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Abstract
The combination of laser powder bed fusion (LPBF), known for its geometrical freedom and accuracy, and the nozzle-based 
laser metal deposition process (LMD), known for its high build-up rates, has great potential to reduce the additive manufac-
turing times for large metallic parts. For the industrial application of the LPBF-LMD hybrid process chain, it is necessary 
to investigate the influence of the LMD process on the LPBF substrate. In addition, the build plate material also has a sig-
nificant impact on the occurrence of distortion along the additive manufacturing process chain. In the literature, steel build 
plates are often used in laser-based additive manufacturing processes of Inconel 718, since a good metallurgical bonding 
can be assured whilst reducing costs in the production and restoration of the build plates. This paper examines the distortion 
caused by LMD material deposition and the influence of the build plate material along the hybrid additive manufacturing 
process chain. Twin cantilevers are manufactured by LPBF and an additional layer is subsequently deposited with LMD. The 
distortion is measured in the as-built condition as well as after heat treatment. The effect of different LMD hatch strategies 
on the distortion is determined. The experiments are conducted using the nickel-base alloy Inconel 718. The results show a 
significant influence of LMD path strategies on distortion, with shorter tool paths leading to less distortion. The remaining 
distortion after heat treatment is considerably dependent on the material of the build plate.
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1  Introduction

Additive manufacturing processes have become very popu-
lar in recent years. The new geometrical freedom of design 
has a great potential to overcome the limitations posed by 
conventional manufacturing processes, and therefore, it 
becomes possible to focus on the component function. The 
great potential and the continuous improvement of the pro-
cesses led to an increased usage in the industrial environ-
ment, as indicated in the annual Wohlers Report [1]. How-
ever, manufacturing costs and process durations are still 

drawbacks of prominent additive manufacturing processes, 
like laser powder bed fusion (LPBF). Especially the manu-
facturing of large parts requires long production times, due 
to low build-up rates. For a modern LPBF machine, typical 
volume rates are around 15 cm3/h according to manufac-
turer specifications for alloy 718 [2]. In recent years, many 
efforts were made to increase the LPBF build-up rate. One 
approach is the usage of a multi beam system [3] as well 
as the increase of laser power to melt multiple layers at the 
same time [4]. Another approach is the hybrid additive-
additive manufacturing using the fast laser metal deposition 
(LMD) process for massive areas of the component and the 
LPBF process for areas with high geometric complexity. The 
LMD process features a high deposition rate. With 10 kW 
laser power, Kaierle [5] demonstrated a deposition rate of 
1000 cm3/h. However, the achievable geometric complexity 
and production accuracy of the LMD build-up is consider-
ably lower than the LPBF process. A hybrid approach was 
demonstrated in previous experiments by Graf et al. [6], who 
printed a turbine blade, where the upper part with its grid 
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structure and cooling channels was produced by LPBF and 
the massive fir-tree root was added in a subsequent LMD 
process. Thereby, the production time was reduced from 
13.9 h to 5.4 h. Besides the time-saving aspect, it was dem-
onstrated that this approach can also be used to repair LPBF 
components with LMD [7]. The combination of the LPBF 
and LMD process in one hybrid additive process chain has 
the potential to benefit from the different advantages of each 
of the processes, as indicated in Table 1.

However, the combination of the processes is accompa-
nied by technological challenges. The microstructure and the 
mechanical properties in the LPBF and the LMD area are 
different, and therefore, the fatigue behavior of the hybrid 
component differs as well, as shown by Uhlmann et al. [8] 
for Inconel 718, as well as Liu et al. [9] for Ti6Al4V. Fur-
thermore, the subsequent heat input by the LMD process can 
lead to distortion of the LPBF substrate. A study by Parimi 
[10] describes the influence of the LMD tool path on the 
resulting distortion of the substrate. He uses Inconel 718 
as powder material and Inconel 718 rolled material as sub-
strate. There, the lowest distortion is achieved by a tool path 
strategy with short tool path lengths, which are correlated 
to lower cooling rates. However, the stress distribution in 
LPBF parts is different to conventionally manufactured parts 
and could possibly influence the internal stress distribution 
and distortion in a hybrid additive manufacturing approach.

In the literature, a lot of additive manufacturing experi-
ments with Inconel 718 are performed using build plates 
from different types of steel [11–13]. Since a good material 
connection between steel build plate and Inconel 718 part 
can be achieved, the usage of steel build plates instead of 
difficult to machine Inconel 718 build plates provides an 
efficient cost reduction in the additive manufacturing process 
chain and therefore is of industrial interest. The influence 
of the build plate material on residual stress in Inconel 718 
components produced by LPBF was investigated by Cheng 
et al. [14]. However, additively manufactured metal com-
ponents are often heat-treated to remove undesired residual 
stresses and to obtain desired mechanical properties in the 
component. Since the thermal–mechanical properties of 
Inconel 718 and the used build plate materials might vary 

significantly, the influence of the build plate material on 
the resulting distortion is an important factor that should 
be investigated.

More work can be found regarding the influence of LMD 
tool path [15, 16], the LPBF scanning strategies [17, 18] or 
heat treatments [19, 20] on the distortion or residual stress 
development of the single additive manufacturing processes. 
However, this paper contributes to a holistic understand-
ing of the occurrence of distortion along a hybrid additive 
manufacturing process chain. For the presented LPBF-LMD 
approach, the effect of the LMD hatch strategy is investi-
gated. Furthermore, the influence of the build plate mate-
rial and post-process heat treatment on the distortion of 
Inconel 718 components is evaluated.

2 � Experimental methods

To validate the distortion in hybrid LPBF-LMD compo-
nents, twin cantilevers are manufactured with the LPBF 
process and subsequently coated with an LMD layer. In the 
following sections the processes and the manufacturing of 
the specimens are described in detail.

2.1 � The additive manufacturing processes LPBF 
and LMD

The production sequence of the LPBF technology essentially 
consists of three repetitive steps. First, a thin layer of metal 
powder is placed on a platform with a wiper, as illustrated 
in Fig. 1a. In the second step, a focused laser beam selec-
tively melts the powder layer and in the third step the plat-
form is lowered by the layer thickness to begin once again 
with the powder deposition. These steps are repeated until 
the part is finished. In the LMD process, the material feed 
is realized by a powder nozzle, which directs the powder 
flow and the shielding gas towards the working plane on 
the base material, Fig. 1b. The laser beam is guided by the 
optical system through the nozzle and creates a melt pool on 
the base material, where single weld beads are formed after 
solidification of the injected powder particles.

Table 1   Comparison of the LPBF and LMD process [6]

Process Typical laser spot 
diameter and power

Part dimensions Structural complexity Substrate Material flexibility

LPBF 100 µm, 300 W Small to medium 
(limited by pro-
cess chamber)

High (e.g. lattice structures) Flat surfaces Same powder for whole process

LMD 1 mm, 1 kW Medium to large 
(limited by 
machine working 
area)

Limited (e.g. walls) Freeform surfaces In-process change of powder
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2.2 � Fabrication of the LPBF‑LMD cantilever

The Inconel 718 LPBF cantilevers are manufactured on an 
SLM 250HL from SLM Solutions GmbH, Lübeck, Ger-
many, which contains a YLR 400 W Yb:YAG fiber laser 
from IPG Photonics Corporation, Oxford, USA. The LPBF 
process is conducted with the process parameters listed in 
Table 2. The used Inconel 718 powder exhibits a particle 
size distribution of 20 µm to 63 µm and is deposited with 
a layer thickness of 50 µm. For the laser exposure a hatch 
build-up strategy is chosen, where the scan vectors rotate 
by 33° with each layer. To prevent oxidation during the 
build-up, the build chamber is filled with Argon 5.0.

The LPBF cantilever geometry with a length of 
90 mm is shown in Fig. 2. For the experiments, 36 can-
tilevers are manufactured, in total. The specimens are 
built on three different build plate materials, with 24 can-
tilevers built on steel  (EN  1.0570), six  cantilevers on 
nickel-base alloy (René 80) and six on hot-working tool 
steel (AISI H13). After the completion of the LPBF process, 

an additional LMD layer of Inconel 718 is deposited onto 
each LPBF cantilever. Size effects on the resulting geometry 
were not considered [21].

The LMD experiments are conducted with a TruLaser 
Cell 7020 from Trumpf GmbH + Co. KG, Ditzingen, Ger-
many. The machine contains a TruDisk 2.0 kW Yb:YAG 
laser and coaxial powder nozzle, which is orientated per-
pendicular to the LPBF substrate. The used powder has a 
particle size distribution of 45–90 µm. Helium 5.0 is used 
as carrier gas for the powder. With a fixed gas flow of 4 l/
min, the powder mass flow is adjusted to 5.2 g/min. To avoid 
oxidation of the deposited Inconel 718, Argon 5.0 is utilized 
as shielding gas. The used process parameters, Table 2, are 
attained from previous experiments and were optimized 
for low porosity while avoiding too much grain coarsening 
due to high energy input [22]. The resulting LMD track has 
a width of 1.85 mm and a track height of approximately 
0.5 mm [22].

Thermocouples are attached to the outer endings of the 
cantilever for temperature measurement. In the next step, 

Fig. 1   Schematic illustration of the a LPBF process [6]; b LMD process [6]

Table 2   LPBF and LMD 
process parameters for 
Inconel 718 (UNS N07718)

Process Laser power Velocity Laser spot diameter Hatch distance Layer thickness

LPBF 275 W 760 mm/s 0.18 mm 0.12 mm 0.05 mm
LMD 750 W 12.5 mm/s 1.0 mm 1.22 mm 0.5 mm

Fig. 2   Schematic illustration of the LPBF twin cantilever geometry with the deposited LMD layer, build direction along z-axis, build plane and 
EDM cutting plane along xy-plane
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a contour track is deposited with LMD onto the LPBF 
specimens. The contour is filled with three different hatch 
strategies, as pictured in Fig. 3a. The LMD hatch strategy 
is altered to study its influence on the resulting distor-
tion. The longitudinal strategy S1 exhibits 80 mm long 
melt tracks parallel to the cantilever length whereas the 
transverse patterns S2 and S3 feature 12 mm long tracks 
perpendicular to the cantilever length. S2 is executed 
continuously from one cantilever end to the other, and 
strategy S3 is conducted bilaterally from the outer ends to 
the inner part. For strategy S1, a homogeneous heating of 
the cantilever is expected. However, the solidification and 
shrinking of the long, parallel tracks are expected to lead 
to a high residual stress and distortion. Less distortion is 
expected for the transverse patterns S2 and S3, accom-
panied by an unequal heat accumulation and temperature 
gradient for the two arms of the twin cantilever in case 
of S2. To achieve a more uniform heat input, S3 is applied 
bilaterally from both ends of the cantilever. The starting 
point of the laser exposure is varied each cantilever from 
left to right.

To study the influence of the different strategies S1, 
S2 and S3 on distortion, each LMD strategy is applied 
on eight identical cantilevers. To create the same LMD 
process conditions on each cantilever, the deposition of 
an LMD layer is started by the time the substrate cooled 
down to a temperature of 40 °C. Some example LPBF-
LMD cantilevers are shown in Fig. 3b. Half of these can-
tilevers are exposed to a subsequent heat treatment. In 
total, 12 cantilevers are analysed in the as-built condition 
and 12 cantilevers are heat-treated, leading to four canti-
levers for each of the three LMD hatch strategies.

2.3 � Heat treatment and analysis

To achieve results under industrial process chain condi-
tions, the stress relief for the hybrid Inconel 718 cantilevers 
is conducted with a standard heat treatment according to 
VDI 3405 [23]. Corresponding to the VDI standard, the can-
tilevers are still bonded to the build plate during the heating 
and cooling procedures. The heat treatment is conducted 
in a LH 60/13 chamber furnace from Nabertherm GmbH, 
Lilienthal, Germany. The initial step is a solution heat treat-
ment with a temperature of T1 = 980 °C for one hour. After 
air cooling to room temperature, the furnace is heated up 
again for a two-step artificial aging. The first step lasts 8 h 
at T2 = 720 °C and is followed by a furnace cooling with 
a cooling rate of 4 °C/min. The second step follows with 
T3 = 620 °C for 10 h. The heat treatment process ends with 
an air cooling to room temperature.

The distortion measurements are conducted with the 
optical 3D surface metrology system MicroProf 100 from 
FRT GmbH, Bergisch Gladbach, Germany, before and after 
the wire electrical discharge machining (WEDM) of the 
cantilever arms. After WEDM of the two cantilever arms, 
the cantilever is still bonded to the steel substrate by the 
massive central support. The curvature of the wire-eroded 
sides is analysed by measuring the height of the cantilever 
every 50 µm.

2.4 � Thermal–mechanical analysis

To support the discussion about the effects of residual 
stress development and the resulting distortion along the 
laser-based additive manufacturing process chain, FEM-
based thermal–mechanical simulations were carried out 
using ANSYS Mechanical 19.0, ANSYS Inc., Canonsburg, 

Fig. 3   Investigated LMD hatch strategies: a sample description with sequence of tracks indicated by numbers, equal distances of tracks; b as-
built hybrid cantilevers on steel substrate
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Pennsylvania, USA. For each simulation, a build plate with 
the different materials from the experiments were cou-
pled with one Inconel 718 cantilever and a static structural 
simulation of the heat-treatment was carried out. As a sim-
plification, only the initial step of the solution heat treat-
ment with T1 = 980 °C, which is bound to relieve most of 
the residual stresses, was simulated and the coefficients of 
thermal expansion α were chosen for T = 500 °C, Table 3.

3 � Results

3.1 � Effect of LMD hatch strategy on distortion

The results of the curvature measurements before and after 
WEDM of the cantilever arms are pictured in Fig. 4 for 
each LMD strategy in the as-built condition. 

Before WEDM, the twin cantilevers are flat, which 
is illustrated by the dashed line between the plateaus of 
the black measurement curve. The measurements after 
WEDM are illustrated in red. The slope of the dashed 
line connecting the red plateaus indicates an asymmetric 
distortion, which varies for the different LMD strategies. 
The vertical distance between the plateaus is measured on 
each side to quantify the distortion D. For each cantilever, 
the maximum distortion Dmax for the different LMD hatch 
strategies is shown in Fig. 5.

Table 3   Used coefficients of thermal expansion for T = 500 °C

Unit Nickel-base alloy
Inconel 718

Nickel-base alloy
René 80

Tool steel
H13

Steel
1.0570

10–6/K 14.8 13.6 13.5 13.9

Fig. 4   Cantilever surface and distortion D in the as-built condition for LMD strategies S1, S2, S3
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The highest distortion is obtained with the longitudinal 
hatch strategy S1 with about Dmax,S1 ≈ 1000 µm. This can be 
explained by the shrinking during solidification of the longi-
tudinal tracks parallel to the concerned stress direction [24], 
which is more pronounced for the significantly longer LMD 
tracks for hatch strategy S1 compared to hatch strategies S2 
and S3. This result is also consistent with the findings of 
Parimi [10] for same material build plates, who measured the 
highest distortion with a longitudinal path strategy.

The distortions of the transversal patterns  S2 
and S3 are smaller and similar to each other with about 
Dmax,S2 ≈ Dmax,S3 ≈ 300 µm. For pattern S2, the maximum 
distortion is always on the side of the LMD path starting 
point, which can be attributed to the low cantilever tempera-
ture at the beginning of the LMD process and the resulting 
high temperature gradients. During the LMD process, the 
cantilever temperature rises and the temperature gradient 
decreases, resulting in lower distortions at the end of the 
continuous track S2. For the LMD strategies S1 and S3, the 
maximum distortions are not always on the same side as the 
LMD starting point, indicating a more homogenous tem-
perature distribution in the workpiece. These findings are 
supported by Fig. 6, in which the maximum distortion Dmax 
is plotted with the maximum temperature at the correspond-
ing cantilever ending.

The measured temperatures of cantilevers produced with 
strategy S1 are relatively low and scatter over a small tem-
perature range compared to the other hatch strategies S2 

and S3. This can be explained by a more balanced rate of 
heat input by the laser to heat output into the substrate along 
the cantilever material. However, the lower temperatures in 
the solid cantilever material lead to a higher temperature 
gradient towards the melt pool. This in turn leads to higher 
amounts of stresses and distortion due to the temperature 
gradient mechanism. In contrast, the maximum temperature 
range for the S2 cantilevers ΔTS2 = 300 °C is broader and 
located at higher temperatures because of heat accumulation. 
Compared to strategy S2, the temperature range of the S3 
cantilevers is smaller with ΔTS3 = 140 °C, due to the more 
even heat input along the cantilever with the bilateral deposi-
tion strategy S3.

3.2 � Effect of heat treatment and substrate material 
on distortion

The curvature measurement of the cantilevers after heat 
treatment, which are exemplarily shown in Fig. 7, exhibit 
unexpected features. At first, the cantilevers are not ideally 
flat even before WEDM. Moreover, the cantilever arms are 
bending downwards after WEDM instead of staying at the 
same level as it would be the case for totally stress-relieved 
specimens, indicating induced stress.

However, the stresses initially induced by the LMD 
process are relieved or superposed, since the arms do 
not bend upwards after heat treatment, compared to the 
results illustrated in Fig. 4. The resulting maximum distor-
tion Dmax after the heat treatment is shown in Fig. 8 for 
each cantilever. In the diagram, the downward bending is 
indicated by the negative distortion values. In contrast to 
the as-built specimens, the maximum distortion after heat 
treatment is nearly the same for all LMD strategies, with 
− 170 µm ≥ Dmax ≥ − 307 µm.

It is important to notice that the cantilever arms are not 
touching the build plate after WEDM and thereby the relax-
ation is not constrained, Fig. 9. The similar distortion for 
strategies S1, S2 and S3 indicates that the heat treatment 
successfully eliminates the effect of the different LMD hatch 
strategies on the distortion. In conclusion, the heat treatment 
reduces the maximum distortion and the dependence from 
the applied LMD strategy.

While the influence of the LMD hatch strategy on the 
stress distribution and the resulting distortion could be 
reduced or even eliminated in the presented experiments by 
applying a heat treatment, additional stress was induced by 
the very same heat treatment. The discrepancy of distortion 
before and after heat treatment can be explained by addition-
ally induced stress due to the deviant thermal expansion of 
the build plate and cantilever material. During the applied 
heat treatment, the cantilevers and the build plate are heated 
up and then held at high temperatures. When both cantilever 
and build plate temperature rises, the volumes are expanding 

Fig. 5   Maximum distortion Dmax of the as-built cantilevers for differ-
ent LMD hatch strategies

Fig. 6   Distortion D depending on temperature Tmax of the cantilever 
arms in the as-built condition
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corresponding to their coefficient of thermal expansion α. 
The coefficient of thermal expansion α in general is higher 
for Inconel 718 than for steel 1.0570, Table 3. Due to the 
metallurgical bond between Inconel 718 cantilever and 
steel build plate, the thermal expansion of the cantilever 

is partly hindered, such that elastic strains and stresses 
are induced. When the temperature rises further, the yield 
strength of Inconel 718, which reduces at high temperatures, 
is exceeded in the cantilever and plastic strains are induced. 
This is especially the case at the end of both cantilever 

Fig. 7   Cantilever surface and distortion D after heat treatment for LMD hatch strategies S1, S2, S3

Fig. 8   Maximum cantilever dis-
tortion Dmax in the heat-treated 
condition for different LMD 
hatch strategies
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arms. In Fig. 10, the principle of stress generation during 
the heat-treatment is shown with simulative results. The H13 
steel build plate leads to stresses induced in the cantilever, 
Fig. 10a, b. Changing the build plate material to Inconel 
718, the simulation shows no induced stresses, Fig. 10c. 
These results support the hypothesis, that the different ther-
mal expansions of the build plate material and the work-
piece material are responsible for the distortion behavior 
after heat treatment. It should be noticed that for the given 
heat treatment temperature of T = 980 °C, the coefficient of 
thermal expansion α for Inconel 718 is actually higher than 
for T = 500 °C, which was used for the simulation, leading 

to higher stresses and therefore plastic strain components. 
After heat treatment, when the temperature was reduced 
slowly to room temperature, compressive residual stresses 
remain where plastic tensile strains were induced, and tensile 
residual stresses remain where plastic compressive strains 
were induced during heat treatment. When the cantilevers 
are cut via WEDM, the cantilever arms are stress-relieved 
and bend downwards towards their equilibrium position dur-
ing heat treatment.

In Fig. 11, the resulting distortion after heat treatment 
is shown for different build plate materials and their differ-
ence in coefficient of thermal expansion α500 °C at a reference 

Fig. 9   Wire-eroded hybrid twin cantilever on 1.0570 substrate: a without heat treatment; b after heat treatment

Fig. 10   Effects of thermal expansion on the stress generation during heat treatment: a deviant thermal expansion of build plate and cantilever; b 
induced strains; c equal thermal expansion of build plate and cantilever
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temperature of 500 °C. From the results, it can be derived 
that with increasing discrepancy between the coefficient 
of thermal expansion α of the build plate material and the 
workpiece material, the induced stresses, and therefore, the 
resulting distortions after heat treatment increase. Using an 
identical material for workpiece and substrate in a structural 
simulation did not result in notable induced stresses due to 
the heat treatment, and should therefore be adapted in pro-
cesses where heat treatments are foreseen.

4 � Conclusions and outlook

The distortion of hybrid LPBF-LMD specimens is investi-
gated in dependence of different aspects along the process 
chain, including the applied LMD hatch strategy, and the 
influence of the build plate material in combination with 
a heat treatment after the additive manufacturing process. 
The distortion is measured with twin cantilevers in the as-
built and heat-treated condition. Three LMD hatch strategies 
are investigated, including a longitudinal pattern S1, which 
exhibits long melt tracks parallel to the concerned stress 
direction, and two transverse patterns S2 and S3, where 
the LMD application is conducted continuously from one 
end to the other (S2) and bilaterally from the endings to the 
center (S3). The distortion for strategy S1 is about three 
times higher than for the transverse strategies S2 and S3. For 
the continuous pattern S2, the obtained deformation is asym-
metrical due to the local heat accumulation accompanied 
by the descending temperature gradient, leading to a higher 
distortion on the cantilever side where the LMD process 
started. Pattern S3, where an exceeding heat accumulation 
is prevented, offers the most symmetrical distortion.

After the heat-treatment, the distortion is independent 
from the applied LMD strategy. Distortions are visible 
before and after eroding the cantilevers, indicating that the 
LMD-induced stress is relieved, but additional stresses are 
induced. These stresses are induced due to the difference in 
thermal expansion of the workpiece and build plate mate-
rial, such that the thermal expansion of the workpiece is 
partially hindered until plastic strains are induced. Those 

plastic strains result in residual stresses after the workpiece 
has cooled down to room temperature. If a heat treatment 
is foreseen in the process chain of a laser-based additive 
manufactured part, the build plate material should match the 
part material regarding the coefficient of thermal expansion.

Further experiments are planned, which will focus on 
the influence of grain size gradients in the workpiece due 
to the hybrid additive manufacturing approach on the 
resulting deformation.
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