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Figure 6: Multi-layer single track bead view (left) of melt pool showingal@ified substrate, first
layer and second layer of deposit (unmelted powder and substrate not shown); and melt pool
temperature profile (right) halfway during second layer scan

Figure5 shows the melt pool during the L-PBF of a new IN625 layer on top of an existing solidified layer
with a 30° overhang angle for a track length of 0.7 mm. It may be seen that, during the first few
microseconds, a disconnected melt pool is formed which grows and ultimately fuses with the previously
formed clad. The maximum melt pool temperature riyithe laser scan along the part/powder does not
change considerably in subsequent passes. Thec@ube of inter-layer dwell time after each layer scan
and the addition of fresh powder at room temperature. Similarly, due to low powder conductivity and the
time scale associated with the process, the tomebf the powder bed can be considered thermally
isolated from the deposited clad. Consequently, marti thermal energy is stored at the top surface of
powder bed.

The width-wise direction of the melt pool, as shown in

Figure 6, shows more irregularity with respect to each successive layer. Although this does not immediately
affect the undersurface of the overhang, this effgmtasent in most layer-wise additive processes even for
parts built vertically-upward with zero draft angle. Téiffect is more pronounced when the layer thickness
approaches the maximum melt pool dimensions for the selected powder material and process parameter
combination. Conversely, when the power is high enaigimg rise to higher melt pool dimensions, this
guenching effect may not be as visible due to earlietacd with the solid deposit. The effect of power and
velocity will be a task for future study.
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Figure 7: Comparison of peak melt pool temperature (left) and width (right) between first layer (L1)
and second layer (L2) for different overhang angles on stainless steel 316L; L1, L2 in the legend refers
to data from layer 1 and layer 2 respectively.

The peak melt pool temperature during the first and second laser scan for stainless steel 316L at various
overhang angles is plotted in Figure 7. It may be seen that no significant change in maximum temperature
occurs within the overhang region as compared to the non-overhang despite the difference in angles. For
an overhang angle of 60° and for stainless steel 316L, the increase in maximum melt pool temperature is
0.6% of the value at the non-overhang region for first overhang layer, whereas it increased to 1% at the
second overhang. For lower draft angles, the increase in temperatures were less than 10 °C (<0.1%), and
within the numerical margin of error. Similarly, the melt pool width did not seem to be affected solely by
the overhang angle for the parameters tested against. In general, the results demonstrate that, for chosen
laser scan speed, power and material, no significant difference in peak melt pool temperature exists at the
overhang although a slight increase in temperature occurs in successive layers due to bulk heat
accumulation as shown in Figure 7.

For a given material the melt pool depth was found to be affected by the degree of overhang (overhang
angle). The evolution of melt pool depth at different layers, overhang angles and powder material are
tabulated in Table 3. Results indicate that no significant variations were realized at 30° overhang angles,
although the melt pool temperature distribution at the end-of-track overhang has a slight spike in the value.
By a 45° overhang angle, the both start-of-track and end-of-track overhangs showed increase in melt pool
depth. The melt pool at the start-of-track overhang was found to be smaller than the one formed at the end
of the track. This can be attributed to the initial thermal transiency within the melt pool and direction of
laser scan. A deeper melt pool seems to be formed for a longer amount of time at the end-of-track overhang
region. With increases in the overhang angle, the difference in the melt pool depth appears to narrow
between the two overhangs each lasting for comparable amount of time.

For a relatively low overhang angle of 30°, low surface roughness is predicted by the model in the overhang
surface. Note that due to the single-track but multi-layer nature of the current study, thickness of overhang
surface is equal to the melt pool width dimension. Deeper melt pools in the overhang region affect the
expected dimensional accuracy of the fabricated part. Regions with overhang structures may fall out of
tolerance due to increased melt pool depth. While it is commonly understood that dimensional inaccuracy
of L-PBF parts with overhangs has been due to the lack of support underneath, the results herein provide
additional reasoning based on the local heat transfer within the overhang region.
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Results also indicate that at higher overhang angles, the melt pool depth increases in the vicinity of the
overhang. This is due to the high thermal resistance of the surrounding powder bed at the overhang region.
Similarly, a comparison of the melt pool depth, as shown in Table 4, between the first overhang (on 2™
layer) and the overhang on the 3™ layer, shows a significant increase in melt pool depth. This is attributed
to the fact that during the L-PBF of the second overhang (third layer), the melt pool is formed next to the
previous overhang. As a result, the subsequent melt pool (second overhang) heat transfer experiences higher
thermal resistance from the solid overhang as compared to the melt pool formed in the earlier layer. Unlike
the other two materials, Ti-6Al-4V does not show significant change in the melt pool dimension in the first
overhang. This may be the result of high melting point temperature and the absorbed power combination.
Surprisingly, the absorbed energy overwhelms the material in the subsequent overhang resulting in the
similar increase in the melt pool depth.
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Table 4: Percentage increase in melt pool depth at the overhang region at 2nd and 3rd layers

SS 316L IN625 Ti-6A1-4V
30 0.9% 1.5% 2.1% 2.2% 0.1% 2.5%
45 15.2% 21.4% 15.1% 16.3% 0.4% 18.0%
60 18.1% 38.0% 22.9% 39.1% 2.6% 27.1%

The simulation results for multiple materials demonstrate that the melt pool shape and geometry does not
change much for overhang angles less than 30°. As observed, the melt pool depth increases with higher
overhang angles. However, the exact trend in this melt pool dimension may vary with material. It has been
shown that the subsequent overhangs allow reduced thermal dissipation due to low powder conductivity
and store more energy thus producing deeper melt pools compared to the one formed in the initial overhang
layer. More research is required to be able to predict the relation between material properties and the melt
pool dimension.

Conclusions

The heat transfer as a result of the L-PBF heat source interacting with the powder bed and solidified part
consists of phase-change, melt pool dynamics and complex thermofluid phenomena — requiring the use of
numerical simulation to understand process-property relationships for various metals. The effects of part
orientation on this heat transfer can affect part quality — especially when parts have overhangs. The current
work highlights the findings on the resulting melt pool that occurs as a result of negative draft angles. The
following conclusions have been found for single-pass and multi-pass L-PBF of IN625, SS 316L and Ti-
6Al1-4V as laser powers 100 W and scan speeds of 500 mm/s:

1) The melt pool width does not depend heavily on overhang angle.

2) Maximum melt pool temperature slightly increases with higher overhang angle.

3) Melt pool depth is very sensitive to overhang angle. However, more work is needed to determine
the number of subsequent layers in which the melt pool morphology stabilizes near the overhang
region.

4) For overhang angles less than 30°, no variation in pool depth occurs.

5) Surface roughness characteristics and dimensional accuracy in the overhang region can be partially
attributed to the unique thermal phenomena at the overhang region.
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Appendix

A. Plot of change in melt pool depth for different overhang angles
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