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The additive production of metallic components with high-throughput is usually associated with high process
temperatures and slow cooling rates. This typically results in strongly oriented columnar grain growth along the
building direction of the structure having exceedingly large grain sizes. As a result, such structures show typically
low strength and anisotropic mechanical behaviour in as-deposited condition. Consequently, post-processing is
commonly performed to homogenize and eventually increase the mechanical properties of the deposited
structures. In this regard, precise control of the applied process energy allows a modification of the local tem-
perature distribution and cooling conditions during the additive manufacturing process, which strongly influence
the resulting solidification microstructure. The aim of the present study is the development of an approach that
allows to influence the solidification conditions in wire-based laser metal deposition of an Al-Mg alloy through
specific adjustments of the laser irradiation. It was found that significantly different solidification microstruc-
tures in as-deposited condition can be achieved by adjusting the laser beam irradiance within a range resulting in
conduction mode welding conditions while keeping the heat input constant. The application of high laser beam
irradiances, close to the transition to keyhole mode welding, results in structures with a homogeneous large-
grained solidification microstructure exhibiting a degree of anisotropy of around 12% between building direc-
tion and the direction of deposition. In contrast, the use of low laser beam irradiance close to the lower limit of
stable melting, results in structures with a significantly refined microstructure. Consequently, an increase of yield
strength of up to around 20% and microhardness of up to 13%, as compared to structures processed with high
laser beam irradiance, could be obtained. Moreover, the anisotropy of the as-deposited structure was reduced to a
degree lower than 2%.

1. Introduction protect the liquefied metal from adverse chemical reactions with at-

mospheric elements such as oxygen, hydrogen, and nitrogen [5]. In

Additive manufacturing (AM) in the sense of wire-based direct en-
ergy deposition (DED), also referred to as wire-based metal deposition
(MD), is a melt-solidification process, in which an energy source such as
laser (laser metal deposition, LMD), arc (wire arc additive
manufacturing, WAAM), or electron beam (electron beam melting,
EBM) is applied to achieve sufficient heat to melt the wire material fed
during layer-wise deposition. The mentioned methods stand out for their
high potential to realize deposition rates of several kilograms instead of
a few hundred grams per hour compared to powder-based AM processes
[1-4]. In particular, wire-based LMD and WAAM processes have ad-
vantages, such as the sole necessity of a local shielding gas supply to

contrast to EBM, which must be performed in an evacuated working
chamber, these methods can be integrated into widely used industrial
welding systems in a straightforward way [1,4-6]. Regardless the
comparably inflexible EBM process, the wire-based MD of Al alloys has
mainly been performed by WAAM [6-8]. However, WAAM is mostly
associated with high temperatures and limited opportunities to sys-
tematically regulate the energy inputs used [9]. This has a significant
impact on the evolving microstructures of the deposited structures [7,
10]. Since the microstructure formed during the solidification is a key
feature that has to be considered regarding the assessment of resulting
mechanical properties [11], there has already been significant effort to
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reveal and control the grain growth during AM of metal structures [6-8,
10,12,13]. In these studies, it was reported that the grain growth in
high-throughput deposition processes strongly differs from processes
such as SLM. Owing to significantly decreased cooling rates, grain
growth during high-throughput MD, such as wire-based LMD, is usually
characterized by an inclined growth angle towards the direction of
deposition of large columnar grains for unidirectional deposition [14].
Consequently, the resulting microstructure is mostly coarse grained,
indicating a strong epitaxial growth in the building direction. It has been
reported that typical average grain size is around several hundred mi-
crons with a grain aspect ratio of about 0.3 or less [7,8]. In summary,
strong anisotropy and poor mechanical properties in as-deposited con-
dition turn out to be a major challenge for wire-based DED, requiring
further research [3,7].

Some approaches have been developed to achieve finer microstruc-
tures even in the high-throughput MD of non-heat treatable alloys.
Zhang et al. [8] reported that the adjustment of suitable inter-layer
waiting times up to several minutes, in order to increase the cooling
rates during the subsequent layer deposition, has a significant effect on
the refinement of microstructures. Furthermore, the authors showed
that the control of the pulse rate in WAAM can be used to achieve fine
microstructures during the deposition of an Al-Mg alloy [8]. However,
the investigated wall-like structures showed an anisotropic tensile me-
chanical behaviour of 8 — 27% between building direction and the di-
rection of deposition. At Cranfield University an inter-layer rolling
process was developed, which is based on deformation strengthening by
means of refining the microstructure mechanically subsequent to
deposition, which leads to a reduction of inter-layer porosity as well as
an increase of the mechanical properties [15,16]. Gu et al. [7] reported
that the application of inter-layer rolling during the WAAM processing
of AIMg4.5 results in a significant increase of the microhardness, yield
stress (YS), and ultimate tensile strength (UTS) of 140%, 169% and
118%, as compared to the as-deposited condition. However, micro-
structural characterization revealed that inter-layer rolling supports the
development of a strong rolling texture, which is assumed to support the
development of anisotropy. Wei et al. [17] also outlined that the heat
input in fusion-based metal processing, as a measure of applied heat
source power and its velocity along the workpiece, is a strong indicator
for the cooling rates during the process. In this regard laser-based pro-
cesses are known to be precisely adjustable regarding the applied heat
inputs [18].

Froend et al. [5,12,19,20] developed an approach for successful
wire-based LMD of highly reflective Al-Mg alloy by using an enlarged
laser beam diameter. A first analysis of the resulting microstructure
revealed certain similarities to the microstructure of WAAM structures.
In the work of Froend et al. [19] and Bock et al. [20] the temperature
distribution during the developed LMD process was analyzed by ther-
mography and with finite element modeling. The aim of the present
study is the use of the obtained knowledge concerning temperature and
microstructure evolution during processing of an Al-Mg alloy for
tailoring the resulting solidification structure directly during LMD and
without any additional process steps, such as inter-layer waiting or
rolling. By identifying the laser beam irradiance thresholds for con-
duction mode and keyhole mode welding, LMD process parameter sets
can be derived for obtaining two distinct microstructures. In addition to
a detailed microstructural analysis and theoretical considerations on
solidification, the impact of the evolving microstructures on the result-
ing mechanical properties is investigated and discussed.

2. Theoretical considerations
2.1. Development of the solidification microstructure
High process temperatures and low cooling rates support a homo-

geneous solidification process, resulting in large grains [21]. This is
typically expressed by epitaxial grain growth, propagating opposed to
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the main heat transfer direction, i.e. commonly in building direction in
the AM of wall-like structures [22-24]. The morphology of grains can
generally be divided into planar, cellular, or dendritic, depending on the
solidification condition and the chemical composition of the alloy [22,
25]. Based on the considerations of Rosenthal et al. [26], the develop-
ment of different grain sizes and morphologies in melt-solidification
processes is described as a relationship between the temperature
gradient G and the growth velocity R during solidification. The product
G x R determines the size of the solidification structure and the G/R
ratio determines its morphology in such a way that high values for G x R
yield in fine-grained structures and low values of G/R result in
equiaxed-dendritic grains [25,27,28], as it can be seen in Fig. 1 (a).

The microstructure along the height of a single layer deposited is
frequently observed to be not homogeneous. It typically consists of
epitaxially grown grains near the substrate or the previously deposited
layer and more coarse grains near the topside [6,12,23,28]. This is due
to the fact that the temperature distribution along the height of one
deposited layer is not homogeneous [28]. Following the argumentation
of Yan et al. [22], it is stated that the G/R ratio near the bottom of the
melt pool typically matches conditions that support the development of
columnar-dendritic grain growth. This is predominantly reasoned by the
strong heat conduction into the substrate or subjacent structure, thus
typically representing the main heat flow direction opposed to the
building direction of the structure. Consequently, Al grains typically
show a strong alignment with their preferred crystal growth direction to
the major local temperature gradient, i.e. the building direction [28].
Less aligned grains are outgrown or suppressed respectively, which is
the reason for the denotation of this mechanism as competitive growth
mechanism that supports the development of a sharp (100) texture
combined with elongated grain shapes with a major axis orientation
along the building direction [12,25].

In contrast, a high G/R ratio typically satisfies the conditions for
equiaxed-dendritic grain growth near the topside of a layer [22,28].
Bulk nucleation ahead of the melt pool indicates the transition between
the columnar-dendritic grains, growing from the so-called surface
epitaxial nucleation to the equiaxed grain morphology near the topside
of a layer. This transition is also known as columnar-to-equiaxed tran-
sition (CET) [28]. In the CET, the grains can either grow columnar,
equiaxed or both growth mechanisms can occur simultaneously [22,25,
28]. The described mechanisms are indicated in Fig. 1 (b), in which the
typical solidification microstructure for MD along the height of a
deposited layer is schematically visualized in accordance with Li et al.
[28].

Wang et al. [29] stated that the high-throughput of a comparable
cold material in a melt pool can significantly influence the prevailing
temperature as well as the flow behaviour of the melt for Ti6Al4V
powder-based DED. The cooling effect of the high material feed rate and
the resulting generation of turbulences in the melt pool, even during
solidification, contributes to an increased distribution of bulk nucle-
ation, whose further growth is constantly interrupted. By this, the CET is
shifted into the direction of the subjacent layer, and the majority of the
deposited layer solidifies in a refined grain structure with randomized
orientation.

2.2. Laser beam irradiance

It has already been shown that process variables, such as the laser
power, velocity and rate of deposition, can be used to control the wire-
based LMD process [5,6]. Moreover, one important parameter is the
laser beam irradiance I. As demonstrated in the literature, it is one of the
main parameters for defining the energy input required to melt a ma-
terial in laser-based fusion processes [30,31]. The laser beam irradiance
expresses the applied energy density within a given focal spot area and is
given as
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Fig. 1. (a) The effect of temperature gradient and interface velocity on the grain size and morphology according to Kou et al. [25] and (b) a schematic visualization
of possible nucleation and growth mechanisms including their effects on the grain structure evolution in MD according to Li et al. [28].

I = T (€D)]

It is dependent on the laser power P and the adjusted focal spot area
A. In this regard, A is controlled by adjusting the ratio between the
Rayleigh length z, and the defocusing distance in the transverse direc-
tion z relative to the device-specific smallest focal spot diameter d taken
from [18] as

2
A= n<%) 2

with the focal spot diameter d, given as

2
d. =d |1+ <5> : 3)

Zr

For laser beam welding (LBW) processes, the device-specific mini-
mum spot diameter is usually adjusted, which is mostly set within a
range of several hundred micrometers in order to utilize the maximum
efficiency [32-34]. It has also been reported that the adjustment of
increased beam diameters can significantly reduce process tempera-
tures, thermal gradients, and the resulting residual stresses [33,35-37].
In wire-based LMD, the adjustment of enlarged focal spot diameters
ensures that the entire wire, whose diameter is typically between 0.8 to
1.6 mm, is irradiated, while also some fractions of the substrates surface
are captured by the laser spot area. This supports a stable melting and

solidification process [20,37]. However, high levels of laser radiation
are usually reflected when processing Al. Fig. 2 (a) shows the
temperature-dependent absorptivity of pure Al according to Khaskin
et al., [38]. It can be seen that the absorption .2/(4, T) of pure Al at room
temperature is below 3%, but might exceed 16%, when reaching the
evaporation temperature. In case of Al-Mg alloys a slightly higher ab-
sorptivity is expected. As expressed by Eq. (1), the specific adjustment of
increased beam diameters for a constant laser power leads to a reduction
of the operating intensity on the target material. Combined with a
reduced intensity for large defocusing, the temperature of the irradiated
target material increases comparably slow.

The use of high laser intensities on a small spot area results in a very
localized increase in the surface temperature of the target material and
supports the development of a small melt pool. The absorbed radiation
of the laser energy is transmitted through the material by conduction. By
this, the temperature of the surrounding material in the vicinity of the
beam incidence increases. This again leads to an increase of .2/(4, T) and
supports the absorption of further supplied heat into the material. It
becomes clear that once a melt pool is developed, the efficiency between
supplied and absorbed laser energy rapidly increases. The resultant heat
accumulation expressed by the melt pool temperature and deep thermal
penetration is further supported.

In contrast, a large beam diameter and low laser beam irradiance
result in a much less rapid increase of the temperature within the focal
spot area. This effect is supported by the development of a reduced laser

20 - — —; 250 - . e ; . —
| ] TE ’\ ! = No Conduction Keyhole
| ] I | . : g e
—— i , ] ] . { § | melting welding welding
XI5 | ; 2 200 : ! E [ ]
= ! ! & I 1 =] I
2 | | E | Tm, | §" L th max‘ J
2 10+ ] 195 150+ ] 1
g ] é ! 1 g J
2 | g ) ) =S
15} <
< 5l l.] 3 100} ' | ]
Pure Al ' g my 1 5 | I 1
0 : A=1.06 nm : g 0 : Pure Al : A ‘ th min
0 1000 2000 3000 = 1000 2000 3000 1 2 3 45
Temperature [K] Temperature [K] Laser beam irradiance [kW/mm?]
(a) (b) (c)

Fig. 2. (a) Absorptivity of pure Al at different temperatures for a specific wavelength of 1.06 ym [38]. (b) Thermal conductivity of pure Al at different temperatures
[41]. () Illustration of the calculated threshold laser beam irradiances I, and Iy, ., see Egs. (4) and (5), taken as lower and upper boundaries in order to achieve
conduction welding conditions (green area), based on the considerations for the LBW of Al-Mg alloys without considering the sample thickness [40]. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article).
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beam irradiance spectrum that reduces the concentration of energy
delivered within the beam focus on the surface [18,33]. Critical heat
accumulation is reduced as high amounts of energy are reflected.

LBW can be conducted in different modes. Conduction mode or
keyhole mode welding. In conduction mode welding, the supplied heat
is transferred along the material mainly by heat conduction, which leads
to a low thermal penetration and melt pool, respectively. This mode is
mostly aspired in AM as the low re-melting depth into subjacent layers
also preserves the integrity of the subjacent one. Keyhole mode welding
is characterized by the development of a keyhole, in which multiple
reflections of the laser irradiation occurs and absorption is significantly
higher, as compared to conduction mode welding. Keyhole mode
welding during LMD is typically accompanied with high heat inputs, the
development of low cooling rates and the development of coarse mi-
crostructures in as-deposited condition. Theoretical considerations for
the identification of the thresholds in LBW to achieve the melting of a
material or to turn into keyhole mode welding were addressed in the
past by many pertinent publications, see e.g. [30,31,37,39,40].

The minimum required laser beam irradiance to achieve the melting
of a metallic material can be roughly expressed as

k(T) AT

Ly = —
thinin o/ (17 T) d. ]nm’ )

where «(T) denotes the thermal conductivity, AT the temperature dif-
ference between the initial temperature of the material Ty and its
melting temperature Tp,. Jmex represents a constant, which is set to 0.52
in case of the application of small beam diameters or low deposition
velocities of the heat source [30,31]. In Fig. 2 (b) the temperature
dependence of the thermal conductivity is shown according to Mills
[41]. It can be seen that thermal conductivity abruptly decreases at the
melting temperature and slightly increases with increasing temperature.

The maximum threshold, representing the transition from the con-
duction mode into the keyhole mode welding, according to Leong et al.
[311, is characterized by a deep penetration and a continuous and ho-
mogeneous evaporation of the material. For this reason, the evaporation
temperature T, is set as the target temperature, which must be ach-
ieved. From this, the maximum laser beam irradiance threshold I, was
derived by Rapp et al. [42] for long dwelling times as

2 K(T) Tev
1 =M= —
~ \ﬁ S.T) d. ’

Using these equations, the minimum and maximum thresholds for
LBW of Al-Mg alloys were calculated to be around I,, = 1.1 kW mm?
and I, = 2.2 kW mm™2! The relationship between the laser beam
irradiance and the resulting penetration depth into Al-Mg alloy as well
as the identification of I, ,, and I, is illustrated in Fig. 2 (c). It can be
seen that the penetration depth is the lowest for the lower laser beam
irradiance threshold and only marginally increased until the upper laser
beam irradiance threshold is reached. This was also experimentally
proven by Froend et al. [37].

3. Laser metal deposition process

The wire-based LMD process is shown schematically in Fig. 3. The
deposition was carried out in a three-axis, CNC-assisted machining
centre with local argon shielding gas supply. The z-axis of the system is
equipped with an ytterbium-doped fibre laser having a wavelength of
1.07 um and maximum power of 8.0 kW. Using a fibre with a diameter of
300 ym and a laser optical system with a focal length of 300 mm resulted

! For calculation of the laser beam irradiance thresholds of the Al-Mg alloy,
To = 25°C, Ty = 574°C, T, = 2100°C, +/(1.07 uym, T,) =  10%,
#(1.07 ym, To,) = 16%, k(Ty) = 210 W/mK and x(Tp,) = 111 W/mK, d, =
2.15 mm and Jpnee = 0.52 were taken according to [38,41].
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Z=TD Shielding gas
Y=RD Laser beam —>
A~ND Location of
deposition

Direction of deposition
—_—
Wire feeding

Substrate

Deposited structure

Fig. 3. Schematic visualization of the wire-based LMD process. The laser
irradiation is adjusted along the z-axis of the Cartesian coordinate system,
representing also the building direction of the structure and the transverse di-
rection (TD) of the substrate. The deposition direction y is referred to as RD and
the thickness direction x of the deposited structure as ND.

Table 1
Process parameters representing the maximum (set 1) and minimum (set 2) laser
beam irradiance thresholds.

Fixed process parameters Symbol Value Unit
Laser power P 4000 w
Deposition velocity Ve 1 m min™
Deposition rate m 22 g min’’
Deposition length l 280 mm
Inter-layer waiting time t 60 s

Argon shielding gas flow rate Qar 10 1 min?
Parameter set 1

Focal position 21 +23 mm
Focal spot area Ay 2.01 mm?
Laser beam irradiance i 2.2 kW mm
Parameter set 2

Focal position 22 +33 mm
Focal spot area Ay 3.63 mm?
Laser beam irradiance Ihin 1.1 kW mm2

in a focal spot diameter 746 ym and a Rayleigh length of 12.3 mm in the
LMD experiments. The 1 mm diameter Al-Mg wire (EN AW 5087) was
rate-controlled fed onto the Al-Mg substrate material (EN AW 5754)
with a thickness of 3 mm in dragging configuration and a feed angle of
35° relative to the substrate surface. During deposition, the platform of
the CNC machine was moved relatively to the optical head of the laser
system.

Based on the considerations given in Section 2, two parameter sets,
as summarized in Table 1, are investigated. The parameter sets represent
the minimum and maximum laser beam irradiance thresholds for the
wire-based LMD process of Al-Mg alloy and have already been shown to
result in conduction welding mode as well as in porosity-free structures
[37]. The variation of the laser beam irradiance is achieved by a positive
defocusing of the optical laser system. Deposition velocity and laser
power are kept constant between the parameter sets. Thus, the line
energy, also referred to as heat input in AM [6], is equal between both
parameter sets.

4. Characterization methods

A fixed specimen geometry of a wall-like structure having a target
height and length of 50 mm and 280 mm was defined for deposition. The
characterization of the deposited samples was carried out using ex-
tractions along the xz plane as well as the yz plane, which are referred to
below as cross and longitudinal sections. They were cut from the middle
of the structures at a distance from the start of deposition of 140 mm and
a height of 25 mm. Based on these (representative) samples, detailed
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characterizations of the structures were conducted.

Microstructural observations were performed by using inverted op-
tical microscopy (OM) Leica DMI 5000 M with polarized light. Previ-
ously, electrolytic etching using the Barker method was conducted.
Subsequently, electron back-scatter diffraction (EBSD) measurements to
analyse the microstructural features such as the microtexture were
carried out. A working distance of 13 mm at a voltage of 30kV and a
sample tilt of 70° resulting in an effective scan field size of 950 ym x

950 ym were used. The orientation calculation was performed on the
basis of the generalized spherical harmonic expansion (GSHE) method in
which a triclinic sample symmetry was assumed. The samples were
prepared by multi-stage grinding using 500, 800, 1200, 2500, and 4000
abrasive SiC paper. Subsequently, a diamond-polishing using a diamond
size of 3 ym and a silicon oxide polishing suspension (OP-S) was applied
for final preparation.

Tensile tests according to DIN EN ISO 6892-1 [43] were conducted
displacement controlled. The displacement velocity was 0.5 mm/min.
Flat tensile specimens having a total length of 50 mm, a testing length of
26 mm, and a thickness of 3 mm were extracted at different locations
and orientations with respect to the substrate surface in order to assess
the anisotropy of the tensile properties. The samples extracted along the
deposition direction are referred to as RD, along the building direction
as TD, and tensile specimens extracted with a tilting angle of 45° to RD
are referred to as RD-TD direction specimens. The samples were cut from
the middle region of the wall-like structure in which stable deposition
conditions were present during the process.

Hardness measurements in terms of Vickers hardness testing were
conducted in conformity to the standard DIN EN ISO 6507-1 [44]. An
indentation time of 10sat an applied load of 0.3kg was used. The
measurements were arranged from the substrate upward to the topside
of extracted specimens.

5. Results and discussion
5.1. Macroscopic appearance

In Fig. 4, optical photographs of the deposited wall-like structures
are presented. In case of parameter set 1, 32 layers are required to
achieve the targeted structure height having an average thickness of
5.2 mm.? Clear surface waves/grooves of increasing and varying depths
along the length and height of the structure are observable. After a
deposition length of around 230 mm, the structure even lost its geo-
metric integrity, from which it is inferred that the process loses stability
with increasing deposition length and height. This is explained by the
already reported increase of heat accumulation in deposition and
building direction during wire-based MD processes [19,20,37,45]. The
roughest surface grooves even partially turn into macroscopic cracks, as
illustrated in Fig. 4.

For the deposited structure with parameter set 2, 28 layers are
required to reach the defined structure height of 50 mm. The resulting
thickness of the wall-like structure shows an average value of 4.8 mm,
which is 8% less than for parameter set 1. Significant improvements of
the surface quality without surface cracks along the structure are
reached, see Fig. 4. Merely at the end of the deposition tracks, near the
topside of the structure, a slight decrease of the surface quality can be
seen. The comparison of the optical appearance between the structures
already allows to conclude that the significantly increased process
temperatures in case of parameter set 1 due to the higher laser beam
irradiance have greatly affected the solidification behaviour of the
structure [37].

2 The thickness or width of the structure is sometimes used interchangeably
in the literature. In this work, the wording length, height, and thickness are
used to define the geometric dimension of the structure as most common in the
literature to LMD.
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Fig. 4. Photographs of the deposited wall-like structures after wire brush
cleaning. The structure produced with parameter set 1 shows strong grooves on
the surface, leading partially to macroscopic cracks. After a certain length and
height, the process loses stability leading to a lost geometric integrity. Param-
eter set 2 leads to an improved surface quality of the structure. A reduced
number of layers was required to reach the desired height in case of parameter
set 2.

In case of parameter set 1, the deposited layers need more time to
solidify, which is also expressed by a flatter and wider layer geometry,
explaining the increase of the required layers as well as the sample
thickness [5]. In case of parameter set 1, a higher fraction of the sample
heats up during every additional layer deposition compared to param-
eter set 2. By this, higher thermal stresses are introduced into the
structure, resulting in higher residual stresses [46]. These stresses
deform the material expressed by strong surface grooves on the ductile
Al. When these stresses exceed the elastic and finally the plastic limit of
the material, cracking along the grain boundaries occurs after the melt
has solidified, as seen from visual inspection.

5.2. Microstructural characterization

In Fig. 5 (a) and (b), the microstructure evolution along the 15% to
the 18" layer processed by parameter set 1 is shown by micrographs
obtained from optical microscopy. Both the cross-section and the
longitudinal-section show large columnar grains. The major axis orien-
tation is nearly parallel to TD showing a slight tilt towards the direction
of deposition. The grains show an average size of several hundred mi-
crons and a high aspect ratio resulting in a clear characterization of
columnar grains, resulting from a relatively low G/R ratio during the
solidification of the deposited material [37]. This leads to the assump-
tion of a strong heat conduction opposed to the building direction. Thus,

(‘%) is stated to be the dominant gradient [37]. The absence of clear

transition zones between the layers leads to the conclusion that the
energy input of parameter set 1 has indeed resulted in the re-melting of
grains deeper than the CET within the subjacent layer, as schematically
shown in Fig. 5 (c) and theoretically considered in Section 2. Therefore,
the epitaxial microstructure developed a homogeneous progression
along the sample height.

According to Herzog et al. [47] and Ho et al. [48], lines of segrega-
tions and small microstructure bands can be used for an indication of
layer transitions in case of a re-melting depth more than the CET. The
achieved average layer height is identified to be 1.5 mm in the present
case.’ In terms of grain orientation, Fig. 6 (a) and (b) show a

3 This value agrees with the calculated height, i.e. 1.56 mm for parameter set
1 and 1.78 mm for parameter set 2.
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Fig. 5. Cross-section (a) and longitudinal-section (b), capturing the 15" to 18 layer of the wall-like structure processed by parameter set 1 (top), along with an
illustration of the optically determined layer transitions and the average height for the 17 layer (bottom) as well as a schematic visualization of the formation of the
grain structure during deposition using high laser beam irradiance (c), adapted from [29].

representative orientation map and grain orientation distribution of the
17" layer. The average grain size, according to DIN EN ISO 643 [49],
was determined to be 265 ym. Furthermore, grain-boundary angles were
determined as plotted in Fig. 6 (c)-(f). In this work, the classification of a
single grain is defined by misorientations larger than 5°.

Considering Fig. 6 (d), it can be seen that 91% of the detected grain
boundaries are classified as high-angle boundaries, i.e. misorientation
larger than 15°. Within single grains, misorientations of less than 5° are
detected as well. These are classified as substructures and might be
interpreted as distortions of the lattice planes for misorientations lower
than 2° [50,51]. Such distortions are assumed to be partial expressions of
inherent stresses contributing to the development of dislocations within
single grains [50]. The average misorientation angle in terms of the
detected substructures and subgrain boundaries within the individual
grains was calculated to be 0.56° and most frequently observed within
smaller grains within the structure.

It is expected that in case of rapid solidification, these substructures
could also develop misorientation angles higher than 5°, thereby leading
to the development of new grains and a refined microstructure,
respectively [51]. In case of Al, epitaxial grain growth shows a prefer-
ential growth orientation along the (001) crystal direction [52].
Considering the calculated (100), (111), and (220) pole figures (PF)
from EBSD measurements, plotted in Fig. 7 (a), crystallographic features
allowing conclusions regarding the solidification conditions are
depicted.

A strong texture sharpness of Hp,, = 14.62 mrd along (100) can be
seen. This is accompanied by a suggested (100) fibre texture rotating
around TD. Furthermore, the ideal texture components {100}(001)
Cube and {110}(001) Goss, which typically are observed in rolled sheet
materials, could be identified. These two components strongly indicate a
recrystallized microstructure with a strong orientation along the trans-
verse axis of the structure [53]. The observation of these ideal texture
components confirms the assumption of the development of high process
temperatures combined with slow cooling rates within the structure, as
observed for high-throughput wire-based MD processes [6,12,20,37,
54].

Regarding the assessment of anisotropy, inverse pole figures (IPF),
indicating preferential crystallographic orientations within the depos-
ited structure, are used. In Fig. 7 (b) the IPFs of [001], [100] and [010]
representing the preferred crystallographic orientations parallel to ND,
RD, and TD are plotted. The (100)//[010] crystallographic growth di-
rection shows the maximum intensity. Merely the (101) orientation also
occurred parallel to the ND and RD planes as well as the (113) orien-
tation along the RD plane. However, their axial intensities indicate a
weak sharpness, which can be neglected compared to the dominant (

100) texture along [010]. Texture components as well as their calculated
sharpness are summarized in Table 2.

In Fig. 8(a) and (b), representative extractions of the microstructure
processed by parameter set 2 capturing the 14" to the 17 layer are
shown. The resulting average layer height was measured to be 1.78 mm.
The microstructure is characterized by strongly refined grains as well as
small regions of epitaxial columnar grains near the layer transitions. In
this regard, the grains within the layer (85 ym) are significantly smaller
than those in the transition regions (130 ym). The equiaxed and fine
microstructure infers a high G/R ratio as well as G x R relation during
deposition, as also observed by Kurz et al. [27], in rapid solidification.
The reduced laser beam irradiance, by means of Iy, , , also results in a
low re-melting depth into the subjacent structure not exceeding the CET.
As aresult, the majority of the as-deposited solidification microstructure
consists of equiaxed grains. Froend et al. [12,37] have already pointed
out that the grain morphology and size of the grains within an under-
lying deposited layer in wire-based Al-Mg alloy LMD strongly influences
the solidification microstructure of the subsequent layer. The authors
pointed out that the minor grain axis diameter in the lower part of a
deposited layer coincides with the minor axis diameter of the grains
within the upper part of the underlying layer. This is also observed for
the refined microstructure processed by parameter set 2. The minor
grain axis diameters of the equiaxed grain region coincidences with the
minor grain axis diameter of the epitaxial grown grains within the lower
part of the subsequently deposited layers, as also schematically illus-
trated in Fig. 8 (c).

Another mechanism that contributes to the development of a refined
microstructure is the high feed rate of wire material into the melt. So, the
generated melt is assumed to be intermittently unstable, and the
occurrence of critical local undercooling supports the generation of
heterogeneous nucleation and the development of fine grains
respectively.

In Fig. 9 (a) an angular orientation map taken from the extraction of
the microstructure along the 16™ to the 17 layer is shown. It is divided
into two regions. Region I captures the refined grain structure within
fractions of the 16™ layer, while region II captures the epitaxial transi-
tion into the 17 layer.

The angular orientation analysis of the two regions shows significant
differences with respect to the major axis of the grains relative to the
sample axis. Fig. 9 (b) indicates an almost randomized grain alignment
in the fine-grained area. In contrast, Fig. 9 (c) shows a clear preference
for the grain orientation toward the transverse direction of the sample
within region II. These results indicate that the main part of the structure
has a nearly randomized grain orientation, with only a small fraction
developing the typical unidirectional solidification structure known
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Fig. 6. (a) Angular grain orientation map taken from the 17" layer within the wall-like structure deposited by parameter set 1 as well as (b) the grain orientation
angle with respect to the major axis orientation. (¢) Grain boundary misorientation map along with (d) the coloured analysis of the detected grain boundary
misorientation angles. Additionally, the occurrence of substructures within individual grains, i.e. grains showing misorientation angles lower than 5°, are indicated in

(e) and (f).
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Fig. 7. (a) (100),(111) and (220) pole figures after correction calculations in terms of tilting operations (—8° in RD, —5° in TD and —6° in ND), from which a clear
unidirectional solidification supported by an expected (100) fibre as well as ideal texture components such as Cube and Goss within the sample processed with
parameter set 1 can be identified. (b) [001], [100] and [010] IPFs, confirm the assumption of sharp (001) solidification texture, as well as show texture components in
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Table 2
Identification and sharpness of the detected crystal orientations within the
sample produced using parameter set 1, given in multiple times random [mrd].

Parameter set 1

(uvw)//[001]
(100),H =6.29
(101),H =162

(uvw)//[100]

(100),H =9.65
(101),H=1.93
(113),H=0.71

(uvw)//[010]
(100),H = 14.62

from high-throughput MD. Analysis regarding the grain boundary mis-
orientations are presented in Fig. 9 (d)-(g). Interestingly, also high-
angle subgrain boundaries were detected, see Fig. 9 (d). Beyond that,
misorientations lower than 5° are observed in almost each single grain,
which infers a high fraction of subgrain boundaries and dislocations
within the microstructure, see Fig. 9 (f) and (g). The observation of
substructures within individual grains agrees well with the occurrence

Cross-section

Longitudinal-section
[ ] 3 TP N

(a) (b)
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of increased cooling rates that could also contribute to residual stresses
type two and three [55,56].

Fig. 10 (a) shows the measured crystal orientations within the
extracted sample. The (100), (111) and (220) PFs indicate the presence
of the {100}(001) Cube component as also detected within the structure
processed by parameter set 1. However, the observed maximum in-
tensity solely shows a pole density of 3.48 mrd in the (100) PF, i.e. it is
around four times weaker than for parameter set 1. Furthermore, the PFs
do not show a distinct {110}(001) Goss texture component or the
development of a (100) fibre texture.

Taking into account the increased amount of measured grains within
the sample processed by parameter set 2, which yields an increased
grain statistic, this again underlines the development of a less textured
and relatively randomized solidification microstructure. This is also
supported by the analysis of the [001], [100], and [010] IPFs shown in
Fig. 10 (b). Many different crystallographic orientations along all three
sample orientations, besides the typical and dominant (100)//[010]

Direction of deposition

<«—Laser beam
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Remelting 4 5o
Ti Epitaxial
_____________ |, columnar
CET — = 5 grains
Fine grains Height of
_____________ CET — = layer
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Fig. 8. (a) Cross-section and (b) longitudinal-section capturing the 14% to the 17 layer of the wall-like structure processed by parameter set 2. A refined micro-
structure comprising mostly equiaxed grains is shown. (c) The schematic visualization of the formation of the grain structure during deposition using I, adapted

from [29] is shown.
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Fig. 9. (a) The angular grain orientation map of a representative extraction within the structure deposited with parameter set 2. An analysis of the angular grain
orientation, in which the identified colours correspond to their angular orientation with respect to the substrate surface, is given for (b) the fine-grained region I and
(c) the more coarse-grained region II. (d) The grain boundary misorientation map, from which (e) a predominant development of high-angle boundaries compared to
the low-angle boundaries is observed. Additionally, the occurrence of substructures within single grains showing misorientations lower than 5° is indicated in (f) as
well as classified in (g). (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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Fig. 10. (a) EBSD measurement results of the sample processed at parameter set 2, showing the (100),(111) and (220) pole figures after correction calculations in
terms of tilting operations (+6° in RD, +8° in TD and +5° in ND), from which a decreased texture sharpness and the absence of the Goss as well as fibre texture
components are observed. (b) [001], [100] and [010] IPFs show a significantly more randomized texture compared to parameter set 1, combined with the development

of several orientation bands along all three sample directions.

orientation, are detected. It is shown that isotropy supporting connec-
tion bands along all three sample orientations, such as e.g. from (100)
along (102) to (101) parallel to ND and TD or the (101) toward (112)
parallel to ND as well as (101) toward (111) parallel to RD, are present.
A summary of the detected crystallographic orientations within the
sample processed by parameter set 2 is given in Table 3.

The relative orientation of the main slip systems within a poly-
crystalline material reveals important information regarding the
required stresses for initiating crystal slip, i.e. plastic deformation.
Considering the results of EBSD measurements, the crystallographic
contribution to anisotropy is described by the ratio of Taylor factors
calculated for tensile loads along the RD and TD directions of the
structures processed with both parameter sets. The Taylor factors,
plotted in Fig. 11 (a)-(d), are calculated with respect to the {111}(110)
glide systems of fcc crystal structures according to Taylor et al. [57].

The distribution and characteristics of the Taylor factors are
considerably different for both parameter sets. In case of parameter set
1, the average Taylor factor in TD direction is higher compared to the RD
direction, having a ratio RD/TD = 0.89. In contrast, the difference of
Taylor factors in case of parameter set 2 is less and their ratio is calcu-
lated to be 1.04, representing nearly isotropic conditions. Since the
Taylor factors are much lower for the structure produced by parameter
set 1, it is expected that the required stress for plastic deformation i.e.
the yield strength for the structure processed with parameter set 2 is
higher.

Table 3
Identification and sharpness of the crystal orientation within the sample pro-
duced by parameter set 2, given in multiple times random [mrd].

Parameter set 2

(uvw)//[001]

(100),H = 2.02
(101),H=1.79
(112),H=1.38
(102),H =0.93

(uvw)//[100]

(100),H = 3.48
(101),H = 2.11
(111),H = 1.49
(113),H =1.02

(uvw)//[010]

(100),H = 2.99
(101),H = 0.88
(102),H =151

5.3. Mechanical characterization

Detailed results of tensile testing are visualized in Fig. 12 for one
sample for each tested orientation. A typical jerky flow behaviour of
Portevin-Le Chatelier band development expressed by a typical up-
down-up stress-strain response over stress-plateau is evident [58]. This
behaviour is typically attributed to dynamic strain aging (DSA) in terms
of a dynamic interaction between solute elements and mobile disloca-
tions within the matrix [59] and leads to strain-rate-based stress relax-
ation of the material [58]. Collective unlocking of dislocations expressed
by narrow strain localization bands, referred to as PLC bands, occurs.
These bands are often subdivided into three types. As can be seen from
the tensile test results, hopping bands (type B) characterized by an
asymmetric Gaussian-like character, typically observed for intermediate
applied strain rates, develop [60].

For parameter set 1, the highest strength was determined in RD, i.e.
the deposition direction of the structure. The yield strength was around
12% higher as compared to TD or RD-TD direction, which also repre-
sents the degree of tensile yield strength anisotropy. This is explained by
the strong columnar grain growth along the building direction of the
structure, which yields to a higher amount of grain boundaries within
the tensile sample extracted along RD, as compared to TD or RD-TD.
Furthermore, a texture strengthening contribution for the yield
strength is also assumed. Owing to the strong initial {110}(001) Goss
texture component, applied tensile loads along RD are oriented around
45" to the {111} family, representing the maximum resolved shear
stress. In comparison, the average tensile strength (124 MPa) is around
13% lower as a comparable AlMg4.5 (EN AW 5083) wrought alloy in O-
temper condition [7].

In contrast, the structure processed by set 2 shows an increased
average yield strength of approximately 142MPa and significantly
reduced anisotropy down to 2%. The yield strength along TD and RD-TD
directions is around 16% and 19% higher as compared to that of the
structure processed by parameter set 1. This agrees with the Hall-Petch
effect, which describes an improvement in the strength and ductility of
metallic materials with a refined microstructure [61]. Comparable yield
strengths, as reported by Gu et al. [7] (145MPa) and Horgar et al.
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distinct differences between the two parameter sets.
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Fig. 12. Results of tensile tests for (a) parameter set 1 and (b) parameter set 2 showing the stress-strain curves for a representative sample for each tested sample
orientation. For the structure processed with parameter set 2, an increased level of yield strength and tensile strength, as well as ductility with reduced anisotropy,

is observed.

(142 MPa) [7], for WAAM-processed AlMg4.5 alloys in as-deposited
condition are achieved. A summary of tensile testing result is given in
Table 4.

Following the argumentation of Hansen et al. [61], the resulting
yield strength of a metallic material follows an inverse relationship with
the average grain size d,,, which can be described by means of the
Hall-Petch relation as

ky

Vi, ©

Oys = 0o +

where oy and k, are material-specific constants [61]. oy is a grain-size
independent stress, including the contributions from solutes and parti-
cles but excluding the contributions of dislocations, and k, is the
strength contribution resulting from the resistance to dislocation motion
reasoned in the presence of grain boundaries [61]. The results of
calculated yield strength using the experimentally determined average
grain sizes and the results from the tensile tests are given in Fig. 13 (a).*
The slope of the calculated yield strength using Eq. (6) shows excellent
agreement to the experimentally determined yield strength. The error
bars applied represent the minimum and maximum deviations measured
between the three orientations tested, i.e. an expression of the deter-
mined anisotropy in the tensile properties.

The detected strengthening increase for the structure processed by
parameter set 2 is also confirmed by the results of microhardness testing,

4 For the calculation, experimentally determined constants for EN AW 5087
of 69 = 102.3 MPa and k, = 384 MPa um'/? according to Gu et al. [7] were
used.

10

see Fig. 13 (b). Constant microhardnesses along the height of the
structures of 77 + 2.3 HV0.3 and 89 + 1.5 HVO0.3 for parameter set 1
and 2 are determined. This corresponds to an increased hardness of
around 13% for parameter set 2. For parameter set 1, a slightly increased
microhardness is observed for the first layers in close vicinity to the
substrate. The microhardness shows a decreasing slope from 85 HVO0.3
near the substrate down to around 77 HVO0.3 after approximately 10 mm
in building direction of the structure. This is explained by the develop-
ment of finer grains during the deposition of the first layers, as typically
increased cooling rates are present in close vicinity to the substrate [12,
19,20,37]. The influence of the substrate is not observable for the
microhardness determined within the structure processed with param-
eter set 2. It shows a more constant microhardness along the height of
the structure. Comparing the hardness results with those of Gu et al. [7],
a comparable microhardness as for WAAM-processed EN AW 5087
wall-like structures using inter-layer rolling at 15kN is achieved. The
significantly decreased average grain size results in a higher level of
hardness compared to those measured within the structure processed by

Table 4
Summary of the average tensile mechanical properties determined for the
structures processed with parameter set 1 (I, ) and parameter set 2 (I, )-

min

Tensile property Parameter set 1 Parameter set 2 Unit
Testing direction RD TD RD- RD TD RD-
TD TD
Yield strength (YS) 136 120 118 138 143 145 MPa
Ultimate Tensile strength 275 261 266 280 281 288 MPa
(UTS)
Elongation at fracture 25 21 27 22 23 29 %
(Afrac)




M. Froend et al. Materials Science & Engineering A 772 (2020) 138635

150 105 y . ; ; Fig. 13. (a) Tensile test results showing an
RD,Tﬁ) A— A Parameter setl(ly =22 kWnlﬂfz)_ increased strength for set 2 and a good
E TD* d . B Parameter set2 (I, = 1.1kW mm?)[|  agreement to the analytical determination
S 140 i il < S 95 I T =T using Eq. (6) using the average grain di-
= RD % ol RD E ameters of both parameter sets. The applied
> o ‘: 20 error bars represent the minimum and
o) i n . . .
- 130 i g 85 maximum deviations between the three ori-
§ N4 > -E 4 ‘ entations tested. (b) Microhardness mea-
= h g 80 # surement results along the height of the
; A Average of parameter set 1 = I\ AQM - & &
= 120H : A T S 75 wall-like structures processed using param-
5} B Average of parameter set 2| * 5 3 . .
= ; s & 4 eter set 1 and 2, showing an increased and
> — = -Calculated according to RD-TD S 70 1
-~ 4 more homogeneous hardness for set 2.
Hall-Petch
110 1 . I 65
100 150 200 250 0 10 20 30 40 50
Average grain diameter d,, [um] Distance from substrate [mm]
set 1. Since the chemical composition of the two deposited structures loading conditions are preferentially oriented to active deformation on
showed no significant differences, the major strengthening contribution the {111} glide planes. As a result, smooth intergranular slip was acti-
is attributed to grain boundary strengthening [37]. vated and so called shear lips developed.
The fracture surfaces of tensile specimens processed by parameter set Representative fracture surfaces of the structures processed with set
1 and 2 are given in Fig. 14. In case of parameter set 1, fracture is 2 are shown in Fig. 14 (c) and (d). Generally, high similarities to the
characterized by a mixture of transcrystalline and shear fracture. An fracture surfaces of parameter set 1 are evident. The main fracture
essential feature of transcrystalline fracture is the large number of mechanism for set 2 is identified on the SEM images to be
dimples, as can be seen in Fig. 14 (a) The presence of dimples indicates a transcrystalline-normal fracture with fractions of shear fracture.
ductile fracture mode, which is commonly observed in Al-Mg alloys [7]. Increased crystallographic randomization, the development of several
As it can also be seen from Fig. 14 (a) fillets at the edges of the formed orientation bands as well as the absence of the {111} (110) Goss and (
dimples are observed. These are assumed to be pyramidal flanks or 100) fibre texture components beneficially contribute to the develop-
spikes of the {111} glide plane permutations of the fcc crystals. Their ment of multi-axial stress distributions within the refined microstruc-
detectable surface roughness is attributed to be an indicator of the ture. This can also be seen from the magnified fracture surface
activation of multiple slip systems during plastic deformation. Addi- extractions, in which the development of shear lips having multiple
tionally, small fractions of shear fracture, as a result of multi-axial stress orientations are evident, see Fig. 14 (c) and (d). Based on the analysis of
distributions during plastic deformation, are observed, see Fig. 14 (b). the fracture surfaces for both parameter sets, it can be stated that EN AW
The observation of this fracture characteristic indicates that the present 5087 wall-like structures processed by wire-based LMD show a similar

(d)

Fig. 14. Scanning electron microscopy (SEM) images of the fracture surfaces of tensile specimens processed by (a), (b) parameter set 1 and (c), (d) parameter set 2.
Both sets show transcrystalline-normal fracture with fractions of shear fracture.

11
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fracture behaviour as compared to Al-Mg alloys in rolled or cast con-
dition [7].

6. Conclusions

In this research paper, two specific laser beam irradiances were
utilized in high-throughput wire-based LMD of an Al-Mg alloy for
tailoring the resulting solidification microstructure. The effect on the
mechanical properties is studied in depth. Based on the experimental
results presented and discussed here, the following conclusions are
drawn:

e Specific adjustments of the laser beam irradiance in wire-based LMD
of an Al-Mg alloy can significantly affect the resulting solidification
microstructure. Thus, laser beam irradiance can be used to achieve
distinctly different microstructures and resulting mechanical prop-
erties while keeping the heat input constant.

e The considered maximum laser beam irradiance, close to the tran-
sition into keyhole mode welding, results in an uniform large-grained
epitaxial solidification microstructure leading to anisotropic me-
chanical behaviour.

e The combination of minimized laser beam irradiance, close to the

threshold for melting, and a high-throughput of wire, enables the

development of a fine solidification microstructure with nearly
isotropic tensile mechanical behaviour.

Improved tensile properties compared to EN AW 5083 wrought alloy

in O-temper condition and similar to WAAM-processed EN AW 5087

can be achieved in the as-deposited condition of the LMD structures.
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