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Abstract
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Results and discussion

In additive manufacturing (AM) by direct metal deposition (DMD) near-net shape
parts or features are generated track by track and layer by layer using a laser beam
as energy source and blown powder as filler material [5]. The thermal gradients within
the generated structure and the underlying substrate during the deposition process
lead to residual stress and distortion [1]. Their minimization is a key issue in metal AM
to prevent large dimensional deviations or material damage of the final part. In this
experimental study the final deflection of one-sided clamped substrates is determined
by tactile measurements as a function of various process parameters and buildup
strategies. It is found that the largest reduction of distortion can be achieved by
decreasing the laser beam diameter and the total heat input accordingly. Smaller
specific energy, laser power, feed speed or the introduction of an inter-layer dwell
time during the deposition reduces the maximum deflection as well.
Combining these single factors to an optimized process strategy results in almost five
times less distortion compared to a reference cantilever sample of 8 mm thickness.
From these results it can be concluded that for delicate components which require a
high dimensional accuracy it can be essential to select process parameters that lead
to as little thermal gradients as possible while still resulting in an acceptable
microstructure according to the specifications of the part.
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A wide range of process parameters can be used to produce cubic test geometries
out of Inconel 718 due to its good weldability. The substrate distortion after the
deposition process is strongly influenced by these parameters. The largest influence
is found to be the laser spot size which is given by the selection of the processing
head and the related process parameters. The spot size of 1 mm with P = 450 W,
v = 450 mm/min and mx = 5.1 g/m leads to a reduction of distortion by a factor of 2.35
compared to a spot size of 3 mm with P = 833 W, v = 333 mm/min and mx = 12.8 g/m
as illustrated in Figure 2a.

Introduction
In metal AM non-uniform temperature distributions during the deposition process are
one possible cause for residual stress which can lead to distortion, cracks or reduced
part strength. Increasing the level of clamping as further analyzed by the authors in
[3] and post-process heat treatments are common methods to decrease the level of
residual stress and distortion in parts fabricated by DMD. In some cases these
methods are not applicable or effective which is why it is necessary to minimize the
formation of residual stress during the part buildup itself for which the influence of
numerous process parameters needs to be analyzed. Reduced linear heat input [4],
lower feed speed [4] as well as the introduction of an inter-layer dwell time [2] were
shown to be effective methods for minimizing distortions. For practical applications it
is required to test multiple measures for residual stress reduction as a combined
methodical approach. The objective of this experimental study is to further analyze
the effect of single process parameters and to derive a strategy for combining
multiple optimized parameters for the deposition of a demonstrator part with
minimized distortion. To achieve that, test structures were deposited on one-sided
clamped steel substrates and post-process distortion of the substrates was evaluated
by tactile measurements. This experimental setup with a low degree of substrate
clamping leads to a relatively high level of distortion which can easily be analyzed for
quantitative comparisons. After identification of the main influence parameters, an
optimized deposition strategy is derived and tested using a combination of
advantageous parameters.
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Figure 2: Influence of a) laser spot size, b) laser power and feed speed for s = 3 mm,
c) number of deposited layers and d) inter-layer dwell time for s = 1 mm on distortion.
Increasing laser power and feed speed from 740 W and 296 mm/min to 833 W and
333 mm/min respectively as visualized in Figure 2b increases substrate distortion by
8.1 % while the linear heat input is kept constant. Raising the laser power to
1000 W with a constant feed rate of 333 mm/min changes the linear heat input from
150 J/mm to 180 J/mm and distortion further increases by 4.2 %. Figure 2c shows
how distortion evolves for the smaller laser spot size s = 1 mm while keeping other
parameters constant: The first three deposited layers have the highest influence on
the deflection of the substrate. A reduction of distortion can be achieved by adding an
inter-layer dwell time in between the deposition of the 6 layers as shown in Figure 2d.

Materials and methods

In the next step, a combination of methods to reduce distortion is presented using a
substrate with the dimensions of 100 mm x 30 mm x 8 mm. One reference part with
processing parameters optimized for high deposition rates (s = 3 mm, P = 1000 W,
v = 333 mm/min, mx = 12.8 g/m) shows a substrate distortion of more than 5 mm after
deposition. 3D scanning results obtained from a GOM Atos Core 135 are given in
Figure 3a and show the deformation of the substrate after the DMD process.

Unalloyed steel (1.0332) plates with 50 mm of length, 18 mm of width and 4 mm of
thickness were used as substrates which were cleaned with ethanol before the
experiments. These substrates were clamped on one side at a length of 20 mm as
illustrated in Figure 1, leaving a free substrate length of 30 mm. Gas-atomized
Inconel 718 powder with a particle size between 45 μm and 105 μm was used as
cladding material. The experiments were performed on a 5-axis machining center
Mikron HPM 450U by GF Machining Solutions equipped with laser processing
components by the company Hybrid Manufacturing Technologies.

a)
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Figure 3: a) 3D scanning and b) tactile measurement results of the demonstrators
The demonstrator part with combined optimized parameters for minimal distortion is
produced as follows: The first 4 layers were made with the smaller laser spot size
s = 1 mm, P = 450 W, v = 450 mm/min, mx = 5.1 g/m and an inter-layer dwell time of
30 s and the upper layers were made with the larger spot size s = 3 mm, P = 740 W,
v = 296 mm/min, mx = 12.8 g/m in order to achieve minimal distortion while keeping
the increase of processing time around 120 %. With these combined optimized
parameters the substrate distortion can be minimized by a factor of 4.6 to 1.09 mm at
the tested positions as illustrated in Figure 3b.

Figure 1: Laser processing head, one-sided clamped substrates after the deposition
and tactile measurement points.
These components include a 1 kW fiber laser with a wavelength of 1070 nm and two
processing heads with 1 mm and 3 mm laser spot size. Cubic test geometries with a
size of 19 mm x 7 mm x 5 mm were deposited with a 0°/90° bidirectional raster
scanning strategy layer by layer onto the substrates with a variation of the process
parameters. Laser power P was varied from 450 W to 1000 W, feed speeds v from
296 mm/min to 450 mm/min and line powder masses mx from 5.1 g/m to 12.8 g/m.
Additionally, laser spot sizes s of 1 mm and 3 mm as well as inter-layer dwell times of
15 s and 30 s were analyzed. After deposition, touch probe measurements were
performed on 17 points of the substrate and the DMD structure. For each sample a
value for maximum distortion was determined based on the two measurement points
with maximum deflection on the substrate. For each parameter combination two
experiments were carried out and mean values as well as standard deviations were
calculated. With the results an optimized strategy was derived to build a test cube
(48 mm x 18 mm x 7 mm) on a mild steel (S235JRC+C) substrate with the
dimensions of 100 mm x 30 mm x 8 mm with minimized distortion compared to a
reference part which had a strategy optimized for a high deposition rate.
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