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Abstract

There are ongoing challenges in achieving full density metal parts via Laser Powder Bed
fusion (LPBF). Numerous of studies have shown that the part density depends on the process
parameters, the powder characteristics and the process environment conditions. The scan strategy
and the interactions of scan paths at discontinuities such as borders, create regions with high
probability of pore occurrence. In this work, the complex relation between the defects and the
toolpath at border discontinuities is investigated for a print recipe which gives >99.95% solid
fraction in the core of the part. Samples are scanned by X-ray Computed Tomography (CT). The
pore space was analyzed to extract the pore frequency, size, shape and location with respect to the
scan path, border and contour strategies.

Introduction

Additive Manufacturing (AM) technologies offer new avenues for design of complex
internal topologies and lightweight structures, and overall freedom in design with enhanced part
functionality without the need for specialized tooling [1]. AM can also lower costs by reducing the
design-to-fabrication cycle and consolidation of multi-part assemblies [1,2]. There is a breakeven
point where the need for high-value, low-volume parts or technology-disruptive designs favor the
adoption of AM approaches [3].

Laser Powder Bed fusion (LPBF) is one of the main metal additive manufacturing
processes, where a layer of metal powder is spread on the build plate and fused by a laser beam
following a scan path through the cross-section area of the layer. In LPBF, the complex interaction
between the powder and the energy input often results in porosity, microstructure inhomogeneity,
and poor mechanical characteristics [4,5]. There is a detrimental impact of porosity on mechanical
performance [5]. Porosity highly depends on the energy input, which is determined by the process
parameters such as beam power, beam focus, scan speed, layer thickness etc. Morrow et al. studied
the effect of porosity on the microstructure of the part and investigated how it affects the overall
part quality [4]. Researchers have developed models, where the defect population and porosity
were used as a tool to predict the mechanical properties of the part such as fatigue strength and
estimated the part life [5]. As there is a direct impact of density on mechanical properties, it is
important to reduce the defect population within the part and make it as dense as possible [6].

The studies in literature have shown that the porosity of the parts highly depends on the
energy input to the metal powder. The energy input is determined by several process parameters
such as laser power, scan speed and layer thickness. These parameters are dominant in determining
the energy input per time in a unite volume. Early studies worked on understanding the relationship
between the process parameters and the porosity of the part [7]. It has been shown that a

272



homogeneous energy input and temperature distribution can improve the density of the part [8].
Process parameters are then optimized to improve the density [9-16]. The pore defects are
analyzed statistically depending on their size, frequency, morphology and distribution [17,18]. The
different types of defects are grouped in three groups in terms of their generation causes:
depression collapse, lateral pores, open and trapped pores [18]. Vast number of studies agree low
energy input results in defects as there is not enough energy to melt the metal powder [9,11,14,16].
In a later study Cunningham et al. stated that excessive energy input also causes porosity of the
part [12]. This is called keyhole mechanism, where materials can be ejected from the melt pool by
applying an excessive energy input. The scan path defines how the energy input is distributed on
the metal powder substrate. It plays an important role on the energy density and can also determine
if there is an excessive or insufficient energy input to the metal powder [8]. Moreover, different
scan strategies have been investigated to see the effect on the density of the part. The studies can
be extended by deploying different scan strategies at the core and the skin of the part, and the
interaction between these two scan strategies.

In this study, the main goal is to identify the relation between defects and the scan path at
the skin of the part, where discontinuities of the exposure points happen in LPBF process. Samples
are manufactured by using different scan strategies at the periphery (or border) and using a process
recipe, which gives 99.95% solid fraction for Invar-alloy at the core of the part. Samples are
scanned by a X-ray Computed Tomography (CT), which is a well-suited equipment for defect
space analysis [13]. The defects are analyzed statistically to investigate the pore frequency, size,
morphology and the location with respect to the toolpath of the laser. In this study, the group was
able to identify skin (or periphery) strategies that improve the overall density by minimizing sub-
surface pores. This would enhance the tensile and fatigue properties, as sub-surface defects have
a high detrimental impact on part mechanical performance.

Material and Methods

Cylindrical samples are manufactured using Renishaw AMA400, which is a LPBF system
with a modulated laser. Invar-alloy metal powder is used to manufacture the samples. It is a nickel-
iron based alloy known for low coefficient of expansion. It has been used in temperature sensitive
applications. The chemical content of the Invar-alloy powder can be seen in Table 1. The particle
size distribution of the powder is found using a Retsch Camsizer X2 Optical Particle Size Analyzer
with the X-Jet dispersion module. Minimum chord length of the powder particles is measured and
averaged. The powder size distribution for Invar-alloy powder can be seen in Table 2.

Table 1. Chemical content of Invar-alloy powder (Wt. %)

Elements

Fe Ni Mn C Co Mo Cr P S

Wt. % | Balance | 36.12 | 0.44 0.01 0.01 0.05 0.12 | 0.002 | 0.003

Table 2. Powder size distribution of Invar-alloy
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Average size of min.

23.2 336 45.0
Xo (pm)

The samples are 5 mm in diameter and 8 mm in height, specifically designed for ease in
density and pore space measurements via CT scanning. The process parameters are optimized to
achieve high density at the core of the part. In this study, the core parameters used in manufacturing
the samples were kept constant, to isolate the occurrence of defects due to the contribution of
parameters sets at the periphery of the parts. The core process parameters used for manufacturing
the samples used in this study are summarized in Table 3, with a meander scan strategy, with a
67° meander rotation angle increment between subsequent layers. With these parameters, higher
than 99.95% density has been achieved at the core of the samples.

Table 3. Process parameters for the core scan strategy used to manufacture the samples investigated in this study

Laser power Exposure time | Point distance | Hatch distance | Layer thickness

2715W 70 ps 60 um 60 um 30 um

Four different border scan strategies are used to observe the effect on the defect population
at the periphery of parts. These strategies are (i) blocked path, (ii) border path, (iii) contour path,
shown in Figure 1a and (iv) hatch compensation factor shown in Figure 1b. The blocked path (i)
is used to reduce the number of scans in thin areas to a single scan. The border scan path (ii)
circumferences the 2D cross-section area of the layer geometry and it is the outermost scan
exposure. It is recommended to have a border scan at each layer to improve the surface structure
and quality [19]. The contour scan (iii) mimics the border with a certain offset from the border.
The contour scan is intended to reduce the porosity between the hatch and the border by re-melting
discontinuities. Hatch compensation factor (iv) is a feature of the modulated beam process, where
additional points can be added at the end of the hatch lines, if the distance between the last exposure
point on a hatch line and the border line is bigger than the user-defined threshold. This distance
can be identified as a percentage of the hatch space used in the recipe. The scan strategy and
corresponding process parameters used in manufacturing of the part periphery in this study is
shown in Table 4. As it is summarized in Table 3, the laser power used at the core of the parts is
275 W. However, the laser power varies at the skin laser scan. The border power sample 11 is the
same as core power and the blocked path power is 110 W. The border power the samples 01, 09,
17 and 25 is 250 W and the contour power is set at 50% of the core power. The skin scan re-melts
some of the regions. In order to prevent excessive energy input the skin laser power is chosen
lower than the core laser power. Additionally, samples with the same periphery scan strategies are
printed, but with a core meander rotation angle of 107° and the rest of the parameters the same to
see the effect on sub-surface density of the part.
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Figure 1. Scan strategies used in this study: a) Border, hatch, contour, blocked path, b) hatch compensation
factor

Table 4. Scan strategies of analyzed samples (H: Hatch, B: Border, C: Contour, BP: Blocked path)

Hatch Compensation

0% 25% 50%
H+B+C Sample #01 Sample #09
Scan
Strategy H+B Sample #17 Sample #25
H+B+BP Sample #11

ZEISS Xradia 520 Versa 3D X-ray Nano-CT is used to scan the samples. The CT data give
the 3D visualization of the part with the defects. For this scan, the voxel size of 12 um is used to
detect the defects. CT analytics were deployed to extract the coordinates of the defect centroid
within each CT scanned surface and in 3D space, which determines the defect location relative to
the sample geometry. The location of the defect center at each layer is extracted. The size of the
defect cross-section in pixels at each layer is given to have a better understanding of how the defect
is seeded, grown up and shrunk. The volumetric fraction is another output of the CT data. It is
given as a percentage at each layer. The cross-section size and the volumetric fraction data give a
quantified measure of how the defect is seeded, grown up and shrunk. A distinct number is
assigned to each individual defect within a part, to keep the track of defects at each layer.

For this analysis the defects at the core of the part are not included, as the amount is
negligible compared to the defects occurred at the skin of the part and were optimized in another
study. It has been previously observed that for parameter sets optimized in the core, the defects
exist where the core scan path discontinuities intersect the skin scan path(s). This means that the
process recipe works well for achieving high density parts when the laser exposure points are
homogeneously distributed, and that the edges of the part are problematic. In this study, the group
was able to identify skin (or periphery) strategies that improve the overall density by minimizing
sub-surface pores.
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CT Data Registration of tool path
and CT data

Figure 2. Data registration of CT with the scan path

Distinctive registration markers are printed on top of the samples, shown in Figure 2, to
register the CT scan data with the scan path and to help in part identification. Only the laser
exposure points at the end of the hatch lines and the skin (border, contour and blocked path)
exposure points are extracted from the scan path data as this study is focused on analyzing the
defects occurred at the skin of the part. The defect centers at each layer are analyzed together with
respect to the near-by laser exposure points.

Statistical Analysis of the Defect Space

The CT scan data was analyzed statistically to determine which skin scan strategy works
best for achieving high density parts. In Figure 3, the periphery defect population for all the parts
manufactured with different scan strategies are shown. The most defects have been obtained in
sample 11, where border and blocked path scan strategies are used at the skin of the part. The
reason for that could be excessive number of laser exposure points at the skin of the part. The core
meander hatch lines are rotating 67° from one layer to another in all these parts to have an
alternating direction of the beam raster direction between layers and avoid compounding layer-by-
layer defects resulting from stacking the beam path. On the other hand, the skin exposure points,
on border, contour and blocked path, are not rotating and changing position on the x-y plane. They
occur at the same position on each layer. It means that the energy is localized on specific points.
The stacked laser exposure points contribute to the defects occurring at the skin. Furthermore, the
blocked path lines create more discontinuities at the skin of the samples. Although they are
homogeneously distributed through the circumference of the sample, they are still causing a
discontinuity radially. In this study, only the defects at skin are analyzed, where the skin is 0.2 mm
deep from the actual part border radially.
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Figure 3. a) Defect population in different samples, where H, B, C, BP and HC represent hatch, border, contour,
blocked path and hatch compensation, respectively, b) the flattened CT images of the cylindrical part (sample 11)
black spots show the defects, c) the flattened CT images of the cylindrical part (sample 25) black spots show the

The histogram of defect population in different samples can be seen in Figure 3. There is
an approximately 84% reduction of defect population on the skin of the part, when the blocked
path scan strategy is muted. The other four parts show a similar range of defects at the skin. The
best performance is observed, when only border strategy is used on the skin and 50% hatch
compensation is enabled. An in-depth discussion is provided by analyzing the population of
defects in detail in terms of pore size and depth.

The depth of the defects is analyzed statistically for each part. The depth is quantified as
the number of process layers over which a pore defect exists. Depth of two means that the defect
propagates through two layers of the process, where the layer thickness is 30 um for this process
recipe. The Figure 4 shows the histogram of the defect population grouped according to their depth.
It can be seen that each part shows the same trend in the histograms. Most of the defects propagate
through 2 and 3 layers in each part. In general, there are only a few defects, which propagates
through more than 5 layers or less than 2 layers. The depth can give an idea about the cause of the
defect. In literature it has been stated that shallow defects with irregular shape are caused by poorly
chosen process parameters, where the energy input is not enough and the process is under-melting
[17]. The shallow defects occurring in less than one-layer thickness are usually caused by
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entrapped gas. The depth of the defect can also change during manufacturing of the part. If a defect
occurs due to lack of energy, this can be compensated by the laser exposure points on the next
layer. So that the next layer can play a corrective role for the previous layer.
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Figure 4. Histogram of the defect depth at the skin, given in number of layers. It shows the depth distribution of the
defects within one part.

The morphology of the defects is analyzed statistically. It can be also an indicator of the
defect initiator. In this analysis, the biggest volumetric fraction of the defect is located within the
defect layers. If there is a defect with 4 layers in depth and the biggest volume of the defect occurs
in the second layer, it means that the biggest volumetric fraction is at the second layer of the defect
from the bottom. The defects are grouped according to their depth. Figure 5 shows the histograms
of the biggest volumetric fraction location within the defect for each depth of the defect. It is
observed that the biggest volumetric fraction usually occurred in the middle layers of the defect.
It means that the defect is seeded first, it grows up and then shrinks during the manufacturing of
the part. For defects which span multiple layers, the largest circumference of the defect occurred
in layers 2 and 3. For instance, in Sample 25, defects span up to 5 layers; for example, for the
population of defects spanning 4 layers Figure 5 (25-c), the largest segment in most pores occurred
in the second layer.
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Figure 5. For most defects which span multiple layers, the histogram showcases the frequency of the layer where the
biggest pore volume exists. The layer is indicated, where the biggest volumetric fraction of the defect happens.

In the case of the samples studied, one of the main causes for a defect is lack of fusion. It
is observed that there are less exposure points on the skin of the samples at specific locations,
depending on the orientation of the hatch lines in relationship to the skin scan strategies. In order
to determine these locations analytically, the position of the laser exposure points and the defect
is transferred to polar coordinates. The angle between the laser exposure point normal to the
surface of the sample and the hatch lines are calculated. This angle is called a.shown in Figure 6.
When this angle gets closer to 90°, the distance between the laser exposure points at the end of the
hatch lines increases, with less laser exposure points per unit area at these specific regions. At the
regions, where this angle gets closer to 0°, the population of the laser exposure points increases.
Hence, the distance between the laser exposure points gets closer to the distance between the hatch

lines.
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Figure 6. Angular positions of the defects, laser exposure points are shown in 84 and 8¢,. The hatch angle is shown
in 0, with respect to the x-axis. The angle between laser exposure points’ angular position and the hatch angle is
represented by a.

The defects are investigated layer-by-layer with respect to the scan path of the laser and
the laser exposure points. Figure 7 shows the hatch lines in purple, the skin scan path in dark blue
and the actual border of the part in pink. The circles show the defect location at each layer and the
red circle is used to highlight the biggest volumetric fraction of the defect. It can be seen that the
laser exposure points are getting further away from each other when the angle between the laser
exposure point normal and the hatch lines is almost perpendicular. This effect can be better
observed in Figure 7 on image 25-a) and 11-c).
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Figure 7. Randomly selected defects with 3 layers in depth from sample 11 and 25 and the scan path on these layers

are plotted together. The red and green dots show the centroid of the defect. Red color indicates the biggest
volumetric fraction of the defect.

An additional set of experiments was planned to see the effect of the rotation angle of the
core meander hatch lines on the defect population at the border. The samples are manufactured
with the same processing parameters and the hatch rotation angle is set to 107°. The defect
population at the skin of the samples decreased by 20% as shown in Table 5. A random region is
observed throughout the layers of the sample 11 and 25. It can be seen that the density of the laser
exposure points is changing frequently. For instance, if the density of the laser exposure points is
low in one layer, it will be higher on the next layer. This is a result of the rotation angle in this set
of experiment being closer to 90° than the first set of experiment. Hence, the layer on top with
more laser exposure points is a corrective action to the previous layer. It compensates the lack of

energy on the previous layer.
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Table 5. Comparison of defect population between two different experiment sets with different hatch rotation angles

67° and 107°

Defect Population (Number of Defects)

Hatcgn;ol';atlon Sample 01 Sample 09 Sample 17 Sample 25
67° 69 91 04 54
107° 56 60 50 38

It is already observed that the distribution of the laser exposure points is not homogeneous
at the skin of the part. In order to see the effect of the density of the laser exposure points on the
defect population at the border, the cylindrical samples are sliced, and each slice is investigated
throughout the sample at each layer shown in Figure 8. For each slice at each layer, the hatch end
points are counted, and that slice is flagged if there is a defect located. With this analysis, it is
aimed to develop algorithms to predict defects using a probability distribution function, when a
certain set of laser exposure points occur in consecutive layers using statistical and machine
learning algorithms. This is part of a work in progress and will be presented as part of published
work.

Visualization of CT data with
respect to tool path

Defect space and tool path
at each slice layer-by-layer

Figure 8. Investigation of laser exposure points and defects at each slice layer-by-layer

Conclusion

In this study, the defects at the skin of the samples are statistically analyzed according to their size,
distribution, depth and frequency on samples printed with the same process parameters in the core
and different scan strategies at the skin. The statistics of defects in different samples are observed
to understand the complex relation between the scan path and the defect occurrence. It is seen that
the size distribution of the defects has a very similar trend in every sample although they are printed
with different scan strategies. This means that the size distribution and frequency do not change
according to the scan strategy. It only dampens the amount of the defects occurred in one sample.
The same behavior is also detected in the morphology of the defects, where the defect grows up
and shrinks down volumetrically through the longitudinal direction. For future research directions,
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a statistical or machine learning tool will be designed to predict the probability of the defect
occurrence for a given scan path and strategy. So that possible defects can be detected and avoided
by modifying the scan path before manufacturing the parts. This tool will also help to increase the
density of the parts especially at the discontinuities of the scan lines (skin of the part) manufactured
by LPBF process.
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