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ABSTRACT

In this work, a functionally graded material (FGM) part was fabricated by depositing a Cu-based alloy on
top of a high strength low alloy (HSLA) steel by twin-wire and arc additive manufacturing (T-WAAM).
Copper and steel parts are of interest in many industries since they can combine high thermal/electrical
conductivity, wear resistance with excellent mechanical properties. However, mixing copper with steel is
difficult due to mismatches in the coefficient of thermal expansion, in the melting temperature, and crys-
tal structure. Moreover, the existence of a miscibility gap during solidification, when the melt is under-
cooled, causes serious phase separation and segregation during solidification which greatly affects the
mechanical properties. Copper and steel control samples and the functionally graded material specimen
were fabricated and investigated using optical microscopy, scanning electron microscopy, and high
energy synchrotron X-ray diffraction. Retained -ferrite was found in a Cu matrix at the interface region
due to regions with mixed composition. A smooth gradient of hardness and electric conductivity along
the FGM sample height was obtained. An ultimate tensile strength of 690 MPa and an elongation at frac-

ture of 16.6% were measured in the FGM part.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The use of multiple wires simultaneously fed into the molten
pool allows the fabrication of functionally graded materials
(FGM) via Twin-wire and arc additive manufacturing (T-WAAM).

0264-1275/© 2021 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Therefore, parts can have distinct properties (thermal/electric con-
ductivity, corrosion resistance, hardness, ductility, for example) at
different locations [1]. FGM can be composed either by gradual or
abrupt transitions. Depending on the material combination selec-
tion, a direct interface (i.e., an abrupt transition) can experience
large stresses and chemical incompatibility, while a continuous
and gradual transition could minimize these issues. However, mix-
ing multiple materials within the same melt pool can cause the for-
mation of undesirable intermetallics compounds, which can
reduce the weldability and processability (e.g., hot cracks and high
hardness regions) and induce premature failure [2].

Among the combination of the metals that can be fabricated
via T-WAAM, copper to steel multi-metallic parts have a major
interest in the power generation industry, heat transfer compo-
nents, electric conductors, cryogenic sector, and dies-casting
industries [3]. If used in dies, the higher thermal conductivity
of copper allows an intense heat extraction from the castings,
which reduces the production times, manufacturing costs, and
refine the microstructure by promoting faster cooling rates.
Moreover, copper and its alloys often offer good wear and cor-
rosion resistance, whereas steel provides excellent toughness
and fatigue resistance.

Despite the above advantages and large application fields for
copper-steel FGM, joining these materials is a difficult task. The
mismatch in the thermal expansion coefficient (10 vs 17 x 1079/
°C), originates large misfit strains and high residual stresses, which
can lead to cracking. Also, the difference in the crystal structure
and the low solubility of Cu in Fe are the origins of a lack of solid
solution phases in the Fe—Cu phase diagram at low temperatures.
In addition, the liquid Cu can penetrate the steel grain boundaries
causing hot cracking (liquid metal embrittlement phenomena) [4].
Moreover, the Fe—Cu system exhibits a miscibility gap in which a
metastable liquid-phase separation occurs by undercooling the
melt pool. The occurrence of this liquid-phase separation greatly
weakens the microstructure and may negatively influence the
mechanical properties at the interface of the two materials [5].

Attempts to obtain components based on steel and copper-
based alloys have been primarily tried via fusion-based welding
[4,6,7]. However, weldability issues (hot cracks and brittle con-
stituents) required the development of welding strategies capable
of obtaining sound and high-performing structures. For example, a
nickel interlayer has been proposed as a solution to make this dis-
similar joint [8]. Later, this solution was employed during powder-
based additive manufacturing, in which a Ni-based powder was
used to create an interlayer between an H13 steel substrate and
the top Cu layers. Without the interlayer of Ni, the abrupt transi-
tion from Cu to steel resulted in micro-cracks at the interfacial
area. The authors attributed this to the combined effect of solidifi-
cation cracking and high residual stresses, which were caused by
the mismatch in the coefficients of thermal expansion and by con-
secutive cycles of expansion and shrinkage during subsequent
layer depositions [9]. Another solution to successfully join these
materials is the use of a pulsed welding heat source (e.g., electric
arc or focused laser beam), which will avoid a deeper penetration
of Cu onto the steel, i.e., low dilution [4].

Nevertheless, Cu to steel FGM has already been obtained with
different additive manufacturing technologies. For example, with
Laser Engineered Net Shaping™ (LENS) [10] a crack-free smooth
transition was possible but with several pores observed. Similarly,
a controlled gradient was possible with electron beam freeform
fabrication (EBF®) [11]. The authors determined that after three
layers were deposited on top of a steel layer, no iron constituents
could be found. X-ray diffraction results showed the presence of
the metastable FeCu, in the first deposited copper layers, as a
result of the slow cooling rates of EBF>. When it comes to arc-
based additive manufacturing structural components based on
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these materials have not been reported yet, to the best of the
authors’ knowledge.

Considering the above-mentioned issues, this study aimed to
investigate and create an FGM composed of a Cu-based alloy and
a high strength low alloy (HSLA) steel fabricated by T-WAAM.
The microstructure and mechanical properties were investigated
using correlative characterization techniques encompassing opti-
cal and electron microscopy, high-energy synchrotron X-ray
diffraction, and mechanical property analysis.

2. Materials and methods
2.1. Experimental setup

In this work, T-WAAM parts were made using a welding
machine Spitfire TIG DC 1700 HF, and an in-house developed multi-
ple wire feed system adapted in a 3-axis customized table. Two dif-
ferent wires were used to fabricate the multi-material metallic
part: ERCuAl-A2 (Cu—Al alloy) and ER-120S-G (HSLA steel). The
chemical composition of the welding wires is presented in Table 1.
A mild steel plate was used as the substrate with the size of
180 x 50 x 6 mm. The experimental setup is presented in Fig. 1.
In addition, control samples (Cu—Al alloy and HSLA steel) were also
fabricated.

Preliminary parameter selection enabled to obtain process
parameters that resulted in a similar height and width for both
materials and were chosen to fabricate three different samples:
(i) 40 layers of high strength low alloy (HSLA) steel; (ii) 40 layers
of Cu—Al alloy; (iii) 25 layers of HSLA-steel covered by 20 layers
of Cu—Al alloy (Fig. 2). The fabricated parts were single walls with
a lenght of 120 mm. The process parameters used are detailed in
Table 2, notice that the current was set at 100 A for the steel layers
and increased to 120 A in the Cu—Al layers. The need to increase
the welding current to deposit the copper-based wire is related
to its high thermal conductivity, which tends to rapidly dissipate
the heat and creates a small molten pool.

2.2. Microstructural characterization

Cross-sections were cut, polished, and then etched. The steel
microstructure was revealed using Nital (4%) reagent, and the main
phases in the Cu—Al alloy were exposed with a solution of ethanol
(71 ml), HCL (24 ml), and FeCl; (5 g). To identify the phases in the
produced parts, high-energy synchrotron X-ray diffraction (SXRD)
was performed at PETRA III, DESY (Hamburg, Germany). A beam
energy of 87 kV (A = 0.14235 A) was used. SXRD measurements
were made with a beam size of 1 x 1 mm in intervals of 1 mm, cov-
ering the height of the FGM part. A Leica DMI 5000 M optical micro-
scope and a Zeiss FESEM 1530 scanning electron microscope (SEM)
equipped with an Energy Dispersive X-Ray Spectroscopy (EDS) sys-
tem were used in this investigation. The Electron Backscatter
Diffraction (EBSD) measurements were made using a JSM-7000F
SEM. The nomenclature used for phase identification in the Cu—Al
alloy was taken from the work of Wang et al. [12].

2.3. Mechanical testing

Microhardness testing was performed along the height of the
sample with an indentation distance of 250 pm, a load of 4.9 N,
and a dwell time of 10 s, using a Mitutoyo HM-112 Hardness Test-
ing Machine. Tensile tests were performed on a Shimadzu auto-
graph equipped with an AG 50 kN load cell. The displacement
rate was set at 1 mm/min and three tensile specimens for each
condition (base materials and FGM) were tested to evaluate the
reproducibility in terms of mechanical properties. Only vertical
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Table 1

Chemical composition of the welding wires used (wt.%).
Alloy (AWS classification) C Mn Si Ni Cr Mo Cu Al Fe
Copper-Aluminum (ERCuAl-A2) - 0.5 - 0.5 - - 89.7 8.5 0.8
HSLA steel (ER-120S-G) 0.1 1.8 0.7 1.9 0.3 0.5 - - 94.7

Electric Feeder motors
power
Cu-Al wire guider
Shielding gas
g Steel wire guider
hose

GTAW

nozzle PTFE insulation plate

Fig. 1. Experimental setup of the multiple wire feeder based on a gas tungsten arc
welding torch equipped in a customized 3-axis table.

20 layers of
Cu-Al alloy

25 layers of
HSLA steel

z
L, FGM WAAM part

Substrate

Fig. 2. Schematic representation of the functionality graded material of HSLA-steel
to Cu-based alloy.

Table 2
Process parameters used in the experiments.

Process Gas tungsten arc welding (GTAW)

Travel speed 100 mm/min

Wire feed speed 1 m/min

Current 100 A for HSLA steel layers; 120 A for Cu-based alloy
layers

Shielding gas Argon 99.99%

Shielding gas flow 18 L/min

rate

specimens (aligned with the z-axis direction) were tested. The uni-
axial tensile samples were machined to dimensions of
40 x 6 x 2 mm.

2.4. Electrical conductivity and magnetic permeability
characterization

Magnetic permeability measurements were performed using an
absolute helicoidally shielded eddy current (EC) probe with a

3 mm diameter from Olympus, operating in bridge mode. Calibra-
tion tests were made accordingly to previous work by Santos et al.
[13]. To measure the changes in the FGM electrical conductivity, a
four-point potential drop technique previously described in Sorger
et al. [14] was used. Scan measurements started in the first steel
layer and finished on the last deposited Copper layer. The probe
has a needle spacing of 635 um, and a current of 80 mA was
imposed between the external needles.

3. Results
3.1. Macroscopic characterization

A defect-free Cu—Al alloy/HSLA steel FGM part with no cracks
or pores was obtained. Fig. 3(a) depicts the macrograph of the
cross-section of the FGM part. Fig. 3(b) depicts the region only
composed by the Cu—Al alloy, in which a mixture of a predominant
Cu (FCC) phase (white regions) with B phase at the intercellular
regions (dark regions) can be noticed. The size of the Cu (FCC) con-
stituents ranges from 15 to 110 pm. The micrograph of Fig. 3(c) is
taken from an area with only HSLA steel and presents the charac-
teristic ferrite grain boundaries with a grain size ranging from 1 to
4 pm as also previously observed in Duarte et al.[15]. Scanning
Electron Microscope images of the microstructure at the interface
region are detailed in Fig. 3(d), (e), (f) and (g). In region D, both B
phase and small Fe (BCC) constituents in a Cu (FCC) matrix were
observed. In regions E, F, and G (higher Fe content regions) it can
be perceived the existence of both Fe (BCC) (grey features) with
Cu (FCC) (light features) at the intercellular regions. Since both
wires were not deposited at the same time, this mixture arises
from intense convective motion in the molten pool created by
the Lorentz force, Buoyancy Force, Surface Tension gradient, and
arc shear stress [16]. When moving upwards from region G to D
a reduction in the Fe (BCC) constituents can be perceived, as we
moved closer to the region unaffected by the steel elements (region
D). The morphologies of the Fe constituents in regions D and E are
of a dendritic type, and a globular type in regions F and G.

3.2. Synchrotron radiation measurements

Fig. 4 details the synchrotron X-ray diffraction patterns taken
from the cross-section of the FGM part. The diffraction patterns
reveal that the HSLA steel region is composed of Fe (BCC) and Fe
(FCC) constituents, corresponding to ferrite and austenite, respec-
tively. In the Cu—Al alloy region, a mixture of several crystalline
phases including Cu (FCC), AlCus (D04g), Al4Cug (1), AlCus (B) are
observed. At the joining interface, no intermetallics were found.
The main phases of each alloy were observed in the diffraction pat-
terns obtained from the interfacial region: Fe (BCC), and Fe (FCC),
together with Cu (FCC). This result is in good agreement with the
interface micrographs previously depicted in Fig. 3(d), (e), (f) and
(g), where no other intermetallics were discernible at this location.
This result indicates that these two alloys used can be used
together with GTAW-WAAM, without the appearance of poten-
tially undesirable phases in the bonding area.
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Fig. 4. Synchrotron X-ray diffraction analysis performed in regions comprising only HSLA steel, Cu—Al alloy, and in the interface (region e, previously depicted in Fig. 3).

3.3. Scanning electron microscopy analysis

The results of the elemental mapping compositions measured
by SEM-EDS in the region of HSLA steel, Cu—Al alloy, and at the
interface are given in Fig. 5, Fig. 6, and Fig. 7, respectively. The con-
tent in the steel region is mainly composed of Fe, but Mo and Ni
were also measured (refer to Fig. 5b,c). The EBSD map (Fig. 5d)
along the build-up direction revealed a near-equiaxed microstruc-
ture at the HSLA region of the FGM, unlike the typical columnar
grains that are found during WAAM of other engineering alloys
[17]. Moreover, these equiaxed grains did not reveal any preferen-
tial orientation (Fig. 5d). Such equiaxed grains are commonly seen
in WAAM of HSLA steel [18] and are a consequence of the solid
solution transformations of Fe (FCC) to Fe (BCC).

EDS measurements made in the Cu—Al base material (Fig. 6)
revealed compositional changes between the B-phase and the
remaining Cu (FCC) matrix. Besides Cu and Al, the Cu—Al wire also
has a considerable amount of Fe present (0.8 wt%) in its composi-
tion, therefore the quantity of these three elements was evaluated.
A reduction in the amount of Cu along the grain boundaries
(Fig. 6a) was found, contrasting with the larger amount of Fe which
migrated to these regions during solidification (Fig. 6c).

Al was found in higher amounts within the B regions (Fig. 6b)
and depleted at the Cu (FCC) regions. This is a consequence of
the precipitation of Al-rich (Al4Cug) in the B (AlCus) regions, which
are Al-rich regions. At higher magnification, it is possible to
observe the existence of different precipitates inside the B regions
(Fig. 6d). The EDS scan line across the  regions (Fig. 6e) showed a
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Fig. 5. Energy-dispersive X-ray spectroscopy (EDS) mapping of the as-built HSLA steel region: (a) Fe; (b) Mo, (c) Ni, (d) Electron Backscatter Diffraction (EBSD) inverse pole
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Fig. 6. Elemental mapping of the as-built copper microstructures obtained by scanning electron microscopy coupled with energy dispersive X-ray spectrometry (SEM-EDS):
(a) Cu, (b) Al (c) Fe; (d) Scanning electron microscopy (SEM) image of the secondary phases and precipitates found in the as-built copper alloy; (e) EDS line scan across Cu-

based alloy secondary phases; (f) EBSD orientation maps.

decrease in the Cu content and an increase in the Al, as the stoi-
chiometry of these regions follows the composition of the con-
stituents identified by X-ray diffraction (Al4Cug). EBSD mapping
of the Cu-alloy (Fig. 6f) shows equiaxed grains, without any prefer-
ential orientation.

Although SEM-EDS is a semi-quantitative analysis technique, it
still enables to evaluate the tendency of the element’s distribution
along the interface region of the FGM part. Fig. 7 presents two EDS
maps taken at the interfacial area. Fig. 7(a), (b) and (c) depicts the
first EDS map scan made between the interface region G and the
HSLA-steel. No Cu and Al were found in the HSLA-steel section,
but both are present in region G, previously identified by a mixture
of Fe (BCC) with Cu (FCC) at the intercellular regions (Fig. 3g). In
contrast, the amount of Fe decreases in the interfacial area, when
Cu and Al start to blend in with the steel. In the second EDS map
scan (Fig. 7(d), (e) and (f)), taken from the interface between
regions E and F (refer to Fig. 3e,f), an inverse relationship between
the amount of Fe and Cu can be perceived, i.e., with the increase in
the amount of Cu (as we move closer to the region of 100% Cu—Al
alloy), the amount of Fe decreases.

Fig. 8(a) depicts an EBSD phase map taken at the FGM interface.
The region of HSLA steel is mainly composed of small equiaxed
grains of BCC-type (Ferrite), while the interface shows a
columnar-dendritic microstructure, highly oriented perpendicu-

larly to the fusion line. Moreover, the coarse elongated grains are
of BCC-type, indicating an incomplete transformation of 5-ferrite
to vy. Higher magnification SEM images in the interface region
(Fig. 8b,c) revealed that the Fe (BCC) constituents in the HSLA steel
and the interface regions have different morphologies. In the
region of the HSLA steel, it was observed the presence of MA
(Martensite-Austenite) constituents and o-ferrite. The presence
of MA constituents in low-alloyed steel is attributed to an incom-
plete transformation of austenite to martensite during multiple re-
heatings to critical temperatures [19]. In the interface region, the
elongated Fe-dendrites are §-ferrite. EDS point analysis (Fig. 8d)
was conducted to determine the chemical composition of the Fe
and Cu constituents in the interface region. It was determined that
d-ferrite contains up to 11% of Cu, and the Cu (FCC) constituents
hold up to 5% of Fe. This change in the composition of the Fe con-
stituents might be responsible to hinder the complete transforma-
tion of 3-ferrite during solidification.

3.4. Hardness, electrical conductivity, and electrical impedance
measurements

Fig. 9 depicts the hardness measurements along the height of
the Cu—AI/HSLA-steel part. A good agreement exists between the
macrograph presented in Fig. 3(a) and the hardness measurements.
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Fig. 8. (a) EBSD phase mapping of the interface region; (b) SEM morphologies of 5-ferrite in a Cu FCC matrix; (c) SEM morphologies of MA constituents in an o-Fe matrix; (d)

EDS point analysis at positions marked in (b). MA: Martensite-austenite.

In particular, the region identified as being only composed of
HSLA-steel (height < 15 mm) has an average hardness of 250 HV.
This value is closely related to its microstructure (polygonal fer-
rite + MA); a similar value was also observed in the as-built WAAM
and weld metal [20]. As we move closer to the interface region, the
hardness decreases to 197 HV, approximately. This was attributed
to an increase of the Cu content and an increase of the o-Fe (BCC)
grain size near the interface. The Cu-alloy layers were deposited
with higher energy than the steel layers, which reduced the cooling
rate and promoted for larger polygonal a-ferrite to form and grow.
In region G, the hardness drops to around 180 HV, this result is
associated with the change of HSLA steel constituents from polyg-
onal o-ferrite + MA islands to a majority of coarse dendritic -
ferrite. The slight hardness increase to 200 HV in regions F and E
was attributed to the dual-phase microstructure (3-Ferrite + Cu

(FCC) constituents) and its multiple iterations, similar to what
occurs in duplex stainless steels [20-22]. Towards the end of the
interface, a smooth transition of hardness exists due to the contin-
uous decrease in Fe (BCC constituents). This gradual hardness tran-
sition is in good agreement with the SEM images previously
depicted in Fig. 3(d), (e), (f), and (g), which did not show high hard-
ness constituents (e.g., martensite), characteristic of dissimilar
welding [23-25]. In addition, it was also observed a gradual varia-
tion in the number and size of Fe (BCC) constituents along the
interface region.

The electrical conductivity and electrical impedance measure-
ments are presented in Fig. 10. In the steel region, the electrical
conductivity is on average of 5.2% IACS and increases to 11.1% IACS
in the region that is only composed by the Cu—Al alloy. Both tech-
niques used to characterize electrical properties are very sensitive
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Fig. 10. Electric conductivity and electrical impedance measurements taken from
the first to the last deposited layer of the FGM cross-section.

to the amount of each alloy, which allows quantifying the exten-
sion of the interfacial region. With these techniques and with the
hardness measurements a length of 12 mm was measured for
the interface region. This large interface region is due to the diffu-
sion of elements between both materials that occurs during the
deposition of subsequent layers and is not confined between the
last steel and first Cu—Al alloy deposited layers.

3.5. Uniaxial tensile testing

Representative stress-strain curves of both single HSLA steel,
Cu—Al, and FGM samples are detailed in Fig. 11. It can be observed
that the ultimate tensile strength of the HSLA-steel is significantly
higher than the Cu—Al alloy base material (753 vs 502 MPa). The
elongation to fracture between the base materials is higher in
the Cu—Al alloy (35.2 vs 24.6%). As for the FGM part, it can be
observed that the tensile strength is between that of the two base
materials (690 MPa), while the fracture strain is lower than both
base materials (16.6%). The fracture surface of the functionality
graded material indicates a mixture of a ductile-like fracture, with
the presence of dimples, and a quasi-cleavage type fracture, with
the presence of cleavage facets (Fig. 11b). The fracture surface of
the control HSLA steel sample is mainly composed of dimples, indi-
cating a ductile-like type fracture (Fig. 11c). In all tested samples
taken from the FGM part, the fracture appeared in the Cu—Al side
near the interface (Fig. 11d). As for the as-built Cu-alloy, SEM
images show a predominant existence of dimples with small
regions of cleavage facets, which indicates that the fracture is pre-
dominantly dominated by a ductile fracture.
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4. Discussion

Based on the Cu—Fe phase diagram (Fig. 12a), joining Cu to steel
is challenging. The Fe—Cu system possesses a nearly flat liquidus
line, and, therefore, a submerged miscibility gap exists that can
be accessed by undercooling the melt. Cu—Fe is characterized by
a large enthalpy of mixing, i.e., if the melt in the interface area
cools rapidly, the weld pool will undercool, causing a separation
of the liquid phase into a Fe-rich melt (L1) and Cu-rich melt (L2).
Thus, leading to solidification below the liquid metastable miscibil-
ity gap. In the binary Cu—Fe phase diagram the position of this
miscibility gap is right below the liquidus line, consequently, small
undercooling is sufficient to promote this separation of liquid
phases [26]. After the liquid-phase separation, both liquid phases
are in an undercooled state, thus, the L1 (Fe-rich) phase solidifies
as the leading phase, since it will be the phase possessing a higher
undercooling, which will be the preferential nucleation site [5].
Based on the Cu—Al binary phase diagram (Fig. 12b) it can be per-
ceived that the depletion of Al content in the Cu FCC constituents
located at the interface region (refer to Fig. 8), from 8.5 wt% in
the Cu—Al alloy down to 4.8 wt¥%, resulted in a change in the alloy
composition which prevents the solidification reaction liquid — B,
leading to the absence of solid-state transformations. This corrob-
orates with the non-existence of B and other phases in the regions
E, F, and G since the liquid directly transforms to Cu-FCC.

In the SEM images (Fig. 3d, e, f, g) the Cu and Fe solute distribu-
tions at the interface are visible, without the formation of Fe-rich
or Cu-rich spheres morphology that would form if the material
entered the metastable miscibility gap [29]. The existence of highly
aligned Fe columnar dendrites (EBSD, Fig. 8a) also suggests that the
melt at the interface did not experience sufficient undercooling to
enter the metastable liquid miscibility gap, resulting from the nor-
mal liquid-solid phase transformation [30]. Due to a low AT before
nucleation, the 5-ferrite (Fe-BCC) in the interface region is the first
to solidify without entering the metastable miscibility gap. Then,
the Cu-rich region (FCC) will originate due to the continuous solute
segregation to the remaining liquidus during solidification [27].
Following, around 800-900 °C, the Fe (BCC) will experience trans-
formation into Fe (FCC). Similar behavior has been found in the lit-
erature, where the mixture of a Fe with a Cu alloy did not result in
entering the miscibility gap [27,29]. Fig. 13 details a thermody-
namic calculation that considers a conservative dissolution of only
30% of the Cu—Al alloy in the HSLA steel. In the equilibrium phase
diagram, it can be noticed that 3-ferrite does not completely trans-
form during cooling. In addition, due to the higher cooling rate of
WAAM, the §-ferrite to austenite transformation is suppressed
[31]. These results alongside the EBSD data (Fig. 8a), with highly
oriented columnar dendrites in the interface, corroborate the the-
sis that the increase of the Cu—Al content stabilized the 3-ferrite in
the transition zone.

From the synchrotron X-ray diffraction measurements, different
phases were revealed in the Cu—Al alloy: Cu (FCC), AlCus (DO0g),
AlsCug (1), AlCus (B). These results are in good agreement with
the SEM image of the Cu—Al base material (Fig. 6) since Al was
found in higher quantity within the B (AlCus) regions. When the
X-ray beam was focused on the interface area, the intermetallics
of the Cu—Al base material (AlCus (D04g), Al4Cug (Y1), AlCus (B))
were not found, neither Cu—Al-Fe nor Fe-Al intermetallics, as found
in others studies [32-34]. Nevertheless, in region D, far from the
last deposited steel layers, both AlCus (B)) and Fe (BCC) phases
were found, but both in small quantities.

Tensile test specimens’ fracture in the Cu side near the interface
region with two distinct fracture modes: ductile-like and a quasi-
cleavage fracture. The fact that the FGM part had less elongation
to fracture than both base materials indicates that these have a lar-
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ger deformation ability than the material near the interface which
is unable to maintain high strain. The reason for such behavior is
related to the microstructure in this region (Fig. 3d and e), which
involves a combination of a dendritic-type structure of Fe phases
and B precipitates in a Cu matrix. The incoherent microstructures
can create several potential crack nucleation and propagation
points, decreasing the ductility near the interface. Despite this,
the absence of hardness peak in the interface region allowed a con-
siderable ductility (16.6%). The increase in the tensile strength in
comparison with the Cu—AIl base material is attributed to the Fe-
constituents mixed in the Cu matrix. During the tensile testing,
the stresses will be first accommodated by the softest material
(Cu—Al), then the stress will be transferred to a harder and brittle
region, and from that point on, deformation will no longer be pos-
sible, resulting in the fracture surface as depicted in Fig. 11(b).
These results confirmed that with T-WAAM an effective soft tran-
sition from HSLA-steel to Cu—Al alloy is possible, without the exis-
tence of defects, and with excellent strength and ductility.
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5. Conclusions

This work investigated the fabrication of an HSLA-steel to cop-
per-aluminum alloy functionally graded material using the twin-
wire and arc additive manufacturing (T-WAAM) technique. The
FGM revealed no defects and had excellent high strength and duc-
tility in the interface. The major conclusions can be drawn:

e A mixture of Cu (FCC) and Fe (BCC) phases was visible in the
interface region by scanning electron microscopic analysis.
These Fe (BCC) phases were found to be residual 5-ferrite by
EDS measurements, thermodynamic calculations, and EBSD.
Synchrotron X-ray diffraction measurements showed no brittle
intermetallic phases at the interfacial region.

e At the interface region, a gradient of composition, hardness,
electrical conductivity, and electrical impedance was obtained.
Even though an abrupt transition was made with these two
materials, the consequent remelting, and heating of previously
deposited layers, when a new one is added, resulted in a large
interface region (~12 mm). This fact demonstrates the potential
of WAAM to be used for FGM'’s fabrication.

A tensile strength of 690 MPa and an elongation at fracture of
16.6% were achieved in the FGM part, thus allowing the use of
such components in structural applications. The fracture
occurred in the Cu region near the interface, in which the
microstructure involves a combination of a dendritic-type
structure of Fe (BCC) phases and P precipitates in a Cu matrix,
demonstrating that the interface strength is higher than the
copper-only region.
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