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Abstract: In this paper, bimetallic functionally graded structures were fabricated using wire and arc
additive manufacturing (WAAM). The bimetallic walls were built by depositing Si-Bronze and high-
strength low-alloy (HSLA) steel, successively. The microstructural evolution of the built structures,
especially within the fusion zone between the dissimilar alloys, was investigated in relation to their
mechanical properties. The built bimetallic walls showed a high level of integrity. An overall interface
length of 9 mm was investigated for microstructural evolution, elemental mapping and microhardness
measurements along the building direction. Microhardness profiles showed a gradual transition in
hardness passing through the diffusion zone with no evidence for intermetallic compounds. Failure
of the tensile specimens occurred at the Si-Bronze region, as expected. Bending tests confirmed good
ductility of the joint between the dissimilar alloys. Direct shear test results proved a shear strength
comparable to that of HSLA steel. The obtained results confirm that it is appropriate to fabricate
HSLA steel/Si-Bronze FGMs using WAAM technology.

Keywords: wire arc additive manufacturing; functionally graded materials; copper–steel bimetallic
components; pulsed gas metal arc welding

1. Introduction

Intelligent, connected, and decentralized manufacturing plants are being developed
depending on the advances in computational intelligence together with recent develop-
ments in manufacturing technologies so that optimized production flows and higher
efficiencies can be achieved under the umbrella of the fourth industrial revolution (Industry
4.0). As a non-traditional manufacturing approach, additive manufacturing (AM) has a
vital role in Industry 4.0. Among many advantages, the environmental impact of AM is
very impressive as it offers improved sustainability in production systems compared to
traditional manufacturing methods. One of the main purposes of using AM is to accelerate
prototyping and reduce the production time for spare and replacement parts [1–3].

Wire and arc additive manufacturing (WAAM) is a promising technology that uses
wire feedstock and an arc welding power source integrated with a robotic manipulator to
fabricate complex near-net-shape integral metal parts. Compared to alternative AM tech-
nologies, WAAM has the merits of its high deposition rate, lower feedstock material cost,
capability to manufacture medium- to large-scale components, and flexibility to integrate
with subtractive manufacturing technologies, creating a hybrid manufacturing facility [4,5].
Unmanned WAAM workshops can be realized efficiently with the development in the
concepts of Industry 4.0 and Internet of Things [6]. Several studies have been published
regarding online process monitoring and post-processing methods in order to achieve
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the desired dimensions of WAAM-fabricated components [7–9]. WAAM is a versatile
process that can be implemented in manufacturing functionally graded material (FGM)
parts with innovative designs in a cost-effective fashion [10]. FGMs have the ability to
resolve material selection challenges in current industrial applications via customizing
material properties based on application performance demands [11]. FGM parts can be
additively manufactured using a single material with different microstructures between
layers with the process parameters changed during fabrication [12]. Such parts can be built
from a large variety of materials by combining different wires, or even wires with metallic
powders from a separate feeder during a single build [13]. They may be entirely produced
additively by depositing multiple layers of dissimilar metallic materials, or a pre-fabricated
metallic part may act as the substrate for subsequent additive fabrication with a different
metal [14].

Among FGM combinations that can be fabricated using WAAM, copper–steel function-
ally graded bimetallic parts are of major interest in rocket nozzle engines, heat transfer com-
ponents, the cryogenic sector, electric conductors, power generation, and die-casting [11].
When used in die-casting, the high thermal conductivity of copper allows an intense heat
extraction from the castings, which reduces the production times and manufacturing costs
and refines the microstructure by promoting faster cooling rates. Copper and its alloys
offer good wear and corrosion resistance, while steel provides excellent toughness and
fatigue properties [15]. Technologies that connect copper and steel not only aim to take full
advantage of the two materials, but also to improve the comprehensive economic benefits
of the bimetallic parts. Therefore, copper–steel FGM has broad application prospects in
industrial engineering [15–18].

Despite the mentioned advantages and application fields for copper–steel FGM, sev-
eral challenges may hinder a successful joint between the two dissimilar metals. The
mismatch in their thermal expansion coefficients results in large misfit strains and, conse-
quently, high residual stresses [15]. Copper conducts heat energy up to 10 times faster than
steel, tending to dissipate heat rapidly away from the weld pool, leading to difficulties in
reaching the melting temperature of copper [17]. Moreover, the Fe-Cu phase diagram ex-
hibits a large miscibility gap, preventing the favorable formation of solid solutions between
both metals upon cooling [15]. Another major problem in joining the two dissimilar alloys
is hot cracking in the heat-affected zone (HAZ) of steel due to copper penetration into the
grain boundaries of steel [17].

Copper–steel FGM has already been fabricated using different additive manufacturing
technologies; however, only a few researchers have studied its fabrication using WAAM
process. Rodrigues et al. [15] used twin WAAM (T-WAAM) based on gas tungsten arc
welding (GTAW) to deposit a copper–aluminum alloy (ERCuAl-2-A2) and high-strength
low-alloy steel (ER120S-G) FGM walls along with control specimens of the unmixed metals.
Microstructural investigation revealed δ-ferrite and ε-copper as the primary phases in
the relatively large interfacial region (12 mm) with an absence of intermetallic species.
Tensile tests produced a combination of 690 MPa of strength with 16.6% fracture elongation.
Fracture occurred in the copper region away from the interface, indicative of the mechanical
integrity of the interfacial zone. Tomar and Shiva [19] employed cold metal transfer (CMT)
based WAAM to fabricate stainless steel (AISI 316L) and copper bimetal. The diffusion of
iron species into the copper region was observed up until the third deposited copper layer
(with a reported interface length of 5 mm), where the uniformity of iron distribution was
higher compared to that in the first layer. The primary morphologies that were assumed by
the diffusing species were that of globular and dendritic iron, being dominantly present in
the first and subsequent layers, respectively. Moreover, the segregation of copper atoms
into globular iron morphology but not in the dendritic was noted. Liu et al. [16] utilized gas
metal arc welding (GMAW)-based WAAM to prepare mild steel Si-Bronze bimetal. Tensile
testing revealed an intact interface between both material regions, with fracture occurring
near the interface on the copper side after reaching a maximum strength of 305 MPa. The
interface was shown to be primarily dominated by ferrite and ε-copper phases. Zhang
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et al. [18] investigated the effect of adding a Cu-Ni interlayer between the depositions
of steel and Si-Bronze on the mechanical properties of the bimetallic material. ER50-6
low-alloy steel was used along with HS211 Si-Bronze and prepared using GMAW-based
wire arc additive manufacturing. The insertion of an interlayer was noticed to increase
the tensile strength by 66.36%, reaching 345.2 MPa. This enhancement was attributed to
the facilitated diffusion of elements in the interfacial region upon adding the Cu-Ni layer,
thereby suppressing the onset of micro-cracking in this region. Tensile testing of the sample
without the interlayer showed fracture at the interface.

In this study, bimetallic HSLA steel/Si-Bronze structures were fabricated using pulsed-
GMAW-based WAAM. The challenges in joining the two dissimilar alloys are addressed.
The microstructural evolution of the built structures, especially within the fusion zone,
was investigated in relation to their mechanical properties. Several mechanical tests were
performed to confirm the integrity of the interface.

2. Materials and Methods
Material Used and Building Strategy

WAAM was carried out using a GMAW power source of the type Fronius TransPuls
Synergic 4000 (TPS 4000). The reproducible guidance of the welding torch was realized
using a 6-axis industrial robot ABB IRB 1600 (1.2 m reachability) and a 2-axis positioner
ABB IRBP A-type where the substrate is fixed. Figure 1 shows the additive/subtractive
manufacturing integrated robotic system at the Additive Manufacturing Centennial Lab
(AMCL) located in The American University in Cairo.
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Figure 1. The additive/subtractive robotic-controlled manufacturing system, AMCL [20].

Two 1.2-mm-diameter filler wires were used successively for the deposition of the
bimetallic structures, namely ER110S-G and ERCuSi-A. The chemical compositions of the
filler wires are listed in Table 1, according to the manufacturers’ datasheets. A mild steel
substrate was used with the dimensions 250 × 250 × 15 mm. Three different types of
walls were fabricated: (i) unmixed HSLA steel walls, (ii) unmixed Si-Bronze walls, and
(iii) bimetallic HSLA steel/Si-Bronze walls. Three walls were built for each condition to
ensure repeatability of the process. All deposited structures were thin walls with average
dimensions of 160 mm length, 120 mm height, and 8.5 mm width.
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Table 1. Filler wires’ chemical compositions (wt.%) (all single values are maximums).

ER110S-G,
Diameter: 1.2 mm

Fe C Cr Si Cu V Mo Mn P S Ni
Bal. 0.068 0.3 0.54 0.21 0.086 0.2 1.55 0.009 0.014 1.48

ERCuSi-A
Diameter: 1.2 mm

Cu Zn Sn Si Fe Al Mo Mn Pb S Other
Bal. 1 1 2.8–4.0 0.5 0.01 - 1.5 0.02 - 0.5

The build strategy of the bimetallic walls is illustrated in Figure 2, where HSLA steel
was initially deposited on the mild steel substrate then Si-Bronze was deposited on the
previously deposited HSLA steel layers. Two beads per layer were deposited for the HSLA
steel with an overlap percentage (OP) of 40% (Figure 2b), while one bead per layer was
used while depositing the Si-Bronze (Figure 2c) so that the difference in bead width (BW)
between the two deposited materials is compensated for. Two beads per layer with 40%
OP would result in a calculated bead width of 8 mm, given that the single bead width is
5 mm, according to the processing parameters shown in Table 2. However, after depositing
38 layers of HSLA steel, an average bead width of 8.5 mm was realized. The authors relate
the increase in the average bead width to the increase in the number of layers as a result of
heat accumulation after successive depositions. For Si-Bronze, a higher heat input is used
to compensate for its fast heat dissipation, such that one bead of Si-Bronze would cover
two beads of HSLA steel, as shown in Figure 2c.
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Figure 2. (a) Schematic for the deposited FGM walls and their deposition strategy, (b) schematic
showing the first deposited HSLA steel overlapping double beads on the mild steel substrate, and
(c) schematic for the first deposited Si-Bronze single bead on the HSLA steel wall.

A single-path alternating strategy was used for all depositions, such that each layer is
deposited in an opposite direction to the previous one, as shown in Figure 2. The alternating
strategy results in more even thermal distribution across the deposited walls, aiming at
enhancing wall geometrical uniformity, especially at the wall ends.
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Table 2 summarizes the WAAM processing parameters for the HSLA steel and Si-
Bronze materials. The current used to deposit Si-Bronze was set to a higher value than that
used to deposit HSLA steel owing to the higher thermal conductivity of the copper-based
alloy, which tends to dissipate heat rapidly [21]. The bead temperature was measured
after the deposition of each layer using a handheld AMPROBE IR-750-EUR thermal gun to
ensure that the maximum temperature was lower than the specified interpass temperature.
The interpass temperature for HSLA steel deposition was 120 ◦C, while that of the Si-Bronze
was 100 ◦C. The temperature of the last deposited bead was considered upon measuring
the interpass temperature. The first HSLA steel layer was deposited on a cold mild steel
substrate and, similarly, the first Si-Bronze layer was deposited while the HSLA steel top
layer was kept at room temperature. Neither pre-heating nor forced cooling were applied.

The heat input corresponding to the deposition parameters of each material is pre-
sented in Table 2, and it was calculated according to the following formula [22]:

Hin = (V × I/TS) × η (1)

where Hin is the heat input per unit length, V is the welding voltage, I is the welding
current, TS is the travel speed, and η is the process efficiency, which is considered 0.8
according to Elsokaty et al. [20]. The layer geometry, microstructure, and hardness of
WAAM parts strongly depend on the heat input. Therefore, heat input is a major parameter
in the WAAM process and should be selected carefully to achieve a sound deposition. Less
heat input results in a faster cooling rate and therefore finer microstructure, leading to
higher hardness values. The deposited material volume per unit length (DMV) is listed in
Table 2, corresponding to the processing parameters for each material, and it was calculated
according to the following formula [22]:

DMV = WFS × Aw/TS (2)

where WFS is the wire feed speed and Aw is the wire cross-sectional area. The welding
current is directly proportional to WFS and the wire cross-sectional area. Therefore, DMV is
directly proportional to the heat input. DMV represents the volume of molten metal that is
deposited over a unit length of the previously deposited layer or the substrate. The material
deposition rate (DR) is presented in Table 2, corresponding to the processing parameters
for each material, and it was calculated according to the following formula [23]:

DR = WFS × Aw × ρ (3)

where ρ is the mass density of the filler wire material (7800 kg/m3 and 8750 kg/m3 for
HSLA steel and Si-Bronze, respectively). The deposition rate denotes the quantity of
material deposited per unit time, which is a measure of the process productivity.

Table 2. WAAM processing parameters.

HSLA Steel Si-Bronze

Wire feed rate (m/min) 2.5 6.7
Current (A) 80 193
Voltage (V) 18.9 23.1

Welding mode Pulsed—GMAW
Travel speed (mm/s) 6 12

Shielding gas 82%Ar + 18%CO2
@15 L/min

99.9% Ar
@15 L/min

Interpass temperature (◦C) 120 100

Heat input (J/mm) 200 300
DMV (mm3/mm) 7.85 10.52

DR (kg/h) 1.32 3.98
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3. Characterization and Testing Techniques
3.1. Microstructural Evolution

Cross sections were cut from three different walls using wire EDM technology for the
purposes of micrographic examination and mechanical testing, as shown in Figure 3, which
depicts the locations of the samples cut. Table 3 describes the tags and dimensions of the
characterization samples.
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Figure 3. Schematic representation of the characterization samples cut from the deposited functionally
graded material of HSLA steel/Si-Bronze walls.

Table 3. Description of the test samples tags.

Tag Description

T1, T2 Tensile samples (ASTM E8/E8M, gauge length: 25 mm, thickness 5 mm)
S1 Shear sample (diameter: 5 mm, height: 60 mm)
B1 3-point bending sample (length: 110 mm, width: 40 mm, thickness: 5 mm)

H1–H3 Micro-hardness samples (length: 25 mm, width: 5 mm, depth: 10 mm)
M1–M3 Microstructure, SEM/EDS samples (length: 25 mm, width: 5 mm, depth: 10 mm)

XRD-1 to XRD-3 X-ray diffraction samples (length: 10 mm, width: 5 mm, thickness: 2 mm)

Microstructure analysis was carried out on samples to include the plain HSLA steel
and Si-Bronze going through the diffusion zone along the building direction. The samples
were ground using a series of grinding SiC paper up to 4000#. Polishing was carried out
using diamond suspension 1 µm at a speed of 200 rpm. Si-Bronze specimens were etched
using an iron (III) chloride (5 g) with ethanol and HCl. Etching of HSLA steel specimens
was carried out using 4% Nital mixture. Specimens taken from the interface zone containing
both metals were meticulously screened during the application of either etchant to avoid
over-etching. Optical micrographs were acquired using bright-field illumination a using
Zeiss AxioImager2 upright microscope. A JEOL JSM-6010 scanning electron microscope
(SEM) equipped with an integrated energy dispersive X-ray spectroscope (EDS) was also
used for microstructural characterization and elemental analysis. X-ray diffraction (XRD)
patterns were determined for the HSLA steel, interface, and copper regions using a BRUKER
D8 Discover (Billerica, MA, USA). Multiple scans were carried out for different locations
along the build direction for both HSLA steel and Si-Bronze passing through the diffusion
zone (interface) to investigate the evolution of different phases in each metal.
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3.2. Mechanical Properties Characterization

The mechanical integrity of the walls was confirmed using micro-hardness, uniaxial
tensile, three-point bending, and direct single shear tests. Samples were cut using wire
EDM, as illustrated in Figure 3.

Microhardness testing was carried out on samples cut from the walls in varying
locations along the HSLA steel and Si-Bronze regions passing through the fusion zone
using a DuraScan 20 G5 hardness testing machine (Zwick/Roell, Kuchl, Austria), with a
force of 10 N and a dwell time of 10 s.

Tensile tests were performed on (i) unmixed HSLA steel samples, (ii) unmixed Si-
Bronze samples, and (iii) HSLA steel/Si-Bronze bimetallic samples. The bimetallic tensile
samples were cut such that the interface between the HSLA steel and Si-Bronze samples
was at the middle of the gauge length. Tensile tests were carried out at room temperature
according to the ASTM E8/E8M standard with a gauge length of 25 mm and a thickness of 5
mm, using an INSTRON 3382 universal testing machine at a crosshead speed of 2 mm/min.
The same machine was used for the three-point bending test to assess the integrity of
the joint between the two dissimilar alloys. The tested bimetallic specimens were simply
supported at the ends and the load was gradually applied normal to the interface until
fracture or reaching a maximum specified displacement of 30 mm, as illustrated in Figure 4.
The span length was fixed at 63 mm and the specimens’ dimensions were 40 mm width,
5 mm thickness, and 110 mm length. Flexural strength is calculated according to the
following formula [17]:

σf = 3 Pu L/2 b d2 (4)

where σf is the flexural strength, Pu is the applied load, L is the span length (L = 63 mm),
b is the specimen width (b = 40 mm), and d is the specimen thickness (d = 5 mm). Dye
penetrant testing was performed before and after bending to examine the effect of bending
stresses on the tensioned side of the interface.
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Direct single shear testing was performed on the interface between the two dissimilar
metals. Samples were cut from as-deposited bimetallic walls and they were turned to
a 5 mm diameter. The shear test setup and specimen are shown in Figure 5. The shear
strength of the interface is calculated according to the following formula [17]:

τ = Pmax/Asp (5)

where Pmax is the maximum shear load and Asp is the cross-sectional area of the tested
specimen.
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4. Results and Discussion
4.1. Macroscopic Characterization

A sample of the deposited bimetallic walls before and after machining is shown in
Figure 6. The macroscopic inspection showed a smooth transition between successive
layers with no evidence of irregularity or collapse. Additionally, there was no evidence for
macro-porosities or interlayer cracking, which is indicative of the walls’ integrity, associated
with the suitable deposition parameters.
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4.2. Microstructure Evolution

A panoramic image of the interface region (sample “M2” in Figure 2) is presented in
Figure 7a, where the microstructures developed within the HSLA steel, fusion zone, and
the Si-Bronze deposited layers are depicted. Elemental distribution along the height of the
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interface was determined using EDS spectrum analysis at ten locations with an increment
of 1.5 mm, as presented in Figure 7b.
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It can be seen that the first two locations (i, ii) are free from copper element, indicat-
ing the dominance of HSLA steel. A high-magnification scanning electron micrograph
together with EDS elemental mapping of the HSLA steel region is presented in Figure 8.
A martensite–austenite (MA) phase is observed in a matrix of α-ferrite, in accordance
with [15]. The presence of MA constituents in low-alloyed steel is attributed to incomplete
transformation of austenite into martensite during multiple reheating cycles to critical
temperatures. The interfacial boundary between HSLA steel and Si-Bronze is illustrated in
Figure 9 together with elemental distribution of the iron and copper. Insufficient mixing
between iron and copper is realized at the interface boundary, which can be attributed to
the miscibility gap between both metals, as presented in the phase diagram in Figure 10 [24].
Figure 11 presents SEM micrographs coupled with the corresponding EDS elemental area
mapping of the interface (Figure 7, location [iii] to location [x]). A micro-crack originating
in the diffusion zone of the first deposited Si-Bronze layer is evident in location (iii). The
micro-crack is manifested in Figure 11p–r, where the elemental mapping depicts the Cu
element diffusion within the crack while in the liquid state prior to solidification, indicative
of the formation of a hot crack within the HSLA steel layer. It is suggested that depositing
the first Si-Bronze bead on the cold HSLA steel one resulted in a thermal shock associated
with hot cracking [14]. The penetration of the Si-Bronze within the crack during the bead
deposition acted as a self-healing process to the expected stress concentration that could
have initiated failure under loading. This will be evident in the following section, which
reports on the mechanical behavior of the built FGM. The first interface layer of Si-Bronze is
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depicted in Figure 11 (iv, v), where iron predominantly solidified in globular and dendritic
morphologies [15,16,18,19,24]. EDS scans of further locations in the copper region along
the deposition direction indicate that the diffusion of iron element was extended up to the
fifth deposited Si-Bronze layer, with progressive reduction in content after the second layer.
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In terms of the morphological distribution of iron within the copper region, the
interface can be roughly divided into three portions: the first one is the layer directly above
the latest HSLA steel deposited layer, where there is a tendency of iron to consolidate in the
form of both dendritic and globular formations, which can be explained on the basis of the
complex thermal gradients and histories arising at the deposition of the first copper layer on
the cold steel surface [19]. The second portion above it (top of first Si-Bronze layer) mainly
contains iron globules with no apparent dendritic formation. The third region (second Si-
Bronze layer) shows decreased iron diffusion density and the inclination to form dendritic
arrangements. Starting from the sixth deposited layer, no iron diffusion can be considered,
and the morphology of copper is changed to columnar owing to the effect of directional
thermal gradient. The interface region is defined as the region of intermixing species of iron
and copper and consists of approximately five layers of subsequent copper depositions
onto the steel wall. This results in an overall interface length of 9 mm. This value lies
between the ones obtained in [15,19], which correspond to 5 and 12 mm, respectively.

4.3. XRD

XRD analysis confirmed the diffusion of iron globules into the copper side, as shown
in Figure 12b. The interface region is observed to contain both metals of the bimetallic
component, with iron occurring predominantly in its ferritic phase, while copper is in its
FCC ε-phase. This observation is consistent with the works of [16,18]. Furthermore, the
deposition of the first copper layers on the cold steel wall favored copper grain nucleation
compared to grain growth and led to the subsequent solidification of finer copper grains.
This can be ascribed to the high undercooling that resulted from the large temperature
gradient between liquid copper and steel. Subsequent deposition exhibited columnar grain
growth due to the reduction in undercooling and the formation of a directional temperature
gradient along the build direction, as can be observed in Figure 12c. The XRD peak intensity
is consistent with this suggestion, where the intensity of the peaks in the unmixed copper
region are lower compared to their finer counterparts in the interfacial region [19]. No
intermetallic phases were formed in the interfacial region. The absence of intermetallic
compounds was also observed in [15,16,18]. Moreover, the analysis is in good agreement
with the OM, SEM, and EDS results and highlights the feasibility of fusing both candidate
materials together with no adverse generation of metastable species. No phase variation
with height was observed.
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4.4. Hardness Measurements

Figure 13 represents the micro-hardness values of the interface (specimen H2 in
Figure 2) in the form of a color map together with a panoramic image showing the corre-
sponding microstructures. The samples showed a smooth hardness profile with strong
agreement with the previously presented XRD and microscopy results. The hardness values
for HSLA steel were found in the range of 220–260 HV with a bottom-up descending trend.
The highest hardness value was determined in the lower plain HSLA steel region, while
the lowest was close to the interface boundary. The decrease in the HSLA steel hardness
near the interface is attributed to the increase in Cu content together with the coarsening of
the Fe (BCC) grains near the interface as a result of the higher heat input of the deposited
Si-Bronze layers and, consequently, lower cooling rates in this region. Similar hardness
values were reported by Rodriguez et al. [15]. The hardness values at the top of the first
diffusion layer (130–180 Hv) are higher than those of the plain Si-Bronze due to the iron
diffusion and formation of ferritic phases (Figure 11 (iv, v) and Figure 12). Crossing the
interface boundary towards the Si-Bronze copper-rich region (location iv), the average
hardness value decreased to 155 HV. At location v, an average hardness of 120 HV was
recorded. A continuous descending trend of the hardness values was evident owing to the
decrease in Fe-BCC constituents in the microstructure, coupled with the dominance of the
Si-Bronze, until reaching a minimal average value of 65 HV in the coarse columnar grains
of the plain Si-Bronze upper layers. The micro-hardness measurements did also attest to
the previously claimed interface height of 9 mm based on the gradual transition between
the HSLA steel hardness values and those of Si-Bronze. The micro-hardness profile did
also prove the absence of intermetallic compounds within the interface boundary between
the two dissimilar alloys.
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4.5. Uniaxial Tensile Test

The tensile tests were performed on three WAAM-ed samples: (a) unmixed HSLA
steel, (b) HSLA steel/Si-Bronze FGM, and (c) unmixed Si-Bronze. Figure 14 depicts the
engineering stress–strain curves confirming that the tensile properties of the FGM are
indeed a combination of the properties of both parent materials. Unmixed HSLA steel
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exhibits a tensile strength of 950 MPa with a ductility of less than 10%, whereas Si-Bronze
demonstrates 150 MPa strength with more than 60% fracture elongation. For the function-
ally graded material of HSLA steel and Si-Bronze, the tensile strength attained was around
160 MPa, with an elongation at fracture of 32%. The value of the strength of the FGM is
only slightly higher than the tensile strength of Si-Bronze, by 10 MPa, suggesting that the
Si-Bronze alloy controls tensile behavior of the bimetal. Tensile stresses axially applied
on steel and copper are initially accommodated by the weaker material [16]. Afterwards,
transfer of loading to the stronger and harder interfacial zone prevents further deformation
and raises the stress level. For all 25 mm gauge length samples, fracture occurred outside
the 9 mm interface length in the Si-Bronze region, which is indicative of the integrity of
the diffusion zone, independent of the hot cracks formed (Figure 11p). This agrees with
the suggested self-healing role of the liquid Si-Bronze, which filled the cracked HSLA steel.
This robust performance was not observed in the work of Zhang et al. [16], where the
bimetal specimen (without interlayer) failed at the interface between ER50-6 low alloy steel
and HS211 Si-Bronze with a substantially lower strength than that of pure Si-Bronze. SEM
imaging revealed the formation of deep dimples in addition to tear ridges and ripple walls,
which is indicative of high plastic deformation during testing leading to ductile failure, as
shown in Figure 15. No micro-cracking or porosities are visible. The tensile results provide
evidence that both alloys can be strongly bonded together and can be used under tensile
loading without interfacial failure.
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4.6. Three-Point Bending Test

The integrity of the interface between Si-Bronze and HSLA was further examined by
employing a comparative three-point bending test, which was adapted from ASTM E290.
The test setup is shown in Figure 4, where the interface line was aligned in parallel to the
plunger such that during the test, the interface line would be plunged downwards. This
would ensure the development of compressive and tensile stresses on either side of the
specimen. Tensile stresses were expected to aid in rupturing the interface, thereby leading
to the required fracture to stop the test. However, after testing three samples, the bimetal
showed sliding behavior as the plunger traversed vertically. This sliding occurred such
that the interface line was now displaced away from the plunger and substituted by an
adjacent copper region (Figure 4b). Accordingly, the three test samples were displaced
vertically to 30 mm before terminating the test. The maximum deflection location was
18 mm away from the interface boundary towards the Si-Bronze region. A flexural strength
of 350 ± 15 MPa was obtained. Figure 16 represents the flexural stress–displacement curve,
where the slip of the tested specimen is evident at the discontinuities in the presented curve.
Moreover, dye penetrant testing was performed on the specimens before and after applying
the bending load. The test confirmed a crack-free surface before applying the bending load.
However, a series of micro-cracks were developed on the tensioned surface after applying
the bending load, as can be seen in Figure 17a. Figure 17b shows the tested specimen at a
nearly 90◦ bending angle without failure, which can be attributed to the high ductility of
Si-Bronze. This test has not been widely incorporated in the literature and is featured for
the first time in this study for Si-Bronze/HSLA steel functionally graded materials. The
results further demonstrate the mechanical integrity of the FGM interface.
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Figure 17. Three-point bending tested specimen (a) after dye penetrant test and (b) image of the
specimen at 90◦ bending angle.

4.7. Direct Shear Test

Unlike the uniaxial tensile test, the direct single shear test was applied locally at the
interface boundary. Therefore, the shear test provides a direct assessment of the interface
strength. The shear strength obtained was 510 ± 24 MPa. This value is well above half the
tensile strength of unmixed HSLA (950 MPa), which reflects the dominance of steel in the
fracture behavior of the bimetal during shear. In contrast to the displayed tensile testing
behavior, which was controlled by the Si-Bronze alloy, the direct shear test reflected the
strength of the diffusion zone. This claim is also substantiated by the observed sheared
surfaces, which were limited to the interface zone. Images taken from the shear bond tested
samples are presented in Figure 18. Figure 18a,b show the two separated surfaces of the
tested specimen in cross-sectional and side view, respectively. Red arrows represent the
shear direction. Figure 18c,d show low-magnification SEM micrographs of cross sections of
the fractured surfaces. Micro-cracks between the two dissimilar alloys are seen in Figure 18e
(location “e” in Figure 18c) with bamboo-like features on the HSLA steel side. Figure 18f
(location “f” in Figure 18c) shows a higher-magnification image of the fractured surfaces
in the Si-Bronze region where elongated dimples are seen together with quasi-cleavage
features and bamboo-like features. It is suggested that the micro-cracks were formed during
the shear fracture due to the mismatch between the deformable Si-Bronze and HSLA steel
(pointed out at the interface, Figure 18c). Sheared dimples (couplets) are dominant in
the Si-Bronze regions of the fractured surfaces, indicative of the ductile shear dominating
loading mode. On the other side of the examined fractured specimen (Figure 18g; location
“g” in Figure 18d), flat and rugged facets are seen at the interface between HSLA steel and
Si-Bronze. A high-magnification image of the HSLA steel region is shown in Figure 18h
(location “h” in Figure 18g), where quasi-cleavage features are seen together with bamboo-
like features [25]. It can be seen that the specimens failed in a mixed mode, revealing
dimples as well as rubbed bamboo-like features [26]. The fracture mode was similar in
all tested samples. The fractured interface is irregular in nature, which agrees with the
irregular transition zone revealed by the optical microscopy panoramic view provided in
Figure 7 [27,28].
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5. Conclusions

In this study, bimetallic HSLA steel/Si-Bronze structures were fabricated using pulsed-
GMAW-based WAAM. The challenges in joining the two dissimilar alloys are addressed.
The microstructural evolution of the built structures, especially within the fusion zone,
was investigated in relation to their mechanical properties. Several mechanical tests were
performed to confirm the integrity of the interface. A summary of the obtained mechanical
properties is presented in Table 4. The main conclusions are listed below:
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1. The possibility of fabricating copper–steel FGMs using pulsed-GMAW-based WAAM
has been proven.

2. No evidence for porosities throughout the entire samples (at the interface or in plain
unmixed regions) was found.

3. Hot cracks appeared at the interface. Although they self-healed through filling with
molten copper, they can be completely avoided by preheating the HSLA steel before
subsequent copper deposition.

4. No intermetallic phases were identified within the interface zone between the two
dissimilar alloys.

5. The hardness distribution suggests a gradual transition in mechanical properties.
6. Tensile failures occurred in the copper region, highlighting the integrity of the interface.
7. Tensile and bending behavior is dominated by Si-Bronze, while shear performance is

controlled by HSLA steel.
8. Repeated heat cycles allowed the formation of a considerable interface length of

9 mm due to the diffusion of iron into the Si-Bronze region. EDS elemental analysis,
microscopy, and mechanical characterizations validated the interfacial integrity.

Table 4. Summary of the obtained mechanical properties for the studied FGM.

Flexural
Strength (MPa)

Shear Strength
(MPa)

Tensile Results

YS
(MPa)

UTS
(MPa)

Elongation
(%)

330 ± 15 510 ± 24 76 ± 9 164 ± 26 30 + 2
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