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Abstract: This study observed the effect of filler metal type on mechanical properties of NAB (NiAl-
bronze) material fabricated using wire arc additive manufacturing (WAAM) technology. The selection
of filler metal type is must consider the field condition, mechanical properties required by customers,
and economics. This study analyzed the bead shape for representative two kind of filler metal types
use to maintenance and fabricated a two-dimensional bulk NAB material. The cold metal transfer
(CMT) mode of gas metal arc welding (GMAW) was used. For a comparison of mechanical properties,
the study obtained three specimens per welding direction from the fabricated bulk NAB material. In
the tensile test, the NAB material deposited using filler metal wire A showed higher tensile strength
and lower elongation (approx. +71 MPa yield strength, +107.1 MPa ultimate tensile strength, —12.4%
elongation) than that deposited with filler metal wire B. The reason is that, a mixture of tangled
fine « platelets and dense lamellar eutectoid o« + kyp structure with B’ phases was observed in the
wall made with filler metal wire A. On the other hand, the wall made with filler metal wire B was
dominated by coarse « phases and lamellar eutectoid « + ky structure in between.

Keywords: WAAM (wire arc additive manufacturing); NAB (Ni-Al-Bronze); mechanical properties;
filler metal type; intermetallic compound

1. Introduction

Nickel aluminum bronze (NAB) alloys are commonly used in shipbuilding and marine
engineering parts due to their excellent corrosion resistance and mechanical properties [1].
NAB alloys are copper-based quaternary alloys that generally contain aluminum, nickel,
and iron (8-12 wt. % aluminum, 3-6 wt. % nickel, and iron) [2].

NAB alloy has a two-phase microstructure an equilibrium fcc « phase and a high-
temperature bcc 3 phase. NAB alloys increase mechanical properties because when nickel
and iron are added to the copper-aluminum alloy, several intermetallic k phases are
precipitated between « and 3 phases [3]. In addition, the low manganese content (max.
3.5 wt. %) of commercial NAB alloys has the advantage of improving the casting ability
and stabilizing the microstructure [4,5]. NAB alloys are mainly used for marine propellers,
pumps, and valves of huge ships and marine plants due to superior corrosion resistance
and mechanical properties compared to general Cu-based alloys [6-9].

The 3D printing process refers to additive manufacturing (AM), in which 3D objects
are manufactured by depositing materials based on 3D computer-aided design (CAD)
information [10,11]. The first-generation 3D printing equipment is a commercial 3D system
rapid prototyping machine, it is developed in the late 80 s, and various 3D printing
machines such as powder bed fusion (PBF) processes and binder jetting (B]) method have
been developed since the 90 s [12]. One of the AM processes, direct energy deposition
(DED) is deposited by melting a powder or solid filler metal using a heat source such as an
electron beam, arc, or plasma [13]. Recently, CO; lasers, Nd:YAG lasers, Yb-fiber lasers, and
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excimer lasers are extensively used as 3D printing sources due to which bring great benefits,
such as energy-saving, less material consumption, and efficient production [14,15]. Wire-
arc additive manufacturing (WAAM) is one of DED process that uses the conventional gas
metal arc welding (GMAW) process as a heat source to deposit solid metal filler wires [16].

WAAM has the advantages that handling of commercial filler metal because com-
mercial arc welding equipment can be used [17]. In the GMAW processes, there are no
limitations on the size of parts that can be manufactured because there is no need to work
inside the chamber due to the shielding gas provided by the welding gun. It also has a
faster deposition rate, larger bead size, and higher modifiability compared to the powder
process [18,19]. In addition, it is possible to minimize material loss by depositing weld
bead according to the part design, and because the manufacturing speed is faster compared
to the existing mold-making process, the processing time can be shortened [20,21]. For this
reason, additive manufacturing (AM) has a competitive advantage to replace traditional
processes in even strict industries such as aeronautical and automotive [22].

Recently, the application of WAAM has been expanded to fabricate propellers using
bronze alloys, brass alloys, etc. Dong et al. [23] evaluated the microstructure and mechanical
properties of additive-manufactured NAB alloys and cast NABs and then confirmed that
functional NAB alloys could be manufactured through WAAM. Jisun Kim et al. [24]
compared the shape of a single bead according to welding conditions through WAAM and
compared and analyzed the mechanical properties (tensile, yield, elongation, hardness,
impact, wear) of the cast NAB alloy and the deposited NAB alloy. However, to expand the
applicability of the NAB alloy to the WAAM process, it is necessary to analyze the NAB
material made with WAAM. In general, when using GMAW to manufacture a product
with WAAM, the quality of the product is determined by the GMAW parameters, and the
typical parameters are welding current, welding speed, welding voltage, filler metal type,
and shielding gas [25].

In particular, in the case of the WAAM process, appropriately selection should be
done according to the application, mechanical properties required by customers, and
economics, because of filler metal are vary. The main role of the filler metal is joining the
materials but greatly affects the WAAM product mechanical properties and quality due
to each filler metal has different properties (wire type, chemical composition, strength,
and diameter), which affect the output results from the welding Thus, care should be
taken when selecting the filler metal for the WAAM process. In this study, compares the
mechanical and metallurgical properties of two-dimensional NAB walls deposited using
different commercial filler metals. First of all, deposited wall condition and inner defect
for two kinds of filler metal with visual inspection and X-ray are analyzed. In addition,
mechanical properties according to filler wire type was performed with direction of test
piece production. The microstructure and fracture morphology analysis are performed to
discuss in depth with supporting evidence differences in mechanical results.

2. Materials and Methods

In this study, the substrate is C95800, with dimensions of 150 mm (D) x 250 mm (H)
x 15 mm (T), as defined in ASTM B 505. For the deposition experiment, two kinds of filler
metal were used to prepare the deposits: ERCuNiAl (wire A) and CuAl9Ni5Fe3Mn2 (wire
B). The chemical composition of materials and filler metals is shown in Table 1. A cold
metal transfer (CMT) welding machine (TPS 4000, Fronius, Australia) and the robot motion
system (KR60HA, Kuka, Germany) were used with a synergic number of 1712 (CuAl8-CMT
mode). Figure 1 shows the configuration of the robot system and the GMAW machine used
in the experiment. In a CMT welding machine, the synergic number should be selected
according to material type, filler metal diameter and type, and the ratio of shielding gas
and be selected welding conditions by welding wire feed rate. WAAM'’s process using
GMAW has the same input parameters as the general GMAW welding process, but it
requires additional interlayer distance for bead deposition and a path to implement the
part shape [26].
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Table 1. Chemical compositions and mechanical properties of materials (wt. %)

Composition [wt. %]

Alloy Al Ni Fe Mn Cu
CAC703 (Substrate) 8.5—10.5 3.0-6.0 3.0-6.0 0.1-1.5 78.0—85.0
ERCuNiAl (Wire A) 85-9.5 4.0-55 3.0-5.0 0.6—3.5 Balance
CuAIl9Ni5Fe3Mn2 (Wire B) 9.0 4.5 35 1.0 Balance

Motion system l
s | (KR 60HA )

Welding machine

Shielding gas
(TPS 4000) L :

Welding table §

Figure 1. Wire arc additive manufacturing (WAAM) system adopted in the experiment.

Figure 2 shows the schematic diagram of the WAAM process using GMAW. A zig-
zag travel direction was used to prevent bead droop at the start and end positions. As
shown in Table 2, this experiment used a contact tip to work distance (CTWD) of 15 mm,
100% Ar shielding gas with a flow rate of 20 L/min, and a torch angle of 90°. The wire
feeding rate was 7.8 m/min, and the travel speed was 0.2 m/min. In CMT welding,
the magnitude of the current and voltage are determined according to the feeding rate
of the filler metal. Because the deposited NAB alloy is anisotropic, its tensile strength
was tested in two directions (welding direction, WD, and transverse direction, TD) and
two angles on samples from each of the two filler metals. Figure 3 shows the specimen
preparation procedures for the tensile test. The tensile specimen was collected by laser
cutting. To analysis the microstructure for NAB alloy, a mixed solution of 100 mL HNO3
+ 100 mL alcohol was selected as the etching agent. The microstructure of the specimens
was analyzed using an optical microscope (OM) and scanning electron microscopy (SEM).
Tensile tests for three specimens were performed at room temperature at each condition,
with cross head speed of 10 mm/min.

———

Travel Torch
direction
Deposition I

direction / CTWD
/ ARC

Figure 2. Schematic illustration of experimental variable.
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Table 2. Deposition parameter of the experiment.

Wire Feeding Rate Travel Speed CTWD * Deposited Distance Deposition Torch Angle Shielding Gas
(m/min) (m/min) (mm) (mm) Direction ©) (L/min)
20
7.8 0.2 15 100 ZIG ZAG 90 (Ar 99.99%)

* CTWD: Contact Tip to Work Distance.

Figure 3. Schematic illustration of tensile strength test specimen location; (a) welding direction (x-y
axis), (b) transverse direction (x-z axis).

3. Results and Discussion
3.1. Deposited Material

Figure 4 shows a 100 mm long and 100 mm high wall deposited with various types
of filler metal. Since the molten metal is solidified during the deposition process, strong
dendrites are formed around small nuclei, causing metal anisotropy, which is determined
by the deposition direction [27,28]. Wei [29] reported that in the deposition process using
arc welding, the dendrites were determined by the deposition direction, and the bead
shape and the surface condition of the beads were similar after deposition. The deposited
walls were made uniformly, but there were lateral collapses at the start and endpoints of
some layers of both walls. Typically, this is due to excessive heat sinks, heat input, cooling
rates, or molten metal in the weld pool [30,31]. It can also be caused by errors such as mis
teaching, manual teaching, and arc end delay time. The reason why the bead collapsed
at the start and endpoints in this study is due to the lack of consistency of the welding
start position by manual welding. However, from the perspective of the WAAM process,
the collapsed bead is cut by processing to make the final product, so it is not important
in terms of product precision. In general, evaporated wall parts have defects such as
internal voids due to rapid solidification and shrinkage, which should be noted because
mechanical properties such as tensile strength, fatigue performance and impact resistance
are affected [32].

Figure 5 shows the X-ray 3D CT analysis of deposited NAB components. Defects in
the deposited wall components, such as internal voids or cracks, were not observed. Other
typical defects, such as portions of un-melted wire stuck to WAAM component walls, or
large distortions due to heat accumulation, also were not observed [33].

3.2. Mechanical Properties

The visual inspections and X-ray results confirmed that the dimensions of the de-
posited walls were similar for both types of filler metal wire. To compare the mechanical
properties of the deposited walls according to filler metal type, a tensile test was con-
ducted. Figure 6 shows the strength testing results. Because the deposited NAB material
is anisotropic, the strength test of the deposited NAB materials was performed in two
directions and two angles on each of the two filler metals. These two directions are divided
into type WD and type TD, samples from both wire types had better mechanical properties
than the initial cast material (590 MPa). No direction-dependent effects were observed.
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However, the strength and elongation differed depending on filler metal type. For the
deposited NAB components using wire A, the average tensile strength was 777.6 MPa +
12.5 MPa, the average yield strength was 418.9 MPa =+ 10.6 MPa, and the average elongation
was 30%, regardless of the direction and angle.

()

Figure 4. Additively-manufactured NAB components and 3D X-ray analysis; (a) isometric view

(b) top view (c) side view.

Deposited wall ‘. Deposited wall

Depos

4
direction Substrate | | directifn Substrate ‘

(a) Wire A (a) Wire B

Figure 5. 3D X-ray of additively-manufactured NAB components (a) wire A; (b) wire B.
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Figure 6. Comparison of tensile properties in the WAAM-fabricated NAB (a) wire A; (b) wire B.

The deposited NAB components using wire B showed an average tensile strength
of 663.9 MPa & 12.9 MPa, an average yield strength of 347.06 MPa & 11.7 MPa, and an
aver-age elongation of 42.4%. In this test, the wall deposited using wire A had greater
mechanical strength, and less elongation, than that of the wall deposited using wire B. The
result that the mechanical properties of the deposited NAB vary depending on the type of
filler metal is a very important factor in the actual structural design. In other words, it is
very important to set the filler metal that meets the required conditions when designing
the actual structure.

3.3. Microstructure of Deposited NAB Wall Components

Microstructures were analyzed to determine reasons for changes in mechanical prop-
erties such as strength and elongation. Figure 7 is a macro photo of a cross-section showing
a high-density NAB alloy wall deposited with wire A. Figure 7a shows an overall image
of the deposited wall. I confirmed that it was formed quite evenly. Figure 7b shows a
representative microstructure of the deposited area. The deposited walls are organized in
the following order: weld zone (WZ)—CGHAZ (coarse heat affected zone)—FGHAZ (fine
heat affected zone)—ICHAZ (inter critical heat affected zone) formed by reheating—weld
zone. Mainly widmanstitten « and very fine martensite (dark areas) were observed.

Figure 7c shows the heat affected zone (HAZ) and WZ zone found in the first layer
bordering the substrate (cast NAB). The microstructure has undergone significant changes
in HAZ. In particular, conversion of the eutectic structure to martensite took place in the
region close to the line of fusion between WZ and HAZ. The peak temperature in this
region is higher than the eutectic point and a {3 structure is formed. This was maintained
by rapid cooling and subsequent formation of martensitic structures. The temperature
gradient with distance from the fusion line led to the region of the partially deformed
eutectic structure. These martensitic structures (') are harder than « phase, but are fragile
and susceptible to corrosion and cavitation erosion, which is undesirable [34].

Figure 8 shows the microstructure and EPMA results for the deposited walls made
with wire A. A mixture of tangled fine o platelets and dense lamellar eutectoid & +
structure with B’ phases was observed in Figure 8a. The lamellar eutectoid o + Ky structure
formed with serrated boundaries near « platelets. Additionally, the p’ phases were found
at the grain boundaries of « phases, consistent with the EPMA results. Furthermore, a
larger amount of kyy precipitates were observed than in wire B. These structural features
would have resulted in a fine « grain size and increment of strength [35]. Additionally, a
larger amount of ky; precipitates were observed than in wire B, which could reduce the
ductility of the product. The increase in tensile and yield strength in the product made
with Wire A can be attributed to the finer and more homogeneous solidification structure
(grain boundary strengthening) and the presence of numerous fine kry precipitates. These
microstructural features can be attributed to the large amount of alloying elements in wire
A; it had a greater chance of forming 3 phases, which transformed into B’ + k precipitates
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during the subsequent cooling, rather than dissolving into « phase. The lamellar eutectoid
intermetallic k phase formed as penetrations into « platelets.

Deposition
direction

Substrate

Figure 7. Microstructure morphology in cross-section (y-z plane) of as-fabricated components;
(a) whole profile of the part in cross-section (y-z plane) (b) the middle region; (c) the bottom region.

a 3 a
eutectoid eutéctoid

/
p'

a !
eutectoid

eutectoid
/
p'
/

eutectoid
/
p'
/

(b) wire B

Figure 8. Phase analysis of intermetallic phase and EPMA results on additively-manufactured NAB
components made in (a) wire A; (b) wire B.



Metals 2021, 11, 513

8of 11

It would function as quasi-grain boundaries. Additionally, it could have resulted in
fine o grain size and increment of strength. Figure 8b shows the microstructural features
and EPMA results for the deposited wall made with wire B, dominated by the coarse «
phases interspersed with lamellar eutectoid o + kyyy structure. Varied sizes of kjy and kpy
were precipitated at the grain boundaries and within the grains, respectively. A small
amount of retained 3 was found at the border of the grain boundary of « platelets and
k intermetallics. A small amount of kjj precipitates were observed, which decreases the
ductility. The microstructural analysis and EPMA indicate that the filler metal type affects
the size of « phase and the fraction of the f’and « precipitates. These differences affect the
tensile and yield strength values.

3.4. Fracture Morphology Analysis of Deposited NAB Wall Components

The fracture surface of the transverse tensile test is shown in Figure 9. In both
cases, it was observed that brittle fracture and micro void adhesion were mixed with
elongation of 20% or more in both the fractured surface. The deposited walls mainly
contain widmanstitten «. The fracture surface exhibits the lath structure, and it was
observed that the fracture propagates preferentially along the lath boundary. The fine
dimples on the fracture surface match the microstructure. In the case of the sedimentary
wall made of wire A (Figure 9a), a complex structure dominated by o and B’ phases with
randomly scattered k precipitates was observed, as can be seen from the microstructure
analysis results. An intricately tangled fracture surface is shown in the enlarged image. A
fracture face of the deposited wall made with wire B (Figure 9b) has a comparatively simple
o and o + Ky eutectoid structure with ky; and «py, consistent with the microstructural
analysis results. The fracture surfaces were found to function as an intergranular fracture
mode of the dominant structures. We observed the grain boundaries of « and the location
of the k precipitates initially existed. The results indicate that the different filler metal types
are associated with microstructural differences, such as the size of « phase and the fraction
of the p’and « precipitates, which appear to affect the fracture surface.

B!+ + Ky

AN Fe Ma

Figure 9. Fracture morphology of the tensile sample and EDS analysis results of (a) wire A; (b) wire B.
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4. Conclusions

In this study, the mechanical and metallurgical properties of deposited NAB compo-
nents using WAAM (wire arc additive manufacturing) were identified according to the
wire type, and the conclusions in this research are as follows:

1. A high-density NAB alloy product without defects was produced by the WAAM
process using commercial filler metal. Through visual inspection and X-ray analysis,
it was confirmed that there was no visual difference according to the wire type.

2. The variations in mechanical properties between the wall’s components deposited with
different filler metals type were significant. The deposited components made with filler
metal wire A exhibited higher tensile and yield strength, but less elongation (approx.
+71 MPa yield strength, +107.1 MPa ultimate tensile strength, —12.4% elongation).

3. Through microstructural analysis and EPMA results identified differences in the size
of « phase and the fraction of the " and « precipitates depending on the filler metal
type. The as-fabricated wall made with filler metal wire A exhibited considerably
finer microstructure as compared to that made with filler metal wire B. For this reason,
it was judged that the tensile strength made of wire A was superior to that of wire B.

4. It was considered through this study that it is necessary to select a filler metal wire
that meets the requirements for product manufacturing.
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