








are in good agreement with the measured data. The above-described "uctuation consisting of a rapid
heat-up followed by a cool down phase in each layer can be found in all simulation results. Measurement
and simulation show both an increase of minimal layer temperatures and a decrease in peak temperature
until these values get close to each other. In a cool down phase at the end of the process the temperature
decrease to a constant value.

Figure 7:Temperature progression of sensgSll) 2 mm below the part and senso(®2) under the substrate
plate for the build up of 10 mm high cones with a progression of the diameter of A0nm ¢op left)
and 5 10 mm (top right). Simulation of both cones with progression of the diameter: 18mm
(bottom leftyand 5 10mm (bottom right) .

Theexperimentallyobservecdffectsarisingfrom changinghediametetbetweerd = 10mmtod = 5mm
canalsobefoundin the simulation: The overalltemperaturgrogressioris similar, but decreasinghe
diameteryieldsto lower peak,minimal and“nal temperatures éheendofthep rocess. Fromgaan-
titative point of view, the comparisorof measuremenrdnd simulationshowsevidentdifferences. The
decreasén peaktemperaturess calculatedo be fasterandtheincreaseof minimal layertemperatures
lessthanobservedoy measurementsThis resultsin different temperaturest the end of the process.
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Furthermore, the measured temperature decreases down to room temperature after finishing the process,
whereas the simulated temperature cools down to 6;oom + 1.21 °C due to boundary condition representing
perfect isolation. Reasons for the differences between simulation and measurement will be discussed in

section 5.

The second comparison (Figure: 7) shows the influence of energy input (o< surface area) per exposure on
the temperature progression. Therefore, two cones with same volume but reverse progression of diameter
(dy =10 —- 5Smm/dy =5 mm— 10 mm) were build. Both temperature progressions start analogue
to their cylindrical counterpart (Compare: 6(b/c)). The deviation from this similarity can be seen by a
decrease of the average temperature (44 °C — 31.6 °C) for the first and an increase (31.6 °C — 44 °C)
for the second sample. Hence, the results show a clear correlation between the average final temperature
and the area of exposure.

The cone samples have also been simulated and the calculated temperatures at the position of S1 are
shown. From a qualitative point of view, a good agreement of measured and simulated temperature
progression can be observed, as in the case of cylinder geometries. In particular, differences caused
by changes in geometry/orientation are reproduced. However, a quantitative comparison shows evident

differences similar to the cylinders.
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Figure 8: Temperature progression of sensor 1 (S1) 2 mm below the Part and sensor 2 (S2) under the substrate
plate for the build up of a 10 mm high cylinder with (a) and without (b) copper paste as thermal bridge
between substrate plate and disc

A third comparison (Figure: 8) was made to analyze the influence of the copper paste thermally bridging
the sides of the disc to the substrate plate. Thus, the benchmark cylinder (d = 10 mm) was built once
more without using copper paste. The results show a clear impact of the missing thermal connection.

An effect occurs for all samples: The maximum peak increases steadily in the first 1-3 minutes before
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decreasing due to the damping effect of the increasing part height. This effect is significantly amplified
for the sample without copper paste so that the increase in temperature is much faster, reaching 92.2 °C
before decreasing. On the other hand, the minimum quite accurately resolves the same progression as
with copper paste. This leads to the conclusion, that the copper paste decreases the time needed to deplete
the energy from a single laser exposure, but the recoating time is still long enough so that the effect is
not accumulating. Therefore, the copper paste is not necessary for parts of this size but could become

crucial for larger part geometries.
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Figure 9: Temperature progression of sensor 1 (S1) 2 mm below the part and sensor 2 (S2) under the substrate
plate for the build up of a 10 mm high 10 mm diameter cylinder with a layer thickness of 20 um (a)
and 40 um (b)

For the last comparison (Figure: 9), the benchmark cylinder (d = 10 mm) was built with 40 pm instead
of 20 um layer height, keeping all other process parameters - laser power, laser velocity etc.- constant.
Against intuitive understanding, bringing in and melting more mass leads to an increase of the initial
maximum peak temperature (89.7 °C). On the contrary, the average end temperature reaches nearly
the same value (43 °C). An increased peak temperature could be caused by enhanced absorption of
laser energy by the additional powder. However, the matching average end temperature contradicts this

assumption. Thus, further investigation is necessary to be able to create a plausible connection.

Figure 10 (left) summarizes the correlation between the cylinders with d = 10 mm, d = 5 mm and cones
withd = 10 —5 mm, d =5 — 10 mm. The progression of the maximum temperature peaks was fitted to
an exponential decay function for both cylinders and the d = 10 — 5 mm cone as well as to a polynomial
function for the d = 10 —5 mm cone. This illustration clearly shows the transition of the cones from
the thermal state of one cylinder to the other. It deepens the assumption that for this setup the area of

exposure mainly defines the temperature progression.
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Figure 10: Fitted progression of the maximum peak temperatures of sensor 1 (S1) for cylinder with d = 10 mm
& d =5 mm and cones with d = 10 —5 mm & d = 5 — 10 mm for measurements left and simulation
right.

5. Discussion

The experiments show very insightful results. Nevertheless, a few optimizations of the setup should be
made for further investigations.

The fixation of the thermocouples is a time-consuming procedure. The point weld must have good con-
tact with the disc to ensure a decent thermal connection but also fixate the stiff wire. Since the results
show a maximum temperature below 100 °C a heat resistant reversible glue could be used additionally
to decrease setup time between experiments.

The third comparison showed a significant influence of copper paste on the overheating effect of the
disc in the first few minutes. The thermal resistance between disc and plate still poses a deviation from
the regular process and should be reduced. The simulations treat disc and substrate plate as one ho-
mogeneous material. Hence, the disc heats up significantly more for the experiment than predicted by
simulation. Furthermore, the simulated peak temperatures of each layer are decreasing faster than the
measured ones. This can be explained by the fact that the heat conduction from the disc downwards into
the substrate-plate is slower than in solid material. A simple solution could be to use the copper paste on
the bottom of the disc as well and also implement a reduced thermal conductivity at the transition into
the simulation.

To decrease the deviations from the maximum peak progression, an increase in temporal resolution
(< 1/s) for the first sensor should be pursued. This, and synchronizing the measurements with the sys-
tem time of the machine, could enable the analysis of single peaks and laser interaction.

The used simulation model is based on several assumptions to keep it simple, computationally efficient
and usable even for larger parts. The qualitative agreement of measurement and simulation indicates its
general ability to predict the global part heat-up (in particular temperatures in the substrate-plate). Nev-

ertheless, an improvement of the model is required, since the quantitative comparison of simulated and
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measured data is not satisfying yet. Therefore, it is planned to include convection boundary conditions to
enable energy dissipation out of the system. This is a crucial point, especially for large parts, but it was
already noticeable in the current situation. First of all, the system does not cool down to room temper-
ature after the process ends. Additionally, in the case of cylindrical samples, the slope of the measured
minimum temperatures of the layers decreases over time. In contrast, the simulated minimum tempera-
tures produce a constant positive slope. This difference is expected to be minimized if heat dissipation
out of the system is taken into account. In addition, the influence of powder and phase transformation
has to be analyzed by including powder elements and considering a temperature dependent heat capac-
ity. The used material parameters are taken from literature or generated with the help of the JMatPro
software. These parameters depend e.g. on the temperature history of the material and can thus deviate
from the values of the actually used material.

There are several possible influencing factors that should be analyzed in further investigations. The setup
could be used for optimization studies of support structures regarding their capability to dissipate heat.
A comparison of different materials, process parameters, geometries or defects should be considered as
well. It could lead to a better understanding of heat dissipation mechanisms during LPBF-M. In partic-
ular materials that are very sensitive towards their thermal history, like amorphous metal, would greatly

benefit from further investigations.

6. Conclusion

A new method to analyze the thermal system of LPBF-M has been presented. It enables a new perspec-
tive to look at temperature progression during the build up of small structures. The acquired data shows
very high consistency in itself and is mainly influenced by the area of exposure.

Additionally, this approach can serve as a validation method for thermal simulations. It is less resource
intensive and provides more reliable data compared to optical measurements from the top surface. Hence,
a simulation has been stated and solved numerically. From the qualitative side, the simulation results
agree well with the measurements. The characteristic progression of temperature curves, as well as the
influence of different considered geometries, were predicted well. Finally, several approaches for further
improvement of simulation as well as for experimental setup were discussed.

The presented method has shown the potential to enhances the insight of LPBF-M both through mea-

surement and simulation.
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