











3. Results and Discussion

Typical scanning images

The single layer and multilayer samples wescanned using a Bruker 1173 micro-CT
scanner, and the data reconstion and pore analysis explained in the reference [3] is
performed. Figure 4 presents thectional views of single laysample formed with 150 W and
600 mm/s at different hatch spacings. Threesamratop of the base pad are clearly observed,
and the overlap of the track is different foffelient hatch spacing conditions. Three regions can
be identified from the grayscale image: swoach region (light gray), powder region (dark gray)
and voids (black). The sectional views of midiyers, formed with 175 W and 800 mm/s with
different hatch spacing of 86n, 100 .m, and 115.m, is also shown in Figure 4.

-

Figure 4: (a) Coronal (X-2), (b) Transaxial (X-Y}) Sagittal (Z-Y) cross-sectional views and
(d) partial cut-off view of a single layer and multi-layer.

Single layer experiment results

The single layer surface morphology is showrFigure 5. The surface is smooth for lower
hatch spacing, and the single tracks become rdmtéenct with an increase in hatch spacing.
Figure 6 shows the pores formed due to the paranseténgs. The parameters were selected
based on single track experiment. The averagebeu of pores obtained from three 12 mm long
single tracks formed with 125 W and 1000 mm/s is only 0.33, that is one pore was observed in
one of the tracks, and two of the tracks did sbow any pore. Hence, very few pores are
observed in single layer experiment too, as ahé/pores which are formed below the surface is
analyzed and no surface pores were analyzed.
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Figure 5: Surface morphologies due to different hatch spacing at 125 W power and 1000 mm/s
scan speed.
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Figure 6: Pore formed due to different hatch spacing at 125 W power and 1000 mm/s scan speed.

Figure 7 shows the pore number obtained from single layers formed with different laser
power, scan speed and hatch spacings. Only one sample for each case is analyzed for single-layer
samples. No distinct trend is observed from the single layer experiment, mostly due to the
limited number of pores being formed. 150 W and 600 m/s, however, resulted in significantly
higher number of pores for all hatch spacing compared to other parameters. This may be due to
keyhole regime of melting with these parameters. When the pore number is higher, a trend can
be observed, that is with increasing hatch spacing, the number of pores mostly decreased. For
other cases, hatch spacing did not seem to affect the number of pores during the single layer
formation. Besides, the pores may also form due to several other factors like powder spatter
formation, etc. which have not been considered in this study.

Higher hatch spacing may lead to lack of fusion pores. Due to the single layer formation, the
lack of fusion pores is difficult to identify based on the surface quality. Hence, multilayer
fabrication is important to investigate the effect of hatch spacing on the formation of lack of
fusion porosity. In addition, 150 W and 600 mm/s case demonstrated that higher number of pores
may show some relationship between hatch spacing and the porosity level. The multilayer build
is expected to form higher number of pores compared to single layer pores which would help
observe the effect of hatch spacing more evidently.
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Figure 7: Pore number formed within single layer with different laser parameters

Multiple layer experiment results

The multilayer part formed are shown in Figure 8. The surface with lower hatch spacing has
smoother surface which is due to the re-melting of the curved surface formed during single track
formation. But, with increase in hatch spacing, the re-melting is insufficient and wavy surfaces
are observed. For the hatch spacings greater than track width, individual tracks are identified.
Figure 9 shows the pore distribution when 120 % and 150 % hatch spacings are used. A higher
number of pores are observed for higher hatch spacing compared to the hatch spacing lower than
100%. The increase in porosity with increase in hatch spacing may be due to the lack of fusion
between the tracks. As the hatch spacing of 150% formed a mesh like structure, due to
insufficient bonding between the tracks, it is not included in the analysis.

Figure 8: Surface morphologies due to different hatch spacing at 125 W power and 1000 mm/s
scan speed
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Figure 9: Pores formed due to hatch spacing of 122 um and 152 um at 125 W and 1000 mm/s.

Figure 10 presents the average number of pores formed, and standard deviation from three
replicates, within the multilayer formed with different process parameters. In general, the pore
number decreased with increasing hatch spacing up to 90%, while the pore number increased
drastically from 90% to 120%. But, for 195 W, the porosity was minimum when 80% hatch
spacing is used. Also, the pore number decreased with decrease in energy density, that is increase
in speed for same power and hatch spacing. Although, lower hatch spacing resulted in smoother
surface, the higher overlap resulted in higher number of pores. When the hatch spacing is lower,
the residual heat may affect the melt pool and at some region keyhole may form resulting to the
formation of pores. As the hatch spacing increased from 90% to 120%, the pore number
increased significantly. This may be primarily due to the insufficient overlap between the tracks
leading to the formation of lack of fusion pores. Figure 9 showed that many elongated pores are
formed when 120 % hatch spacing is used except for 150 W and 600 mm/s. This may be due to
the variation in track widths formed during successive scanning compared to the single track.
During the single-track experiment, only one track is formed, while during the area scanning,
residual heat may build up due to successive scanning, leading to wider tracks.
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Figure 10: Number of pores formed at different levels of hatch spacing.
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Among the parameters tested, 150 W and 600 mm/s resulted in significantly higher number
of pores. This is expected as single layer results also show that these parameters lead to higher
number of keyhole pores. However, in this case, 120% hatch spacing resulted in fewer number of
pores compared to lower hatch spacing, unlike all other set of parameters. Based on the results,
porosity can be significantly reduced with proper selection of process parameters for example,
150 W, 1000 mm/s and 90 % (110 um) hatch spacing.

The volume equivalent diameter of pores is measured and the summary of the average,
minimum and maximum pore diameter is presented in Figure 11. There is negligible variation in
the average, minimum and maximum pore diameter with respect to hatch spacing for the same
power and scan speed. Hence it is observed that the hatch spacing does not affect the size of the
keyhole pores. The average pore size decreased with increase in speed for same power as
observed in the single-track experiment. 150 W and 1000 mm/s formed negligible or no pore at
80% and 90% hatch spacing. For 150 W, 600 mm/s and 150 W, 800 mm/s, no obvious change in
the pore size is observed when hatch spacing increased from 90% to 120%. But, for 150 W and
1000 mm/s, the average pore size increased, and the maximum pore size measured is 77 pm. As
the hatch spacing increased, elongated voids may generate due to the insufficient or no overlap
between the tracks.
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Figure 11: Average pore diameter formed with 150 W at different scan speed and hatch spacings.

4. Conclusions

In this study, single layer and multilayer samples are fabricated with Ti-6Al-4V using EOS
M270 to investigate the effect of hatch spacing for different combination of laser power and scan
speeds. Three cuboids of 3 mm x 3 mm % 0.99 mm were fabricated within each cylinder sample,
and the cylinder samples were scanned using Skyscan 1173 micro-CT scanner to measure the
pores formed within. Five levels of hatch spacing, 60%, 70%, 80%, 90%, and 120% of track
widths, were analyzed which led to the following conclusions.
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There is no clear effect of hatch spacing on the single-layer build. Less than 10 pores are
formed in most of the cases during 3 mm x 3 mm area scanning.

Multilayer porosity results show that the pore number depend on hatch spacing. The
number of pores reduced with increasing hatch spacing up to from 60% to 90%. But the
increase in hatch spacing from 90% to 120% introduced lack of fusion pores which
significantly increased the pore number.

The hatch spacing of 60% to 90% did not affect the pore size, while the hatch spacing of
120% introduced lack of fusion pores which increased the average pore diameter.
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