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ABSTRACT

Wire-arc additive manufacturing (WAAM) is a promising method to produce many functional
components in different industries. In this method, the welding wires from the feedstock are melted by
arc discharge and deposited layer by layer. Other welding wires having different chemical compositions
can also be added to the top of the previously deposited layer by replacing the feed wire from the stock
to produce bimetallic components. This study investigated the feasibility of using robotic wire arc
additive manufacturing technology to produce a bimetallic cutting equipment. The bimetallic cutting
equipment was produced by depositing MSG 6 GZ-60 hard-facing welding wire on top of the austenitic
stainless-steel wall produced with ER 316LSi solid wire. The cutting-based equipment requires an
increased abrasion resistance with the combination of ductility to provide adequate equipment life and
performance. Thus, detailed microstructural analysis and hardness tests were conducted to understand
the general microstructural characteristic of the manufactured cutting equipment, including interfaces
between two different materials.

Keywords: Metal Additive Manufacturing, Wire Arc Additive Manufacturing, Cutting Equipment,
Bimetallic Structure.

1. INTRODUCTION be used in many industrial fields with their
It is well-known that metal additive functional properties in addition to weight-gain
manufacturing technologies provide tailor- and cost reduction, including aerospace,
based structures to produce various 3D marine, and automotive applications [3-5].
components in the industry [1]. The joining of

two metallic materials with different Wire or powder-fed technologies are the two
mechanical properties can provide many main direct energy deposition (DED)
functionally  graded materials  (FGM). techniques to build homogeneous metallic
Bimetallic additively manufactured structures components of various structural alloys or
(BAMS) are the most preferred functionally bimetallic components and some review papers
graded materials for industrial purposes [2]. discuss metal additive manufacturing methods
These structures have two metallic parts with including wire arc additive manufacturing
complementary physical and mechanical (WAAM) [6-7]. Many additively manufactured
properties, such as hardness and corrosion bimetallic structures have been fabricated via a
resistance  capabilities.  Using  additive laser-based  powder-fed  direct  energy
manufacturing techniques to produce bimetallic deposition process [8-9]. However, WAAM
components is a promising fabrication process technology is settled in many research centers
to improve industrial components' physical and with low system setup costs, extensive wire-
mechanical properties. These components can feedstock options, and medium/large-scale
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component fabrication capabilities [10-11].
Thus, industrial robot welding technologies
with gas metal arc welding (GMAW), gas
tungsten arc welding (GTAW), or plasma arc
welding (PAW) are utilized to build WAAM-
based large-scale components with different
wire-feedstock in various industrial
applications [12-13]. Moreover,

Nickel and stainless steel-based wire feedstock
are widely used for bimetallic structures [14-
16]. Among the bimetallic structures, cutting
equipment (with wear-resistant cutting edges)
related to bimetallic components is one of the
significant industrial applications. With their
physical and mechanical performance, these
bimetallic structures offer cost-effective long-
term protection against wear and erosion and
hence have longer service life or less repair and
maintenance. Hence, the present study explored
the feasibility of WAAM technology in
manufacturing bimetallic cutting equipment.

2. MATERIAL AND METHOD

To produce a bimetallic cutting equipment, the
OTC Daihen FD-B6L manipulator was used as
a robot arm with GeKaMaC Power MIG WB
500L synergetic welding machine as a power
supply. The integrated robotic WAAM cell
consists of the welding robot, welding machine,
welding wire, and temperature monitoring
systems having a pyrometer and thermal
camera. A cleaver is a cutting equipment that
needs to have a sharp cutting edge with
corrosion resistant body. In addition, this
bimetallic structure is expected to provide high
hardness values with sufficient ductility. Thus,
a bimetallic equipment has been produced using
two different filler materials: GeKaTec 600 G
(MSG 6 GZ-60 acc. to DIN 8555) hard-facing
solid wire and GeKa ELOX SG 316 L Si (ER
316LSi acc. to AWS Ab5.9) austenitic stainless
solid wire. As described in DIN 8555, the MSG
6 group alloy is mainly used in cutting tools,
blades of shears, and rolls for cold rolling mills
due to its high carbon content leading to high
hardness values over 500 HB [17]. The WAAM
cell used in this study is shown in Figure 1.

The chemical compositions of the ER 316LSi
and MSG 6 GZ-60 are given in Table 1. The
S355J2-N low-alloyed steel with dimensions of
350 mm X 150 mm X 12 mm was used as the
substrate material. The diameter of all solid
wires selected for the experiment is 1.2 mm.
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The most outstanding feature of the WAAM
process is that it can be produced close to near-
net shape. Therefore, the robot is programmed
according to the cleaver shape. While
programming the robot tool paths, the torch was
kept perpendicular to the direction of movement
(90°) on the deposited part to prevent macro and
microstructural defects caused by different heat
dissipation. The initial order of the applied wall
was changed in each layer at the beginning and
end of the deposited wall, as shown in Figure 2.

OTC DAIHEN

Gedik Kgﬁ

Gedik Welding |
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Figure 1. The robotic WAAM cell used to
manufacture bimaterial cleaver

A total of 65 layers were deposited while
manufacturing the WAAMed part. A stainless
steel wire (ER 316LSi) with 18%wt Cr and
11%wt Ni content was used to deposit first 55
layers. The hard-facing wire was used in
depositing the last ten layers on top of the
stainless material. The stainless-steel section
was processed with the arc current of 110 A
with a voltage of 15 V and scanning speed of 40
cm/min, and then the hard-facing wire was
directly deposited on top of the ER 316LSi
section with a 100 A with the voltage of 18 V
and scanning speed of 40 cm/min. The selection
of the shielding gas composition has great
importance due to the influence on the heat
transfer in the welding zone. The gas mixture
containing 97.5% Ar + 2.5% CO; and 82% Ar
+18% CO, mixture of shielding gas atmosphere
having a flow rate of 15 .min™* were used as
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shielding gas for austenitic stainless steel and
hard-facing wire, respectively.

Table 1. Chemical compositions of the welding wires (wt.%).

C Si Mn S Ni Cr Cu Mo
ER 316LSi 0.02 0.95 1.80 0.031 0.010 11.18 18.07 0.20 2.01
MSG 6 GZ-60 0.45 2.78 0.37 0.017 0.001 0.10 8.95 0.05 0.01
Molten pool
Substrate
Clamp
Platform
Figure 2. The toolpath orientation used in the study.
Table 2. Process parameters used during the deposition.
Process parameters Units ER 316LSi MSG 6 GZ-60

Current A 110 100

Voltage \% 15 18

Wire diameter Mm 1.2 1.2

Moving speed cm/min 40 40

Torchning angle Degree 90 90

Shielding gas - 97.5 Ar + 2.5 % CO2 82 Ar + 18 % CO2
Gas flow rate I/mm 15 15

As stated in the previous study [14], heat
accumulation increases in the WAAM process
resulting in local differences in microstructural
and mechanical properties, leading to
inhomogeneous material properties. Moreover,
as the previous layer is preheated, heat can
accumulate throughout the building during
layer-by-layer production [18]. Wu et al.
explained that with the increase of heat
accumulation in part produced by the WAAM
method, the width of the weld seam also
increases due to the changing form of heat
transfer during layer-by-layer production [19].
Thus, the WAAMed cleaver was additively
manufactured using a dwell time of 120 seconds
between each layer to minimize the effect of
heat accumulation. The process parameters in
the WAAM process are summarized in Table 2.

X-Ray radiographic inspection was performed
on the bimetallic component to reveal any
indication of the presence of defects between
the layers that may have resulted during the
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deposition process. The Vickers hardness and
metallographic samples were taken from the
end of the WAAMed cleaver. Standard
metallographic methods, including grinding,
polishing, and etching, were applied to obtain
phase contrast between the layers to hard facing
and stainless-steel side, using a 10% NaOH
solution and 3% Nital, respectively. The ARL
OES 8860 optical emission spectrometer was
utilized to perform chemical analyses. The
macro and microstructural characterizations
along the building direction, including the
bimetallic interface, were performed using the
Leica DMi8 optical microscope. Finally,
Vickers hardness tests were conducted using
Struers DuraScan G5 in the transversal section
of the WAAMed component.

3. EXPERIMENTAL RESULTS

Bi-material cutting equipment, represented as a
cleaver, shown in Figure 3, is manufactured
using two different solid wires, AWS ER
316LSi and MSG 6 GZ-60; the latter is a hard-
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facing wire to play a role of a cutting edge. The
literature research showed that this is the first

ever manufactured bi-material cleaver using
WAAM technology with two wires.

A AL YR S AT

G ye

Figure 3. The general view of bi-material cleaver manufactured using WAAM technology and two different wires:
a) as-printed, b) as-machined, ¢) macro structure of the cross-section of total 65 layers using two different wires.

The macro-section of the deposited layers is
also shown in Figure 3, which exhibits rather a
successful deposition of a total of 65 layers
using stainless steel and hard-facing wires. The
macro-section was also used to conduct detailed
characterization work of the microstructures
and interface area between two materials.

Two different temperature data were collected
from the substrate surface and WAAMed
cleaver during deposition. These are measured
local and full-field temperature data. Figure 4
shows the regional temperature variation
measured at a fixed spot of the pyrometer 2 mm
away from the substrate during the deposition
of the 1st to 20th layers. The temperature curve
is composed of a series of peaks showing the
development of temperatures in the part. The
peak temperatures were higher for the first
couple of layers, then decreased gradually with
the proceeding layers, and finally kept stayed
stable below 200 °C after 15 layers. The
increase in layers during deposition causes a
change in the heat transfer behavior of the build-
up part. In the first layer, the heat is intensely
transmitted to the cold substrate via conduction,
then transferred to the atmosphere through
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radiation and via convection with increased
layers. Finally, as the number of layers
increases, heat transfer (heat loss) to the
substrate becomes less, while heat transfer to
the atmosphere by radiation and convection
becomes more efficacious [20].
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Figure 4. The temperature variation of the substrate
during the deposition of first 15 layers, showing that
heat transfer to the substrate plate decreases as the
numbers of layers increases.

The temperature monitoring of the whole
WAAM part was conducted to register the
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thermal history of the part during
manufacturing, as shown in Figure 5. Knowing
the experienced heat cycles and peak

Figure 5. The temperature v

The elemental mapping obtained from the
interface of the bimetallic cleaver is shown in
Figure 6.
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Figure 6. The elemental mapping of interface of
bimetallic cleaver.

The results indicate the occurrence of elemental
diffusion, resulting in a mixing zone composed
of ER 316LSi and MSG 6 GZ-60. The decrease
in Cr, Ni, and Mo amounts was observed at the
ER 316LSi side of the interface, while the Fe
and Cu increased. The mixing zone's width
changed with the layers' overlap configuration
and was found between 3.5 — 4 mm, indicating
considerable dilution between these two
materials.

1 670.9
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temperatures is essential to control the process
parameters to obtain homogeneous

microstructural development.

fentire part during the deposition

The microstructures in each section were
characterized and depicted in Figure 7. The
Schaeffler diagram is the most used diagram to
estimate the o-ferrite content in the final
microstructure of corrosion-resistant steel with
carbon content up to 0.25% after welding [21].
The chromium (Creq) and nickel equivalent
(Nieq) were calculated as 21.5 and 12.7,
respectively, having a ratio of Creg/Nieq of
1.69. Under the equilibrium state of
solidification conditions, this ratio leads to have
a ferrite-austenite solidification, in which 6-
ferrite is the leading phase, and austenite (y) is
the second phase [22-23]. This is consistent
with the experimental findings from Figure 7,
where the various d-ferrites morphologies (dark
region), such as skeletal, lathy, etc., occurred in
an austenite matrix (light area) at the ER 316LSi
side. However, due to the high carbon and
chromium content, the top of the bimetallic
structure (where the hard-facing wire was used)
was characterized as a martensitic matrix with
carbides along the grain boundaries. Special
attention was given to the characterization of
the bi-material interface microstructure since
this interface may exhibit local microstructure
that may be considered critical for the structural
integrity and reliability under the loading of the
cutting blade. The investigated interface regions
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showed excellent bonding between the two
materials. No micro-pores and cracks were

P S

Building direction

RS FR R N e A AR T S X -
Figure 7. The optical micrographs of the microstructures of the bimetallic cleaver WAAM part show different

found at the interface as shown in Figure 7b and
Figure 7d.

p—————

parts. Note the interfacial region between two materials in two magnifications, Figure 6b and 6d

A hardness testing on all parts of the bimetallic
structures is usually performed to evaluate local
variations in the materials’ properties which
may influence the joint’s strength and structural
performance. Therefore, the Vickers micro-
hardness test was carried out to characterize the
mismatch between materials and across the
interface. The hardness values obtained along
the building direction are shown in Figure 8.
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Figure 8. The hardness variation of the bimetallic
cleaver (chopping-cleaver) material along the
building direction.

The manufacturer specifies the hardness of
hard-facing wire as 55-60 HRC, which is also
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equal to about 596-699 HV [24]. The stainless-
steel side of the bimetallic cleaver was
measured as 187 £ 5 HV, showing relatively
stable hardness results along the build-up
direction until the interface, where the hardness
increased suddenly, as expected. This sudden
increase could be attributed to dilution from the
hard-facing side, resulting from elemental
segregation (Figure 6). Han et al. [25] also
reported similar results for the bimetallic
structures manufactured with low alloy steel
(ER80S-G) and a hard-facing material (MF6—
55GP). Moreover, the average hardness of the
hard-facing side started from 2 mm away from
the interface and was measured as 600 + 20 HV.
The tempering due to thermal cycling resulted
in hardness deviation ranging between 563 HV
(as transition region) and 625 HV on the hard-
facing side.

The hardness survey of the WAAM material
shows that this technology can be used to
manufacture hard cutting-edge or zone of high
resistance to wear. Furthermore, this means that
WAAM can successfully be used for the
functionalization of the parts where higher or
different structural performance is required
from the region.
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4. CONCLUSIONS

In this work, a bimetallic component having a
total of 65 layers has been additively
manufactured to obtain a bimetallic cleaver
having high hardness values at the sharp edge.
Results showed that a defect-free bi-metallic
cleaver with sound microstructure was obtained
usingg WAAM technology, including the
interface. As a result, the hardness value
gradually increased from the ER 316LSi to
MSG 6 GZ-60 and reached over 600 HV.
Furthermore, the sharp edges of the bimetallic
cleaver were obtained successfully with
machining.

This research work demonstrated a new route
for manufacturing bimetallic structures and
provided more flexibility for designing cutting
equipment with site-specific properties for
specific structural or functional applications. In
the future, special cutting equipment having
high corrosion and wear resistance in extreme
conditions will also be developed using metal-
cored welding wires as a feedstock of the
WAAM process instead of solid welding wire
to have more design opportunities in arranging
the chemical composition with small batches.
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