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ARTICLE INFO ABSTRACT

Keywords: In recent years, the interest in the improved functionalisation of Additive Manufacturing components through
Advanced manufacturing processes multi-material solutions has increased because of the new possibilities in product design. In this work, an
WAAM

advanced Wire Arc Additive Manufacturing process for fabrication of multi-material structures of different
aluminium alloys was investigated. Mechanical properties such as tensile strength, yield strength, fracture
elongation, and hardness were analysed for multi-material parts and compared with the mechanical properties of
mono-material parts. It was found that the strength of multi-material components was limited by the properties
of the individual aluminium alloys and not by those of the material transition zones. Microsections and EDX line
scans revealed a smooth transition zone without any significant defects. Furthermore, process monitoring ap-
proaches for quality assurance of the correct material composition in such multi-material structures were
investigated. Different sensor data were captured during multi-material Wire Arc Additive Manufacturing to
identify and observe various characteristics of the process. It was shown that the voltage, current, acoustic, and
spectral emission data can be used for in-situ monitoring to detect the chemical differences between the two
aluminium alloys 6060 and 5087. Characteristic patterns in the frequency range were found, which can be
attributed to a frequency shift that occurred due to the different material properties. Spectral analysis revealed
changes in the ratios of green and blue light emission to red light emission, which was also due to the different
magnesium contents.

Process monitoring
Rapid manufacturing
Direct Energy Deposition

1. Introduction makes the temperature balance easier to control, which is one of the

biggest challenges in WAAM, to achieve a consistent geometry [5]. In

1.1. Wire Arc Additive Manufacturing

Wire Arc Additive Manufacturing (WAAM) is a near-net-shape pro-
cessing technology that is classified as one of the Direct Energy Depo-
sition processes and is primarily intended for cost-effective production
of large components due to its high deposition rates [1]. Currently, most
WAAM processes are based on Gas Metal Arc Welding (GMAW). One of
the most promising GMAW processes is the Cold Metal Transfer (CMT)
technique which enables a reduced energy input compared to other
GMAW processes [2-4]. The reduced energy input in the CMT process
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the CMT process, the wire is conveyed into the process zone via a
pushing and pulling movement [3,6,7]. In one CMT cycle, an electric
pulse of defined duration melts the wire tip, which is fed forward until it
touches the melt pool, producing a short-circuit and causing arc
extinction [3]. Subsequently, the wire is mechanically pulled back and
the CMT cycle restarts again [3].

1.2. Aluminium alloys used in WAAM

WAAM has been recognized as one of the most efficient processing
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methods for cost-effective production of large structural parts [8,9].
Aluminium alloys are of especially high interest for structural parts, for
example in the automotive industry or aerospace applications [10]. For
manufacturing in aluminium, with its comparatively low melting point,
the CMT process is ideally suited because of its low heat input, which
enables the production of bigger aluminium parts [11]. This present
work will investigate using two different aluminium alloys (one from the
5xxx series and one from the 6xxx series) to create multi-material walls
using WAAM.

The aluminium series 6xxx has been widely investigated because of
its low costs compared to other aluminium alloys [10]. In addition, it has
a medium- to high-strength and good toughness characteristics [12].
However, for aluminium alloys, the grain size of the microstructure, and
therefore the mechanical properties, can differ significantly in different
areas of the part [12]. For parts manufactured in the 6xxx series post-
weld heat treatments are used to overcome this problem by homogeni-
sation and precipitation strengthening. Heat treated parts show more
homogenous properties, higher tensile strength, and higher hardness.
The most common method is a T6 heat treatment, which is based on
solution heat treatment for 1 h at 520 °C, followed by water quenching,
and then artificial aging for 6 h at 160 °C [13].

The aluminium series 5xxx has also been investigated because of its
very good mechanical properties [14]. Zhang et al. investigated WAAM
of Al-6 Mg and showed that parts can achieve an ultimate tensile
strength of up to 333 MPa, which is even higher than the tensile strength
of wrought AI—Mg alloys with the same composition, that show a tensile
strength of 315 MPa [14]. Fang et al. investigated the microstructures of
parts manufactured by WAAM of 5183 and found that the microstruc-
ture changes for different process modes [9]. In the microstructure of the
samples, manufactured by the CMT and CMT + A (Cold Metal Transfer
Advanced) modes, fine equiaxed grains were found, but in the samples
manufactured by CMT + P (Pulsed Cold Metal Transfer) mode, bigger
columnar grains were found [9]. The tensile strength of the test parts
made by both techniques was similar and showed values between 270
MPa to 298 MPa [9]. The aluminium series 5xxx is a non-heat treatable
Al-Mg-based alloy, as it is typically strengthened by solid solution for-
mation and strain, not by precipitation [15]. During WAAM of 5xxx
alloys, a black soot is produced during processing, which consists mainly
of aluminium, magnesium, and oxygen [16].

1.3. In-situ monitoring in WAAM

Different researchers have worked on in-situ monitoring systems in
WAAM to improve the quality of the parts during processing or to in-
crease the process reliability by a feedback control loop. Ma et al. have
proven that laser opto-ultrasonic dual detection can be used for in-situ
monitoring of simultaneous compositional, structural, and stress ana-
lyses in WAAM [17]. Hauser et al. used spectral analysis to detect
oxidation anomalies during WAAM of aluminium alloys [18]. Huang
et al. used a spectrometer for monitoring the process dynamic behaviour
during WAAM of the aluminium alloy AA5083 and found that when the
current increased, the intensity in the spectral wavelengths also rose,
because the temperature, the electron density and the proportion of
metal vapor also increased [19]. The main chemical difference between
the two aluminium alloys 6060 and 5087 is the magnesium content.
Therefore, the biggest differences are expected in the characteristic
spectral lines of magnesium. The spectral lines of magnesium are in the
following wavelength ranges; 270 nm to 290 nm, 370 nm to 390 nm,
440 nm to 460 nm, 550 nm to 570 nm and 760 nm to 780 nm [19]. Zhao
et al. proposed a combined monitoring method of spectral analysis,
welding camera, and electrical current to ensure a stable process [20].
Since all monitoring approaches have their advantages and disadvan-
tages, Reisch et al. proposed a context-sensitive, multivariate moni-
toring system to ensure the required quality of parts produced by WAAM
using different sensors such as; a current sensor, voltage sensor, spec-
trometer, and pyrometer, enabling a holistic view on several process
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characteristics [21,22].
1.4. Multi-material processing in WAAM

Economic and environmental benefits are pushing different in-
dustries to realise unique designs and material combinations to mini-
mize weight and to maximize functional integrity [23]. The aim of
multi-material processing is the combination of different materials to
optimise the properties of a product, such as; tensile strength, stiffness,
processability, ecological considerations, low cost, and many more
[24,25]. Therefore, functionally graded materials have become an
additional design parameter in product design [26]. One main challenge
to overcome in multi-material processing are cracks in the material
transition zone (MTZ) due to brittle phases, caused by mixing the
different materials, or by the differences in the coefficients of thermal
expansion [26]. Research in multi-material Additive Manufacturing has
been conducted, especially in the field of Directed Energy Deposition
processes [27,28]. Li et al. investigated multi-material processing of Ti-
6Al-4V and SS316 in Laser Metal Deposition and proved the relevance of
the process by specifically avoiding intermetallic phases [28]. Hauser
et al. showed that crack-free multi-material processing involving brittle
intermetallic phases, Fe28Al(at.%) and Fe30A15Ti0.7B(at.%), is possible
in Laser Metal Deposition [27]. Multi-material processing has also been
investigated for Selective Laser Melting. Research in the field of multi-
material processing has also been carried out in WAAM, for example;
Leicher et al. and Treutler et al. have proved the feasibility of multi-
material Wire Arc Additive Manufacturing of the two steel alloys
FeNi36 and Mn4Nil,5CrMo without any cracks [24,29]. They showed
that through the multi-material design, the material properties can be
locally adapted to the load, since the two materials can be processed
with each other without a clear transition zone [24,29]. Kumar et al.
investigated WAAM of the steel SS321 and Inconel 625 within one part
and found that the microstructural characteristics varied along the build
direction, with equiaxed and columnar dendrites in the layers of SS321
while the layers of Inconel 625 consisted mainly of fine, columnar and
cell-form dendrites [30]. Ahsan et al. combined low carbon steel and
316 L stainless steel by WAAM and found an increase in hardness in the
transition zone [31]. Ahsan et al. investigated also the influence of heat-
treatments on such bimetallic additively manufactured structures and
they found that the failure location moved from the low-carbon-steel to
the stainless-steel side after heat treatment [32]. Xia et al. found that the
Taguchi method is suitable for optimising welding parameters in multi-
material WAAM to combine iron-based welding material and nickel-
based superalloy [33].

However, additional research is still required in multi-material
WAAM, as the combination of different materials has not been thor-
oughly investigated and the fabrication of multi-material structures is an
important step towards an advanced WAAM system. In particular, the
thermodynamic influence of the process on the material transition zones
has not been studied in detail. This subject is of high importance since
during Additive Manufacturing, complex, multiple thermal cycles are
experienced by the material in the material transition zones. In order to
enable the industrial use of multi-material parts manufactured by Ad-
ditive Manufacturing, several research questions must be answered.
Therefore, in this work, multi-material Wire Arc Additive Manufacturing
of the two aluminium alloys 6060 and 5087 is investigated in order to
better understand the general process characteristics. In addition, the
6060 aluminium alloy, which is of high interest because of its low costs
and its small proportion of strategically critical alloy components such
as silicon, has not been used in WAAM so far but is of high interest for
low cost high-strength parts. The potential of multi-material applica-
tions in the WAAM in this case is characterised by the reduction of rare
alloying elements such as silicon or magnesium by using high-
magnesium alloys only in those areas that it is needed. In such an
application example, of course the mechanical and chemical properties
in the transition zones of the multi-material parts are of particular
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interest. The influence of the different process modes on the material
transition zones in multi-material parts is investigated to achieve a
better understanding of the relationship between the process mode and
the mechanical properties. Furthermore, process monitoring approaches
for quality assurance of the material composition in such multi-material
structures are of high importance to guarantee the right mechanical
properties at the right location in the part. Different sensor data
(voltage, current, structural acoustic, and spectral analysis) were
captured during multi-material Wire Arc Additive Manufacturing to
identify and observe various characteristics of the process to investigate
the applicability of these sensors for in-situ material analysis.

2. Material and methods
2.1. Experimental set-up and monitoring framework

In the robot-based WAAM set-up shown in Fig. 1, a 6-axis Comau
robot, a Siemens SINUMERIK Run MyRobot motion control and a Fro-
nius welding source with CMT functionality were used. For in-process
monitoring, a Cavitar welding camera C300, a HKS P1000-S3 system
with voltage and current sensor (attached to the welding source), an
Oceanoptics spectrometer USB2000+, a Dittel system AE6000 with a
structural acoustic sensor, and an Almemo data logger with two NiCr-Ni
thermocouples were used. Furthermore, the realised wire feed rate and
the motor current of the wire feeder were captured with a frequency of
30 Hz through a Profinet connection between the welding source and
the motion control.

To monitor and analyse the melt pool during WAAM the process
camera C300 (Cavitar) was used. The process was monitored from the
front at an angle of 30° to the horizontal with a frame rate of 30 frames
per second. For bright processes such as WAAM, a filter of the process
emissions is needed. The C300 welding camera contains an integrated
laser unit with a wavelength of 640 nm, which is used as an illumination
laser. This illumination laser combined with a band-pass filter in front of
the camera with a central wavelength of 640 nm, filters all other
process-related radiation and facilitates an unsaturated view on the melt
pool.

The welding sensor system HKS P1000-S3 was used to capture the
process-related current and voltage data at a frequency of 4000 Hz. The
voltage and current data are basically the input parameters into the arc-
based process, controlled by the Fronius welding system. A Dittel system
AE6000 mounted on the bottom of the T-slot plate as shown in Fig. 1,
was used to capture the structural acoustic emissions induced by the

Racoustic sensor
| sl— [y

Fig. 1. Set-up of the robot-based WAAM with sensor framework.
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process at a frequency of 1000 Hz. The structural acoustic sensor is
based on the principle of a pieco-sensor. Since the process is based on a
repetitive cycle, the frequency domain of the sensor data is of high in-
terest. The voltage, current, and acoustic data were analysed in more
detail by a Fast Fourier Transformation, and the intensities of the
respective frequencies were normalised from low (0) to high (1.0),
related to the highest intensities observed in the data. An Oceanoptics
spectrometer USB2000+ from Ocean Insight, which can detect the in-
tensity of wavelengths from 200 nm to 1000 nm, was used to monitor
process-related light emissions. For the experiments, specific wave-
length ranges of 20 nm were used to average the values over a defined
range to avoid a noisy sensor signal. The main chemical difference be-
tween the two aluminium alloys 6060 and 5087 is the magnesium
content, as shown in Table 2, and thus the decisive spectral lines of
magnesium (270 nm to 290 nm, 370 nm to 390 nm, 440 nm to 460 nm,
550 nm to 570 nm, and 760 nm to 780 nm) were captured with a fre-
quency of 50 Hz. The synchronisation of all these in-situ monitoring
sensors was based on the process start, as this caused a spike in all data
due to the first arc ignition, which is due to the higher voltage and
current for the first few seconds to enable a stable process.

For collecting temperature data during WAAM, two NiCr-Ni ther-
mocouples were fixed on the substrate by clamps at 60 mm from the
wall. The thermocouples were used to monitor the interpass tempera-
ture of the part during processing and this data was used to extend the
waiting times between layers if necessary. Thus, the interpass temper-
ature was kept within a constant temperature range of 80 °C to 160 °C
for all layers, which also prevented geometrical fluctuations in the parts.
The temperature data of the multi-material experiment from the first
layer (L1) to the tenth layer (L10) are shown in Fig. 2.

2.2. Design of experiments

All experiments were conducted with a vertical position of the Fro-
nius welding torch, through which the wire was fed perpendicular to the
substrate. The build-up was based on an oscillating strategy of the torch
as shown in the green lines of Fig. 3. It was found in preliminary ex-
periments that this strategy enables a more stable process for different
geometries compared to a linear movement. Thus, this strategy was used
for all samples manufactured in both the mono-material and the multi-
material experiments. The focus of this paper is on the multi-material
experiments. The multi-material samples were manufactured accord-
ing to the scheme shown in Fig. 3, which was found to be an applicable
strategy for various industrial cases. In the multi-material experiments, a
wall consisting of ten layers was produced with the material being
changed after every two layers. The parameters used for the experiments
are listed in Table 1 and were kept stable for all layers, except for the
wire feed speed, which must be increased for the CMT process to achieve
a reliable bond. In the multi-material experiment, 5087 was used as
alloy A and 6060 as alloy B. In addition to the changing materials, the
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Fig. 2. Temperature data acquired with thermocouples positioned on the
substrate at 60 mm from the wall during multi-material WAAM from the first
layer (L1) to the tenth layer 10 (L10).
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Fig. 3. Schematic build-up strategy used for multi-material WAAM with the
oscillating strategy (marked green). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

Table 1

Process parameters used for WAAM of aluminium alloys.
Parameter Value
Substrate material 6060
Wire feed speed 4.2 m/min
Current — CMT + P mode 92 A
Voltage — CMT + P mode 159V
Current - CMT mode 76 A
Voltage - CMT mode 12.3V
Robot travel speed 0.35 m/min
Shielding gas Argon 4.5 (99.995% purity)
Gas flow rate 8 L/min
Nozzle-to-work distance 14 mm

Torch angle Neutral (0°)

processing mode was also changed between the CMT + P mode and the
CMT mode to investigate the behaviour of multi-material processing in
different processing modes. In the first four layers (L1 + L2, L3 4 L4) the
CMT + P mode was used and in the subsequent four layers (L5 + L6, L7
+ L8) the CMT mode was used. In the last two layers (L9 + L10) the CMT
-+ P mode was used again.

The experiments were carried out with wires of AX-6060 and AX-
5087 (both provided from ALUNOX) and with substrate plates of
6060. The wires had a diameter of 1.2 mm and the substrate plates had
the dimensions 150 mm x 150 mm x 6 mm. The chemical compositions
of the alloys are shown in Table 2. The physical properties of the two
aluminium alloys are shown in Table 3. The main difference in the
physical properties of the two aluminium alloys is the electrical and
thermal conductivities. The thermal expansion coefficients, on the other
hand, are similar, which suggests a low thermal tension during joining

Table 2
Main elements in the chemical composition of the aluminium alloys 6060 and
5087, in wt% [34,35].

Alloy Al Mg Si Mn Cr Ti Zr
6060 Bal. 0.6 0.5 - - - -
5087 Bal. 4.5-5.2 - 0.7 0.15 0.1 0.2

Journal of Manufacturing Processes 69 (2021) 378-390

Table 3
Physical properties of the aluminium alloys 6060 and 5087 [34-37].

Aluminium alloy 6060 5087

Melting range [°C] 585-650 575-638
Electrical conductivity [S * m/mm?] 28-34 16-19

Thermal conductivity [W/(m * K)] 200-220 110-120
Thermal expansion coefficient [1/K] 23,4 * 10°° 23,7 * 10°°
Yield strength Ry0,2 [MPa] 60 (AB) 150 (T6) 130 (AB)
Peak stress Ry, [MPa] 120 (AB) 190 (T6) 280 (AB)
Fracture elongation A [%)] 16 (AB) 8 (T6) 18 (AB)

and they are therefore well suited for crack-free processing.

2.3. Material analysis

Tensile strength tests, hardness tests, microsections, and EDX line
scans were performed to analyse the mechanical properties of the parts
manufactured in 6060 and 5087. The Vickers hardness tests were per-
formed with an acquisition rate of 10 Hz, a maximum load of 1000 mN, a
loading/unloading rate of 2000 mN/min, a pause of 10 s in between the
measurements, and an approach/retract speed of 5000 nm/min.

In the EDX line scans, the elements aluminium (Al), magnesium
(Mg), silicon (Si), manganese (Mn), and oxygen (O) were analysed. In
the material transition zone, Mg and Si were the most relevant elements
to analyse by the EDX line scans because of the difference in Mg and Si
content of the high Mg alloy 5087 (4.0-4.9 wt% Mg) and the low Mg
alloy 6060 (0.59 wt% Mg). Tensile specimens were manufactured ac-
cording to the international standard E8/E8M — 16a [38]. Plate-type
subsize specimens with the dimensions shown in Fig. 4c were used.
The tensile specimens of the mono-material walls were taken in both the
horizontal (H) and vertical (V) directions (Fig. 4a). The tensile speci-
mens in the horizontal direction (xy plane) were milled out in the layer
and the tensile specimens in vertical direction (z-direction) were milled
out in build-up direction. For selected tensile specimens of 6060, T6 heat
treatments were performed and thus the mechanical properties, as-built
(AB) and T6 heat-treated (T6), were analysed. For the specimens of 5087
no post-weld heat treatments were applied because this aluminium alloy
is a non-heat treatable as it is typically strengthened by solid solution
formation and strain, and not by precipitation [16]. The tensile speci-
mens of the multi-material walls, made of 6060 and 5087 in the CMT
mode, were taken in the vertical (V) direction as shown in Fig. 4b. Two

5087 /6060

‘ 100
25

o
it

c) R6
Fig. 4. Tensile specimens taken from a) the mono-material walls and from b)
the multi-material walls with c) the dimensions according the international
standard E8/E8M — 16a [38].
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multi-material tensile tests were performed in the as-built condition and
two multi-material tensile tests were performed after T6 heat treatment.
All the tensile tests were carried out with a traction speed of 1 mm/min.
For each condition, two to three samples were prepared to obtain a
reliable result.

3. Results
3.1. Analysis of mechanical properties and EDX scans

3.1.1. Tensile strength measurements

Yield strengths, peak stresses, and fracture elongations of the parts
were measured, as shown in Fig. 5. The mechanical properties for the as-
built mono-material specimens of 6060 and 5087 were found to be
uniform in the horizontal and vertical directions. In Fig. 5 it is shown
that the T6 heat treatment increases the yield strength and peak stress of
the as-built 6060 parts while reducing the fracture elongation. The yield
strength of the heat-treated 6060 is only slightly lower than its peak
stress, resulting in a brittle fracture after T6 heat treatment instead a
more ductile deformation as it was the case before T6 heat treatment
(Fig. 6). However, the peak stress of 5087 is still slightly higher than that
of the heat-treated 6060. The yield strength of 5087 is only half as high
as its peak stress, resulting in a ductile deformation fracture, as shown in
Fig. 6. The as-built multi-material tensile specimens showed a slightly
higher peak stress and yield strength than the as-built specimens of
6060, and a lower fracture elongation. After T6 heat treatment, the
multi-material tensile specimens showed a similar peak stress to the
heat-treated specimens of 6060 and a similar yield strength to the
specimens of 5087. The fracture elongation of the multi-material spec-
imens slightly decreased after T6 heat treatment. Since the yield
strength of the multi-material specimens is only about 50 MPa below the
peak stress the fracture occurs rather brittle without significant defor-
mation (Fig. 6). The fracture locations of the samples were mainly in the
centre of the samples, but for the tensile samples in the horizontal di-
rection, there was a trend of the fracture location towards the side
(Fig. 6).

m Yield strength - Sample 1
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6060-Wall AB-H

6060-Wall AB-V

Fig. 6. Fracture locations and fracture surfaces of the mono-material specimens
of 6060, 5087, and the multi-material specimens of 6060 and 5087, in the as-
built (AB) and T6 heat-treated (T6) conditions, in horizontal (H) and vertical
(V) direction.
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Fig. 5. Yield strength, peak stress, and fracture elongation of the mono-material specimens of 6060, 5087, and the multi-material specimens of 6060 and 5087, in the
as-built (AB) and T6 heat-treated (T6) conditions, in horizontal (H) and vertical (V) direction.
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3.1.2. Hardness measurements

In multi-material parts the material transition zones are the areas
which tend to contain defects such as cracks. Therefore, a multi-material
wall (Fig. 7c), manufactured by different process modes and a different
deposition order of the alloys, was hardness tested (Fig. 7a) with a focus
on the four material transition zones within the part (Fig. 7b). The
produced multi-material wall (Fig. 7c) had the dimensions 50 x 90 x 16
mm. In general, the hardness of 5087 is higher than the hardness of
6060. The hardness of the 6060 sections (5, 9) manufactured by WAAM
was similar to the hardness of the substrate which was made of the
wrought alloy of 6060 (1). The layers of 6060 or 5087, produced with
CMT or CMT + P, showed fairly consistent hardness within each layer.
The material transition zones show bigger fluctuations. However, in
general the transition zones from 6060 to 5087 (2, 6, 10) show a higher
hardness than the transition zones from 5087 to 6060 (4, 8).

3.1.3. Microstructures and EDX scans

Microsections of the material transition zones show that the layers of
6060 contained small pores and cracks (Fig. 8), which were not observed
in the layers of 5087. The small pores and cracks were also observed in
the mono-material regions of 6060 (Fig. 9). The hot cracking in the re-
gions of 6060 increased for the CMT process compared to the CMTP
process (Fig. 9). No significant differences were found in the general
microstructure of 5087 whether it was processed by CMTP or CMT or

| AW-6060 Transition
AW-5087 zone

Test series Y

6 7 8

9

m Test series X < Test series Z

120 -

HV]
—
A O ® O
o & © o
1 1 1 1

N
o
I

Vickers hardness [

o

Location

Fig. 7. a) Vickers hardness measurements in the different sections of b) the
cross-section A-A including the data points of the hardness tests (marked yel-
low) of ¢) the multi-material wall. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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whether it was close to the transition zone (Fig. 8) or not (Fig. 9).
Furthermore, the microsections of the aluminium alloy 6060 before and
after heat treatment were investigated and it was found that the hot
cracks reduced after T6 heat treatment (Fig. 10).

In order to investigate the different material transition zones in more
detail, EDX line scans I, II, III, and IV (Fig. 11) were performed at the
locations 4, 6, 8, and 10 indicated in Fig. 8.

The material transitions induced by the CMT + P mode (Fig. 11a, d)
showed a wide and smooth transition zone. However, the material
transitions induced by the CMT mode (Fig. 11b, c) were short and steep.
When the layer deposited for the material transition is realised by the
aluminium alloy 5087 (Fig. 11b, d), magnesium peak contents of up to 8
wt% were observed. Furthermore, the average magnesium content (blue
dotted lines) in the 5087 sections is higher after material transition
(Fig. 11b, d) than before material transition (Fig. 11a, c). The silicon
content in the 6060 sections is slightly higher than in the 5087 sections
but no big differences are visible. The silicon content shows also quiet
constant values in all material transition zones.

3.2. Sensor data analysis

3.2.1. Voltage, current, and structural acoustic data

During the multi-material processing, data from different sensors
were captured. The data of the layers deposited by the CMT + P mode
and the data of the layers deposited by CMT were investigated sepa-
rately. The Fast Fourier Transformations of the voltage, current, and
structural acoustic data when using the CMT + P mode are shown in
Fig. 12. The CMT + P spectrum consists of two main frequencies, the
fundamental process frequency, and the pulse frequency within this
process cycle. It was assumed that the process frequencies for both alloys
would be in the same range, as the set process parameters such as wire
feed speed and robot travel speed were the same. The pulse frequency
was in the range between 200 Hz to 220 Hz for both aluminium alloys.
However, a slight change in the process frequency of the CMT + P mode
was observed. The process frequency of the CMT + P mode was 22 Hz
when 6060 was processed and 25 Hz when 5087 was processed. This
frequency shift, from 22 Hz for 6060 to 25 Hz for 5087, was observed in
all frequency domains of the voltage, current, and structural acoustic
data. Furthermore, the structural acoustic data showed similar peak
patterns to the voltage data, as shown in Fig. 12a, c.

The Fast Fourier Transformations of the voltage, current, and
acoustic data in the CMT mode are shown in Fig. 13. The CMT frequency
was 42 Hz when 6060 was processed and 77 Hz when 5087 was pro-
cessed. As before, in all frequency domains of voltage, current, and
acoustic data, this frequency shift was observed. In addition to this
frequency shift, a higher scatter around the main frequencies was again
observed when 6060 was processed. This can be seen in the voltage,
current and acoustic data, but is especially evident in the current data
(Fig. 13b). The acoustic data in the CMT mode also showed similar peak
patterns to the voltage data (Fig. 13a, c).

The reasons of these frequency shifts were found in the detailed
analysis of the process cycles, which are shown in Fig. 14. The general
structure of the CMT + P and CMT cycles was similar for both aluminium
alloys but the duration of the individual process cycles differed. The
CMT + P cycles consist of one fundamental cycle and four pulses for both
aluminium alloys. The duration of one CMT + P cycle is 40 ps (fre-
quency = 25 Hz) when 5087 was processed and 44 ps (frequency = 22
Hz) when 6060 was processed. The duration of the individual pulses in
the CMT + P cycles is 1-2 ps for both aluminium alloys. In the CMT
mode the differences are even bigger. The duration of one CMT cycle is
13 ps (frequency = 77 Hz) when 5087 was processed and 24 ps (fre-
quency = 42 Hz) when 6060 was processed.

3.2.2. Process camera imaging
The process camera images, shown in Fig. 15, revealed more insights
into the manufacturing of multi-material parts. The process camera
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Fig. 8. Microsections of the material transition zones at the locations shown in Fig. 7b.

Fig. 9. Microsections of the mono-material regions of the multi-material part at
the locations shown in Fig. 7b.

Fig. 10. Microsections of walls built by 6060 before and after T6
heat treatment.
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images show that the resulting track width when processing 5087 is
wider than the track width when processing 6060. In the CMT + P mode
the differences in the track width are not as big as in the CMT mode,
which correlates also with the observed frequency shift in the voltage,
current, and structural acoustic data. Apart from the different track
width, white lines were detected during processing of 5087 in the CMT
mode.

3.2.3. Realised wire feed rate and motor current of the wire feeder

The data of the realised wire feed rate and the motor current of the
wire feeder revealed more insights into the process. The realised wire
feed rate showed big differences in processing of 5087 and 6060
(Fig. 16). The wire feed rate, set at 4.2 m/min, was realised for 5087, but
not for 6060. The realised wire feed rate was 25% lower than the set wire
feed when processing 6060. In the CMT mode the motor current of the
wire feeder showed peaks which correlated with a greater fluctuation
around the mean of the wire feed rate. The higher current in the wire
feeder indicates a higher resistance during the CMT of 6060. Further-
more, the lower wire feed rate, which was realised by processing 6060,
indicates that the wire was much more difficult to melt up and deposit it.
That also shows the correlation of the lower wire feed rate with the
relative intensity of the structural acoustic sensor which shows a greater
fluctuation around the mean for processing of 6060 than processing of
5087. The greater fluctuation around the mean is the highest for pro-
cessing 6060 by CMT which correlates with the peaks in the wire feed
motor current.

3.2.4. Spectral analysis

The time series data, shown in Fig. 17, revealed 25% higher in-
tensities in the ultraviolet wavelength range from 270 nm to 290 nm,
when 5087 was processed compared to 6060, regardless of the process
mode (CMT + P or CMT). The lower intensity in the ultraviolet wave-
length range correlates with the 25% lower wire feed rate when 6060
was processed. In the wavelength range from 370 nm to 390 nm, the
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intensities were also 25% higher when 5087 was processed but the
relative intensities in this wavelength range were dependent on the
process mode. For both aluminium alloys the intensities were 20%
higher in CMT + P mode than in the CMT mode. Furthermore, different
ratios in the intensities of blue (440 pm to 460 pm), green (550 pm to
570 pm), and red (760 pm to 780 pm) light were observed when the two
aluminium alloys were processed. When 6060 was processed, the in-
tensities in these three wavelength ranges were similar, but when 5087
was processed, the intensities of red light were two to three times lower
than the intensities of blue and green light.

4. Discussion
4.1. Tensile strength of multi-material parts consisting of 6060 and 5087

The mechanical properties of the parts manufactured by WAAM can
differ from the usual values for welding or casting due to impurities,
different grain structures and different build-up strategies. This is even
more noticeable for multi-material components, as the material transi-
tion zone has an unknown material composition. One main challenge to
overcome in multi-material processing, is the formation of cracks in the
material transition zone due to brittle phases caused by mixing of the
different materials, or by the differences in the coefficients of thermal
expansion. Therefore, the tensile strength of multi-material parts can
differ greatly depending on the materials used.

The tensile strengths of the multi-material parts compared with
mono-material parts (5087, 6060), manufactured by WAAM, are listed
in Table 4. The tensile strengths of the as-built multi-material specimens
were slightly higher than the tensile strength of the as-built mono-ma-
terial specimens of 6060 but significantly lower than the tensile strength
of the as-built mono-material specimens of 5087. The fracture elonga-
tion of the as-built multi-material specimens was between the fracture
elongation of the as-built mono-material specimens of 6060 and 5087.
After T6 heat treatment, the multi-material parts had a similar peak
stress to the specimens of the heat-treated 6060 and a similar yield
strength to the specimens of 5087 (AB). Since the strength of the multi-
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material parts is limited by the mechanical properties of the individual
aluminium alloys used, and the fracture elongation is between the
fracture elongations of those alloys, it can be concluded that no inter-
metallic brittle phases or cracks have occurred to weaken the material
transition zone. Therefore, the multi-material components of 5087 and
6060, manufactured by WAAM, are limited by the properties of the in-
dividual processed materials and not by the material transition zone.

4.2. Impact of multi-material WAAM on the hardness within the parts

In the hardness measurements, it was observed that hardnesses in the
material transition zones were dependent on the different process modes
and the deposition order of the alloys, although the material combina-
tions were the same. Therefore, it is interesting to analyse why these
differences occurred. In general, the microstructure of aluminium alloys
can differ significantly in different areas of the part and this also in-
fluences the local mechanical properties.

The results showed that the transition zone width (Fig. 11) is twice as
extensive when the layer deposited for the material transition is realised
by CMT + P instead of CMT (Table 5). This is due to the higher energy
input in the CMT + P mode, which increases the penetration depth. The
results also showed that although the process mode has an influence on
the transition zone width, it does not influence the hardness of the
transition zones (Table 5). The higher hardness in the material transition
zones (MTZ) from the low Mg alloy 6060 to the high Mg alloy 5087 can
be explained by the higher average magnesium content which was found
in these transition zones (Table 5). The lower Mg content in the material
transition zones from 5087 to 6060 can be explained by the loss of Mg in
the black soot, which is created during processing and consists mainly of
oxides of aluminium and magnesium [16]. Therefore, the Mg content of
5087 most likely decreases from the inner core (Fig. 11b, d) to the outer
edge (Fig. 11a, c) of the deposited track, as shown in Fig. 18. In the outer
edge of the deposited track the Mg content is lower due to the loss of the
Mg in the black soot. Therefore, the average Mg content in the MTZ is
lower, as illustrated in Fig. 18. This observation matches to the EDX line
scans and the hardness tests, which revealed a lower average Mg content
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and a lower average hardness in the MTZ from 5087 to 6060. Further-
more, the theory is consistent with the observations of the sensors. For
example, white lines were observed in the welding camera, most likely
caused by the Mg soot.

4.3. Material characteristics in voltage, current, acoustic, and light
emission spectra during multi-material Wire Arc Additive Manufacturing

The main parameters for melting the wire are the current and
voltage, as these define the energy input into the process. These
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parameters should change for different materials and the process signal
outputs would also change, even if the same machine input settings are
used. For completely different materials like steel and aluminium this
point is obvious, but it is interesting to investigate whether materials
with only slight differences in their chemical composition can be
distinguished from their process output signal. If this is the case, it would
have a great impact on the detection of operator errors or possible dif-
ferences in the quality of the material. The quality of the supplied ma-
terial, in this case the wire, can change depending on the batch and can
vary significantly depending on the supplier. Depending on the batch,
the element distribution and thus the mechanical properties of a part
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Fig. 14. Current and voltage data of the process cycles during a) CMT + P of 5087, b) CMT + P of 6060, ¢c) CMT of 5087, and d) CMT of 6060.
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Fig. 15. Process camera images during processing of a) 5087 by CMT + P, b)
6060 by CMT + P, ¢) 5087 by CMT, and 6060 by CMT.

may change. Differences in process output signal would facilitate fault
detection and monitoring during WAAM of complex multi-material
structures. Therefore, the signal differences in processing the two
aluminium alloys 5087 and 6060 were investigated.

In all frequency domains of voltage, current, and acoustic output,
frequency shifts from lower frequencies for 6060 to higher frequencies
for 5087 were observed. The reason for these frequency shifts was a
different process behaviour, which was in the end due to a lower wire
feed speed. Such a big change in the process for aluminium alloys with a
slight difference in the composition was not expected. However, the
experiments showed that the differences are material-related, as the
welding source controls its parameters via current and voltage, which
caused the reduction of the wire feed rate for 6060, as at a higher wire
feed rate the energy input would not have been sufficient to achieve the
chosen wire feed rate.
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Fig. 16. Wire feed behaviour and its correlation with the structural acoustic
data during multi-material WAAM.

One main difference in the material characteristics is the thermal
conductivity of the two aluminium alloys which is twice as high for 6060
(200-220 W/(m * K)) as for 5087 (110-120 W/(m * K)). The higher
thermal conductivity leads to a faster heat dissipation and in the end to a
lower process temperature. Due to the lower process temperature, less
material can be melted and therefore the welding source reduces the
wire feed rate in its internal control. The correlation of the process
frequency with the thermal conductivity of the aluminium alloys is
shown in Fig. 19. In the CMT + P mode the higher heat dissipation does
not make that big difference as in the CMT mode because the energy
introduction is in general higher and divided over several individual
pulses. In the CMT + P mode, the higher heat dissipation is not as sig-
nificant as in the CMT mode, as the energy input is generally higher and
distributed over several individual pulses.

Based on this observation, different aluminium alloys processed in
WAAM with the same process parameters (current and voltage) can be
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Fig. 17. Relative light emission intensity for different wavelength ranges dur-
ing multi-material WAAM of a ten-layer wall.

Table 4
Comparison of tensile strength between mono-material parts of 6060/5087 and
multi-material parts of 6060/5087.

Aluminium alloy 6060 6060 5087  Multi- Multi-
material material
Heat treatment AB T6 AB AB T6
Yield strength Rpo,2 50 225 135 66 135
[MPa]
Peak stress R;,, [MPa] 110 235 290 137 230
Fracture elongation A 8-25 2 20 6 5

[%]

Table 5

Hardness of multi-material parts within the layer and the material transition
zone (MTZ) in correlation with the averaged magnesium content, the process
mode, and the transition zone width.

Averaged Material ~ Averaged Mg Process Transition zone
hardness [HV] content [wt%)] mode width [pm]

96 5087 4.8 CMT + P

55 MTZ I 2.85 30 pm

50 6060 4.8 CMT + P

69 MTZ Il 3.8 35 um

84 5087 4.8 CMT

52 MTZ 111 2.78 15 pm

60 6060 4.8 CMT

72 MTZIV 3.4 65 pm

94 5087 4.8 CMT + P

distinguished by a different wire feed speed or process frequency which
correlates mainly with the thermal conductivity of the aluminium alloys
(Fig. 19). These process changes can be monitored by the voltage, cur-
rent, and structural acoustic data.

So far, light emission spectroscopy in WAAM has only been used to
ensure a stable process and to monitor the dynamic behaviour of the
process. Besides this, the materials deposited in WAAM should also show
a unique emission behaviour due to their different chemical composi-
tions. In this work the focus in spectral analysis was on the characteristic
wavelengths for Mg, because the content of this element was the main
difference between the two aluminium alloys processed. In addition, Mg
shows a volatility in aluminium alloys and evaporates much more
readily than aluminium when it is processed by GMAW processes, and
this can be detected in the spectrum [19]. The differences in elemental
distribution in 6060 and 5087 were clearly observed in the spectral
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analysis as intensity differences in blue, green, and red-light emissions
were observed. With a higher Mg content in an aluminium alloy, the
amount of evaporating Mg increases, which is detected in the ratio of
blue and green light emission to red light emission during processing as
shown in Fig. 20. The evaporating Mg was also observed as white lines in
the process camera images during processing of 5087 especially for the
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CMT+P CMT+P
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AW-6060
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T
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Fig. 20. Magnesium content correlation with wavelength range ratios of the
blue and green light emission to the red-light emission during multi-material
WAAM of the high Mg content alloy 5087 and the low Mg content alloy
6060. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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CMT mode. Based on these observations, an in-situ monitoring system
for material and process recognition can be established, in which the
elemental composition can be observed by spectral analysis.

In this work, the foundation has been set for the in-process chemical
analysis of the materials being deposited by WAAM using simple sensor
data. This enables the in-situ verification of the quality of the supplied
material. The in-situ verification can also be used for process monitoring
of the local chemical composition of the part and thus reveal informa-
tion about the mechanical properties at certain locations in the manu-
factured part, enabling an advanced manufacturing system with process
monitoring of the material composition.

5. Conclusions
In the present work the following conclusions can be drawn:

m For the materials investigated, the tensile strength of the as-
built multi-material parts were limited by the tensile strength
of the aluminium alloy 6060 (AB).

After T6 heat treatment, the maximum peak stress and yield
strength of the multi-material parts increased but the peak
stress was still limited by the peak stress the heat-treated
aluminium alloy 6060 (T6). However, the yield strength was
limited by the aluminium alloy 5087 (AB) because after heat
treatment of 6060 the yield strength of 5087 is lower.
Therefore, multi-material components of these aluminium al-
loys manufactured by WAAM were limited by the properties of
the individual processed materials and not by those of the
material transition zone.

Aluminium alloy 5087 (AB) processed by WAAM shows a
higher hardness than 6060 (AB) processed by WAAM because
of the higher Mg content causing solid solution formation
which leads to a higher hardness.

The material transition zones when the high Mg alloy 5087 was
deposited on the low Mg alloy 6060 showed a higher hardness
than vice-versa, because of the higher average magnesium
content in these material transition zones, increasing the
hardness. The lower Mg content in the material transition zones
from 5087 to 6060 can be explained by the loss of volatile Mg in
the black soot towards the outer edge of the deposited track
which was also observed in the EDX line scans and in the pro-
cess camera images as white lines.

The material transitions induced by the CMT + P mode, showed
a deeper and smoother transition zone, than the material
transitions induced by the CMT mode. This was due to the
higher energy input in the CMT + P mode, which increased the
welding penetration depth into the previous track.

In all frequency domains of the voltage, current, and acoustic
monitoring data, frequency shifts from lower frequencies for
6060 to higher frequencies for 5087 were observed. Thus, the
deposited aluminium alloy can be recognized by all three sen-
sors and deviations in the alloy composition can be monitored
in the process.

The lower frequencies noted during WAAM of 6060 resulted
due to its higher thermal conductivity compared to 5087. The
same energy input led to a lower deposition rate of 6060
compared to 5087 resulting in a lower wire feed speed and less
process cycles during. Based on this observation, different
aluminium alloys processed in WAAM with the current and
voltage could be distinguished by their different thermal con-
ductivity, as this directly affected the wire feed speed and
process frequency.

The differences in elemental distribution in the low Mg alloy
6060 and in the high Mg alloy 5087 were clearly observed in
the spectral analysis due to the ratio of blue and green light
emission with red light emission when the high Mg alloy 5087
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was processed. The higher blue and green light emission occur
most likely due to the evaporation of Mg during processing of
high Mg aluminium alloys.
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