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Abstract
Hybrid manufacturing processes are known for combining the advantages of additive manufacturing and more traditional 
manufacturing processes such as machining to create components of complex geometry while minimising material waste. 
The trend towards lightweight design, especially in view of e-mobility, gives aluminium materials an important role to play. 
This study examines the use of aluminium alloys in laser metal wire deposition (LMWD) processes with subsequent sub-
tractive machining, which is considerably more difficult due to the different process-related influences. The investigations 
are focussed on the influence of the differently controlled laser power on the shape accuracy, the microstructure, and the 
hardness of the AlMg5 test components after the LMWD process with subsequent subtractive machining by turning. The 
long-term goal of the investigations is to increase the stability of the hybrid production process of AlMg5 components with 
defined dimensional accuracy and mechanical properties.

Keywords  Additive-subtractive manufacturing · Laser metal deposition · AM post-processing · Machining · Accuracy · 
Microstructure · Hardness

1  Introduction

Due to their suitability for lightweight design, aluminium 
components are widely used in many areas such as the auto-
motive and aerospace industries. The production of alumin-
ium components using casting technology is expensive and 
environmentally harmful due to the production of the casting 
moulds and the high energy and material costs [1–5]. The 
machining of aluminium components usually involves a high 
machining volume, which in principle offers an approach 
for optimization. With generative manufacturing processes, 
these problems do not arise as the aluminium components 
can be directly produced without forming tools and close to 
the final contour [6–8]. However, generative manufacturing 
processes are not yet capable of producing dimensionally 
accurate components on their own [9]. Especially surfaces 
of which the shape and surface quality are decisive for the 
later sub-functions of the component (such as surfaces for 
bearings or for interlocking connections) must be machined 

after the printing process. To combine the advantages of 
additive and subtractive processes, so-called hybrid machin-
ing centres are becoming increasingly popular, which can 
guarantee a complete additive-subtractive design process in 
one clamping, thus increasing the accuracy of the process. 
Currently, only additive processes, which fall under the 
category of direct energy deposition (DED), are taken into 
consideration for such hybrid centres. DED processes can 
use powder or wire as application material, and, in contrast 
to the equally popular powder bed processes, they generally 
have higher deposition rates (especially when using wire), 
which lead to shorter design times [10]. This is achieved 
through a higher laser power and a greater wire feed, which 
in turn result in a greater layer thickness. At the same time, 
DED processes have a poorer surface quality and lower 
dimensional accuracy, which leads to a higher volume to be 
machined [11–16].

To keep the volume to be machined low, it is necessary 
to make the deposition process itself more dimensionally 
stable and to improve the surface quality resulting from the 
additive process. In the deposition process, the implementa-
tion of these requirements is determined by the occurring 
molten pool. The characteristics of the molten pool are 
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decisively influenced by the laser power and thus by the 
power absorbed in the material.

One of these DED processes that uses wire as filler mate-
rial is laser metal wire deposition (LMWD). In LMWD, wire 
is continuously applied in layers to the substrate via a noz-
zle [17, 18]. Analogously to powder-based processes, the 
applied molten material is shielded by a protective gas to 
suppress the danger of possible reactions (primarily oxida-
tion) [19, 20].

This study examines the influence of a laser power control 
during the laser cladding process on the quality of the test 
components as well as the influence of subsequent machin-
ing. The test components produced by the laser cladding 
process were evaluated based on form accuracy, surface 
roughness, microstructure, and hardness before and after 
subtractive machining.

2 � Test components und process setup

2.1 � LMWD with a closed loop control of the track 
height

The additively manufactured components (cylinders) were 
produced at the Institut für Strahlwerkzeuge (IFSW), Uni-
versity of Stuttgart [21]. A picture from the processing head 
and schematics and a picture of the process itself and can 
be seen in Fig. 1.

LMWD uses laser radiation to melt the filler material as 
well as the substrate to generate tracks similarly to a weld-
ing process. The laser radiation is absorbed by the base 

material or the already deposited tracks, and the increase 
in temperature forms a melt pool. The wire is fed into the 
process zone coaxially, as shown in Fig. 1. Through the 
deposition of multiple tracks, a three-dimensional part can 
be generated.

For the generation of the cylindrical samples, the pro-
cessing head follows a helical path. In previous works, an 
accumulation of heat from the continuous absorption of 
laser radiation in the generation of the samples was observed 
[21]. Due to a changing heat convection (good near the build 
plate, increasingly worse with increasing height), the heat 
accumulates, and the melt pool widens. This leads to devia-
tions of the height and the diameter of the cylinders and even 
to a collapse of the process since the focus of the laser is 
fixed in relation to the programmed track. The programmed 
deposition heights are not met as planned due to the melt 
pool widening, the laser melts the filler material mid-air 
away from the melt pool, and the process stops.

In addition, the deposited tracks show local deviations 
of the track height, which accumulate to an uneven upper 
side of the cylinder. To combat this, a coaxial OCT (opti-
cal coherence tomography) was installed to measure the 
distance to the upper side of the cylinder. These measure-
ments are the basis for a closed loop control of the wire 
feed rate. While it would have also been possible to choose 
the track feed rate, the wire feed rate possesses a higher 
dynamic. If the track height is insufficient, the OCT-based 
closed loop control increases the wire feed rate to compen-
sate for the local deviations. To avoid melt pool widening, 
the laser power was decreased manually to avoid overheat-
ing. A pyrometer signal was used as reference [21]. With the 

Fig. 1   LMWD-process: a processing head; b laser ring shape and wire; c deposition process [21]
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decrease in laser power, the input of heat into the process 
is decreased. In doing so, the melt pool will stop widening.

Table 1 shows the parameters of the production process 
using the LMWD-process with an OCT-based height con-
trol. The laser power was varied from 2640 to 1450 W. This 
was necessary to counteract overheating of the components 
during the process. The accumulation of heat in the upper 
part of the cylindrical components due to deteriorating heat 
conduction contributed to the premature termination of the 
process at constant laser power values. Therefore, it is essen-
tial to control the power to lower power values during com-
ponent production to ensure the completion of the process. 
Wire feed rate, focal point position, process gas type, and 
process gas quantity were kept constant.

As filler material, AlMg5 wire with a diameter of 
d = 1 mm was used which is also used in standard MIG/
MAG welding applications. AlMg5 is a 5356-type alumin-
ium solid TlG welding material and suited for use with Ar or 
Ar + He mixed shielding gases. AlMg5 is capable of welding 
Al–Mg alloys, Al–Mg-Zn alloys, dissimilar aluminium alloy 
grades containing up to 5% Mg as well as components which 
are subsequently to be anodised.

The development of the controlled LMWD process was 
conducted by the IFSW (University of Stuttgart) [21]. The 
work presented here is focused on the quality analysis of 
the additively manufactured specimens before and after 
machining. Due to the novelty of the process, the OCT-
based height tracking should enable automatic control of 
the laser power in the future. The study presents a practical 
elaboration of the process with three variants of manual 
reduction of the laser power for the subsequent process 
configuration of the LMWD process. One of the objec-
tives in LMWD-process was to fabricate the homogeneous 
thin-walled test parts in LMWD process. To determine 
the optimum parameters for manufacturing the cylinders, 
it was necessary to reduce the laser power to avoid heat 
build-up due to continuous heat input to the workpiece. 

Three LMWD processes were tested using OCT control. 
For process A, the laser power was mainly reduced in two 
steps (h = 9.44–11.7 mm; h = 17.6 mm), for process B, 
relatively continuously, and for process C in two steps in 
process start and six more (h = 14.8–16.8 mm) over the 
part height.

The work presented here is focused on the quality anal-
ysis of the additively manufactured specimens before and 
after machining. Accordingly, the examined test compo-
nents were classified into group A (laser power A), group 
B (laser power B), and group C (laser power C).

2.2 � Machining setup

To produce the desired cylindrical nominal contour on the 
additively manufactured samples, these were subsequently 
machined. The required external and internal longitudinal 
turning was carried out on an R200 turning/milling cen-
tre from INDEX-Werke GmbH & Co. KG. using water-
based flood cooling lubrication (Blasocut BC 935 K). In 
Fig. 2, the machining setup as well as the used tools can 
be seen. For the external and the internal turning process, 
carbide inserts with a radius of 0.4 mm were used. The 
cutting parameters were varied within the sample: In the 
lower area near the build plate, the effects of a feed rate of 
f1 = 0.05 mm/revolution were investigated, whereas in the 
upper area of the samples a feed rate of f2 = 0.1 mm/revolu-
tion was used (internal as well as external). For reference, 
the middle area of the samples was not machined. In all 
cases, the cutting velocity was kept constant at vc = 500 m/
min. The machining parameters were taken from [22].

Table 1   Parameters of the sample-production using the LMWD-pro-
cess with an OCT-based height control

Laser power 2640–1200 W (varied)
Fibre diameter 600 μm
Wavelength 1030 nm
Track speed 2 m/min
Wire speed 4 m/min
Beam diameter 2–3 mm
Shielding gas Nitrogen (20 l/min)
Programmed cylinder height 37 mm
Programmed cylinder diameter 37 mm
Wire diameter 1 mm
Wire material AlMg5 (5356)
Substrate material AlSi1MgMn (6082)

Fig. 2   a External turning process; b tool used for internal turning
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3 � Measurement setups

3.1 � Dimensional accuracy

The additively manufactured cylindrical part was analysed 
using a 3D coordinate measuring machine of type MC850 
from Carl Zeiss AG using an Ultra High Precision Caliper 
probe system with a measuring ball radius of 2.5 mm. The 
measuring strategy for the samples was created with the soft-
ware “Calypso” to measure the element from the outside and 
inside with a tactile probe. The measuring distance along the 
additive build direction (Z-axis) was 1 mm. Thus, several 
inner and outer diameters of the samples were measured 
with an accuracy of 0.1% relative deviation. The roundness 
(deviation from the geometrically perfect circle) was deter-
mined according to DIN ISO 2768–2.

3.2 � Metallographic studies

To determine the macroscopic structure of the samples, the 
samples were subjected to etching with caustic soda solu-
tion. For this purpose, the samples were carefully sepa-
rated with a cut-off wheel with interrupted cuts, embedded, 
ground (grain size 240, 500, 1000, 2000, and 4000, pressure 
force 20–30 N) and then polished with a diamond suspen-
sion (ATM Dia-COMPLETE Poly 9 μm, 3 μm, and 0.25 μm) 
on a synthetic fibre plate (3 μm). The macro etching was 
achieved by immersing the samples in a 10% NaOH solution 
heated to approx. 55 °C.

The electrolytic etching process of Barker enables the 
creation of colour etchings in aluminium alloys. The etching 
influences the individual grains of the structure depending 
on their orientation. The investigated samples were embed-
ded using a 2-component embedding agent based on highly 
cross-linked methyl methacrylate, grinded up to a 4000-
grain in size steps 320, 500, 800, 1000, 2500, and 4000, 
then polished with diamond suspension on a synthetic fibre 
plate (3 μm). Electrolytic colour etching was performed with 
a Struers LectroPol-5 with a 5-cm2 aperture, at a voltage of 
16 V and a flow rate of 10 l/min. The electrolyte used was 
a 50% borofluoric acid at 20 °C for 90 s. The samples were 
then examined under a polarisation microscope.

3.3 � Mechanical properties

To determine the hardness, the instrumented indentation 
test was carried out according to DIN EN ISO 14577–1 and 
ASTM E 2546 using a Picodentor HM500. In this method, 
the applied force and the penetration depth are continuously 
measured during the loading and unloading phase. The Mar-
tens hardness (HM) is defined as the ratio of the maximum 

force to the corresponding contact area and is given in the 
unit N/mm2. Unlike the Vickers or Brinell method, the hard-
ness value is determined from plastic and elastic deforma-
tion. The hardness test was carried out under the conditions 
listed in Table 2.

4 � Results and discussion

In this chapter, the produced samples are evaluated after 
the additive process and after the machining process. For 
both processes, metallographic studies as well as hardness 
investigations are presented.

4.1 � Influence of the laser control on the shape 
accuracy of the additive process

As already described in Chapter 2, the test components were 
manufactured under decreasing laser power levels to ensure 
a stable and complete process. This was done to counter-
act the overheating of the part, since the heat convection of 
the process was not sufficient to work with a constant laser 
power. Overheating resulted in failed processes since melt 
pool widening increased to fatal levels. Then the focus of 
the laser lost contact with the part, and the wire was melted 
in mid-air [21].

In all tests, the LMWD process was started with a high 
laser power of 2400–2600 W and finished with a laser power 
of 1200–1400 W. Since the laser power was adjusted manu-
ally by visual inspection and with a knob, it was inevitable 
that the desired laser power was oversteered. This resulted in 
short drops in laser power, which were compensated imme-
diately by the process engineer. During the process, the laser 
power was reduced twice in group A: from 2640 to 1620 W 
(between 9.44 and 11.7 mm) and from 1620 to 1440 W (at 
17.6 mm). For group B, there was a continuous reduction of 
the laser power from 2640 to 1800 W in the range between 
1 and 9 mm and a further three-stage reduction to 1400 W 
in the range between 16 and 24 mm. For group C, the laser 
power was reduced in two steps from 2520 to 2280 W (com-
ponent height 1 to 5 mm) at the beginning of the process 
and in six steps from 2280 to 1440 W (component height 
14.8–17.2 mm).

Figure 3 shows the laser power curves during the manu-
facturing processes of the examined components.

Table 2   Measurement parameters of the hardness evaluation

Measurement force 400 mN
Duration loading phase 5 s
Duration holding phase 10 s
Duration unloading phase 5 s
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In the visual analysis of the manufactured test compo-
nents, as shown in Fig. 4, differences in the surface finish 
could easily be detected. The cylinder test groups A and C 
showed clear transition marks around the strong laser power 
reduction. In contrast, the soft continuous reduction of the 
laser power during the production of group B did not leave 
any noticeable marks on the cylinder surface (group C).

The control of the laser power significantly influences 
the wall thickness of the manufactured cylinders. Figure 5 
illustrates the radii of the investigated samples obtained 
by tactile measurement. After the strong reduction in laser 
power for the samples A (11 mm) and C (18 mm), the wall 
thickness decreased during the following 1.5–2.0 mm and 
then increased due to the high temperature gradients in the 

Fig. 3   Laser power during the 
LMWD process

Fig. 4   LMWD manufactured 
test components of group A, 
B, and C: selected sample A, 
sample B, and sample C

sample A sample B sample C

Fig. 5   Laser control influence on the wall thickness: sample A, sample B, and sample C
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molten bath, which caused a widening of the molten bath. 
This was the same effect that causes the sample production 
to fail at constant laser power parameters, but this effect is 
constrained due to the reduction in laser power. For sample 
B, the minimum wall thickness was measured at 9 mm after 
the first small power adjustment and at 28.5 mm after the 
last control stage, which illustrated the process-stabilising 
influence of the laser control. It should also be noted that all 
the components examined offer a better straightness at the 
outer cylinder side than at the inner one. These differences 
could be explained by the specific heat conduction in the 
partially closed space of the additive-manufactured compo-
nent, which resulted in thermally induced tensions. The heat 
dissipation was more advantageous on the outside than on 
the inside because the environment helped to dissipate the 
heat on the outside, whereas the heat built up on the inside. 
This had a negative effect on the shape (straightness) of the 
component [16].

In addition to the wall thickness, the laser power also 
had a significant effect on the roundness of the cylinders. 
A particularly negative effect was caused by the short and 
abrupt changes in laser power, which could be explained by 
a short drop in laser power due to manual adjustment. In the 
1.6–2.5 mm range (sample C), the laser power fell from 2520 
to 2160 W and then rose again to 2400 W. This resulted in 
a roundness value of 0.6 mm on the outer and 0.3 mm on 
the inner side of the component (Fig. 6). In comparison, 
the roundness changed from 0.17 to 0.23 mm (outside) and 
from 0.29 to 0.32 mm (inside), when a much greater, step-
like reduction in laser power from 2280 to 1440 W took 
place in the 14.8–16.8 mm range for sample B. Similarly, 
strong fluctuations in roundness were observed, when the 
laser power oscillated around a target power value for the 
sample A (11.5 mm and 17 mm cylinder height). It should 
be noted that this oscillation had a much greater effect on 

the roundness of the outer sides of the cylinder than on the 
inner side. In the area of continuous (stepwise) reduction or 
constant laser power, the roundness on the outer cylinder 
wall was generally better (smaller roundness values) than 
on the inner one. The increased roundness values could be 
attributed to the last layer, which formed quite irregularly 
compared to the other layers. The highest temperature gradi-
ents occurred in the top region, which resulted in high values 
of stress. The confining stress relief led to strong dimen-
sional deviations. These deviations should be post-processed 
together with the deviations over the component wall.

4.2 � Influence of subtractive machining

To increase the dimensional accuracy of the test compo-
nents, the components were turned from the outside and 
inside, as shown in Fig. 7. The depth of cut was 0.3 mm 
(calculated starting from rmin on the outside and from rmax 
on the inside). The removed metal amounted to 14% (group 
A and group B) and 20% (group C) of the complete mate-
rial volume. The feed rate f1 was used in the lower area, 
whereas the feed rate f2 was used in the upper part. In the 
lower range (f = 0.05 mm/rev), it was examined how the laser 
power influences the mechanical properties (hardness) of 
the components. In the upper range (f = 0.1 mm/rev), it was 
analysed how the hardness is influenced by the amount of the 
material to be removed with the same laser power (see 4.4).

Figure 8 shows the roundness of the test components on 
both wall sides of the cylinders before and after turning. It 
could be clearly seen that all the components tested showed 
good roundness values of max. 0.029 mm after machining 
(max. 0.38 mm before machining). The difference in round-
ness values (mean value) on the outer and inner side of the 
machined test components was max. 0.019 mm for f1 (sam-
ple A) and max. 0.005 mm for f2 (sample C). Regarding 

Fig. 6   Roundness of the sam-
ples along their height
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the partial areas without machining, this difference reached 
max. 0.212 mm (sample A pre-machining area f1), 0.225 mm 
(sample B pre-machining area f2) and 0.18 mm (sample C 
pre-machining area f2). Thus, it could be concluded that a 
high shape accuracy with a deviation of max. 0.02 mm from 
the geometrically perfect circle was achieved over the entire 
wall thickness of the additive-subtractive test components, 

when using the machining parameters of the turning process. 
The roundness of all machined components here differed 
minimally. Components that were machined with higher 
feed rates tend to have slightly lower roundness values. This 
could be explained by higher machining forces and tempera-
tures when machining at higher feed rates. This favoured 
plastic deformation on the component wall, and surface 
defects (pores) could be “repaired” in a better way.

4.3 � Results of the metallographic studies

After the roundness was determined, the cylinders were cut 
off at 4 mm height from the building platform, carefully 
separated in their centre and prepared for the metallographic 
examinations. This is intended to make the layer transitions 
within the component more visible. First, the samples were 
parted while avoiding the induction of heat into the com-
ponent. After enclosure, they were grinded, polished, and 
etched with NaOH like mentioned in chapter 3.2.

The prepared sections of investigated samples were exam-
ined macroscopically and compared with each other. The 
results are represented in Fig. 9. It was found that the largest 
layer heights fall into the areas of laser power reduction. If 
the laser power is reduced during the 9.44–11.03 mm cyl-
inder height, this results in three wider layers (sample A/
area a). A further jump in layer height can be observed at 
17.5–18.3 mm of cylinder height (sample A/area b), where 
the laser power was reduced from 1680 to 1440 W during 
the deposition process. Similar correlations between the 
layer thickness and the laser power were found for sample B/
area a and sample C/area a. This probably correlates with the 

Fig. 7   Sample after turning. The original surface in the middle was 
preserved to have a reference to post AM conditions

Fig. 8   Roundness of the samples in the post-additive and post-machining areas, examined in the areas of feed rate f1 and f2
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reduction of the laser power and an increased wire feed from 
the wire feed control loop. This compensated for inequalities 
(dips, which were registered by the OCT) in the cylinder face 
in the process.

Overall, the average layer height of the manufactured test 
components up to the top layer was between 500.56 and 
513.03 μm. Table 3 shows an evaluation of the layer heights. 
The uppermost layer has a layer height value that is approx. 
2.7–2.9 times higher than the other built-up layers.

To determine the change in the microstructure after the 
additive process, sections of the AlMg5 wire were first 

examined. Etchings can be seen in Fig. 10. The longitu-
dinal section shows a strongly stretched and anisotropic 
structure of the wire structure, which is produced during 
the production of the wire (wire forming). The cross sec-
tion shows an isotropic globulistic microstructure of the wire 
with irregularly distributed gas pores and microblowholes, 
which are formed during hydrogen precipitation during the 
solidification of the wrought Al alloys and were described 
in detail by Kostron and Lutze [23, 24]. The cuts were also 
used to obtain comparative hardness measurements of the 
base material. The hardness in the longitudinal sections was 

Fig. 9   Etchings of samples A, 
B, and C (NaOH-etching)

Table 3   Layer heights of the test components

Test component Layer height without upmost 
layer (averaged) [μm]

Maximal layer height without 
upmost layer [μm]

Minimal layer height without 
upmost layer [μm]

Height of the 
upmost layer 
[μm]

Sample A 513.03 802.11 355.23 1420.49
Sample B 503.49 852.78 303.56 1326.01
Sample C 500.56 789.04 328.98 1418.06

   

Fig. 10   Wire AlMg5. Left: longitudinal section magnification × 200; centre: cross section magnification × 25; right: cross section magnifica-
tion × 200 (Barker etching)
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1210.4 HM on average (30 measuring points), and 2044.8 
HM in the transverse Sects. (9 measuring points).

The cuts from the build-up welding process, which can be 
seen in Fig. 11 (left) and Fig. 12, show a mixture of globulis-
tic grain structures (globulites) and stem crystals, which look 
similar to the structural shapes in cast aluminium shown 
by Kuhnke [25]. A special feature is that the investigated 
structures from the laser cladding process grow together 
across the weld path boundaries. In addition, a pronounced 
porosity was found on all test samples after the additive 
deposition welding process. Its shape differs significantly 
from the gas pores and micro blowholes of the base material 
and occurs mainly on the outer and somewhat less on the 
inner side of the test components. A closer look (magnifica-
tion × 500) clearly shows that the largest pores of 5–10 μm 
diameter are concentrated on the outside, especially at the 
layer transition in Fig. 12 (right hand side). When compar-
ing the sections, in the additive areas without machining 

(component height 16–24 mm), the size of the area of the 
pores differs significantly. Within a 2.3 × 4 mm area (Fig. 11 
left, Fig. 12), the cross-sections of the non-machined area 
were evaluated in terms of pore area using an image process-
ing. The largest pore percentage of 4.51% was found for test 
sample B, for test sample A the value was 2.58% and for 
test sample C 2.25%. This correlates with the laser power 
in the examined component area, where the highest laser 
power of 1800–1680 W was applied for components group 
B during the application process (Fig. 3). The increase in 
porosity in the Al weld seam compared to the base material 
is, according to Goth’s investigations of laser beam welding 
of mixed compounds of cast aluminium and wrought alu-
minium alloys under nitrogen, mainly due to the hydrogen 
absorption from oxidised and impure workpiece surfaces 
[26]. He demonstrated a clear correlation between the oxide 
layer area melted per seam volume during welding (rela-
tive oxide surface area) and the hydrogen porosity of the 

Fig. 11   Sample A: cut from 
additive area (cutting plane per-
pendicular to the printing direc-
tion). Left: magnification × 25, 
right: magnification × 500 
(Barker-etching)

Pore

Fig. 12   Cut from additive area 
(cutting plane perpendicular 
to the printing direction). Left: 
sample B magnification × 500, 
right: sample C magnifica-
tion × 500 (Barker-etching)
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seam. This interpretation is highly interesting regarding the 
LMWD process. Further investigations with respect to this 
correlation are planned in future works.

Another interesting aspect is the comparison of the constit-
uents of the microstructure of the additive manufactured com-
ponent. Figure 13 shows microstructures which were taken 
from a tangential section of 0.16 mm depth on the outer sur-
face of the component (Fig. 13) (and therefore parallel to the 
feed direction) and in the middle of the component (Fig. 14). 
The significantly larger individual microstructures (globulites, 
columnar microstructure) and microstructure agglomerations 
on the tangential section cut (close to the cylinder shell) in 
contrast to the smaller microstructures in the middle of the 
component can be clearly recognised. Additionally, more pores 
appear and combine to form larger pores at the layer transitions 
(Fig. 13 right). In the centre of the component in the cross-
section perpendicular to the feed direction, the pores are still 

present, but are regularly distributed without clear localization 
(Fig. 14 right).

The components of the microstructure at the surface 
(Fig. 13 right) and in the centre of the wall of the section 
(Fig. 14 right) were evaluated according to the method pro-
posed by Ohser and Lorz by means of linear analysis using 
spatially random quantities [27]. The points of intersection 
of the test lines with the grain boundaries were considered as 
random quantities. The test lines were placed on the measur-
ing surface 0.489 mm × 0.401 mm. The distance between two 
individual vertical lines was 97.8 μm, between parallel lines 
80.2 μm.

The point density PL of the intersections was calculated 
according to:

(1)P
L
=

N

L

Fig. 13   Additive area, tangential section (approx. 0.16 mm depth from the outside). Measuring range in the middle, magnification × 200 with 
illustrative points of the intersection of test lines with the grain boundaries (sample A) (picture of a barker etching around a layer transition)

Fig. 14   Cut from additive area 
sample A in the middle of the 
wall, cutting plane perpen-
dicular to the feed direction. 
Left: magnification × 25; right: 
magnification × 200
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The test line length L is the sum of all Lx and Ly seg-
ments. N is the number of points of intersection. After the 
calculation, it was found that the intersection point density, 
and thus, the number of grains in the middle of the wall 
is 1.22 times higher than the intersection point density in 
tangential Sect. (0.16 mm from the outside wall), as can be 
deduced from Table 4. This indirectly indicates a smaller 
number of grains on the surface and a compaction of the 
grains in the middle of the wall. Of course, the position of 
the cutting plane in relation to the feed direction plays a 
decisive role. In Fig. 13, the cutting plane is parallel to the 
feed direction, while in Fig. 14, the cutting plane is perpen-
dicular to the feed direction. This has an influence on the 
orientation of the microstructure.

As a further statistical analysis of the component of the 
microstructure on the surface and in the middle of the wall, 
the surface microstructure distribution was considered. For 
this purpose, the area of each microstructure was determined 
on the investigated measuring surfaces (Fig. 13 right Fig. 14 
right). A comparison of the surface structure distribution 
shows that the centre of the component contains consid-
erably smaller grains than the component surface. At the 
centre of the component, 98% of the grains have an area 
of < 1.4 × 105 μm2, at the surface < 2.2 × 105 μm2 (98.2% of 
the grains). In addition, 1.8% of the grains on the surface 
have an area of 2.65–3.75 × 105 μm2, while in the centre 

of the wall the grain areas do not exceed 1.95 × 105 μm2 
(Fig. 15).

Subsequently, an examination of the grains was car-
ried out on the component areas that were post-processed 
(Fig. 16). It was found that the machined surfaces on both 
sides of the component showed a significant reduction of 
scorching or pores in comparison to surface areas without 
machining operations (Fig. 11). The porous, brittle areas 
were removed during machining. In addition, plastic surface 
deformation takes place during machining, which contrib-
utes to closing the pores through a filling effect. At the lower 
feed rate f = 0.05, this effect is more pronounced since the 
local contact time tool-component surface is greater and can 
therefore have a stronger impact on the pore structure.

4.4 � Evaluation of hardness

The microhardness was examined along the prepared micro-
sections (Figs. 9 and 10). The hardness impressions were 
made in the centre of the section (cylinder wall centre). It 
was found that the hardness showed reduced values in the 
additive area without subtractive finishing (16–24 mm cyl-
inder height) (Fig. 17). In the component areas that were 
reworked by turning, the hardness values for all the test sam-
ples examined tended to be 5–15% higher.

In addition, hardness degradation was observed for all 
components in the additive area without machining. This 
could be attributed to cohesive strength. Metals usually have 
a high cohesive strength. With increasing temperature in the 
LMWD process, the molecular mobility increases (Brown-
ian molecular motions). The already quite weak secondary 
valence bonds dissolve with increasing temperature, and the 
molecular cohesion decreases [28]. Consequently, the cohe-
sive strength also decreases with increasing temperature. 
This can result in a drop in hardness with component height.

To interpret the influence of the additive process, the 
component areas without machining were closely exam-
ined. The hardness imprints were applied specifically 

Table 4   Component of the microstructure (intersection point density) 
of an example from group A

Cross section Line segment 
length in mm

Number of 
intersection 
points

Intersection 
point density

A (tangential cut, sec-
tion depth: 0.16 mm)

5.614 50 8.91

A (in the middle of the 
wall)

5.614 61 10.86

Fig. 15   Structure distribution 
(sample A). Left: on the surface 
(cut 0.16 mm depth from the 
outside), right: in the middle of 
the wall
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on the layer transition and inside the layer (component 
height 16–20 mm) and then compared with each other. In 
more localised hardness tests on various layers and layer 
boundaries, it was found that a higher laser power had a 
positive effect on the component hardness (Fig. 18 left). 
The sample B (laser power 1920–1640 W) had the highest 
hardness values (such as on the layer transition (741.8 N/
mm2) and inside the layers (765.05 N/mm2)). In all tested 
components, the layer boundaries showed lower hardness 
values than the layer centres. This correlated with the 
observations under the light microscope in Figs. 11 and 
12, where more pores appeared at the layer transitions. 

This corresponded to known observations when using alu-
minium alloy (AlMg4,5MnZr) for wire-based laser metal 
deposition [29]. This effect is attributed to the Mg within 
the alloy, since it is argued that Mg reduces the surface 
tension of the melt and increases the melt viscosity. This 
results in a reduced wettability, and the reduced wettability 
results in an increase of pores in the layer transitions [30], 
because of a bad layer-bonding behaviour. Melt gases are 
most probably not to blame, since the heat conductance 
during the process deteriorates with increasing distance 
from the substrate/built height. Therefore, the cooling rates 
become slow, and the melt has ample time for outgassing.

Fig. 16   Microstructure on 
the component sides after 
machining. Left: f1 = 0.05; 
right: f2 = 0.1 magnification × 25 
(sample A)

Fig. 17   Hardness progression in the centre of the component wall: cuts of samples A, B, and C. Cutting plane perpendicular to the printing 
direction (without top layer)
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Significant differences in hardness were also noticeable 
on the upmost layer of the test samples (Fig. 18 right). Test 
sample A had the highest hardness of HM 771 N/mm2, 
the lowest with HM 711 N/mm2 sample C. It was interest-
ing to note that, after an estimation with Eqs. (2–3), the 
cumulative energy E1 of the laser cladding process for test 
sample B reached the highest value of all samples with 
597.02 kJ (506.82 kJ for A and 486.08 kJ for C). However, 
the laser power at the end of the process (cylinder height 
36–37.5 mm) was 1200 W and thus 200 W lower than A 
and C.

where E0 is the cumulative energy, E1 is the cumulative 
energy of laser cladding process, P is the laser power in W, R 
is the average radius of the component in mm, ∆h is the dif-
ferential height of the component with specific power in mm, 
d is the wire diameter in mm, v is the wire speed in mm/s.

Finally, the machined area was examined at a feed rate of 
f = 0.1 (laser power level 1400 W for all components). For 
that purpose, the hardness (with a 50 μm distance from the 
edge) was measured on the outside and inside for compo-
nent heights between 32.5 and 34.5 mm and then compared 
with the hardness in the centre of the wall cross-section 
(Fig. 19). It was found that, on the turned sides, all compo-
nents had higher hardness values in comparison to the centre 
of the wall. The hardness after machining was higher on the 

(2)E
0
=

(

∑n

i=1
P
i
Δt

)

(3)E
1
=

(

∑n

i=1
P
i

2�RΔh
i

d ∗ v

)

component surface than in the centre of the component. The 
thermal effects and forces during machining led to plastic 
surface deformation of the surface layers. The high tempera-
tures generally lead to a softening of the material, increased 
strain rates lead to a hardening. Both processes counteract 
each other. When machining with cooling lubricants, there 
is a transition from isothermal to adiabatic test conditions in 
the direction of the centre of the component, which leads to 
a heating of the sample and to thermal softening. The high-
est hardness values belonged to the sample B and correlated 
with the highest removal volumes of 96.44 mm3 on the out-
side and 114.01 mm3 on the inside of the component. In the 
case of removing higher material volumes, correspondingly 
higher temperature and cutting forces (contact pressure of 
the cutting edge) occurred, which resulted in a higher con-
solidation of the edge layers on the wall sides. For sample 
A, the removed volume was 60.95 mm3 (outside) and 23.85 
mm3 (inside), C: 55 mm3 and 31.74 mm3 for sample C.

5 � Summary

The adjustment of the laser power carried out at IFSW to 
suppress process overheating had a strong influence on the 
shape accuracy of the additive component. The experiments 
have shown that a stepwise adjustment of the laser power 
had a positive effect on the roundness and surface appear-
ance of the additive component but could not suppress the 
process-related outward growth of the cylinder wall in the 
form of a cone. In contrast, it could be observed that a strong 
reduction in laser power (by about 1000 W) during the depo-
sition process reduced the wall thickness growth rate, which 
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Fig. 18   Left: Hardness at the layer boundary transition and in the 
layer (h = 16–20  mm); right: hardness in the upmost layer. Sample 
A: laser power 1680–1440 W; sample B: laser power 1920–1640 W; 

sample C: laser power 1920–1440 W. Cutting plane perpendicular to 
the printing direction
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could be used to counter the aforementioned effects. How-
ever, this was also reflected in a surface inhomogeneity of 
the component shell.

Furthermore, it could be observed that the adjustment of 
the laser power influenced the height of the melting path. If 
the power was reduced greatly, the melting paths become 
higher. In addition, the wire used as a substrate in the pro-
cess had hardness values that were higher by the factor of 
1.61 (hardness in the longitudinal sections) than the material 
of the additive component after the laser deposition process 
(with an average hardness value of the additive samples of 
approx. 750 HM). If the cut of the original material trans-
verse to the wire direction was considered, this factor even 
increased to 2.73. This was related to the production of the 
wire, which received a significant increase in hardness due to 
the residual compressive stresses induced by cold forming. 
The melting and solidification of the material eliminated 
these internal stresses, which is why the hardness values 
were significantly reduced after the additive process.

The test components produced by the LMWD process 
showed a good quality without the hot cracks typical for 
welding aluminium alloys. The porosity found in the com-
ponents was mainly located on the outer surface of the com-
ponent and on the layer boundaries. This showed a good 
agreement with other research activities in this area [29]. 
As a result, the hardness at the layer boundaries was lower 
than inside the layer.

By turning the additive components, the component 
quality was significantly increased. After machining, the 
roundness values along the height of the cylinder reached 
a maximum of 0.029 mm (before machining, the maximum 
was 0.38 mm), whereas the hardness on the machined sur-
face (vc = 500 m/min, f = 0.1 mm/revolution) was 3–7% 
higher than in the middle of component wall. This could 
be related to the volume of the removed material, which 

had a significant influence on the component hardness 
near the surface. Due to the shape inhomogeneity of the 
LMWD test components, different hardness values were 
found along the component sides after machining. A 
higher machining volume could result in locally higher 
hardness values.

In future investigations, the LMWD process with subse-
quent machining will be further investigated. The aim will 
be to produce components with a high accuracy and defined 
values of hardness in the additive-subtractive manufactur-
ing process.
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