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Abstract

In the last decades, laser metal deposition (LMD) as a part of additive manufacturing developed to a state of the
art methodology in industrial fields. In recent years, there has been an increased interest in the processability of
lightweight high strength structural materials such as aluminium alloys. However, in terms of wire-based LMD
there is a lack of knowledge regarding the possibility to process aluminium and its alloys. In this research, a process
development for wire-based laser metal deposition of a 5087 aluminium alloy (AlMg4.5MnZ) was conducted.
Special attention was payed to investigate effects, which are traced back to the specific process energy, in terms
of porosity, microstructure and geometric shape of the structures. It was found that process energies between
125 J/g and 185 J/g in combination with a deposition speed of 5 m/min for deposition rates from 25 g/s to 35 g/s
using a pre-heated substrate material at 150°C could achieve 99.9% dense structures. Using this knowledge,
surface coating as well as structure building parameter windows are identified, which are considerable different.

Keywords: laser additive manufacturing; aluminium alloy; laser metal deposition; process development,
microstructure, process parameter windows;

1. Introduction

From its development in the late 1980s, additive manufacturing (AM) became a profitable method to generate
components and structures for industrial use nowadays. The concept of this technique consists in melting a
material, usually provided as powder or wire and adding it layer-by-layer to build components instead of a
subtractive manufacturing as cutting or milling [1]-[4]. This enables a large degree of freedom from construction
point of view but also includes great advantage in terms of the degree of utilisation including an inherent simplicity
in building three dimensional shaped parts [5], [6]. In comparison to conventional machining methods, AM leads
to a significant decrease of material wastage from 90% up to 7% [7], [8]. Hence, an important cost and cycle time
minimization by saving the tool change time per part can be realized [9]. From the economic point of view,
fabrication of wire material in contrast to powder is comparably cheap, which is one of the reasons for its beneficial
balance of accounts [10].

In the field of additive manufacturing, many different approaches have been developed over the last decades.
Regarding the production of metallic parts, these approaches can be divided in powder and wire-based techniques
[11]. Powder-based approaches have already achieved a significant application in several industrial fields [12].
Powder-based approaches are subdivided in powder bed and powder-feeding techniques [13]. In case of powder
bed systems, a certain amount of pulverized metallic material is supplied in a machining chamber, which is flooded
by shielding gas. This powder material is irradiated locally by a laser beam, which is led across the powder bed
following a predefined path according to the computational design [14]. After solidification of the molten material,
a following layer of powder material is automatically put on top of the manufactured structure. This method is
repeated until the desired shape of the workpiece is manufactured.



In contrast to this, in powder injection approaches the pulverized material is supplied through a nozzle on the
workpiece where it is molten by a laser beam in order to produce the desired shape of the workpiece. At this
juncture, an inherent gas such as argon or helium is used to blow the pulverized material on the workpiece,
simultaneously protecting the melting pool of reacting with atmospheric gases.

Similar to this, within the wire-based approaches the wire is fed through a nozzle on to workpiece. Using this
technique the desired structure is also manufactured by adding certain layers of material on top of or next to each
other. Similar to powder-feeding approaches, the material is shielded by an inhered gas during the molten state.
However, the surface area of the injected wire using wire-based AM is much lower than the accumulated surface
area of the powder particles in powder-based approaches, which reduces the hazard of possible reactions with
atmospheric gases during molten state. Therefore, it is not necessary to work in a closed area of inhered gas, which
increases the degree of freedom for the approach drastically. AM using wire feeding systems, compared to powder-
feeding systems offers higher usage efficiency of material [15], improved surface quality of the deposited
structures [3], [10], and enables higher disposition rates [3]. This underlines the necessity of deeper investigations
of wire-based LMD.

In general, the application of AM can be divided into a structure building and a surface coating approach. For each
purpose, specific process adjustments have to be considered to achieve the desired properties of the workpiece. A
high deposition rate and low penetration depths are beneficial in terms of manufacturing structures, whereas a
higher penetration into the substrate material is required in case of surface coatings. In both cases, the deposited
layer requires strong metallurgical bonding with the substrate material and a very localized heat affected zone
[16]-[ 18], which stresses its applicability for the production of dense parts.

In the following, an AM technique using filler wire as raw material and laser as energy input is investigated. This
approach offers very high deposition rates in a well controllable process [18], [19]. Local shielding in the melting
zone instead of a shielding gas flooded working area, as it is needed for powder deposition methods, could be
applied in wire-based LMD. Because of the variegated adaptability in industrial fields, a process development
addressing the identification of high impact parameters in LMD of the aluminium alloy 5087 for a surface coating
and structure building process, with special attention to macro-morphology, is investigated. Therefore, a
parametric study including the examination of possible defects and outer appearance of the specimens is
conducted.

Within AM, the minimization of post-processing is one of the most important factors [18]. In the field of surface
coating, mostly milling to straighten the surface roughness is conducted. This results in a certain amount of waste
material, which was removed. In order to reduce this amount of waste material and simultaneously to minimize
post-processing steps, near net shaped workpieces have to be manufactured. For this purpose, the defined process
windows have to be configured precisely in such a way that a high efficiency whether for coating or structure
building application can be achieved. Within this study, a process development in order to enable the processability
of the aluminium alloy 5087 for LMD was conducted.



2. Laser metal deposition using filler wire
2.1. Materials

In this study, the aluminium alloy AIMg4.5MnZr (EN AW-5087) as wire-material and AIMg3 (EN AW-5754) as
substrate-material were investigated. The 5xxx series are characterized as the stiffest in the area of the non-
thermosetting aluminium alloys and as good weldable in laser beam welding (LBW) processes [20]. The wire was
provided with a diameter of 1.0 mm and speed controlled fed through a nozzle on to workpiece. The substrate
material was provided as 200 mm x 150 mm rolled sheets with 6 mm thickness. The deposition direction was
adjusted to the rolling direction of the substrate material. Due to the high reflectivity of aluminium and furthermore
to clean the upper layer of the substrate material, the substrate was firstly sandblasted and cleaned with acetone
before LMD. A pressure of 8 bar and a particle size of 90 um — 150 pm of the blasting material were used to

achieve a surface roughness of R = 0.20 um and R; = 1.36 um.

2.2. Process development

An 8 kW continuous wave ytterbium fiber laser YLS-8000-S2-Y 12 (IPG Photonics Corporation) integrated with
an optical head YW52 Precitec, in a CNC-supported XYZ-machining center (IXION Corporation), was employed
in this study. The main characteristics of the laser and the characteristic features of the focused beam are shown in
Fig. 1 and summarized in Table 1. The optical head was integrated along the Z-axis of the system, which was also
equipped with a wire feeding system together with a shielding gas supply, as schematically illustrated in Fig. 2.
Within the LMD process, relative to the manufactured design of the workpiece, the laser locally heats up the
substrate. Due to this, temperature gradients leading to internal residual stresses occur. Hence, plastic deformation
of the substrate as well as in the deposited structure develops [21]. This effect is known as temperature gradient
mechanism [22]-[25]. In AM distortions of the workpiece are a critical problem which have to be minimized by
adjusting the optimum parameter window fitted to the specific shape of the workpiece [22], [25]-[28]. To reduce
distortions the substrate was pre-heated to different temperatures in order to provide a more homogenous heat
profile within the substrate and the deposited structure. For this purpose, the substrate was clamped on an IKA C-
MAG HS7 heating plate with a maximum power of 1 kW (maximum temperature 500°C). Equally important is
that pre-heating of the substrate reduces internal defects like porosity or cracking [29].

During the process, the wire was fed through a nozzle at a fixed angle of 35° relative to the surface of the substrate.
The nozzle for the shielding gas supply was installed above the wire nozzle with an angle of 55°, a vertical distance
of 25 mm, and a horizontal spacing of 5 mm relative to the front edge of the wire feeding nozzle. The amount of
shielding gas was adjusted to 13 1/min in order to provide enough gas to protect the molten material from oxidation
with atmospheric gases but not to influence the solidification process. Due to the high viscosity of aluminium in
its liquid state together with a very high cooling rate within the LMD process, the shape of the deposited structure
could be distorted using a too strong gas flow. As an alternative, the deposition could be conducted in a complete
shielding gas atmosphere, like an argon-filled chamber. However, this approach is less adaptable within industrial
application due to geometric restrictions. Therefore, the process was adjusted using local shielding to increase the
degree of freedom with respect to possible dimensions of the workpiece. The circular shaped laser beam irradiates
the wire perpendicular to the substrate. Due to the fact that the wire is supplied on a wound up coil, it develops an
inherent drill which could affect the feeding accuracy by an oscillating movement after leaving the nozzle.
Considering this, the spot diameter was enhanced to 1.6 mm by a positive defocusing to + 23 mm for building
multiple layer structures but keeping the process energy, constant. Adjusting the laser spot size could provide a
homogeneous melting of the wire in each oscillated position and simultaneously melt the surface of the substrate
to merge the materials in LMD. In Fig. 1 (a) and (b) the beam caustic for the used equipment is visualized.
Additionally, the beam intensity for focal position (c) as well as for Rayleigh length (d) is plotted. From this, it
can clearly be seen that a top hat distribution is achieved using focal position, whereas a gaussian distribution
shape is formed in Rayleigh length. Therefore, it can be concluded that the enhancement of the spot diameter
provides a sufficient beam intensity to melt the wire. Additionally, neighboured regions of the subjacent substrate
or structure are heated up in order to achieve homogeneous heat distributions in the manufacturing zone and to
balance oscillations of the wire. Furthermore, possible astigmatism was balanced by the adjustment of the
equipment and a linear deposition path. For more complex structures which require also curved, or circularly paths,
astigmatic effects have to be taken into account. In this study only straight-lined beads were deposited. The distance



between the focal spot and the edge of the wire feeding nozzle was adjusted to be as small as possible, in order to
reduce oscillating movements of the wire and improve process accuracy. Regarding this, the distance of dy =4 mm
could be defined as a minimum to ensure that the edge of the wire nozzle was not melted during the process.
Additionally, this distance is large enough to avoid remaining not molten material located on the nozzle after
switching off the laser. Otherwise, this remaining material, might be remolten starting the deposition of the next
bead and drop on the substrate leading to defects. The same effect occurs for the process-related development of
smoulder which accumulates at the notch too. Within the process, the table of the CNC-system was moved
relatively to the Z-axis in X or Y direction with a defined velocity vi. At the same time, the wire material was fed
through the nozzle with a velocity vy. Using the presented process, it is possible to deposit lines of AA5S087 on the
substrate and to regulate the deposition rate by adjusting the ratio between v; and vy. This ratio is expressed as
vw/vi =k in what follows.
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Fig. 1 Overview of the beam caustic (a), beam symmetry (b) and beam intensity distribution in focal (c) and
Rayleigh length position (d) showing a top-hat distribution in focal position and a gaussian-shaped distribution
at Rayleigh length.

Table 1: Main properties of the laser equipment

parameter symbol value unit
maximum power Pinax 8000 \W
collimation lens Lc 120 mm

focal lens F 300 mm
process fiber diameter D 300 pm

focal spot diameter ds 750 pum

center wavelength A 1070 nm
divergence half-angle 6/2 30.35 mrad
beam parameter product BPP 9.9 mm - mrad
beam quality factor M 29 -

rayleigh length Zr 12.3 mm
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Fig. 2: Schematic visualization of the LMD process showing also the identification of the fixed parameters:
flow rate of shielding gas Qar, the shielding gas nozzle angle v, the wire feeding nozzle angle B, the focal spot
to wire feeding nozzle tip distance dn as well as the depositioning direction.

Parameter dependent bead shapes with height H and width ® were produced, as shown in Fig. 3(a). As a result of
the dynamic process wire and substrate partly diluted inside the substrate, which is expressed by the dilution depth
h. Hence, the created bead is welded into the substrate expressed in a high bonding between build-up structure and
the substrate or between multiple layers [ 18], [30]-[32]. Relative to the chosen parameters and the resulting process
energy, the bead width, dilution depth and bead height vary [33]. As an indicator for the ratio between the width
and height of the bead, the bead side angle o and the heigth-to-width ratio Rg, were defined [34]. The general bead
shape is visualized in Fig. 3 (a). In addition to that two different possibilities of LMD with multiple layers next to
each other or on top of each other are sketched in Fig. 3 (b) and (c), respectively in the following, an experimental
study to characterize the resulting bead shape, inner defects, dilution and overlapping ratios depending on varied
process parameters, is presented.

Fig. 3: Identified geometric parameters for bead morphologies after LMD for single beads (a), multiple beads
next to each other (b) [33] or multiple beads on top of each other (c).

3. Theory

Within the LMD process, numerous parameters have to be adjusted in order to define quantifiable input values.
Additionally, the process with respect to the chosen input has been evaluated. Therefore, the following theoretical
equations and assumptions have been derived.

3.1. Adjustment of the laser specific parameters

Using deposition velocity v; within the process time t, it is possible to determine a deposited line length 1. This is
expressed as

l=v,t. 3.1)



By this, it is clear that the achieved length of the bead is only dependent on the deposition velocity with respect to
the process time and independent from the wire feeding rate. However, the deposited volume of the bead V varies
with the wire feeding velocity vy as

V =, mr?t, (3.2)
where 1 is the radius of the wire. Additionally, the deposition rate ' as an important indicator of the deposited
material is expressed as

V =wv,nr’p, (3.3)

where p is the density of the material. The mass of the deposited bead equals

m =, Tript. (3.4)

Within laser beam welding an energy parameter, namely fluency, which expresses the laser power for an irradiated
area, is used. The third dimension to create voluminous parts has also to be considered. Therefore, the specific
energy per unit volume of wire W, as an extension of the common used fluency is expressed as

W _4E_ P 55

mnt TGV Ty, wrl '
or

W, = aE = P 3.6)

9 dm wv,mrip '

The cross section of the bead S is expressed by the ratio of volume to length
vV  y,mr?
S=—= 3.7)

l v
In order to generate a defined irradiated area of the circulartshaped laser beam, it is possible to adjust the focal
diameter by positioning the optical head relatively to the surface of the substrate. Hence, the focal spot diameter
is described by Equation (3.8) as a ratio between the so-called Rayleigh length z. and the defocussing distance in
Z-direction abbreviated by z, relatively to the equipment specific smallest focal spot diameter dr as

d(z) = dr /1 + (Zi)z. (3.8)



3.2. Geometric examination of the beads

As already mentioned, LMD processes are used to build structures or coat surfaces. In order to be able to adjust
the surface quality in coating processes it was assumed in [35] that the geometry of the resulting beads can be
considered as circularly shaped. This is visualized in Fig. 4 (a). Consequently, the radius R of the deposited bead
is calculated by considering the deposited height and width of the bead. In case of a multiple layer process next to
each other, bead spacing has to be defined. As shown in Fig. 4 (b) it can be derived that the center of the first bead
is located at (0, H — R). Also referring to [35], the circle can be expressed as

R2=[Z—- (H—-R)]*+ x?, 3.9)
where
(1)2
R = M (3.10)
-~ 2H
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Fig. 4: Geometric assumptions for bead and molten zone geometries as circularly shaped with defined
parameters according to [35].

In order to get the smoothest surface for multiple LMD in coating processes, the areas A; and A; have to be equal.
Only in this case, the surface transition between the neighboured beads is close to being plane. When X > 0, areas
A and A; can be calculated by reformulating Equation (3.9) as:

Z=f(x)=VR2— x2+ (H-R). (3.11)
Using these relations, the two areas A; and A, as indicated in Fig. 4 (b) can be calculated by integration method
given as:

&

A1=H-dc—2f (VRZ= x2+H - d.)dx

0

(3.12)
d d d\?

— . _ 2 =1 c _ c 2 _ 4

R dc= R%sin (ZR) 2 <R (2))

and



AZ—Zf VR —x2+H—d dx

= [RZ sin~ 1 —% , \ (3.13)

- [stm—l (j—;)— % ,(RZ— (2) >\+ H=R)(w - d,).

Additionally, [35] described the overlapping ratio of the beads, given as

pe = L9 (3.14)

w
As formerly stated, the beads are welded into the substrate, which causes a high bonding. Due to different
irradiation times relative to the specific process energy, different dilution ratios occur. As in [36] already stated,
the dilution is “the variation degree of composition of cladding arising from the blend of molten substrate during
the laser cladding”. Assuming a circularly geometric shape of the bead as well as for the molten zone, the dilution
is expressed as

O] (e B (e ) s o

“r (7) +#

Taking the different maxima of dilution and bead height into account, the dilution ratio can be simplified to

h
Thmax = (T HY (3.16)

To express a relation between bead height and bead width the so-called aspect ratio R of the bead is defined as

Ry = % (3.17)

Additionally the ratio between the deposition heigth and dilution depth is calculated as

Re =" (3.18)

Within the representation and discussion of the results, these equations are used to calculate the dilution ratios and
identify adaptable process parameters according to qualitative requirements defined in section 4.

During LMD, residual stresses due to shrinkage effects may develop [24], [37]-[39]. Fig. 5 depicts the possible
reasons for residual stresses within the deposited structures. It is assumed that due to shrinkage effects of the
deposited beads internally compressive stresses occur [40]. During the process, a bead of the length . is deposited,
Fig. 5 (a), and contracts while solidification to the length 1,01, Fig.5 (b). Because of the strong bonding between
the substrate material and the deposited bead, compressive stresses in the substrate occur. These stresses may
induce distortions of the structure in X-Z direction, which are shown in Fig.5 (b) to (d). Fig. 5 (d) also visualizes
the deposition of a second bead on top, where the same effect occurs again. This leads to compressive stresses in



the first bead and substrate which additionally increases the development of an distortion angle ¢. Due to the so-
called temperature gradient effect, additional distortions in Y-Z directions occur. By this mechanism, depicted in
Fig. 5 (e), also internal residual stresses develop, which may lead to a large enough internal moment to deform the
material by an distortion angle ¢, [41], [42]. In the parametric study, pre-heating of the substrate is used to reduce
distortion effects. Additionally, cracking inside the bead, Fig. 5 (f), can occur, which needs also to be analysed
with respect to the process parameters.
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Fig. 5: Schematic visualization of a deposited bead with a length of I (a) and its shrinkage while cooling down
inducing residual stresses and deformations of the substrate for a single bead deposition (b) and (e). As well as
multiple layer LMD with bead lengths of 1. due to subsequent depositioning (c) and cooled down state which
leads to residual stresses in both layers and the substrate (d). Additionally, cracking within the bead is
visualized (f).

4. Parametric study

For the process of LMD, many important parameters, depicted in Fig. 2, 3 and 4, are identified. They affect the
shape and quality of the produced structures, consequently their influence needs to be analysed. Table 2 provides
an overview of all varied parameters within this study to gain a global understanding of the process.

Firstly, the positioning of the wire relative to the surface of the substrate was analysed. The tilting angle of the
wire feeding nozzle was fixed to 35°. The initial temperature of the substrate was varied between 25°C, 150°C and
300°C. As already mentioned in [29], pre-heating of the substrate reduces porosity and cracking. Additionally, in
[3], [43] and [44] were stated that constant process conditions regarding material supply and temperature
distributions are needed in order to reduce porosity. Furthermore, heat induced distortions are assumed to decrease
using a pre-heated substrate material due to minimizing the temperature gradient within the process.

To identify the Z-directional tolerance within the process, a bead with a wire position of Z = 0.0 mm relatively to
the surface was deposited. Moreover, the positioning was varied in Z = + 0.1 mm steps producing single beads
until the identification of the upper boarders of loosing penetration. This information is of great importance
preventing in case of unstable deposition heights within one bead, due to temperature related effects or distortions
of the substrate, the process to become unstable.

Secondly, based on the defined optimal wire-positioning, parameter variations of power, deposition and wire
velocity were investigated. Based on this systematic study, a general understanding of their syndetic dependencies
will be identified. For this purpose, common characteristic factors in AM like the k-factor, expressed as the
deposition rate, as well as the specific process energy W per deposited volume, expressing the energy to k-factor,
were applied. The produced samples using k-factors varying from 1 to 10 in connection with a variation of the
power from P =3500 W - 4500 W were examined by X-ray analysis. The pores within the structure are assumed



to be spherical. Using X-ray analyses, pore diameters were measured and the relative volume of pores within one

deposited bead was calculated. The density of the bead Puead is expressed as

Pbead = Vw T rit - 2?:1 Vporei' 4.1
with
T dpore’
Vpo‘rei = I; s 4.2)

where d,, is the diameter of each individual pore.

Thirdly, geometric shape properties like the bead height, width, side angle and penetration depth were analysed.
Especially in the case of dividing the LMD process into structure building and surface coating aimed applications,
different parameter windows have to be defined for each purpose, in order to comply the application requirements.
Therefore, the characterization of the dilution ratio of the bead and the substrate has to be considered. Hence, the
metallurgical bonding with the substrate as a result of the chosen process parameters can be identified. Specifically
in case of surface coating application, the overlapping ratio, indicated in Fig. 4 (b) and predominantly determined
by an adjustment of the bead spacing d., has to be considered. To examine the resulting surface roughness for the
estimated values of d., four different bead distances, ranging from 4.1 mm to 2.15 mm on two different pre-heated
substrates of 150°C and 300°C were used.

To characterize the shape of the deposited beads several assessment criteria were defined. In terms of constant
processability, a homogenous bead shape is needed. A homogenous shape is defined by low surface roughness and
a constant width along the bead. Fig. 6 (a) and (b) depict homogenous bead shapes with constant height and width
along the bead. Fig. 6 (c) and (d) indicate possible shape instabilities like different bead widths w; and w,, varying
widths Aw, along the bead, different bead heights between the start and end points H; and H, and increased surface
roughness AH due to a varying height along the bead. Additionally, regarding structure building LMD a bead
spacing d. = 0 and consequently a tilting angle § = 0 is required in order to produce Z-directional structures with
no over overhang. This effect is illustrated in Fig. 7 (a) and (b).
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Fig. 6: Target shapes considering constant height (a), width (b) for single beads as well as varying height (c)
and width (d) within one bead as deficient product criterias.
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Fig. 7: Optimal positioning for multiple layer LMD (a) and a resulting tilting angle § in case of dc# 0 (b).



Table 2: Overview of varied process parameters

parameter symbol parameter variation unit
laser power P 3500, 4000, 4500 \%%
deposition velocity Vi 16.67, 33.34, 50, 66.67, 83.34 mm/s
wire velocity Vi 16.67, 33.34, 50, 66.67, 83.34, 100, 116.67, 133.34, 150, 166.67 mm/s
focus spot diameter dr 0.75, 1.6 mm
Z-directional wire offset dw 0,0.1,0.2,0.3 mm
substrate temperature Ts 25, 150, 300 °C

5. Results and discussion
5.1. Macro-morphologies and visual inspection

Within the experimental study it was detected that a laser power minimum of 3500 W has to be used in order to
deposit beads on a substrate with Ts = 25°C and a deposition velocity of 1 m/min. For pre-heated substrates of
150°C and 300°C, the laser power had to be increased to 4000 W.

To identify the Z-directional tolerance of the process, beads with a length of 1 = 100 mm were deposited. The
results, summarized in Table 3, indicate a maximum possible distance between the wire tip and substrate surface
of Z =+ 0.3 mm for substrate material at room temperature. This value indicated the maximum Z-directional
distance tolerance between substrate and wire tip for Ts = 25°C. This tolerance decreased to Z =+ 0.1 mm in the
case of a substrate temperature of 150°C and 300°C. It follows, that low substrate temperatures provide a higher
Z-directional wire-positioning tolerance in terms of a stable deposition process.

In structure building LMD, the structure is heated up for each additional bead. This results in a high process
temperature. Therefore, it is concluded that the Z-directional wire-positioning has to be of high precision for a
stable LMD process, not exceeding Z =+ 0.1 mm. Within the parametric study, an offset of Z = 0 mm was used.

Table 3: Results of the experimental study in order to find the maximum possible distance between
substrate and wire tip for different substrate temperatures
Z-directional wire offset | substrate temperature
25°C 150°C 300°C

+ 0.4 mm no connection no connection no connection
+ 0.3 mm connection no connection no connection
+ 0.2 mm connection no connection no connection
+ 0.1 mm connection connection connection

0 mm connection connection connection

Investigations regarding the bead shape relative to the substrate temperature were also conducted. It was detected,
that the shape for beads deposited on substrate material at room temperature of 25°C is more irregular, resulting
in varying bead heights within one bead and inhomogeneous connection to the substrate, compared to beads on
pre-heated substrate material. The shape variation with respect to different substrate temperatures is shown in
Fig. 8 (a) for a substrate at room temperature, (b) for a pre-heated substrate of 150°C and (c) for a substrate
temperature of 300°C. Deposited beads on a substrate at 150°C are constantly shaped and connected to the
substrate. This also holds for beads deposited on a pre-heated substrate of 300°C. Indeed, the difference in terms
of bead shape from 150°C to 300°C is negligible. These results lead to the conclusion that it is sufficient to use a
pre-heating to 150°C to obtain homogenous bead shapes. Additionally, it is concluded that an increased process
temperature to 300°C does not decrease the surface quality of the structures.
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Fig. 8: Bead shape deviations resulting from different substrate temperatures Ts = 25°C (a), Ts = 150°C (b),
Ts=300°C (c) deposited with P =4000 W, vi = 1 m/min and vy, = 8 m/min.

5.2. Radiographic analysis

To detect inner defects of the deposited samples X-ray analyses were conducted. Within this study a Seiferts
Isovolt 320/13 X-ray tube using an irradiation angle of 42°, a working distance of 800 mm, a tube voltage of 70 kV
and a tube current intensity of 4.2 mA affecting an effective focal spot of 2.25 mm? was used. The produced
specimens deposited in the parametric study were investigated conforming to EN DIN 35224:2016-02 in order to
identify the amount of porosity relatively to the varied parameters.

It needs to be pointed out that the substrate temperature as well as a stable and homogeneous temperature
distribution during the LMD process are the dominant requirements to obtain macroscopic defect free structures.
The density of the deposited beads within stationary process conditions was elucidated. Therefore, the lead-in and
lead-out area, respectively 10 mm each, was not taken into account for the defect analyses. In particular, these
regions showed an increased amount of porosity due to process instabilities, elicited by positive and negative
accelerations of the machine and injecting of the laser.

Using a substrate temperature at Ts = 25°C, it was possible to deposit beads with a density of ppeqq = 99.99%

using a deposition velocity of vi = 1 m/min together with a deposition rate of V=31 g/s to 35 g/s which expresses
a k-factor of 9 and 10. Accordingly, specific process energies of Wy =100 J/g and 112 J/g were used. For increased
deposition velocities, the process became instable. Consequently, no beads with a density higher than
Ppead = 99.90% could be achieved. In case of a pre-heated substrate material at Ts = 150°C deposited beads with
densities more than ppeqq = 99.99% using P = (3500, 4000, 4500) W were possible.

In case of P =3500 W a deposition velocity of vi = 1 m/min was necessary. Using this velocity, deposition rates

of V =24 g/s, 28 g/s and 31 g/s which represent a k-factor from 7 to 9 were used. Consequently, specific energies
of Wy =112 J/g, 126 J/g and 144 J/g were used in the process. Increasing the laser power and deposition velocity
to P =4000 W and v; = 5 m/min also bead densities of more than py..q = 99.99% could be achieved. Furthermore,

deposition rates between V=128 g/s to 31 g/s were necessary to produce the required bead quality. This
combination led to specific energies of W, =112 J/g, 128 J/g and 144 J/g.
For a laser power of P = 4500 W, dense beads can be produced with a parameter combination of deposition

velocities up to vy = 5 m/min and deposition rates between V=21 g/s to 35 g/s, leading to specific energies of
W, =130 J/g to 215 J/g. The results, summarized in Table 4, show that a pre-heated substrate is favourable in terms
of a reduction of porosity. Additionally, in case of a substrate at room temperature, low deposition velocities, in
combination with high deposition rates and laser powers more than P = 4000 W were needed to obtain a stable
process. From these results, it is concluded that high process temperatures are needed to achieve structures that are
free from defects. In case of Ts = 25°C, only the deposition velocity of vi =1 m/min was sufficient to result in the
required process temperature. In case of pre-heated substrate material, higher deposition velocities and lower laser
powers could also achieve bead densities of more than py .4 = 99.99% as the pre-heated substrate provides enough
temperature to enable a stable process. However, low laser powers of P = 3500 W were only processable with



deposition velocities of vi = 1 m/min. Using higher deposition velocities, P = 3500 W was not sufficient to inject
the laser into the material any more.

Table 4: Possible process windows leading to bead densities higher than 99.99%.

parameter substrate laser power  deposition deposition k-factor specific

set temperature velocity rate energy

#1 25°C 3500 W 1 m/min 31.3 g/s 9 100.5 J/g
#2 25°C 3500 W 1 m/min 34.8 g/s 10 111.7J/g
#3 25°C 4000 W 1 m/min 34.8 g/s 10 114.9)/g
#4 150°C 3500 W 1 m/min 24.3 g/s 7 143.6J/g
#5 150°C 3500 W 1 m/min 27.8 g/s 8 125.7J/g
#6 150°C 3500 W 1 m/min 31.3 g/s 9 111.7J)/g
#7 150°C 4000 W 3 m/min 27.8 g/s 2.66 143.6 J/g
#8 150°C 4000 W 3 m/min 31.2 g/s 3 127.7J/g
#9 150°C 4000 W 5 m/min 27.8 g/s 1.6 143.6 J/g
#10 150°C 4000 W 5 m/min 31.3 g/s 1.8 127.7J/g
#11 150°C 4500 W 3 m/min 34.8 g/s 3.33 129.3 J/g
#12 150°C 4500 W 4 m/min 27.8 g/s 2 161.6J/g
#13 150°C 4500 W 4 m/min 313 g/s 2.25 143.6 J/g
# 14 150°C 4500 W 5 m/min 24.3 gfs 1.4 184.7J/g
#15 150°C 4500 W 5 m/min 27.8 g/s 1.6 161.6 J/g

Additionally, the probability density of porosity averaged over the full parametric study was calculated. The
detected pore size showed a maximum diameter of d,)5, = 1.2 mm. Within AM, large pores are very detrimental
because the material is weakened. Therefore, a differentiation in size and amount of the pores has to be conducted.
Especially in the beginning and in the end of the deposited bead, large pores were found. As can be seen in Fig. 9,
the overall average pore size of dor, = 0.345 um was determined. Pore dimensions from 0.24 pum to 0.48 um
appeared with a probability of 68.2%. No dependency between pore size and the varied parameters was observed.
In Fig. 9 (b) the cumulative amount of pores is plotted illustrating the probability of occurring pore sizes within
the process.
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Fig. 9: Probability density (a) and cumulative amount of porosity of the detected porosity (b).

5.3. Metallography and geometric examination

In order to investigate the microstructure and geometric shape of the beads, transverse cross sections from the
middle section of the beads were cut. They were mounted, grounded and polished using an oxide polishing
suspension compound (OPS). Microstructural observations were performed using an inverted optical microscopy
(OM) Leica DMI 5000M with polarized light. Due to its relatively high magnesium content, the material is very
corrosion-resistant and consequently common aluminium etching agents are not sufficient to visualize the
microstructure. Therefore, an electrolytic etching, using a 2.5%-acidiferous tetrafluoroboric acid causticise (35%)
was used. This technique, also known as Barker method was conducted using 30 V and an active reaction
time of 90 s.



Fig. 10 shows an overview of the resulting microstructure of one bead, illustrating in particular a Z-directional
grain growth, which is typical for LMD processed metallic structures [45], [46]. The general texture of the bead is
coarse-grained. Near the top surface, the grains are globular, which can be related to the thermal gradient between
the solidifying material and the surrounding atmosphere. Interestingly, a transverse grain growth from the prior
deposited into the added bead is observed. During multiple layer LMD, the globular grains in the upper regions
are remolten and form the Z-directional grain growth through the transition zone of the beads, plotted in Fig. 11 (a)
and (b). In the majority of cases, occurring defects such as pores and cracks are detected in the transition zones
between the beads or substrate material, indicated in Fig. 11 (b). The results indicate that the shapes of the pores
are circumstantially, like assumed in section 4. Within LMD, cracks are also a challenging problem. It was found
that they mostly proceed along the Z-directional grain boundaries, depicted in Figs. 10 and 11, or along the
transition zones between the beads or the substrate, see Fig. 11 (b). Crack growth direction is located along the
grain boundaries. Within AM, cracking mostly occurs due to high cooling rates and resulting in inhomogeneous
temperature fields leading to internal residual stresses. During LMD, a high thermal gradient between the deposited
bead and the formerly manufactured structure occurs. As a result residual stresses within the structure may develop,
leading to internal defects [25], [38]. Considering high disparities with respect to heat and thermal extension,
especially in the start and end areas of the depositioned beads, high internal stresses may occur. This effect is also
shown in Fig. 5 in which periled areas with high residual stresses were highlighted. The stress concentration in
these areas supports crack initiation up to a total separation of bead and substrate material, also known as
delamination. Considering this, also cracking along the transition zone of two beads within a structure, depicted
in Fig. 11 (b), can be explained.
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Fig. 10: Overview of the microstructural distribution within LMD processed beads and crack growth direction
within a produced specimen using parameter set #9.
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Fig. 11: Grain shape and Z-directional grain growth behavior (a), pore and crack occurrence and growth
direction (b), in a structure deposited using parameter set #9.

Regarding the general behavior of the bead shaping relative to the chosen specific energy, Figs. 12 and 13
summarize the characteristics of bead heigth H, penetration depth h and bead width w. It is pointed out, that the



aspect ratio Rg reduces by 35% with an increase of the energy density by 30%, from 128 J/g to 185 J/g. The ratio
between bead height and penetration into the substrate material Rc shows a steep reduction of 45% with an increase
of the afore mentioned magnitude of energy density. Concerning the dilution ratio derived from Equations (3.15)
and (3.16), Fig. 13 shows an increase of 27%. Additionally, it is shown that Equation (3.16) could be used to
determine this ratio in a simplified form. The deviation between these equations is 6%, which is in the range of
the standard deviation of the measurements, therefore it is arguable to use Equation (3.16). As [47] already
formulated, the bead side angle has to be large enough to avoid porosity, while overlapping individual tracks.
Therefore, the side angle of the bead has also to be evaluated. The results plotted in Fig. 13 (b) show a decrease of
1° per 5 J/g. Summarizing, the range of the side angles lies between 36° to 47°. This decrease of the bead side
angle is explained by the higher liquefaction of the material for higher energy inputs. The material does not form
a Z-directional shape but increases in width and dilution of the bead, which can also be seen from Figs. 12 (a) and
13 (a). Generally, Figs. 12 and 13 show a similar trend showing that higher specific energies are favourable to
develop flat structures of a high width in combination with a high penetration depth. This analysis allows to
conclude that higher specific energies are favourable for surface coating and lower specific energies for structure
building purposes.
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Fig. 12: Bead shape changes due to increased energies with respect to aspect ratio Rg (a) and dilution to
deposition height ratio Rc (b).

0.60

T T T T T T T T T T T T
®  dilution according to Equation (3.16) 48 P =4000 W-4500 W 4
® dilution according to Equation (3.15) ; 1= 100 mm
0.55 41p = 4000 W - 4500 W b 464 1 Ts = 150°C i
1=100 mm vt=1 m/min - 5 m/min
0:50 [T~ 150°C _ 1 4] . w=25gs-30gs ||
- vi=1 m/min - 5 m/min o ‘
= V=25g/s-30¢/s VR . b
o 045 [ I =
‘g = T
& < 40 o L ~
= L ° 3} [}
S 0404 g o =
Z ° < 38 B 1
S 3
0.35 . e © 36 =
L ]
" = | B
0304 e 1 34
324 4
0.25 T T T T T T T T T T T T
(a) 120 130 140 150 160 170 180 190 (b) 120 130 140 150 160 170 180 190
specific energy [J/g] specific energy [J/g]

Fig. 13: Dilution 5 (a) and bead side angle a characteristics (b) for increased specific energies.

Using the identified parameters, two different bead shapes, depicted in Fig. 14, could be deposited using either
higher or lower process energies. The general shape favourable to manufacture Z-directional structures is depicted
in Fig. 14 (a). The shape of the upper part of the bead is similar to a top-hat distribution, which is advantageous
for subsequent layer depositioning. In order to process high-angled, Z-directional oriented beads, a process energy
of 128 J/g was used. This leads to favourable characteristics for Z-directional structures with a bead side angle a
of 46° and a dilution ratio n of 30%. A cross section of a manufactured bead using the indicated parameters is
plotted in Fig. 14 (c).



By contrast, a low aspect ratio Rg and Rc¢ connected with a high dilution rate are important factors in terms of a
surface coating bead shaping. The general shape of a favourable bead in terms of surface coating processes is
depicted in Fig. 14 (b). The shape of the upper part of the bead is similar to a gaussian distribution which is
favourable for subsequent layer depositioning next to it, leading to a good bonding and no surface defects. A
parameter range including higher energy densities was identified. Using a value of 164 J/g, a low-angled and high
diluted bead of 36° and 41% was manufactured. A cross section of a manufactured bead using the indicated
parameters is plotted in Fig. 14 (d).
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Fig. 14: Theoretical top hat-distribution (a) and gauBian-distribution (b) as well as cross sections of deposited
beads showing top hat (c) and gaussian (d) shaped beads.

In order to get a smooth surface and a high X-directional deposition rate, the overlapping ratio y. and the optimum
bead spacing d. shown in Fig. 3 (b) has to be precisely determined. Considering Equations (3.9) — (3.14), the
optimum bead spacing for substrate materials at 150°C and 300°C were calculated. Accordingly, process
parameters leading to the bead shape depicted in Fig. 14 (b) have been chosen.

As a result of the geometric examinations of the beads, values of H and w for the specific process parameters could
be measured. Using these values in Equations (3.9) — (3.13), an optimum bead spacing of d. = 2.45 mm in case of
a pre-heated substrate of 150°C is calculated. According to Equation (3.14), this leads to an overlapping of
u. = 18%. The surface shape of the conducted experiments for different bead spacings are shown in Fig. 15. A
minimum roughness of R;=0.13 pum was achieved. A further decrease to a bead spacing of d. = 2.15 mm did not
improve the surface roughness. Hence, Fig. 15 (c) depicts the optimal bead spacing conditions for a pre-heated
substrate of 150°C, choosing the afore identified parameters.

It was seen that the dilution increases for higher substrate temperatures, which is a positive effect for surface
coating purposes. Additionally, it is assumed that the substrate temperature may overcomes 150°C in multiple
layer LMD. Therefore, the bead shape and optimization of bead spacing also for a pre-heated substrate at
Ts=300°C was analysed. Accordingly, Fig. 15 (e) — (h) show the results from a comparative study with a substrate
temperature of 300°C. The increased substrate temperature led to an improvement of the surface quality. For this
substrate temperature a bead spacing of d. = 2.8 mm represents an optimum. These experimental results were
supported by the theoretical considerations. As already mentioned a homogenous heat distribution is a very
important factor in terms of process stability and reproducibility of constant bead shape quality. As a result of
these investigations, workpieces, depicted in Fig. 16 (a), processed with a pre-heated substrate of Ts = 300°C and
a coated surface area of 100 mm? were manufactured. A similar quality of each bead was achieved.



(2)
(h) 5.5 X

Fig. 15: Results from metallographic investigations concerning bead spacing of (a) d. = 3.4 mm, (b) d. = 2.9
mm, d. (¢) =2.45 mm and (d) dc = 2.15 mm for Ts = 150°C and bead spacings of (¢) dc = 4.1 mm, (f) d. =
mm, (g) de = 3.1 mm and (h) d. = 2.8 mm for T = 300°C.

Equally important, a predictable process for structure building purposes needs to be developed. The objective of
building Z-directional structures requires constantly low diluted, high angled and top-hat distributed bead shapes.
Within the process, the wire was repositioned with a Z-directional distance d,= H to the before deposited bead
after each deposition. In this study, constant parameters within one structure were used. Fig. 16 (b) shows a
deposited wall consisting of 110 layers and a predicted single bead heigth of 1.8 mm. Indeed, the predicted heigth
of the structure of 200 mm was not reached. Therefore, a method for prediction the height of the deposited structure
was proposed. Metallographic analyses was used to get an insight into the structure. Using this approach it was
possible to reveal the deposition heigth per deposited bead.
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Fig. 16: A surface coatmg area of 100 mm? (a) and structure bulldlng of 1 10-layer depos1t1on with a helgth of
50 mm (b)

Metallographic cross sections were used in order to reveal the deposition heigth within the structure. Fig. 17
visualizes a metallographic analyses of an 8-layer structure. Special attention was payed to identify the transition
zones between the layers, the deposition heigth and the general grain growth behavior. Fig. 17 (a) reveals the
deposition height inside the bead as uniformly distributed. The predicted bead heigth from single bead experiments
is equal H; = 1.8 mm, whereas the predominant deposition heigth within the structure is H» = 0.45 mm. Assuming
a bead heigth of 1.8 mm, the 8-layer structure should reach a heigth of 14.4 mm. Indeed the total heigth reaches
only 5 mm. This is reasoned in a dilution in the formerly deposited bead which decreases the deposition heigth per



bead to ~ V4 of the predicted heigth. Regarding the post processing in terms of finishing the structure with a plane
surface for application, the top of the structure has to be milled down by 1/3 of the height of the last deposited
bead. This is shown in Fig. 17 (b). Taking this into account the total height of the Z-directional structure can be
calculated as

n—1-H

2 +H = Hapg, 5.1

where n represents the number of beads and H is the predicted height of each bead according to the chosen
parameter set!. In Fig. 17 (b), the geometry of the post-processed structure as well as the general grain growth
behavior are identified.

Special attention has also to be payed on the temperature distributions during the process. Due to different cooling
rates in different regions of the structure characteristic microstructural features occur [48]. During the deposition
of the first layers, the heat can easily proceed into the substrate and consequently flow into a large amount of
surrounding material. Therefore, grain growth direction develops as a curvature near the substrate. This heat flow
condition changes for each additional layer because the distance to the substrate increases and the cross sectional
area for heat conduction reduces to the cross sectional area of the deposited structure. This leads to higher process
temperatures in the center of the structure. It can be seen, that the Z-directional grain growth holds for the center
of the bead as the temperature reach here its maximum. On the top surface of the structure the surrounding
atmosphere cools down the material from all sides except from underneath. This leads again to a curved grain
growth and globular grain shaping at the sides. The radius of the grains, located near the top surface was measured
to be r = 2.01 mm, the center of the structure showed a grain radius of r = 8.80 mm. Consequently, mechanical
properties in center and upper/lower areas are assumed to be different. In addition, in the top region of the structure
accumulated precipitates occur. This is explained by heat accumulation in the structure, which leads to a
reannealing during cooling.

These results provide important insights regarding the adaption of formerly specified process and parameter
dependencies. Therefore, they constitute the framework to adapt necessary parameter in consideration of its
specific aim, whether to coat or build structures.
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Fig. 17: Metallographic analyses concerning Z-directional LMD with special attention to identification of layer
intersections (a) and grain growth behavior (b) within one structure.

! The total heigth of the 8-layer structure is calculated using Equation (5.1) to (7 - 1.8 mm)/4 + 1.8 mm = 5 mm
and the heigth of the 110-layer wall can be calculated to (109 - 1.8 mm)/4 + 1.8 mm = 51 mm.



6. Conclusions

Recent developments in the field of AM have led to a renewed interest in the investigation of processable materials.
However, in terms of wire-based LMD there is a lack of knowledge regarding the possibility to process aluminium
and its alloys. Within this study, a process for wire-based laser metal deposition of the AIMg alloys 5087 as wire
and 5754 as substrate material was successfully set-up and investigated.

Important process effects and parameters were identified using a systematic parametric study. In the experiments,
a strong dependency between the laser power and the deposition velocity as well as the deposition rate with respect
to inner defects such as porosity was identified. Energy densities between W, = 125 J/g to 185 J/g allow to achieve
a density of the structure to more than pyeeq = 99.99%. The averaged pore size was calculated to dyore = 0.345 mm,
additionally it was worked out that pore sizes between 0.24 mm and 0.48 mm occur with a probability of 68.2%.
Regarding the localization of porosity, it was determined that large pores as well as its highest accumulation
occurred in the start and end regions of the beads. In industrial application these regions have to be post-processed
or excluded.

Regarding the shape of the deposited beads, one interesting finding is a strong dependency between specific
process energy and bead geometry. High energies result in high diluted, broad expanded and low Z-directional
deposited beads. The side angle of the beads decreases for higher energy densities. Taking this into account a
subdivision between Z- and X-directional LMD process parameters is required. Whereas Z-directional structure
building processes require low dilution and high deposition rates in terms of high profitable efficiency, X-
directional coating processes require high bead widths and dilution rates. The perception that the aspect ratio R
reduces by 35% and consequently the bead angle by 45% with an increase of the energy density of 30% was the
driving fact to divide the two processes into coating and structure building process windows. In terms of surface
coating strategies, an optimal bead spacing of dc = 2.45 mm for Ts= 150°C and d. = 2.8 mm for Ts=300°C were
identified. Using formerly identified coating parameters surface roughnesses for Ts = 150°C of R; =0.13 pm and
Ts = 300°C of Ry = 0.08 um before subsequent post-processing were possible to achieve. Concerning structure
building, stable process conditions for defined parameter sets were developed and a method to predict the total
height of the structure was illustrated.

Furthermore, grain growth direction was identified to be generally Z-directional and the shape of the grains to be
longitudinal within the structure. In upper regions, the shape becomes globular, contenting a cluster of precipitates.
Besides that, grain growth direction shows a curved gradient with increasing distance to the center of the structure.
Regarding inner defects, porosity and cracks were frequently detected in the transition zones of the beads. It can
be summarized that the wire-based laser metal deposition processability of the AIMg alloy 5087 could be
successfully conducted.

Regarding temperature distributions, cooling rates and resulting features reasoned in heat transfer mechanisms
only assumptions could be made. However, a different deposition rate and bead shape due to a pre-heated substrate
is identified. More research using controlled temperature measurements are needed in order to identify temperature
related effects and prove the formulated assumptions. Additionally, future research is required to investigate the
detailed microstructure of the specimens, mechanical properties e.g. stress-strain behavior, microhardness, fatigue
crack initiation and crack propagation. A further study could also assess residual stresses, expressed by distortional
effects of the substrate.
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