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Abstract

Wire-based laser metal deposition as a part of additive manufacturing evolved to a state of the art methodology in
industry during the last decades. Although it is nowadays possible to manufacture structures, which are free from
inner defects such as porosity and cracks, there is still a lack of knowledge regarding the influence of the deposition
strategy and process parameters on the mechanical properties of the resulting structure. The following work contains a
microstructural and mechanical characterization of an unidirectional manufactured AA5087 aluminium alloy structure
on AA5754 substrate using wire-based laser metal deposition. In order to understand the relationship between the
process conditions and the resulting structure properties, detailed analyses of the chemical composition and texture of
the structure are performed. Additionally, microhardness mapping was conducted to precisely understand the effects of
the developed microstructural features. It is observed that a preferred grain growth orientation proceeding parallel to the
building direction using a unidirectional deposition strategy with constant process parameters took place. Indeed, the
grain orientation as well as its size and shape are not isotropic within the whole structure. The microstructure contains
different grain orientations as well as grain shapes and sizes along the LMD structure. This results in locally different
material properties. The results were analysed and discussed in reference to fundamental theories such as the Hall-Petch
and Orowan mechanisms. Due to the process conditions, three distinct areas within the structure were observed. It is
shown that the LMD area near the substrate is strongly influenced by the microstructure of the used substrate material.
With increasing distance to the substrate, the LMD structure shows a directional grain growth in building direction.
This directional grain growth changes into globular grain growth with increasing distance to the centre of the part, which
represents a change of heat conduction and cooling conditions.

Keywords: laser additive manufacturing; laser metal deposition, aluminium alloy; microstructure; EBSD; mechanical
properties.

1. Introduction

In times of globalization and huge demands on environ-
mentally compatible public transportation systems, fuel
saving became one of the most pursued optimization fields
in automotive, naval architecture and aircraft industry [1].5

Therefore, using highly efficient materials for weight re-
duction is a major demand. Hence, materials with a high
strength-to-density ratio were developed and implemented
[2]. Due to their recyclability, excellent strength-to-density
ratio, thermal and electrical conductivity, corrosion resis-10

tance, formability, and attractive appearance, aluminium
alloys became one of the most commonly used materials
[1, 3, 4].
Simultaneously, additive manufacturing (AM) techniques
of powder and wire raw material was strongly investigated15

�
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during the last decades [5]. In case of aluminium, predom-
inantely powder-based techniques such as selective laser
melting (SLM) were developed and investigated [3, 6, 7, 8].
At this juncture, mostly the near-eutectic Si containing
AlSi10Mg and Al12Si alloys, which were developed for20

casting processes, were processed [9]. Using these alloys
in SLM, it was possible to produce highly complex shaped
parts at a deposition rate of around 86 g©h [10]. How-
ever, the range of aluminium alloys available as qualified
powder for SLM is very limited. Laser metal deposition25

(LMD) using conventional wire instead of powder material
increasingly reached the focus of attention [5, 11]. This
technique opens a larger range of commercially available
alloys, which are already disposable as wire. Addition-
ally, a significantly increasable deposition rate, material30

usability and easy handling of the consumable material
compared to SLM can be realized. Using this method it is
possilbe to produce parts with a deposition rate of more
than 1330 g©h, 15 times higher than conventional SLM
[12]. Indeed, because of its good weldability and excellent35
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mechanical properties, mostly titanium alloys and Inconel
were applied and investigated [13, 14, 15, 16]. Until today,
only in [12] the proven processability of wire-based LMD
to process aluminium alloys was educed.
On the one hand, a higher laser power input of several kilo-40

watts is required for wire- based LMD when compared to
powder-based approaches with only a few hundred Watts.
This immense increase of specific process energy in con-
nection with the possible high deposition rates, led to
new challenges regarding the temperature controllability45

within the process. On the other hand, using laser energy
source instead of arc, as a very good controllable energy
input, opens a new field of online process modification pos-
sibilities of the final part properties by i.e. varying the heat
input or cooling conditions during the process, connected50

to high throughput part generation. Compared to electron
beam only local shielding gas supply can be used instead
of conducting the process under vacuum conditions. Espe-
cially by taking into account that the process parameters
such as the deposition rate and the depositioning strat-55

egy together with the heat distribution during the process
have a significant impact on the residual stresses and fi-
nal part properties [17, 18, 19, 20], the approach of using
wire-based LMD opens a wide field of degrees of freedom
in AM.60

In conventional manufacturing processes, the final part
properties strongly depend on the supplied raw material
properties. In AM local material properties can be in-
fluenced by using different process parameters, which can
also lead to the development locally different mechanical65

properties of the LMD structure compared to the raw ma-
terial. Especially the high degree of freedom to process the
materials with different process parameters, such as laser
power, wire-feeding speed, depositionig velocity or strat-
egy in order to develop locally different material properties70

allows it to build highly complex parts with functionally
graded properties in one process [17, 19, 21, 22, 23, 24, 25].
Objective of the present study is the investigation of mi-
crostructural and mechanical properties of LMD processed
AA5087 on an AA5754 substrate regarding grain size, grain75

morphology, chemical composition, microtexture and mi-
crohardness.

2. Laser metal deposition using filler wire

In this study, the aluminium alloys AlMg4.5MnZr (EN
AW-5087) in H19 condition as wire and AlMg3 (EN AW-80

5754) rolled substrate sheet in annealed and recrystallized
(H111) condition were used for LMD experiments. Table 1
shows the chemical composition as well as the mechanical
properties of the raw material.

An 8 kW continuous wave ytterbium fibre laser YLS-85

8000-S2-Y12 (IPG Photonics Corporation) integrated with
an optical head YW52 Precitec, which was implemented in
a CNC-supported XYZ-machining centre (IXION Corpo-
ration PLC), was used in the experiments. Figure 1 visu-
alizes the deposition process of the wall structure, whereas90

AA5087 Wire Material(H19)

Si Fe Cu Mn Mg Cr Zn Zr Ti Al

&0.40 &0.40 &0.10 &0.50 2.60&3.60 &0.30 &0.20 - &0.15 Bal.

ρ E Rm Rp0.2 A HV0.2

�g©cm
3
� �GPa� �MPa� �MPa� [%]

2.66 70 440 430 1 135

AA5754 Substrate Material(H111)

Si Fe Cu Mn Mg Cr Zn Zr Ti Al

&0.25 &0.40 &0.05 0.70&1.10 4.50&5.20 0.05&0.25 &0.25 0.20&1.10 &1.15 Bal.

ρ E Rm Rp0.2 A HV0.2

�g©cm
3
� �GPa� �MPa� �MPa� [%]

2.66 70 245 185 15 52

Table 1: Chemical composition (in wt.%) of AA5087 wire material
and AA5754 substrate material, as well as its mechanical properties:
Density ρ ,Young’s modulus E, yield strength Rm, tensile strength
R0.2, strain to fracture A and microhardness HV [26, 27].

Figure 1: Schematic visualization of the LMD process showing also
the unidirectional depostion strategy on top of each layer.

the LMD process parameters used in this study are given
in Table 2. The optical head was mounted on the Z-axis of
the system, which was also equipped with a wire-feeding
system and a local argon shielding gas supply. The wire
was fed onto the workpiece using a feeding angle of 35

`

.95

The LMD process was conducted by feeding the wire in
dragging configuration onto the workpiece while melting
it simultaneously by the laser beam. During this, the op-
tical head was moved relatively to the transverse direction
of the substrate, which was the depositioning direction.100

After the deposition of one layer, the optical system to-
gether with the wire supply was adjusted to the top of
the structure again, repeating the depositioning process
in the same direction as for the previous bead. The fol-
lowing layer was deposited approximately 30 seconds after105

finishing the previous one. It was shown in [12] that these
parameters achieve defect free structures, which could also
be confirmed during the experiments within this study.

2.1. Methods for Microstructural Investigations

The microstructure of the processed AA5087/AA5754110

structure is investigated by scanning electron microscopy
(Jeol JSM-6490LV) using energy dispersive X-ray analysis
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Property Value Unit

Wavelength 1.070 µm
Beam Parameter Product 11.305 mmmrad
Fibre Diameter 300 µm
Focal Length 300 mm
Collimator Length 150 mm
Laser Spot Diameter (in Focus) 746 µm
Rayleigh Length 24.55 mm
Focus Position +23 mm
Spot Diameter (in Focus +23 mm) 1.6 mm
Laser Power 4500 Watt
Depositioning Rate 5 m©min
Specific Energy 34 J©g
Wire Feeding Rate 10 m©min
Substrate Temperature 300

`

C
Argon Shielding Gas Flow Rate 13 l©min
Height Offset per Layer (H) 0.5 mm
Number of Layers 8 �

Table 2: Design parameters of the laser system and applied process
parameters in LMD experiments.

EDX (EDAX genesis), to examine chemical composition
of heterogeneous microstructure constituents. The EDX
analysis has been conducted at 15 kV and working dis-115

tance of 10 mm during a predetermined measurement time
of 150 s. Electron back scatter diffraction (EBSD, EDAX
TSL OIM) is applied to analyze microtextures. For EBSD
measurements performed at 30 kV, working distance of
13 mm and sample tilt of 70

`

, a scan field with a size of120

950µm by 950µm was defined to achieve a sufficient grain
statistic. The orientation calculation was conducted based
on the generalized spherical harmonic expansion method
[28], where a triclinic sample symmetry was assumed. Fig-
ure 2 shows the cross section of the LMD processed wall125

structure as well as the identification of three locations,
which are investigated using EDX and EBSD measure-
ments. For the analyses, the metallographic specimen was
prepared by multistage grinding and subsequent final pol-
ishing. The measuring locations for EDX and EBSD anal-130

yses are indicated as regions A–C. Region A lies in the
AA5754 substrate. Region B captures the interface be-
tween AA5754 substrate and deposited AA5087 structure,
including the heat affected zone (HAZ) in the substrate
and the LMD layer close to the substrate. Region C en-135

ables the consideration of deposited AA5087 structure at
sufficient distance to the substrate, which represents a po-
sition at the topside of the structure. RD describes the
rolling direction of AA5754 sheet used as substrate and the
thickness direction of deposited structure. TD (transverse140

direction) represents the thickness direction of the sub-
strate and LMD building direction into structure height.
ND (normal direction) is perpendicular to the cross section
of the grinded and polished specimen. Crystal orientation
maps as well as inverse [001] pole figures were mainly used145

Figure 2: Measurement locations in EDX and EBSD A (substrate
material), B (HAZ and first LMD layer) and C (LMD structure near
the topside of the structure).

to identify crystal direction �u v w�//ND.

Microhardness measurements were obtained using an au-
tomated Vickers hardness testing machine at 0.2 kg load
and an indentation time of 10 s. The indentations were150

conducted with a spacing of 250µm between each other.
By using a grid measuring pattern, the complete micro-
hardness distribution along the specimen was determined.

3. Results and Discussion

3.1. Analysis of chemical composition and microstructure155

of as-received AA5754 substrate

The microstructure of the AA5754 substrate is charac-
terized by aluminium grains, small dispersoids and inclu-
sions elongated parallel to the rolling direction. Figure 3a
indicates the observed constituent parts and Table 3 shows160

their chemical compositions. The EDX analysis indicates
that needlelike inclusions exhibited higher contents of Si,
Mn and Fe compared with the grain matrix. Within the
inclusions, Fe content is significantly higher than in the
aluminium grains. These grains mainly contain Mg and165

soluted Si, Mn and Fe in comparably lower amounts. The
chemical composition of dispersoids is similar to that of
the inclusions.
The surface of the drawn AA5087 wire, shown in Figure
3b reveals deep score marks and included particles. EDX170

point analysis of these delivered high contents of Mn and
Fe. The wire matrix consists of Al, Mg, Mn, Fe and Zr in
agreement to the nominal chemical composition of AA5087
[26].

Within the binary Al-Fe system of the substrate ma-175

terial, aluminium and ferrite form the intermetallic Al3Fe
phase precipitated as randomly distributed acicular crys-
tals in the AA5754 matrix [29][30]. When the detected
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(a) AA5754 substrate. (b) AA5087 wire.

Figure 3: Microstructure of substrate within the region A (a) and
surface structure of wire (b) prior to LMD with an identification of
the point analyses locations.

Mn will be taken into account because of its content of
3.92 wt.%, the needlelike inclusions can be described as180

Al3(Fe,Mn) phase. Taking this into account, the substrate
material is identified as AlMg3SiMnFe + Al3(Fe,Mn), which
conforms to the composition of AA5754 [27]. The pre-
cipitation of the Al8Mg5 phase in cold-formed AlMg al-
loys, having more than 3 to 4 wt.% Mg takes place after a185

long period of artificial ageing. The Al8Mg5 phase is not
present in the substrate.
The recrystallized substrate microstructure prior to LMD

AA5087 Wire Material (Figure 3b)

Elements Mg Al Si Mn Fe Zr Cu

Surface Particles 2.38 77.35 0.01 13.14 6.57 0.39 0.15

Surface Matrix 5.48 93.19 0.02 0.59 0.22 0.18 0.31

AA5754 Substrate (Figure 3a)

Elements Mg Al Si Mn Fe Zr Cu

Inculusions 0.90 63.21 0.65 3.92 31.31 -/- -/-

Matrix 3.40 95.98 0.07 0.37 0.18 -/- -/-

Dispersoides 3.11 89.96 0.26 2.19 4.48 -/- -/-

Table 3: Chemical composition (in wt%) of different phases in sub-
strate and wire material.

is characterized by grains with an average grain length
dmaj � 24.10µm and an average grain width dmin �190

11.79µm , i.e. the grains reveal an elliptical shape as can
be seen in Fig. 4a with an resulting average aspect ratio
dasp of dmin©dmaj � 0.50. The grain shape orientation de-
scribes the angular relationship between major axis dmaj

of the ellipsoidal shaped grains and the horizontal direc-195

tion RD. The statictical assessment of this relationship
shows that a morphologically preferred allignment of the
grains does not exist as seen by the appearance of vari-
ous maxima, Figure 4b. A possible explanation for this is
that the recrystallization process changed the grain shape200

of the cold-rolled sheet during annealing in order to mini-
mize grain boundary energy [31].
The inverse [0 0 1] pole figure of the substrate shows that
the majority of grains are oriented in �1 0 1�//[0 0 1] di-
rection. Furthermore, grain orientations of �1 1 1�//[0 0205

1], �1 1 2�//[0 0 1] and �0 0 1�//[0 0 1] were detected.
�1 0 1� and �0 0 1� are connected with each other with an
orientation band. This is plotted in Figure 5 showing an

(a) Grain orientation map. (b) Grain orientation distri-
bution.

Figure 4: Grain map of AA5087 substrate (a) and the distribution
with respect to the major axis orientation (dmaj).

intensity maximum Hmax � 2.369 mrd. Table 4 summa-
rizes the results regarding crystal directions, microtexture210

components and grain sizes of AA5754 substrate.

Figure 5: Inverse [0 0 1] pole figure of AA5754 substrate intensity
maximum Hmax = 2.396 mrd).

AA5754 Substrate

�u v w�//[0 0 1] (h k l)[u v w]

�1 0 1�, H = 2.36 mrd (1 1 0)[0 0 1], (1 1 0)[1 -1 1]

�0 0 1�, H = 1.23 mrd (0 0 1)[1 0 0]

�1 1 1�, H = 1.00 mrd (1 1 1)[-1 -1 2]

�1 1 2�, H = 1.00 mrd (1 1 2)[-1 -1 1]

Hmax = 2.396 mrd

Grain size

dmaj = (24.10� 8.89) µm

dmin = (11.79� 4.32) µm

dasp = (0.50� 0.11) µm

Table 4: Results of EBSD analyses of the AA5754 substrate before
LMD (region A).
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3.2. Microstructural characterization of laser metal deposited
AA5087/AA5754

The microstructure of the LMD structure shows a sta-
tistically even distribution of small particles, Figures 6a–215

6d. Their dimensions d of & 5 µm are significantly lower
compared with the inclusions both in the HAZ or sub-
strate. The LMD structure exhibits higher contents of Mg
and Mn than the HAZ as expected and corresponds to
AA5087 used as wire [26]. The particles included within220

the LMD layer reveal higher contents of Fe, Mn and Si
compared with matrix material. Their origin is assumed
to come from the wire, on which particles with a matching
chemical composition at the wire surface were found (Fig-
ure 6c, Table 3). It is assumed that Si migrated from in-225

clusions and dispersoids of the substrate to the first LMD
layers close to the substrate. The Si contents decreases
with increasing number of layers (Table 5). The alloying
element Cu as integral part of the wire was also detected.
However, it showed contents below the limit detectable by230

the EDX system. Therefore, Table 5 does not show any
value regarding Cu.
According to [32] an increase of Mg content from 3 wt.% to
4.5 wt.% results in an increase of tensile strength from 208
MPa to 250 MPa and an increase of the yield strength from235

96 MPa to 117 MPa [32]. Manganese has also a strength
increasing effect. The transition from the HAZ of the sub-
strate to the deposited AA5087 LMD layer is characterized
by a strongly pronounced discontinuity (Figures 6a and
7a). The elliptically shaped grains of the HAZ exhibit an240

average grain length of dmaj � 23.01µm and an average
grain width of dmin � 11.24µm as well as an aspect ratio
dmin©dmaj of 0.50. This means, the morphological grain
allignment in the HAZ is comparable with the as-received
condition of the substrate (Table 4), i.e. the heat input245

during LMD process did not change significantly the grain
size and morphology, respectively (Table 6).
However, it was observed that the LMD process led to
strong distortion of the substrate. Thus, the axial intensity
of the crystal direction �1 0 1�//[0 0 1] became lower and250

an additional orientation direction through �3 1 3�//[0 0
1] developed in conjunction with a connection line between
�1 0 1� and �1 1 1� (Figure 7c). The crystal direction
�1 0 1�//[0 0 1] in the HAZ can be assigned to the mi-
crotexture component (1 1 0)[-19 -16 16]. The calculation255

of misorientation between the components (1 1 0)[0 0 1]
and (1 1 0)[1 -1 1] of the base material as well as (3 3 -1)[2
5 21] of the HAZ leads to angles of 14.5

`

and 50.2
`

, re-
spectively. The misorientation between (1 1 0)[1 -1 1] and
(1 1 0)[-19 -16 16] is determined as 5.2

`

, which implies a260

slight crystal rotation around the normal direction ND.
These misorientations imply that a HAZ in AA5087 sub-
strate is actually present, although Al alloys do not show
allotropic phase transformation. Insofar, the local change
in microstructure is considered as result of plastic deforma-265

tion due to thermally induced distortion during the LMD
process. This effect is also known as temperature gradient
mechanism and a well known challenge in laser process-

(a) Region B, interface of
HAZ and the first LMD layer.

(b) Region C in the LMD
structure near the topside.

(c) Region B, interface HAZ
to the 1st LMD layer.

(d) Region C in the LMD
structure near the topside.

Figure 6: Measuring location B, which shows the transition zone
between HAZ and the first LMD layer with a magnification of 100(a)
and a magnification of 2000 showing also the identification of the
measured points in EDX (b), as well as a LMD layer near the top
side of the structure (Region C) with a magnification of 100 (c) and
a magnification of 2000 (d).

ing of metallic materials such as laser beam welding [33].
Therefore, the distortion of the substrate, which changed270

the grain orientation near the first LMD layer results in a
HAZ.
The microstructure of deposited AA5087 layer adjacent to
the HAZ consist of dendritic grains and is coarser com-
pared with the microstruture of the HAZ or the base ma-275

terial of the substrate. The average grain length dmaj �

110.36µm, average grain width dmin � 23.19µm and
an resulting aspect ratio dmin©dmaj � 0.26 were deter-
mined, Figure 7a. The major axis of dendritic grains is
almost parallel to the building direction of the structure.280

They are aligned between 70
`

and 120
`

with respect to
TD, which can also be seen from Figure 7b. Within the
dendritically solidified LMD layer, the main crystal direc-
tions �1 0 1�//[0 0 1], �3 0 4�//[0 0 1], �1 1 5�//[0 0 1],
�0 1 5�//[0 0 1], �0 0 1�//[0 0 1] were detected (Figure 7d).285

The calculation of misorientation between the components
(1 1 0)[0 0 1] and (1 1 0)[1 -1 1] of the base material as
well as (0 4 3)[1 -3 4] of the dendritic LMD layer yields in
angles of 45.9

`

and 56.2
`

, respectively.
The dendritic microstructure of LMD layer shows a290

further grain coarsening with increasing LMD structure
height to an average grain length dmaj � 141.93µm, an
average grain width dmin � 50.56 and an resulting aspect
ratio dmin©dmaj � 0.28 (Figure 7e). This observations
also show a horizontal grain coarsening with increasing295

distance to the centre of the structure. Similar to the
LMD layer adjacent to the HAZ the long axis of dendritic
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Elements Mg Al Si Mn Fe Zr

3.76 95.09 0.32 0.22 0.34 0.27

Dispersoides within the first LMD Layer (Figure 6c)

4.33 81.22 1.67 2.36 10.21 0.22

Matrix of the first LMD Layer (Figure 6c)

4.12 94.58 0.08 0.59 0.39 0.23

Dispersoides within the Topside (Figure 6d)

2.85 76.29 0.53 7.39 12.78 0.16

Matrix of the Topside (Figure 6d)

4.57 94.08 0.06 0.85 0.19 0.26

Table 5: Chemical composition (wt.%) of HAZ in (Figure 6a) and
LMD layer regarding matrix and particles (Figures 6b – 6d).

grains is mainly aligned between 60
`

and 100
`

, Figure 7f.
The inverse [0 0 1] pole figure shows a high axial intensity
at �1 0 3�//[0 0 1] and �1 1 1�//[0 0 1], Figure 7g. This300

indicates a considerable deviation from the microstructure
of the LMD layer adjacent to the HAZ. The results ob-
tained by EBSD analysis are summarized in Table 6.

�u v w�//[0 0 1] (h k l)[u v w] Grain size

Heat affected zone (HAZ)

�1 0 1�, H = 1.76 mrd(1 1 0)[-19 -16 16] dmaj = (23.01� 8.41) µm

�3 1 3�, H = 1.95 mrd (3 3 -1)[2 5 21] dmin = (11.24� 4.14) µm

�1 1 1�, H = 1.13 mrd (1 1 1)[23 -14 9] dasp = (0.50� 0.11) µm

Hmax = 2.018 mrd fmax = 6.988 mrd

Interface of HAZ to first Layer

�1 0 1�, H = 2.10 mrd (0 1 1)[1 0 0] dmaj = (110.36� 38.73) µm

�3 0 4�, H = 2.09 mrd (0 4 3)[1 -3 4] dmin = (23.19� 7.90) µm

�1 1 5�, H = 1.68 mrd (1 1 5)[2 -7 1] dasp = (0.26� 0.14) µm

�0 1 5�, H = 1.50 mrd (0 1 5)[11 -25 5] fmax = 16.075 mrd

�0 0 1�, H = 1.12 mrd (0 0 1)[1 0 0]

Hmax = 2.121 mrd

Topside of the structure

�1 0 1�, H = 1.99 mrd (0 1 1)[-1 -3 3] dmaj = (141.93� 48.30) µm

�1 1 1�, H = 1.74 mrd (1 1 1)[5 - 7 2] dmin = (50.56� 17.69) µm

�0 0 1�, H = 1.39 mrd (0 0 1)[5 -7 0] dasp = (0.38� 0.13) µm

�1 0 3�, H = 2.24 mrd (0 3 1)[1 0 0] fmax = 15.932 mrd

Hmax = 2.277 mrd

Table 6: Crystal orientations and grain morphology both in HAZ
and LMD structure.

The average grain size in the topside of the structure in-
creased and the entire LMD microstructure is significantly305

coarser compared with the microstructure of the substrate
or HAZ, respectively. The average dendrites width of
23.19µm in the first LMD layer adjacent to the HAZ
and the average grain length of 23.01µm of the substrate
are almost identical. Hence, heteroepitaxial growth of the310

AA5087 layer has took place on the AA5754 substrate
during the first stages of LMD process. The correlation
between the substrate and the deposited LMD layer near
the HAZ in building direction, which is parallel to TD can

(a) Grain shape orientation
map of HAZ to the first LMD
layer interface (region B).

(b) Grain shape distribution
plot of HAZ to the first LMD
layer interface (region B).

(c) HAZ inverse [0 0 1] pole
figure.

(d) Interface inverse [0 0 1]
pole figure.

(e) Grain shape orientation
map at the top of the struc-
ture (region C).

(f) Grain shape distribution
plot of the top of the structure
(region C).

(g) LMD 2 inverse [0 0 1] pole
figure.

Figure 7: Grain map of the interface between HAZ and the first
LMD layer (a), the orientation distribution regarding the major axis
orientation (dmaj)(b), the inverse [0 0 1] pole figure of the HAZ
(Hmax = 2.018 mrd) (c), the inverse [0 0 1] pole figure of the first
LMD layer near the HAZ (Hmax = 2.121 mrd)(d), microstructure at
the top of the structure (e), the orientation distribution regarding
the major axis orientation (dmaj) (f) and the inverse [0 0 1] pole
figure in the top of the structure (Hmax = 2.277 mrd) (g).
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be approximately described by �1 0 0�BM ©© �1 0 0�Layer315

(Figures 8a and 8b). The buidling direction parallel to TD
can be considered as main growth direction of the dendritic
grains during solidification because long axis of dendritic
grains �dmaj� and building direction TD are almost paral-
lel to one another. In [34], it was reported that a preferred320

crystallographic orientation is formed, when unidirectional
solidification occurs during chill casting. The growth of
aluminium crystals is fast in �1 0 0� direction and the re-
sult of unidirectional solidification shows a �1 0 0� fiber
texture. Figure 8b shows (1 0 0) pole figures, which con-325

tain an indication of the presence of a local �1 0 0� fibre
texture. Therefore, it can be assumed that the deposition
of AA5087 wire met the conditions of solidification after
direct chill casting locally during the first sequences of the
LMD process.330

The local �1 0 0� fibre texture implies that the heat trans-
fer was mainly determined by the �1 0 0� crystal growth in
opposite direction. It must be stated that the orientation
belt on the RD axis of the (1 0 0) pole figure is not tightly
closed, because the use of EBSD method recorded only a335

small region of LMD layer microstructure near the HAZ
limiting the number of possible orientations.
The further grain coarsening can be explained due to de-
creasing cooling rate with increasing LMD structure height.
In the LMD layers near the substrate the heat is conducted340

into the substrate, whereas a heat accumulation with in-
creasing distance to the substrate took place. The increas-
ing distance to the substrate as well as the already heated
underlying layer sequences lead to a slowdown of cooling
and decrease of critical undercooling important for hetero-345

geneous nucleation. The microstructure near the topside
(Figure 7e) formed a strongly randomized microtexture.
The (0 0 1) pole figure does not show any preferred orienta-
tion and indicates an isotropic distribution of heat transfer
(Figure 8c).

(a) AA5754 substrate ma-
terial (region A).

(b) First LMD layer near
substrate (region B).

(c) LMD structure at the
topside (region C).

Figure 8: (1 0 0) pole figures at the measuring location A – C of the
specimen including the AA5754 substrate (a), the deposited AA5087
layer near the HAZ (b) and the deposited AA5087 layer near the
topside of the structure (c).

3.3. Microhardness and mechanical properties350

Since there is a linear relationship between the micro-
hardness and tensile strength of a material, the microhard-
ness of the LMD-structure was analysed and used to de-
rive inferences to its tensile properties. The microhardness
of the wire material was 135 HV, whereas the substrate
material showed a microhardness of 52 HV in as-received
condition, see Table 1. Figs. 9 and 10 show the hardness
distribution of the LMD processed structure. Regarding
the HAZ and the area, where the wire diluted into the
substrate, a significant increase up to 69 HV is observed.
Along the HAZ into the first LMD layers, the hardness also
increased significantly. As also can be seen from Figure 10,
the hardness slightly decreases after the third layer from 72
HV to 67 HV within the 4th to the 8th layer. The micro-
hardness distribution in RD direction respectively along
the width of the specimen showed no significant changes.

Figure 9: Results of microhardness mapping.

From EBSD, EDX and microhardness testing, three dif-
ferent contributions influencing the local strength of the
deposited structure were detected. Regarding the yield
strength, these contributions can be summarized as fol-
lowed:

∆Rp0.2 � �ki1
Ó
nFA�ÍÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÑÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÏ
AO

� �3NGbf
3
2 r

�1�ÍÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÑÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÏ
BO

� �ki2 � ki3D�
3
2

Í ÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÑÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÏ
CO

�

(1)
with
ki1 � obstacles strength and the Youngs modulus, nFA �

ratio of foreign atoms, N �hardness of the surrounding
matrix,G � shear modulus, b �burger vector, f � the
volume of the dispersoides, ki2 � critical shear stress of355

the mono-crystal, ki3 � material dependent Hall-Petch
constant and D � grain diameter.
Due to an increase of Mg-content from the substrate to the
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Figure 10: Results of microhardness mapping along the substrate
and the deposited wall structure.

LMD-structure a solid solution hardening results. This ef-
fect is shown by the first part AO of equation 1, which mir-360

rors the contribution of foreign atoms to the strength of a
material. Thereby, a higher amount of Mg atoms are ben-
eficial in terms of an strengthening effect, which could be
confirmed by the detections in EDX analysis. The chem-
ical composition can also be seen from Figure 11. From365

there it is shown that the Si, Zr, Mn and Fe contents along
the structure are constant. Only the Mg content increases
from 3.54 to 5.09 wt.% from the substrate to the topside of
the LMD structure. Part BO of equation 1 shows the con-
tribution of the Orowan mechanism, which describes the370

hardness increase of a material for a high volume of disper-
soides within the matrix, similar to precipitation harden-
ing. This is given by the high amount of detected disper-
soides within the structure and contributes the solid solu-
tion hardening. As EBSD analyses pointed out, the grain375

morphology along the specimen varies. Regarding the cen-
tre of the structure, longitudinal shaped grains developed,
whereas the grain morphology in the topside shaped more
randomly oriented globular grains. Since the Hall-Petch
relation holds, describing the influence of the grain size on380

the resulting strength this grain coarsening has also an in-
fluence of the material properties [35]. In the case of the
upper part of the LMD structure, this effect results in a
decrease of the microhardness and local strength, which
is given by part CO of equation 1. This effect counter-385

acts to the hardening contributions of parts AO and BO in
such a way as to weaken the detected hardening effects for
the upper part of the LMD-structure. Due to the results
of the texture analyses, the local strength in RD direc-
tion, which corresponds to the thickness direction of the390

deposited structure is assumed to be lower than in TD di-
rection. Especially the local strength in the topside of the

structure is assumed to be slightly less, which is reasoned
with the grain coarsening with increasing distance to the
substrate as shown by the comparison of the aspect ratio395

of the grains in region B and C of the LMD structure.

Figure 11: Chemical composition along the height of the structure.

4. Conclusions

It was found that the LMD process led to the forma-
tion of an anisotropic AA5087 layer structure regarding
grain size, morphology and crystallographic orientation us-400

ing constant process parameters. Especially the detected
grain morphology as well as their orientation has an sig-
nificant influence on the mechanical properties along the
structure. Due to this, three different regions with differ-
ent properties were identified. The region near the sub-405

strate, in the centre of the structure and at the topside of
the structure are assumed to exhibit different mechanical
properties.
This leads to the conclusion that it is not possible to
manufacture a homogeneous structure using constant pro-410

cess parameters in wire-based LMD of AA5087 aluminium.
Therefore, further online process adoptions regarding i.e.
the energy control, cooling condition or layer height ad-
justment have to be considered in future investigations.
Indeed, the findings show, that wire-based LMD of alu-415

minium enables high deposition rates but also opens new
challenges regarding the process temperature controllabil-
ity, which was exemplified by analysing the heat accumu-
lation in the centre of the structure.
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