was dispersed and uniformly distributed between
austenite, which weakened the direction of the columnar and dendritic crystals of austenite
and prevented continuous-network chromium carbide precipitation at the austenite grain
boundaries, to avoid intergranular corrosion. Ferrite in the SS 321 workpiece was beneficial
to improve the resistance to intergranular corrosion.
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