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Abstract: The microstructure and corrosion resistance of samples fabricated by Q345 and 308 bimetal-
lic feedings using two kinds of processes of wire-arc additive manufacturing (WAAM) was observed
and compared with that of sample manufactured by a single feeding wire of Q345 or 308. The
results show that the interface between the Q345 and 308 had no defects and metallurgical bond-
ing. The hardness of bimetal Q345/308 additive manufacturing samples was higher than that of
Q345 or 308 single wire additive manufacturing. The sample made of Q345 single wire had serious
electrochemical corrosion, while the sample made of 308 single wire had pitting corrosion. The
pitting corrosion of the sample reinforced by bimetal Q345/308 feeding wires was improved.

Keywords: wire-arc additive manufacturing; bimetal; microstructure; corrosion

1. Introduction

With the development of the manufacturing industry and the diversification of in-
dustrial demand, many changes have occurred in the market for materials. Parts need to
work in corrosive, high temperature, and high-pressure harsh environments, resulting in a
single material not meeting the environmental requirements. Structurally inhomogeneous
materials and functionally graded materials that have combinations of characteristics or
specific synergic effects are widely needed in different applications. These materials can be
tailored according to the requirements for materials properties [1].

However, it is difficult to use traditional manufacturing methods to manufacture these
materials, primarily to obtain complex shapes and flexible material layout. The emergence
of additive manufacturing (AM) technology provides an excellent way of solving this
problem [2,3]. AM is a new technology integrating advanced manufacturing, intelligent
manufacturing, green manufacturing, and new materials. It does not need molds in the
manufacturing process. The additive manufacturing parts only need a small amount of
subsequent machining so that the process can save resources, reduce costs, and improve
efficiency. According to the manufacturing heat source, metal additive manufacturing
technologies can be divided into three categories: laser additive manufacturing technol-
ogy, electron beam additive manufacturing technology, and arc additive manufacturing
technology. A laser is used as the energy source in an AM system, and it has inferior
energy efficiency (2-5%) [4]. The electron beam has a slightly higher energy efficiency
(15-20%), but it requires a high vacuum working environment [5]. The gas metal arc
welding (GMAW) and gas tungsten arc welding (GTAW) processes use an arc as a heat
source. The energy efficiency of arc additives manufacturing processes is 90% under some
circumstances [6,7]. It can fabricate dense metal components layer-by-layer, and it has the
characteristics of high heat input, lower materials supply cost, fast forming speed, and
higher deposition rate [8-10]. Among all additive manufacturing technologies, wire-arc
additive manufacturing (WAAM) technology, taking the welding wires as the filling ma-
terials, is the most suitable for manufacturing large parts and complex components. It
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is easier to control the composition by feeding several wire feedings simultaneously and
obtaining a series of various structures. However, due to the inherent characteristics of the
GAMW-based process, the weld bead geometry within a weld pass is not uniform, particu-
larly at the start and end portions, which will lead to uneven bead geometry, poor surface
finish, and partial accuracy [11]. To obtain uniform interlayer size and appearance, the
heat input should be easily controlled in the process of layer-by-layer deposition. During
the GTAW-based WAAM process, heat input adjustment does not change arc length, and
the deposition rate can be controlled independently by adjusting wire feed speed, which
means that the two separate processes of energy input and materials input make WAAM
control easier. In this work, a GTAW-based system was adopted.

Many researchers researched WAAM of dissimilar materials, mainly focusing on
different types of stainless steel [12], stainless steel- and nickel-based materials [13], nickel-
based materials, and copper alloys [14], Ti-TiAl [15], and so on. They mainly focus on the
preparation process, microstructure, and mechanical properties. However, the literature
about corrosion performance of dissimilar material fabricated by WAAM is numerous.
Austenitic stainless steel has high strength and excellent corrosion resistance. It is predom-
inantly used in the corrosion resistance part of structural materials. In this process, the
connection between duplex stainless steel and dissimilar metals is involved. Although
some researchers have studied the junction of duplex stainless steel with titanium alloy [16]
and austenitic stainless steel [17], from the perspective of engineering practice demand, the
future research focus will be the connection of duplex stainless steel and carbon steel.

In this work, feeding wires of Q345 and 308 were used to manufacture thin-walled
parts by a GTAW-based additive manufacturing system. Different processes of Q345 and
308 feeding wire were used to fabricate Q345/308 bimetallic thin-walled components.
Their microstructure and corrosion performance were compared and analyzed. This work
can provide some experimental and theoretical basis for better understanding dissimilar
material/bimetallic additive manufacturing.

2. Experimental Details
2.1. Materials

Q345 steel was the substrate, with a size of 200 mm x 100 mm x 12 mm. Q345 wire
with 1.2 mm diameter and 308 wire with 1.0 mm diameter were used in experiments. Their
composition is shown in Table 1. Before the experiment, the surface of the Q345 substrate
was ground by a portable grinding machine to first remove oxidation film. Then the surface
of the Q345 substrate was cleaned using acetone to deal with oil pollution impurity.

Table 1. The composition of 308 and Q345 wire (wt.%).

Wire C Mn Si Cr Ni S P Fe
Q345 0.2 1.0-1.6 <05 <0.3 <05 0.035 0.035 Bal.
308 0.05 1.63 0.51 18.52 8.64 0.012 0.024 Bal.

2.2. Experimental System and Process Parameters

The WAAM system comprised hot wire GTAW welding WSM-400, an automatic
feeding wire machine (Model WF-007A), and a motion control platform. The position of
the welding tungsten torch and wires is shown in Figure 1. The distance from sediments
to the tungsten electrode was 5.0 mm. The cooling time interval between each deposit
was 10.0 min. The protection of argon gas had a purity of 99.99% and a gas flow rate of
12.0 L-min~!. To compare and conduct the analysis, samples 1 and 2 were obtained by
additive manufacturing with single feeding wire Q345 and 304, respectively. Sample 3 was
obtained by horizontal parallel wire feeding of Q345 and 308, as shown in Figure 1. Sample
4 was obtained by depositing 308 feeding wire on the Q345 sedimentary layers, two kinds
of wires interval deposition. The process parameters of additive manufacturing are shown
in Table 2.
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Figure 1. The position between tungsten and wire (horizontal parallel wire feeding of sample 3).

Table 2. The process parameters for 308/Q345 additive manufacturing with GTAW.

Sample Current (A) Q345/308 Wire Feeding Speed (cm/min) Wire Feeding Mode
1(Q345) 150 100 /
2 (308) 150 100 /
3 (Q345 + 308) 150 80 (Q345) + 100 (308) Horizontal parallel wire feeding
4 (Q345 + 308) 150 100 (Q345) + 100 (308) Upper and lower interval wire feeding

2.3. Microstructure Observation and Performance Test

The test samples were cut from the middle of additive manufactured parts and were
wet ground sequentially with 1000 silicon carbide paper and then were mechanically
polished to 1 pm for microstructure observation and hardness measurement. The extract
locations of microstructure, hardness test, and corrosion test are shown in Figure 2.

Extract location of microstructure

111d corrosion test .
T The location of

microstructure and

/ corrosion test
-
!

The location of
hardness test

Figure 2. The extract location of microstructure, hardness test, and corrosion test.

An optical microscope (Nikon Epiphot 300 model, Tokyo, Japan) was used to observe
the microstructures of samples. A DHV-1000 hardness tester (Shanghai Shangcai Tester
Machine Co., LTD., Shanghai, China) was used to measure the hardness of samples every
0.5 mm, with a test load of 500 g and a dwell time of 15s.

The electrochemical experiments were carried out at a Corr Test C52350 electrochem-
ical workstation. The experimental medium was 3.5% NaCl solution, and it was made
of analytical reagent and distilled water. The solution temperature was maintained at
25 + 1 °C. The electrochemical tests were performed by a three-electrode system. The auxil-
iary electrode was a Pt electrode, the reference electrode was a saturated calomel electrode,
and square samples with the working area of 0.5 cm?, mechanically polished to 0.5 um,
were the working electrodes. To achieve a steady state and gain open circuit potential
(OCP), the working electrode (sample) had been tested over time during 30 min. When the
polarization curve was tested, the scanning started at 0.5 V below the corrosion potential,
and the scanning rate was 0.333 V/s. When the current density reached 20 mA / cm?, the
test stopped. The scanning frequency range of electrochemical impedance spectroscopy
(EIS) was from 10 mHz to 10 kHz, and the amplitude of the sinusoidal excitation signal
was 10 mV. Each test was repeated three times for the reliability of the experimental data.
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3. Results and Discussion
3.1. Macroscopic and Microstructure Observation

Figure 3 shows the macroscopic morphology of additive manufactured samples. The
sedimentary structure of samples can be seen. Samples 1, 2, and 4 had a smooth and
straight appearance. The height of the single layer deposit in sample 3 was higher, and
sample 3 had a rougher surface related to its production process.

Figure 3. Macroscopic morphology of additive manufactured samples; (a—d) is sample 1, 2, 3,
and 4, respectively.

Figure 4 shows the microstructure of samples. Figure 4a,b shows the microstructure of
(345 and 308, respectively. The microstructure of Q345 wire-arc additive manufacture was
primarily ferrite and pearlite. The microstructure of 308 wire-arc additive manufacturing
was mainly y austenite and 0-Fe ferrite. The growth direction of 3-Fe ferrite was parallel to
the deposition direction—namely, the heat flow direction. The morphology of ferrite was
dendritic and wormlike. This was consistent with the findings of S.Y. [18]. The dendrites
solidified in the direction closest to the temperature gradient when the molten pool was
solidified. The heat flow direction was mainly along the deposition direction when the
layer was deposited. Therefore, the direction of the dendrite was parallel to the deposition
direction [19,20]. Figure 4c shows the microstructure of double-wires additive manufacture
sample 3. The two feeding wires fused together, and there was no interface between Q345
and 308 steel. When the two alloys with different compositions were mixed and remelted,
the original equilibrium state of the alloy was disrupted. The system was chaotic, and
many crystal nuclei were generated. Moreover, due to the rapid cooling rate, the crystal
could not grow, which resulted in the fine microstructure and many sub-crystal bound-
aries. Figure 4d shows the microstructure of sample 4. The interface between Q345 and
308 stainless steel can be seen, and its microstructure was similar to those of Figure 4b,c.
The microstructure of Q345 at the interface was a gross Widmannstetter structure, and the
interface was metallurgical bonding.
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Figure 4. Optical microstructures of samples. (a) Sample 1: Q345, (b) sample 2: 308, (c,d) sample 3
and 4, respectively.

3.2. Hardness Analysis

Figure 5 shows the curves of hardness (Figure 5a) and average hardness
(Figure 5b) of samples. Regions I, II, and III are the wire-arc additive manufacturing
samples, heat-affected zone, and substrate, respectively. It can be seen that the I average
hardness of sample 1 with Q345 was about 227 HV, and that of sample 2 with 308 was about
238 HV. However, the average hardness values of Q345/308 wire-arc additive manufactur-
ing samples are higher than 470 HV. Figure 5b shows the average value of I regions for each
wire-arc additive manufacturing sample. The average hardness value of the four samples
are 227, 238, 470, and 341 HYV, indicating that the double-wire additive manufacturing
samples have a significant advantage over the single-wire arc manufactured samples in
terms of hardness value. Combined with Figure 4c, it can be seen that the highest hardness
of sample 3 is mainly due to the combined effect of fine grain refinement and subcrystal
boundary strengthening. The hardness fluctuation of samples 3 and 4 may be due to the
continuous heating of the deposition layer, which caused slight development of the delta
ferrite phase due to the facilitation of solute elements redistribution during the additive
manufacturing process [21].
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Figure 5. The curves of hardness (a) and average hardness (b) of samples (I is the arc additive
manufactured layers, II is the heat-affected zone, and III is the substrate).
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3.3. Corrosion Resistance

Figure 6 shows the open-circuit potential (OCP) curve of additive manufacturing
samples in 3.5% wt.% NaCl solution. It can be seen that the OCP of sample 1 and
sample 4 continuously shifted in the negative direction with an increasing immersion
time and achieved its steady-state potential when the immersion time was 1200 s. This
indicates that the working surface of samples was not a spontaneous passivation state
but was an active state. The systems were stable after 1200 s. The OCP of sample 2 and
sample 3 continuously shifted in the positive direction with an increasing immersion time,
and the OCP obtained steady-state potential after about 1100 s. It suggested that the passive
film formed spontaneously on the surface of samples 2 and 3. The steady state potentials
of samples 1-4 were —0.7 V, —0.12 'V, —0.29 V, and —0.56 V, respectively.

0.0

e Sample 1

-0.8 Sample 2
Sample 3
= Sample 4

-1.0 1 1 1 1 1

0 300 600 9200 1200 1500 1800
Time (s)

Figure 6. Evolution of OCP evolution of samples with immersion time in 3.5% NaCl solution.

The potentiodynamic polarization curves of samples in 3.5 wt.% NaCl solution are
shown in Figure 7. Corrosion potential (E.or) and corrosion current density (icorr) are listed
in Table 3.

—&— Sample 1
[ —&— Sample 2
—&— Sample 3
| —¥— Sample 4

0.5

1.0}
15}
10" 10®° 10® 107 10° 10° 10* 10° 102 10"
logi (A-cm™)

Figure 7. Potentiodynamic polarization curves of samples in 3.5 wt.% NaCl solution.
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Table 3. Electrochemical parameters extracted from potentiodynamic polarization curves (Figure 6).

Sample 1 2 3 4
Ecorr (VsCE) —-1.00 —0.24 —-0.82 —-0.92
icorr (A-em™2) 1.14 x 1074 3.92 x 1077 1.81 x 107 5.17 x 1072

The order of Ey+ of samples from high to low was sample 2, 3, 4, and 1. The order of
the icorr from small to large was the same as that of E.+ from high to low. The corrosion
potential of sample 2 was the highest, and the corrosion current density was the lowest,
indicating that the corrosion resistance of sample 2 was the best. The listed data also
showed that the corrosion resistance of sample 1 was the worst. The corrosion resistance
of sample 3 and sample 4 manufactured by Q345 and 308 feeding wire was between
sample 1 and sample 2. The corrosion resistance of sample 3 was better than sample 4
because the two kinds of feeding wire were completely fused, its microstructure was
uniform, and there was no obvious interface.

Figure 8 shows the impedance spectra, which are presented in both Nyquist and Bode
plots. Figure 8a,c correspond to the Nyquist plots of samples 1, 3, 4, and 2, respectively.
The Nyquist plots revealed capacitive arc characteristics of the samples. The corrosion
resistance of samples was related to the diameter of the semicircular arc. The larger the
diameter was, the better the corrosion resistance of samples [22]. Figure 8a,b corresponds
to the Nyquist and Bode plots of sample 1, 3, and 4, respectively. It seems sample 1 had
the best corrosion resistance among the three samples, which is inconsistent with the
results of potentiodynamic polarization. This needs to be combined with polarization
curves and SEM analysis to be further discussed. The diameter of the capacitive semi-arc
of sample 4 was lower than that of sample 3, indicating inferior protection provided by
the passive film formed on sample 4 [23]. These results are consistent with the results
of potentiodynamic polarization in Figure 7. Compared with Figure 8a, it can be seen in
Figure 8c that the diameter of sample 2 had the largest semicircular arc among the four
samples, which means that sample 2 had the best corrosion resistance. In the Bode diagram,
sample 2 displays a high phase angle maximum, which indicates that the passive film
formed on sample 2 had a better protective capability. Compared with the other three
samples, sample 2 had the highest corrosion resistance. The finding is consistent with the
results of potentiodynamic polarization.

80 80 -60
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2 4
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Figure 8. Nyquist and Bode plots of samples. (a,b) corresponds to the Nyquist and Bode plots of
sample 1, 3, and 4, respectively, (c,d) the Nyquist and Bode plots of sample 2, respectively.
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Equivalent electrical circuits were employed to analyze the EIS data of the samples.
Figure 9 shows the equivalent circuits (EC) of samples. The EC of sample 1, 3, and 4
were composed of a capacitor and an impedance, respectively. The EC of sample 2 had
two capacitors, indicating that sample 2 had a larger capacitive arc and better corrosion
resistance. This conclusion is consistent with the above analysis.

(a) Rs CPEI (b) rs CPE1
) 2 >4
Ret L Ret CPE2
)—
Ra Ra
(€) c1 (d) s c1
—F—+—i I
Ret L Ret L
Ra Ra

Figure 9. The EC were used for fitting the impedance data of samples; (a—d) are samples 1, 2, 3, and
4, respectively, after the electrochemical test.

Table 4 lists the fitting values obtained from the proposed equivalent circuit model in
Figure 9. In the equivalent circuit, Rs, Q4q1/Cq1, Qa, Ret, Ra, and L are the solution resistance,
the double layer capacitor, the membrane capacitance, the charge transfer resistance, the
membrane resistance, and the inductance impedance, respectively. The factor n is a CPE
power, and it is an adjustable parameter from 0.5 to 1. The R, value of the corrosion
product film formed in the corrosion process is related to the compactness of the corrosion
product film. The larger the R, value is, the thicker the corrosion product film is, the better
the compactness is, the higher the protection degree of the material is, and the better the
corrosion resistance of the material is [24]. The value of R, in order from larger to smaller
was samples 2, 1, 3, and 4, indicating that sample 2 had the best corrosion resistance among
the four samples. This is consistent with the value of is+ obtained in Figure 7 and Table 3.

Table 4. Calculated values of EC components in Figure 8.

Sample Rs Qa/Ca n Qa n Rt R, L
1# 401  1.08 x 1073 0.78 — — 55.91 22.71 5.59
2# 457 317 x107° 057 887x10° 091 1.21 2.57 x 104 —
3# 544 456 x 107° — — — 427 5.78 0.2
44 411  6.60 x 107° — — — 487 0.71 0.04

Rs—the solution resistance; Qq;/Cqi—the double layer capacitor; Q,—the membrane capacitance. R+—the charge
transfer resistance; R,—the membrane resistance; L—and the inductance impedance.

Figure 10 shows SEM images of corrosion products formed on the surface of samples
after corrosion in 3.5% NaCl. From Figure 10a, it can be seen that there was a layer of
corrosion product film on the surface of sample 1. According to EDS test results of point
A in Figure 10a, it can be seen that the atomic ratio of Fe and O in the corrosion product
was close to 2:3, which infers that the corrosion product was mainly Fe,O3. The corrosion
product layer formed on sample 1 surface had shielding and blocking property that gave
the sample 1 surface a more significant impedance. This is why sample 1 had a larger
impedance arc. The impedance of the system increased with the increase in oxide film.
Cui et al. observed similar results of impedance with oxide film [25].

Figure 10b shows that the corrosion in sample 2 of 308 stainless steel WAAM was
mainly pitting corrosion and local corrosion in 3.5% NaCl solution because the chloride
ion is sensitive to pitting corrosion. Figure 10c shows that the surface of sample 3 was
smooth after electrochemical corrosion. After amplification, it can be seen that the corrosion
cracked in the grain boundaries and that it was due to uniform corrosion. The EDS of the
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B point shows that there were Cr and Ni elements in sample 3. The corrosion morphology of
sample 4 is shown in 10d; the side of 308 stainless steel was smooth, and there were granular
corrosion products and corrosion cracks on the right. The preparation process determined this
result. There was an obvious interface in the middle.

Element At.%(A) At.% (B)

Cc 8.81 6.62
O 56.64 3.50
S1 0.44 /

Mn 0.58 1.55
Fe 33.53 77.56
Ni / 2.58
8.57

X188 108um 8272 11 48 SEI

e

2ok _gfodan g &

X188 18@8nm 0273 11 48 SE!

Figure 10. SEM images of corrosion products formed on the surface of samples 1, 2, 3 an 4 after
corrosion in 3.5% NaCl. (a-d) are samples 1, 2, 3, and 4, respectively.

Figure 11 shows the distribution of elements near to the interface. The comparative
analysis of Figure 11a,c shows that the content of Fe decreased after corrosion, which
indicates that Fe was dissolved as an anode. Due to the structural fluctuation, energy fluc-
tuation, and compositional fluctuation at the interface during the additive manufacturing
process, Cr and Ni elements diffused from the 308 side onto the Q345 side [26-28], resulting
in improved corrosion resistance on the Q345 side. The Cr element is the most critical and
decisive alloying element in duplex stainless steel. It can form a dense and stable Cr,O; film,
which can prevent the infiltration corrosion of the medium on the metal matrix and play a
role in the corrosion resistance of duplex stainless steel [29]. Cr and Ni can also improve the
electrode potential and electrochemical corrosion resistance of iron-based solid solutions.

100
—a—C
(ONmw— =
80 F —a—Cr
—=—C —v—Mn
—e—Si 10 —+—Fe
—~60 f 308 steel 345 steel +—Cr ——Ni
£ —v—Mn F
< —+—Fe =
34“ L ——Ni =
60pm
20F L
L 1

( ) 308 steel ————
c + 4+
’—-v-_,_,\— 60;1;1.1
—=—C
60 - —»—0
= —a—Si
S ——Cr
S 40 —«—Mn
= ——Fe

0 50 100 150 200 0 50 100 150 200
Distance (pum) Distance (um)
Figure 11. Element distribution curve near to the interface; (a) is the element distribution before
corrosion, and (b) is the partial curve amplification of Figure 10a. Accordingly, (c,d) is the element
distribution curve after corrosion.



Crystals 2021, 11, 1401 10 of 11

Through the above comprehensive analysis, the corrosion resistance of sample 2 was
the best, followed by samples 3, 4, and 1.

4. Conclusions

(1) The Q345/308 bimetallic material parts were fabricated by wire-arc additive manufac-
turing. Its microstructure depended on the process. When the feeding wire mode was
horizontal parallel wire feeding, its microstructure was fine and had many sub-crystal
boundaries, and there was no apparent interface between Q345 and 308. When the
feeding wire mode was upper and lower interval wire feeding, it had an obvious
interface. The average hardness of bimetal wire additive was higher than that of
single wire-arc additive manufacturing.

(2) The corrosion resistance of bimetal wire Q345 /308 wire-arc additive manufacturing
was better than that of Q345. Pitting corrosion had been improved with Q345 and
308 bimetallic additive manufacturing.
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