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Featured Application: Wire Arc Additive Manufacturing of complex concentrated (high
entropy alloys).

Abstract: The field of complex concentrated alloys offers a very large number of variations in
alloy composition. The achievable range of properties varies greatly within these variants. The
experimental determination of the properties is in many cases laborious. In this work, the possibility
of using metal-cored wires to produce sufficient large samples for the determination of the properties
using arc-based additive manufacturing or in detail wire and arc additive manufacturing (WAAM) is
to be demonstrated by giving an example. In the example, a cored wire is used for the production of
a CoCrFeNiMo alloy. In addition to the process parameters used for the additive manufacturing, the
mechanical properties of the alloy produced in this way are presented and related to the properties of a
cast sample with a similar chemical composition. The characterization of the resulting microstructure
and wear resistance will complete this work. It will be shown that it is possible to create additively
manufactured structures for a microstructure and a property determination by using metal-cored
filler wires in arc-based additive manufacturing. In this case, the additively manufactured structure
shows an FCC two-phased microstructure, a yield strength of 534 MPa, and a decent wear resistance.

Keywords: wire and arc additive manufacturing (WAAM); gas metal arc welding (GMAW); metal-
cored wire; complex concentrated alloys (CCA); high entropy alloys (HEA); additive manufacturing;
mechanical properties; wear; thermal expansion; hardness

1. Introduction

The understandable desire for increasingly efficient machines and components is
pushing the materials used to date to their limits. To extend these limits further, new alloy
systems are constantly being investigated for their properties and technical applicability.
In recent years, a new group of alloys has increasingly become the focus of investigations,
the complex concentrated alloys (CCAs). These alloys can exhibit outstanding properties
compared to conventionally used alloy systems (e.g., high ductility combined with high
strength and storage of liquefied gases) [1]. A better-known part of the complex concen-
trated alloys are the high entropy alloys. CCAs are multi-principal alloy systems typically
consisting of at least four different elements with a near equiatomic composition (between
5 wt.-% and 35 wt.-%).

Shortly after their detailed description by Yeh et al. [2] and Cantor et al. [3] in the early
2000s, the interest of emerging additive manufacturing technologies for these alloy systems
also started. In 2018, the state of research achieved so far was summarized by Chen et al. [4],
others in 2017 [5], and in 2020 [6]. The work done so far shows the possible outstanding
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properties of this alloy group. Unfortunately, the number of possible combinations and
variations in chemical composition for this alloy group is almost infinite, so the work on
characterization of the possible properties is just beginning. This is especially true if the
process variables during production and any subsequent heat treatments are also taken
into account.

Due to recent developments in the field of additive manufacturing, the combination
of novel alloy concepts, such as complex concentrated alloys and additive manufacturing
processes, is also becoming the focus of research. For example, studies have already
been carried out on the use of CCAs for various powder-based additive manufacturing
processes [7–9] and high throughput processes as well [10]. Besides the powder processes,
CCAs are getting in the focus of other additive manufacturing, such as wire and arc additive
manufacturing processes as well.

1.1. Wire and Arc Additive Manufacturing

Wire and arc additive manufacturing (WAAM) is a fast emerging additive manufac-
turing technique and is utilized for a wide range of materials [11–14]. The main material
focus in research is currently steel, aluminum, and titanium. Wire and arc additive man-
ufacturing is part of the direct energy deposition (DED) processes and summarizes the
different welding processes, such as TIG- and GMA-welding. In this work, the focus lies
on the GMA-welding-based additive manufacturing. This process allows a large variety
in geometries to be manufactured, including overhangs [15,16]. Furthermore, it can be
used for a wide range of materials and also multi-material and functionally graded ap-
proaches [17–25]. In this case, the manufacturing process could have a significant impact
on the properties of the materials that are summarized and shown in [13,26,27] and need to
be considered for the prediction of the material properties. The WAAM-process needs in
every case a substrate material for the start of the manufacturing process. These materials
are not always of the same chemical composition of the additively manufactured part. Such
mixed material joints are commonly known in welding and possible to achieve, e.g., in
explosion welding [28,29] or for cladding [14].

One limiting factor is the lack of knowledge about the welding or additive manufac-
turing and the influence of these processes on the properties of the CCAs [30]. Another
limiting factor of this additive manufacturing process is the availability of the used wire-
shaped filler materials. Classically, these are manufactured as solid wires. For these solid
wires, special melts are prepared and the feedstock is cast for subsequent forging and wire
drawing processes. This limits the range of possible alloy systems, especially if they have
unknown processing properties. In addition to solid wires, cored wires have also become
well established. These have a formed sheet metal strip outer sheath filled with powder.
This allows a wider range of possible alloy compositions with relatively small quantities of
filler. As a relatively new variant of additives, cable-like wound filler wires have become
established in research. Here, too, the degrees of freedom in composition are significantly
greater for small quantities of filler compared to solid wires. These cable-like fillers have
been realized for complex concentrated alloys; demonstrated in [31–33]. Here, the limiting
factor is the available diameter of the different alloying elements.

Overall, currently, the metal-cored fillers offer the widest range in possible composi-
tion, and they will be the focus in this work.

1.2. Aim of This Work

The presented work is intended to clarify whether the selected alloy system can be
produced by using a metal-cored wire and which process boundary conditions make this
possible. In particular, alloying elements burn-off and the usage of different shielding
gases will be presented. An initial characterization of the properties of the additively
manufactured CCA regarding the mechanical–technological properties together with a first
comparison of the wear resistance completes the work. The used composition is based on
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the compositions given in [34] and has been adjusted to allow the manufacturing of the
metal-cored wire with a diameter of 2.4 mm.

2. Materials and Methods

In the following sections, the used materials, welding equipment, and analytical
methods will be briefly described.

2.1. Material

A metal-cored filler wire with a diameter of 2.4 mm was used as the filler material
for the additive manufacturing of the test piece. The nominal chemical composition of the
baser material and the cored wire is shown in Table 1.

Table 1. Nominal chemical composition of the metal-cored wire.

Content in Weight-%

C Si Mn Cr Ni Mo Nb V Co Fe

Wire 0.33 0.53 0.37 16.45 25.45 16.25 0.11 2.57 16.26 bal.
Base Mat. <0.2 <0.55 <1.6 - - - - - - bal.

It consists of a shell made of FeNi36. With the filling, the missing element contents are
realized. A mixture of pre-alloyed powders and pure powders has been used.

The substrate on which a wall-like structure has been manufactured was a plate of
S355 steel with the dimensions of 355 mm × 350 mm × 15 mm. The surface of the substrate
has been sand-blasted before the initial welding tests.

2.2. Welding—Strategy and Sequence

The welding direction was chosen in an alternating manner to compensate for ther-
mally induced geometric errors on both sides of the resulting wall structure, Figure 1. A
similar approach has already been shown in [35,36] and others.

Figure 1. Welding sequence.

The welding parameters used to produce the wall structure are summarized in Table 2.
The use of a 2.4 mm thick metal-cored wire made it necessary to use the non-synergy
mode of the welding power source. A mixture of 85% Argon and 15% Helium was used
as shielding gas. In preliminary tests, a mixture of 82% argon and 18% CO2 as well as
unmixed argon were used. In the case of the mixed gas with CO2, pore formation was
observed. When pure argon was used, the melt showed signs of melt run-off and resulting
bonding defects. The welding current was around 205 A, and the welding voltage was
set to 16.6 V. The welding speed was set to 50 cm/min and the wire feed was 3.5 m/min.
The welding process parameters were determined in preliminary tests in such a way that a
stable arc was achieved over the entire build-up height and, in addition, an equal build-up
height between the layers could be realized. Furthermore, care was taken to ensure that
the energy input (primarily determined by welding current/wire feed) was located in the
lower spectrum, as is more typical for arc-based additive manufacturing.
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Table 2. Welding parameters.

Welding Parameter

Wire diameter 2.4 mm
Welding current 205 A
Welding voltage 16.6 V
Welding speed 50 cm/min

Wire feed 3.5 m/min
Shielding gas 85% Argon and 15% Helium

Welding mode Non synergetic
Interlayer temperature <200 ◦C

Figure 2 shows the wall-like structure during the additive manufacturing process
and the used additive manufacturing robot based on a tripod robot system. In addition,
the Figure 2 shows the cross section of the used metal-cored filler. Some welding spatter
occurring is visible. The welding power source was a EWM Titan XQ Puls. The welding
mode was set to non-synergetic. An interlayer temperature of less than 200 ◦C was kept
between all layers.

Figure 2. Wall-like structure during additive manufacturing process.

2.3. Analytical Methods

In the following section the analytical methods are briefly described.

2.3.1. Microstructural and Chemical Analysis

For the microstructure analysis, 3 samples were taken transverse to the welding
direction and embedded in a polymer. These were then ground and prepared for reflected
light microscopy by polishing. For visualization of the microstructure, an etching with V2A
mordant has been conducted. The composition of the etchant is:

- 100 cm3 Hydrochloric acid—HCl
- 100 cm3 water—H2O
- 10 cm3 nitric acid—HNO3

- 1 cm3 mordant according to Dr. Vogels

Afterwards pictures of the microstructure were taken using optical light microscopy
and scanning electron microscopy. The chemical composition has been determined using
energy dispersive X-ray spectroscopy (EDX) and X-ray fluorescence analysis (XFA).
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To determine the crystal structure, X-ray diffractometer investigations were carried
out with the aid of an X-ray diffractometer from Panalytical (Empyrean) Cu X-ray tube
operated at 40 kV and 40 mA and a PIXcel 1D detector (255 channels, 14 mm active length).
Data were collected between 20 and 120 ◦2θ with a stepsize of 0.026 ◦2θ and a time of 20 s
per step.

2.3.2. Mechanical Properties and Hardness

The determination of the mechanical parameters was carried out according to DIN ISO
6892 [37]. The hardness of the component was determined according to DIN ISO 6507 [38].
The hardness measurements were performed on the obtained cross-sections. The tensile
specimen had the form E (b0 = 6, Lt = 104) in accordance with DIN 50125 [39].

2.3.3. Miller Test

To determine the behavior of materials under three-body abrasive wear, the Miller test
according to ASTM G75 can be used [40]. The test has been carried out in accordance with
the standard. A sample was moved cyclic under a defined load of 22.24 N in an abrasive
suspension against chloroprene rubber at a speed of 20 m/min, Figure 3. This test has also
been used in [34,41].

Figure 3. ASTM G75 (Miller Test) [34,41].

2.3.4. Density

The density of the alloy was determined with a pycnometer using distilled water and
the specimen designated for wear testing.

2.3.5. Thermal Expansion Coefficient

The thermal expansion coefficient has been measured using a push rod dilatometer.
The push rod dilatometer used consists of a furnace, the sample holder, and the unit for
recording and evaluating the measured values. The sample is located in a tube made of
ceramic. It is firmly connected to a rod that transmits the change in length of the specimen
for measurement value acquisition. The thermal expansion coefficient is then calculated
using the measured values.

2.3.6. Specimen Orientation and Positioning

Figure 4 shows the orientation and location of the specimens in the manufactured wall-
like structure. The specimen was cut out using wire-based electric discharge machining
(EDM) followed by grinding to remove the EDM-surface.
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Figure 4. Positioning of the specimen in the deposited CCA wall-like structure.

3. Results

Figure 5 shows the wall-like structure after deposition and after sandblasting.

Figure 5. Additive manufactured wall-like structure after deposition (left) and after sand
blasting (right).

The surface of the wall-like structure is very non-uniform. This is due on the one hand
to the wire diameter used—the surface quality of WAAM-produced components usually
increases with a small wire diameter—and on the other hand to a hitherto rudimentary
adjustment of the process variables. In addition, on the one side of the structure there is an
increasing geometrical defect (left). This is due to a further increase in ignition problems in
the welding process.

3.1. Chemical Compsition and Burn Off

To be able to compare the nominal alloy composition with the composition present in
the component, the chemical composition was determined by means of X-ray fluorescence
analysis (XFA). The comparison between the two compositions is given in Table 3.

Table 3. Comparison of the nominal chemical composition and the chemical composition of the
deposited material.

Content in Weight-%

C Si Mn Cr Ni Mo Nb V Co Fe

Wire 0.33 0.53 0.37 16.45 25.45 16.25 0.11 2.57 16.26 bal.
Dep.
XFA - 0.63 0.45 15.95 26.24 15.65 0.1 2.6 15.4 22.3
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Overall, the chemical composition is found to be comparable to the nominal com-
position. A clear burn-off of alloying elements is not discernible. The slight burn-off of
chromium, molybdenum, and cobalt was to be expected, especially for molybdenum and
chromium since the burn-off of these alloying elements is known for other materials.

3.2. Mechanical Properties

Table 4 shows the mechanical properties determined in the tensile test parallel to the
welding direction and represents the mean value of three samples. A stress–strain curve is
shown as an example in Figure 6.

Table 4. Mechanical properties of the complex concentrated alloy (wall structure).

Youngs Modulus in GPa Yield Strength in MPa Ultimate Tensile Strength in MPa Elongation at Break in %

246 534 563 2.1

Figure 6. Stress–Strain curve in tensile test (exemplarily).

The additively manufactured complex concentrated alloy investigated has a Young’s
modulus of approx. 246 GPa, a yield strength of approx. 530 MPa, and a tensile strength of
approx. 560 MPa. The elongation at break determined over the three tests carried out was
2.1%. One specimen showed a very brittle material behavior without plastic deformation.
This is attributed to imperfections due to manufacturing.

3.3. Hardness

The mean value of the hardness from 10 measurements distributed over the cross-
section of the sample was 257HV10. The range of the measured hardness values was
between 252HV10 and 270HV10.

3.4. Microstructure

Figures 7 and 8 show the microstructure of the additively manufactured wall-like
structure in 200× magnification in the unetched state and in 500× magnification in the
etched state. The etching was carried out with V2A mordant as described in the methods.
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Figure 7. Microstructure of the complex concentrated and additive manufactured alloy (magnification 200×).

Figure 8. Etched with V2A mordant (magnification 500×).

A dendritic solidification structure is clearly visible in both images. Inter-dendritic
residual solidification is also visible. The internal structure of this residual solidification,
as shown in Figure 8, indicates a eutectic mixture. However, proof of this eutectic is still
pending and will follow in further studies. Furthermore, Figure 9 shows that the chemical
composition between the two phases clearly differs in the content of nickel, chromium,
iron, molybdenum, and cobalt, so that it can now be assumed that it is a two-phase
complex concentrated alloy due to additive manufacturing. Figure 9 shows an SEM image
of the microstructure. The green line represents the position for a line EDX scan. The
corresponding counts of the analyzed elements are shown below.
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Figure 9. SEM image of the microstructure and counts from a performed EDX line scan.
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A Mo-rich phase is shown, in which the other main alloying elements are contained in
lower amounts than in the second phase, which is rather Mo-poor. A detailed determination
of the phases, their structure, and composition is still pending.

Figure 10 shows the XRD data of the alloy. These were determined on a polished piece
of the material not used for other samples. The XRD data suggest a face-centered cubic
crystal structure. The position of the peaks is comparable to those of the face-cantered cubic
Cantor alloy from [42,43]. A second phase with a different lattice structure is not evident
from the data. A pronounced directionality of the lattice structure was also not found.

Figure 10. XRD Data.

3.5. Wear Resistance

Figure 11 shows the loss of material in the G75 “Miller” test compared to the cast alloy
used in [34], and two conventional hardfacing alloys. The less material that is removed from
the specimens, the better they are suited as a wear protection system against three-body
abrasive wear.

Figure 11. Loss in mm3 for G75 “Miller” test.

The additively produced samples made of the CCA alloy show an ablation of approx.
110 mm3 here. This means that the wear that occurs is smaller than with the cast compara-
tive alloy and a conventionally used Stellite 6 of a cobalt–chromium alloy. Compared to the
CCA, however, the second Stellite (Stellite 12) is significantly better. The Stellite specimens
have been GMA-cladded [44].
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3.6. Thermal Expansion Coefficient

Figure 12 shows the thermal expansion coefficient (TCE) over the temperature for
the additive manufactured complex concentrated alloy. At approx. 550 ◦C, the thermal
expansion coefficient shows a change in behavior. After a flattening of the curve, it rises
again more steeply. A similar behavior of the thermal expansion coefficient has been
reported by Laplanche et al. for a CoNi alloy as well [45]. The measured TCE over the
temperature for this alloy is in a range of the literature for similar alloys [45]. This suggests
a partial or complete phase transformation of the material at 550 ◦C.

Figure 12. Thermal expansion coefficient over temperature.

3.7. Density

The density of the alloy is 8.34 g/cm3, and is thus slightly higher than that of steel.
The mixing rule results in an expected density of 8.7 g/cm3. The difference in the density
can have multiple causes. First, the specimens for density measurements can include
imperfections such as pores and cracks. Due to the fact that the specimen for the wear
test was used to determine the density of the material, extensive porosity and cracks have
not been observed. Furthermore, one of the four core effects for CCAs can be taken into
account; the cocktail effect—which states that the properties of CCAs sometimes cannot be
proposed by the mixing rule [46].

4. Conclusions and Outlook

The presented results show that the usage of metal-cored fillers can be used for the
additive manufacturing of CCAs. The use of metal-cored fillers allow us to significantly
increase the range of possible different chemical compositions that can be investigated
for their properties after arc-based additive manufacturing in comparison to the use of
cable-like fillers.

Further research on the manufacturing of complex concentrated metal-cored wire, as
a well-established filler for welding, needs to be done, although an alternative for alloy-
development and the determination of the mechanical properties has been established
using cable-like wires [31–33].

An addition or precipitation of carbides can increase the strength and the wear re-
sistance of an additive manufactured CCA, such as that shown in [47]. The shown alloy
composition has been chosen to promote the formation of vanadium carbide. This precipi-
tation has been shown in previous studies for cast specimen [34]. However, in this case, a
formation of carbide has not been observed. One reason for this could be the relative low
carbon content of the metal-cored filler. This will be considered in further investigations,
in addition to the determination of the emerging phases of a further adjustment of the
process variables.
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Nevertheless, it can be said that the aim of the presented research has been achieved
and the following conclusions can be drawn. The main point of the presented studies is
that the usage of metal-cored wire can be used for the wire and arc additive manufacturing
of complex concentrated alloys. Furthermore, the manufactured wall structure and its
material has achieved the following properties:

- A yield strength of 534 MPa and an ultimate tensile strength of 563 MPa;
- An elongation of break of 2.1%;
- A hardness of 257 HV10.

Furthermore, the presented material has a comparable wear resistance in the G75 test
to cobalt-based alloys that are currently widespread in use for wear-resistant claddings
with a loss of ca. 110 mm3 of material in a standard G75 test.

In further investigations, the crystal structure of the two phases shown here will be
examined in more detail. Furthermore, the quality of the deposition can be significantly
increased by further adjusting the process values in additive arc-based manufacturing.
Further investigations are also planned in this area. An analysis of the diffusion behavior
of hydrogen in this material rounds off the planned investigations.
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