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Abstract

In the development of powder bed AM process parameters, the characterization of
mechanical properties is generally performed through relatively large mechanical test
samples that represent a bulk response. This provides an accurate representation of
mechanical properties for equivalently sized or larger parts. However as feature size is
reduced, mechanical properties transition from a standard bulk response to a thin wall
response where lower power border scans and surface roughness have a larger effect. This
study identifies this threshold between bulk and thin wall for 304L SS on the Selective
Laser Melting (SLM) platform and Ti-6Al-4V on the Electron Beam Melting (EBM) plat-
form. A possible method for improving those properties and shifting the transition from
bulk to thin wall response to smaller wall thicknesses was investigated. Mechanical test-
ing and fractography was performed on samples to characterize the effect of wall thickness.

Introduction

With the recent advancements in powder bed additive manufacturing (AM) equip-
ment, previously unmanufacturable geometries are now a possibility. Often, the designs
most conducive for economically viable AM parts have fine features such as lattice struc-
tures or thin walls. The production of these geometries represents a unique problem in
the determination of mechanical properties. In this study samples produced by Selective
Laser Melting (SLM) and Electron Beam Melting (EBM) were used to investigate the
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effect of reducing wall thickness on resultant tensile properties.

The SLM process uses a laser in an inert atmosphere to selectively melt layers of loose
metal powder into a solid. EBM also fabricates parts from a bed of loose metal pow-
der, however the energy source is an electron beam necessitating a vacuum environment.
Both of these technologies use scan patterns that include unique hatch fill and border
scan parameters. Typical hatch fill parameters are developed to achieve dense parts at
high build rates and border parameters are developed to smooth the outer surface of
the hatch fill scan area resulting in better surface finish. Because of the function of the
border scans, they will not necessarily have a sufficient parameter combination to provide
adequate interlayer adhesion on their own, resulting in poor mechanical properties. As a
part’s thickness reduces, an increasingly greater percentage of the cross sectional area is
built with the non-structural border parameters.

Though the effect of fine feature geometry may significantly impact part performance,
very little work has be done in this area for AM produced parts. Examples of the large
bulk specimen used in many standard development practices include use of 10 mm x 10
mm x 7 mm density pillars [4] and the � 10 mm tensile specimen used by Niendorf et
al. [6]. Ahujaa et al. [3] demonstrated an ability to build walls at 100 µm thick and used
these machine parameters to build larger bulk samples. This was accomplished with only
single line hatch fill scans and no smoothing contours, resulting in an apparent rough
surface finish. Ideally for end use fine feature parts, fully dense and smooth geometries
would be produced. Because AM produces a relatively rough surface finish under ideal
conditions, it is especially prone to decreased mechanical properties and surface initiated
failure. Krauss et al. [5] demonstrated that thin walls can exhibit a very rough surface
if not compensated for and that the manufacturability of thin walls is orientation depen-
dent. Song et al. [9] optimized processing parameters to achieve a desired wall thickness
based on input energy. Qui et al. [8] produced thin lattice structures that were then
mechanically tested in compression. This study demonstrated the relationship of laser
parameters on resulting part porosity and geometry. Abele et al. showed how increased
porosity leads to a reduction in mechanical properties in large samples and at thin geome-
tries porosity creates a threshold for achieving gastight parts [2]. For comparison to thin
wall tensile testing of similar materials with different processing methods, the work of
Pardoen et al. [7] showed that the mechanical response of 316L is not sensitive to change
in thickness down to 0.63 mm. From these previous studies it can be seen that using a
standard set of parameters results in a threshold for mechanical properties when reducing
wall thickness. By identifying and characterizing the reasons for this threshold where the
response changes, scan patterns can be manipulated to reduce or even eliminate this effect.

Experimental Setup

For this research, a Renishaw AM250 SLM system and an Arcam A2X EBM system
were used. The AM250 uses a 1070 nm fiber laser with a maximum output of 200 W and
an approximate spot diameter of 70 µm. The 304L powder used was 15-45 µm diameter.
The Renishaw AM250 uses a point exposure scan pattern where a single point is exposed,
the laser is turned off, repositioned, and then the next point is exposed. The next layer
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is then exposed in the same way, however the pattern is rotated a specified amount. A
diagram of this Standard scan pattern is illustrated in Figure 1.

Figure 1: Schematic of the point wise AM250 Hatch Fill Scan Pattern

Figure 2: Schematic of the AM250 Border Scan Offsets for one layer the Standard
Parameter Set

In addition to the illustrated hatch fill pattern, two border scans are used to smooth
the outer profile. A schematic of hatch fill and border scans can be found in Figure
2. A spot compensation is also applied to the outer most border scan. This distance
compensates for the width of the laser spot, allowing for a more accurate geometry on
the part. With this scan pattern, laser power, point distance, exposure time, and offsets
between subsequent hatch fill and border scans are all user defined. Previously developed
304L parameters sets were used for building samples on the AM250. A summary of the
differences between hatch fill and border scan parameters can be found in Table 1. The
hatch spacing between hatch fill scans was set to 85 µm, border distance was 40 µm, and
the fill hatch offset was 45 µm.

Table 1: AM250 Scan Parameters

Machine Parameter Hatch Fill Border
Laser Power (watts) 200 150
Point Distance (µm) 85 75

Exposure Time (µsec) 53 100
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The Arcam A2X uses a 3000 W electron beam output with an approximate spot size
of 200 µm. The vacuum chamber is pumped down to 10−4 mbar pressure when build-
ing. The Ti-6Al-4V samples built on the A2X used stock parameters and powder 45-100
µm diameter. The scan pattern used by the A2X is an orthogonal hatch for the border
followed by a hatch fill scan. While border scans and hatch fill scan utilize separate
parameter sets, specific comparison for current and speed are not discussed due to the
complexity of parameters and their dependence on part geometry.

Flat samples conforming to ASTM E8 [1] with a gage length of 50.0 mm and gage
width of 12.5 mm were produced in the vertical orientation at the varying model thick-
nesses of 4.0, 3.0, 2.0, 1.0, 0.75, 0.5, and 0.25 mm. Samples were oriented perpendicular
relative to the recoating direction of each machine, resulting in a greater stiffness. Each
sample was produced in triplicate, removed from the build plate, and mechanically tested
per ASTM E8. Due to the rough surface of the samples, the cross sectional area exhibits
error. Scanning electron microscopy was performed on fracture surfaces and sample cross
sections.

Results and Discussion

The first set of SLM 304L mechanical testing can be found in Figure 3. It should
be noted that samples were overbuilt due to lack of spot compensation from the mod-
eled geometries previously listed and that all strength calculations were performed using
measured thicknesses. Thickness on Figures 3, 12, and 10 all list the average measured
thickness by digital calipers from each set of three samples.
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Figure 3: Mechanical Results for SLM 304L Standard Parameters

It can be seen here that for the sample model thicknesses from 4.0 mm down through
2.0 mm, the mechanical response is nearly the identical. These results correspond with
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previous testing results from round specimens of roughly the same size and meets the
tensile properties typically seen by annealed 304L. Once the model thickness is reduced to
1.0 mm or below, properties begin to significantly reduce and a large drop in elongation
to failure is present. From this data, it is apparent that the threshold from bulk to thin
wall behavior for this parameter set occurs between a modeled wall thickness of 1.0 mm
and 0.75 mm.

Figure 4: 0.25 mm Sample Built with Standard Parameters Imaged at x25 (A) and
x200 (B)

Figure 5: 1.0 mm Sample Built with Standard Parameters Bulk Scan Pattern Imaged at
x25

To further investigate the cause of this transition, fractured samples were sectioned
longitudinally, mounted, and imaged. The micrographs of the 0.25 mm and 1.0 mm
model thickness samples can be found in Figures 4 and 5, respectively. These sectioned
images expose multiple regions of reduced cross section and stress concentration, both
of which can lead to failure initiation near the surface of the sample. Even with these
imperfections, the samples still exhibited a typical ductile failure as indicated by necking
in the gauge section and the angled shear plane on the fractured end. Figure 5 shows
grouping of internal pores near the surface of the sample. This location corresponds well
to the interface between hatch fill and border scans. At a thickness of 0.25 mm nearly
60% of the cross section is border scans. This phenomenon seen in the 1.0 mm sample is
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likely still in effect in the 0.25 mm model thickness, but any transition is hard to discern.
Figure 4 shows a high amount of surface inconsistencies and voids in the 0.25 mm model
thickness sample. The gross failure in this sample is likely due to the high percentage
of border parameters resulting in low interlayer strength, sub surface porosity, and and
stress risers resulting from surface roughness.

When the images of the fractured thin wall samples are compared to a micrograph of
a 12.5 mm cube in Figure 6, it can be seen that a bulk sample in the as built condition
has subsurface porosity located at the hatch fill and border scan interface, but at much
lower frequency. Overall, results indicate that although these border scan parameters
result in a relatively uniform surface finish, as they begin to dominate the cross section
of a part, tensile properties are affected.

Figure 6: 304L Bulk Sample Imaged at x300

Figure 7: Fractography of 0.25 mm Sample Imaged at x151 (A) and x500 (B) Showing
Surface Inconsistencies

Fractography was performed on the samples and results for the 0.25 mm model thick-
ness and the 1.0 mm model thickness samples. Figure 7 reveals several points of reduced
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cross section and partially melted particles within the 0.25 mm model thickness sample.
Some localized regions of ductile fractures were found as seen in Figure 8, however the
fracture surface was predominantly a shear lip. For the 1.0 mm model thickness sample
in Figure 9, analysis reveals a much different surface morphology. Predominant regions
of ductile fracture with a shear lip shown in Image C. Collections of large pores around
the surface as seen in the cross sectioned images are present and were measured to be
approximately 20 µm in size.

Figure 8: Fractography of 0.25 mm Sample Imaged at x3000 Showing Microvoid
Coalescence and Shear Failure

Figure 9: Fractography of 1.0 mm Sample Imaged at x150 (A) and x500 (B) Showing
Subsurface Pores, and x3520 (C) Showing Shear Voids
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The results for the EBM Ti-6Al-4V samples can be found in Figure 10. From these
results it can be seen the the samples above 2.0 mm model thickness all preform the
same. Below 2.0 mm model thickness strength begins to reduce and there is a drop in
elongation at break from approximately 6% to 2%. The smallest three sample sets, with
models at 0.25, 0.50, and 0.75 mm model thickness built at averages of 0.78, 0.79 and
0.81 mm, respectively, showing that the minimum feature size for this combination of
machine and material is approximately 0.8 mm. Similar to the SLM 304L, this material
exhibits a reduction of tensile properties below a critical size due to reduced effectiveness
of the processing parameters.
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Figure 10: Mechanical Results for EBM Ti-6Al-4V Standard Parameters

In order to compensate for the thin wall effect seen in the SLM 304L standard scan
pattern discussed previously, modifications were made. The ratio of hatch fill area to
border scan area was increased by reducing the fill hatch offset to 0 µm and reducing the
number of border passes from 2 to 1 (Figure 11). Results of the mechanical testing for
the compensated parameter set can be found in Figure 12. It can be seen that although
strength in not improved, the threshold of thin wall to bulk has shifted from the 1.0 mm
to 0.75 mm model thickness range down to the 0.5 mm to 0.25 mm model thickness range,
as indicated by the shift in the drop off of elongation at break. The 0.25 mm and 1.0 mm
cross section sample images for the compensated parameter set can be found in Figures
13 and 14, respectively. Investigation of the cross sectioned samples revels an almost
total elimination of the large surface porosity seen with the standard parameter set. The
sample thickness is also more consistent, resulting in a reduction of stress concentration
points. This agrees with the mechanical test results showing improved elongation to fail-
ure.
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Figure 11: Schematic of Compensated AM250 Border Offsets
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Figure 12: Mechanical Results for SLM 304L Compensated Parameters

Fractography analysis was performed on the samples produced with the compensated
scan pattern. The 0.25 mm and 1.0 mm model thickness fracture images are found in
Figures 16 and 15, respectively. Analysis of the 0.25 mm model thickness sample reveals
a more uniform cross section with much larger regions of ductile failure than in the stan-
dard parameter set samples. Unmelted powder is still seen, however it is limited to only
the surface of the sample. Investigation of the 1.0 mm model thickness sample reveals
that previously seen sub surface porosity is still present, although the pore size has been
reduced to approximately 10 µm.
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Figure 13: 0.25 mm Sample Built with Compensated Scan Pattern Imaged at x25

Figure 14: 1.0 mm Sample Built with Compensated Scan Pattern Imaged at x25

Figure 15: Fractography of 1.0 mm Sample with Compensated Scan Pattern Imaged at
x300 (A) and x1000 (B) Showing Sub Surface Pores

510



Figure 16: Fractography of 0.25 mm Sample with Compensated Scan Pattern at x100
(A), x500 (B), and x2000 (C) Showing Ductile Failure

Conclusion

In this study, the effect of reducing wall thickness of tensile specimens was analyzed
for 304L samples built on the SLM platform and Ti-6Al-4V samples built on the EBM
platform. It was seen that by building with a parameter set based on samples representing
a bulk response, mechanical properties begin to reduce once a wall thickness threshold
is reached. By compensating the scan pattern to increase the area of hatch fill, a more
uniform sample cross section with reduced subsurface porosity has was achieved, result-
ing in a shift of the threshold to a smaller thickness. However, even with a scan pattern
optimized for producing thin wall geometry, a reduction in mechanical properties was still
seen in parts produced with greatly different materials by the SLM and EBM powder
bed processes. This implies that the reduction in tensile properties is a generic response
to the reduction of wall thickness in AM parts. Based on cross section micrographs and
fractography, it appears that surface roughness and inconsistencies could be the root of
this tensile property reduction. Further work needs to be conducted to conclude if this
effect is caused by the rough surface finish resulting in stress risers and surface initiated
failure.
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