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ABSTRACT

Evaluation of Tensile Properties for Selective lrddelted 316L Stainless Steel and the

Influence of Inherent Process Features on StatfofPeance

Paul Swartz

Optimal print parameters for additively manufaatgrB16L stainless steel using selective
laser melting (SLM) at Cal Poly had previously begentified. In order to further support the
viability of the current settings, tensile mateighhracteristics were needed. Furthermore, reliable
performance of the as-printed material had to beafestrated. Any influence on the static
performance of parts in the as-printed conditidrenent to the SLM manufacturing process itself
needed to be identified. Tensile testing was cotedlio determine the properties of material in the
as-printed condition. So as to have confidenchereperimental results, other investigations were
also conducted to validate previous assumptiorere8iogical relative density measurements
showed that the as-printed material exhibited indatensity in excess of 99%. Optical dimensional
analysis found that the as-printed tensile specsmest ASTM E8 dimensional requirements in 14
out of 15 parts inspected. Baseline tensile tewdgated that the yield stress of the as-printed
material is 24% higher than a cold-rolled altenatiwhile still achieving comparable ductility.
The location of a tensile specimen on the buildeplduring the print was not found to have a
significant effect on its mechanical propertiesedtetical behavior of notched tensile specimens
based on finite element models matched experiméetahvior in the actual specimens. Unique
fracture behavior was found in both the unnotcheférence and the most severe notch after
microscopic inspection, and a root cause was pezb@snally, extrapolating from previous studies
and observing that experimental results matcheat¢tieal models, it was determined that features

inherent to SLM parts were not detrimental to tadic performance of the as-printed material.

Keywords: additive manufacturing, AM, selectivedamelting, SLM, 316L, as-printed, tensile
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1. INTRODUCTION
1.1 Additive Manufacturing
1.1.1 Technology Overview

Additive manufacturing (commonly referred to as @inting) is a novel manufacturing
method that has been growing for several decadespposed to subtractive manufacturing, which
removes material from stock material to form the gaometry, additive manufacturing involves
continuously adding constitutive material to itsalbrder to form the part geometry.

The process for making an engineering part withtagdnanufacturing is straightforward.
Generally, a computer-aided design (CAD) file isated by an engineer, and a solid modeling
program such as Solidworks or Creo is used to abitvigom a CAD file to a stereolithography
(STL) file. In this step, the part’s smooth surfaege divided into discrete triangles of a resohuti
defined by the engineer. Next, the STL file is ag@ém yet another software package that is used
to define parameters specific to the particular@ibting process. From there, depending on the
process, the print job may be saved in yet andtrarat to be imported by the printer, or may be
sent to it directly.

There are several general types of additive matwiag that can be applied to all kinds
of materials [1]. Among the most popular are fudegosition modeling, stereolithography (SL),
and various powder bed fusion (PBF) processes.drFdsposition modeling heats a polymer
filament and extrudes it through a moving printdheato the build plate. SL uses UV-cure resin
and a controlled UV light source to build a parttba build plate. PBF uses metallic powder and a

laser to create a part on the build plate.

A popular type of PBF technology is selective laseiting (SLM), which uses a strong
laser to provide enough heat to melt and fuse tinapr together. The SLM125HL machine at Cal
Poly (the SLM), made by SLM Solutions, uses theht®logy. Thus, the research conducted in

this study should be regarded within the contex3Idf1 additive manufacturing technology.



A common alternative to SLM is electron beam mglt{EBM or e-beam). The main
difference between e-beam and SLM is that the gnsogrce is a powerful electron beam as
opposed to a laser. Due to the high energy densitiye e-beam, finer features can be produced
than those made with SLM, and higher temperatlogsatan be used.

A schematic of the SLM build chamber made by Suralg?2] is shown below in Figure
1 next to a photo of the actual SLM125HL build clhamat Cal Poly. The available print area is
defined by the size of the build plate and the maxn depth that it is designed to travel. Initially,
the top surface of the build plate is level witk thottom surface of the build chamber. With each
layer that is built, the build plate will descenglthe defined layer thickness. The printing process
begins when powder, enough for two layers’ woshgeposited from a large reservoir in the back
of the machine, through a chute, and into the tecodhe recoater travels from one end of the
chamber to the other, spreading powder along tiié area with a rubber blade. After the powder
has been spread, the fiber laser will trace therlggometry on the powder, melting the particles
together. Once the first pass is completed, thiel lplate will descend by one layer thickness and
the recoater will return to its original positioteepositing the remaining powder onto the build
plate, followed by another pass of the laser. phigess repeats until the complete part geometry
has been created. At the beginning of the priminagess, argon gas floods the build chamber while
any existing air is evacuated. Then the argon @secycontinuously during the print to maintain
the inert atmosphere. Overflow chutes allow extaqber to collect in receptacles placed beneath

the build chamber. This powder can be recycledused again in future prints.



Figure 1. SLM Schematics. Left: selective laser melting build chamber, fr&un, et. al [2].
Right: Photo of the build chamber for Cal Poly’sMEL25HL, with coordinate system added.

1.1.2 Powder Morphology

In any manufacturing process, it is important tosider the resulting product in the context
of the initial material used. With SLM, the initialaterial is metallic powder. There are two main
methods for manufacturing metallic powders: gasaation and water atomization. Examples of
both from work done by Li, et. al [3] are providediow in Figure 2. Gas atomized patrticles are

more uniform in size and shape than those atontigedater. The material used with the SLM at

Cal Poly is gas atomized 316L manufactured by LPW.



Figure 2. SEM Photos of Powder Morphologies. Left: gas atomized powder. Right: water
atomized powder. Photos from Li, et. al [3].
1.1.3 Advantages and Limitations

Selective laser melting offers many opportunitiest tare not available using traditional
manufacturing techniques. Complex part geometriesaghievable due to the absence of any
physical machine tools. Instead, the only toolrat&ng with the material is the laser beam. This
also means that a production facility can creatmtiess parts without needing to keep an inventory
of specialty tooling. Furthermore, SLM has littlensumable tooling, such as machining inserts,
which can also pose significant financial challengeproduction scale.

From a production standpoint, perhaps the most aldéu benefit of SLM is the
improvement in efficiency that it affords. It isg®ible for an operator to begin a print with severa
parts simultaneously on the same build plate, toeninue working on other tasks while waiting
for the print to finish. In order to produce thergaquantity using traditional methods, the operator
has to be present more often during the procesmdagmify this benefit, a manufacturing facility
might incorporate several SLM machines for stidrigased throughput.

When compared to alternative methods, SLM alsaefieduced waste. Powder that is not
used to form the finished product can be colledtedverflow containers and sieved to separate

agglomerated particles from usable ones. Powdeigisamall enough to pass through the sieving



machine is recycled for the next print. Only a drfrakction of the powder left over from the print
process is rendered non-recyclable. Reduced wastamnufacturing is less money spent per part,
which translates to higher profits in production.

For all the advantages that SLM possesses, ittisvitbout its limitations. Perhaps the
most apparent of which is the need for use of sappaterial. The central mechanism of SLM
production is the layering of melted metallic powde build a monolithic part. When the time
comes for the laser to melt a new layer, powddrdita directly above the previous layer is rigidly
supported by the substrate and layers can easibiite Powder in an area where no prior layer
exists is not rigidly supported by the part, bubmdy supported by the unmelted powder below it
(see Figure 3 below). This presents issues in puatity on surfaces that overhang from the part
below it. To combat this issue, the user can addttstres that provide mechanical support for

overhanging features.

Laser beam

Melt pool
Previously
fabricated layers

Heat affected zone

ﬂi Substrate
|

Building on loose Building on rigid
powder substrate

Figure 3. Support lllustration. Layers supported by
loose powder are unstable, unlike those supposted b
rigid substrate. Image from Kruth, et. al [4].

The challenge with adding support structures istifigng a method to remove it without
affecting the main part in some way. In some caagwyith support material used only to offset

5



parts from the build plate, the solution is relatiwsimple: parts are removed from the build plate
using a band saw, and the remaining support materisanded off the bottom of the part.

Depending on the resources available, wire eledtdischarge machining (EDM) can also be used
to provide a more elegant alternative to a band saiw In other cases, the solution is not as

straightforward. Photos of different support mateapplications appear below in Figure 4.

Figure 4. Support Material Photos. Left: Lattice unit cells where support materialused
only to offset the bottom plane of the part froma build plate, and is removed relatively easily.
Right: Chess pieces where support material remewadt straightforward and requires more
attention. Photos courtesy of Julia Rios, Cal Poly.

Another complication of SLM is the presence of deal stresses. Residual stresses arise
from the thermal effects related to the cyclic epand cooling of the topmost layers of powder
during each pass of the laser. Kruth, et. al [5jvadd that the mechanism for residual stress
development is the plastic compression (aided byedsed yield stress at high temperature) of the
material directly adjacent to the laser during imgatUpon cooling, recently heated layers will
begin to shrink. Unconstrained, the plastically poessed (and consequently, shorter) layers would
cause the upper surface of the part to deflect dorevex manner in order to reconcile the size
discrepancy. However, since the material is futipstrained to the bottom of the build plate, it is

unable to warp, thus creating the residual striede &1 as-printed parts. Figure 5 below illustsate

this mechanism and its effect on the final geometrg part.



Heating

Cooling

a2l

Figure 5. Residual Stress Mechanisms. Left: Schematic illustrating material responses to

heating and cooling during SLM, from Kruth, et[%]. Right: Experimental results of Wu, et.

al [6], showing warpage induced by residual stresseated during SLM.
1.2 Objective

Previous work was conducted to begin optimizingntppgarameters for the SLM125HL

machine at Cal Poly. This was a crucial step tovwaatlucing SLM parts with consistent build
guality, as preliminary investigation suggested tha material properties of parts in the as-pdnte
condition might be comparable to commercially esadalé 316L material. In order to further support
the viability of the current SLM settings, tensitaterial characteristics are needed. Furthermore,
it must be demonstrated that the performance oatherinted material is reliable. Having these
results on hand will be useful when designing SLatp for future research and engineering
applications. Finally, any influence on the stgt@formance of parts in the as-printed condition

inherent to SLM manufacturing must be identified.



2. LITERATURE REVIEW
2.1 Powder Morphology
Kamath, et. al [7] performed a powder morphologydgtfor the material used in their
study, which happened to include 316L powder fromAL Their characterization is presented
below in Figure 6. Note that the distributions @entered about 30-40pum and 50pum when
measuring distribution by diameter and volume, eetipely. This discrepancy would suggest that

the powder is not uniformly spherical. For the msgs of this research, the morphology of the

powder used will be assumed to exhibit similarribstions.

Frequency®
Cumulat ve(%)
Frequency¥

Curnulat vel(%)

i 1 ' 10 1l00 . 2 1 100
0.5um 200um 0.5um 200um

Figure 6. Powder Measurements. Measured size distributions of 316L powder
manufactured by LPW, from Kamath, et. al [7]. Lefistribution based on measured
diameter. Right: Distribution based on measuredme!.

2.2 Research at Cal Poly

Much research has been done at Cal Poly sincestalation of the SLM125HL machine,
including a number of undergraduate senior projants master's theses. None have been more
impactful than the work done by Sebastian Pohlt¢8identify optimal machine parameters for
print quality optimization.

The central experiment in Pohl's work involved pirg several 316L cubes arranged in a
matrix. On one axis of the matrix, laser poweiatts) was varied linearly, and on the other axis,
scanning speed (in mm/s) was also varied line@dynbined, a wide design space of linear energy

density terms (in J/mm) were sampled and the iesolpected. With each iteration of the



experiment, the range of sampled energy densites @fined based on the results from the
previous test. In total, three trials were condd¢pactured below in Figure 7). After the thirdatri
was completed, an optimal combination of laser poased scan speed was determined by

evaluating relative density, hardness, surfacehoegs, and visual inspection.

}"-‘1

r,x‘zoo 1901 ,”‘.——- Laso o

Figure 7. Settings Iterations. Photos from Pohl’'s [8] SLM parameter optimizatioials at
Cal Poly. Input settings were refined between titst frial (left), and the final trial (right).

The optimal settings, as determined by Pohl, ar@Wl3aser power and 1000mm/s
scanning speed. All other settings in those tiadse held constant, including thepr@ laser spot
size, so it is worth noting that print quality cdydotentially be improved further by refining more
settings. For the purposes of the research prabénthis thesis, all settings were left unchanged

from Pohl’s work, which are listed below in Table 1

Table 1. SLM Settings. Optimal settings for the
SLM125HL at Cal Poly, taken directly from Pohl [8].

Build Order: Inside to Outside
Hatch — Contour — Border
Layer Thickness 30 pm
Hatching Distance 120 pm
=11} ’ 7
= B Power 75W
< Speed 312.5 mm/s
L Fill Cocitnns Power 1125 W ’
__s Speed 562.5 mm's
= Power 150 W
- t
Hatches Speed 1000 mmv/s




3. TESTING

3.1 Test Design

When it comes to characterizing the mechanical gntags of a material, one of the most
useful methods is arguably also the most fundarhethia tensile test. The procedure involves
placing a test coupon in a machine that pulls enntlaterial until the test is completed, which is
usually when the test coupon fractures. The mactgnerds time, load, and displacement data,
which can be used to create an engineering sttese-gurve, given the geometry of the test
coupon.

All baseline tensile testing in this research wasdticted within the specification of ASTM
E8, Sandard Test Methods for Tension Testing of Metallic Materials [9]. Figure 8 below shows

the geometry of the subsize plate-type tensile isp@t used. The complete drawing is also

included in Appendix A.

100

4 ’» 32«‘ ~‘D|~ 6
{ -— 2X 30-J [:6.0t0.1 /L4x R6

Figure 8. Schematic of Subsize Tensile Specimen. All dimensions are in millimeters and
follow ASTM E8 specification [9]. The complete driang is included in Appendix A.

Liverani, et. al [10] demonstrated that there affeinces in tensile test results related to
the build orientation of the test coupons. Theeetaro main challenges with printing parts with
large dimensions in the XY-plane, such as tensils printed in a flat, horizontal orientation, or a
45° from vertical. The first is that there is margport material required to build these parts.evior
support material used also means that more suppaterial must be removed, and it can be
difficult to remove support material completely out affecting the geometry or mechanical

properties of the final part. Second, Wu, et. &lfg@ind that layers with large melt pools create

10



residual stresses in AM parts, which will resultwarpage upon removal from the build plate.
Therefore, in order to minimize both support materemoval and residual stresses, tensile bars

were arranged so that they would be printed vdlida the Z-direction (see Figure 9 below).

Figure 9. AsPrinted Tensile Specimens.
Printing in the Z-direction minimizes the amount
of support material required.

Further testing beyond baseline tensile trials wasded to observe whether the SLM
process affected the ductility of as-printed padtse way to do this is by conducting notched tensil
tests to observe the static notch sensitivityolshticing a stress concentration will lower the latd
which an otherwise unchanged tensile bar will fdithe failure in the notched section is ductile,
then it can be concluded that there is not any am@ism inherent to the SLM process that affects
ductility. However, if the notched failure is bkt then it could be possible that some feature of
SLM parts, such as porosity or the surface condittontributes to adverse failure characteristics.
Therefore, baseline ASTM E8 tensile specimens ardified to include notches of various sizes.
Several notches are needed so that, in the evénittié failure, a ductility limit may be identéd
for design.

Notches are commonly introduced to parts via maeinas is common with dynamic

testing, in order to control the precision of tletal geometry and the sharpness of the root radius

11



where a crack is likely to begin. In the case @ thsearch, the purpose was to observe the static
notch sensitivity for a geometry more closely reisiemy a stress concentration that might
realistically appear in design. Thus, the notcledifor testing needed to be printed into the test
specimens.

In addition to selecting a notch geometry reprasgrat realistic stress concentration factor,
the notch’s viability for 3D printing needed to bensidered. After surveying different types of
notch geometry, shallow, double-edged notches welected. Based on the 40° critical self-
supporting angle determined by Pohl, this notchmgetoy lends itself to unsupported printing in
the Z-direction. Dimensions for five notch geometrare provided below in Table 2 and illustrated
in Figure 10. Note that the root radius, the raditithe notch, is constant. The reduced width is

defined as the width of the specimen at the rotth@hotch.

Table 2. Notch Dimensions. Specimen 0 is the
unnotched baseline from ASTM E8 [9].

Spuckiiel Root Reduced
e 2 Radius Width
Notch No.
[mm] [mm]
0 25 6.0
1 2.5 23
2 2/ 5.0
3 2.5 4.5
< 2.5 4.0
5 25 3.5
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Figure 10. Test Specimen Solid Models. Solid models of tensile specimens

created with Solidworks. Top row: Specimens 0-2it&uo row: Specimens 3-5.
3.2 Test Procedure

Tensile testing was performed according to ASTMsRg8cification with the help of Cal
Poly’s Materials Engineering Department. The maehised for all trials was an Instron model
5584 equipped with a 150kN load cell and flat grpsring the elastic portion of a test trial, strai
was applied at a rate of 3mm/min and measured wwn&psilon model 3542-012M-010-ST
extensometer. Once the trial eclipsed 1.5% stth@strain rate was programmed to automatically
change to 8mm/min. The test concluded when the mnedsstress dropped by more than 40%,
indicating the fracture of the test specimen. Feglit below shows the experimental setup prior to

commencing a test.
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Figure 11. Experimental Setup. An Instron model
5584 was equipped with flat grips and an Epsilon
extensometer was used to record elastic strain.
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4. RESULTS

4.1 Optical Microscopy

In order to evaluate the viability of SLM tensilarb, the process parameters employed
must first demonstrate the capability to producar+ell density parts. Pohl [8] performed
rudimentary relative density measurements, usimgcaometer to measure dimensions and a scale
to measure weight, en route to identifying ideahtpsettings. He notes, however, that his
determination of processing parameters was basdbeorelative maximum value for measured
relative density, since his measurement technigas mot appropriate for quantitative density
evaluation, given the surface roughness of thesp&pierings, et. al [11] investigated several
techniques for determining the relative densitysaM parts, and found that, at low porosities,
microscopy can yield results similar to the Archifee method approach outlined by ASTM B311-
17,Sandard Test Method for Density of Powder Metallurgy (PM) Materials Containing Less Than
Two Percent Porosity [12]. In the absence of the equipment necessarycémducting the
Archimedes procedure, microscopy analysis was adrduusing resources readily available
through Cal Poly’s Materials Engineering department

A single cube of side length 10mm, shown in Figl@e was printed in the center of the
build plate using the settings determined by PBbllowing the recommendation of Spierings, et.

al [11], the cube was sectioned vertically, mounsedl polished to a 0.5um finish.
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Figure 12. Photo of a Density Cube with Side
Length 10mm. As-printed density cube shown.

After polishing, the section was examined using @lympus BX41 microscope.
Photographs were taken at 50x magnification atiplaltocations across the surface of the polished
section. Then, using ImageJ, a free software progitaveloped by the National Institutes of
Health, these photos were converted to binary tdackwhite images, where the black regions are
the pores. Using these images, shown below in €igBralong with the original photos, ImageJ
was able to determine the area fraction of poréisarimage. This value is interpreted to refleet th
porosity of the image, and relative density of ithage is obtained by subtracting this value from
100%. Calculated values for the relative densitgadh image are listed below in Table 3. Note
that the contrast settings for images 1 and 5 wetemanually because ImageJ was unable to
automatically convert the photos with the defaldtk and white settings. Thus, it is likely thag th

area fraction of porosity calculated by Imagelii@se images is slightly affected.
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Figure 13. Relative Density | mages. Images show how ImageJ was used to determinéveslat
density. Top two rows: original microscope phota&en at 50x magnification. Bottom two
rows: Results of ImageJ processing.

Table 3. Results of Relative Density Calculations. Area fraction values are
left exactly as calculated by ImageJ and subtrdcted 100% to obtain relative
densities. Binary thresholds for images 1 and Sewletermined manually.

Area Relative Area Relative
Image No. | Fraction Density | Image No.| Fraction Density
[%] [%] [%] [%]
1 0.124 99.876 7 0.592 99.408
2 0.153 99.847 8 0.815 99.185
3 0.059 99.941 9 0.363 99.637
B 0.186 99.814 10 0.249 99.751
5 0.355 99.645 11 0.684 99.316
6 0.319 99.681

The mean relative density value obtained from thesges was 99.6%, with a standard
deviation of 0.24%. A photo with 99.6% relative diyn and the corresponding binary image are
displayed in Figure 14. If it is assumed that #iative density of the cross section is stereokdbyjic
equivalent to that of the whole part, then the dyhrameters specified by Pohl are able to

consistently produce parts in excess of 99% radatansity.
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Figure 14. Average Relative Density. Left: Microscope image no. 9, which had a relative
densityof 99.6%. Right: ImageJ binary conversion provifledreference.

Pohl's parameter optimization findings have beesdus conjunction with both striped
and chess board/island scan patterns. Although ddwsity measurements discussed were
conducted using a stripe pattern, Kamath, et.Jali¢fonstrated that an island pattern is capable
of producing similar results. Wu, et. al [6] foutiht parts printed flat (i.e. major axis in the XY-
plane) are susceptible to residual stress-indueéidaiion upon removal from the build plate, and
that using a small island scan pattern helps méitas issue. Since all tensile bars in this nedea
were printed with the major axis in the vertica) (irection, residual stress effects are assumed to
be negligible. Therefore, it is assumed that tiselts presented in this research are not affegted b

the scan pattern selected.

4.2 As-Printed Dimensional Accuracy

Pohl [8] demonstrated that when SLM parametergatreptimized, the resulting geometry
is severely affected. What had not been demondirdtewever, was the accuracy to which
dimensional tolerances are achievable with thedymmint settings. An investigation into the print
accuracy of SLM parts was conducted for this redeam the interest of meeting ASTM E8
requirements. Using a Micro-Vu VERTEX 312UC opticakasuring machine, 15 unnotched

tensile bars were inspected for their dimensiopalieacy according to ASTM E8 specification for
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subsize specimens. The results of the dimensiospkction are summarized below in Figure 15
and Table 4. Complete results generated by theoWiier machine are also included for reference

in Appendix B.

+ Z-direction

Figure 15. Schematic of Optically Measured Dimensions.
Flatness K and Distance L, the part thicknesshatshown.

Table 4. Optical M easur ement Results. Note that there is no nominal flathess callout.

o Awverage Standard Coefficient of
Type Letter Nominal Differenice Deviation Variation
frum] o] ] 4]
Diztance A 10 00666 0.0216 0.9%
Distance E 10 0.0708 0.0206 1.1%
Fadius C ] -0.1364 03634 3.8%
Fadius D ] -0.0828 0.1737 1.5%
Fadius E 6 -0.09035 02061 4%
Fadius F 6 £0.1972 02546 1.0%
Distance G 32 0.1732 01374 0.0%
Diztance H ] 0.0633 0.0213 1.4%
Diztance I 30 00789 0.0370 0.4%
Diztance I 30 (0.3044) 00396 1.1%
Flatness K (02000 0.0162
Diztance L 6 0.0368 0.0176 0.9%

These results indicate the SLM’s ability to coresighy achieve most straight features
within 0.2mm. The standard deviations for mosthefse features were within 0.040mm, or 40um,
which is on the order of a single particle diameidre largest deficiency of the SLM is its inalyilit
to produce continuously changing geometries irZHurection, such as shoulder radii. In the case

of tensile bars, all four radii are undersizedjwiite standard deviation reaching up to 0.36mm, or
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a coefficient of variation of 6.1% for a nominallva of 6mm. Furthermore, straight features
dependent upon the accuracy of the shoulder sdih as Distance G, the gauge length, are also
affected. Several times, the Micro-Vu machine washle to determine the intersection point of

the radius and the gauge length edges, illustiatédgure 16, which was a crucial feature for

defining Distance G.

g )
4
=

/

Figure 16. Optical M easurement Challenges. Example of an instance in which the Micro-
Vu machine was unable to determine the interseaifothe shoulder radius and the gauge
length. Left: Camera view. Right: Calculated geawet

Since the program was occasionally unable to ddteactual intersection, the points used

to calculate Distance G, illustrated by the dadhmexdin Figure 17, had to be located manually apart

from the automated program. Thus, the standardatiewi of Distance G, the gauge length, was

nearly 0.2mm.

Figure 17. Geometry Calculated by the Micro-Vu Machine. Note that the
gauge length, shown by the dashed line, must loelleé¢d indirectly.

Another area of interest in this investigation, vhiot crucial to determining the tensile

properties, was the flatness of the tensile bardemweith the SLM. Measured by averaging the

20



maximum differences in contrast of various locagi@tross one XZ face of each specimen, the
average flatness of the tensile bars was 0.2909mththe standard deviation was 0.0162mm, or
16.2um. Given that Kamath, et. al [7] found that the dewparticle size can vary widely up to

50um in diameter, the resulting surface flatness iprisingly consistent.

Figure 18 summarizes the trends observed fromithergional analysis. Each data point
represents one of the dimensions listed in Tablehd.closer a dimension is to the middle of the
graph, the closer, on average, it is to its nomméle. Data that is closer to the bottom of tregpbr
has a lower standard deviation, and therefore tmernkion is achieved more consistently. The
SLM is able to consistently generate straight fiesstthat are somewhat oversized, with the average

differences and standard deviations both on therartilone or two particle diameters.
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Average Difference [mm]
Figure 18. Optical Dimensional Analysis Trends. Straight features are
generally more easily achievable than round ones.
The dimensions that are most oversized are Distdnaad Flatness K. Distance J is
understandably oversized as a result of the maaunaling process employed to remove the support
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material that attached the bottom of the samplahdadbuild plate. There is no specification in
ASTM ES8 for specimen flatness, so the measurenwrfigatness K were taken only in hopes of
gaining further insight into the quality of SLM psr
All four radii were undersized and exhibited vaiii&p on an order well above several

particle diameters. As a result, Distance G al$obited undersized behavior with wide variability.
Per ASTM E8, the only dimension with a criticalaxdnce is the section width (Distance H in
Table 4), which is to be within £0.1mm. Fortunatéhe SLM is able to meet this requirement with
a standard deviation of 0.0176mm, or 16 Of the 15 samples inspected, only one did n@tme

this requirement.

4.3 Tensile Test Data
4.3.1 Baseline Testing

Plots of tensile responses for seven samples asenstin Figure 19. An average
engineering stress-strain curve was composed fhosetseven trials, from which the true stress-
strain curve was obtained using equations (1) 2ndpth curves are presented in Figure 20, while
the average tensile properties useful for desighdtose from those seven trials are also presented

alongside reference values summarized in Table 5.
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Figure 19. Basdline Stress-Strain Trials. Data from all trials
exhibited consistent strength and ductility.
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Figure 20. True and Engineering Stress-Strain Curves.
Average curves were derived from the seven bastlals.

23



Table5. Summary of Tensile Test Results. Values of comparable alternative materials
are provided for reference.

Young's Modulus | Yield Stress Tensile Stress Elongation
[GPa] [MPa] [MPa] [%]
= Average 170 470 620 43
= Standard Dewviation 10 6.8 1.7 1.7
Coefficient of Variation [%] 59 13 0.28 40
Annealed 316L Bar [13] 193 203 515 60
Cold Drawn 316L Bar [14] 193 380 585 45

Baseline results for tensile tests proved to bensimg. A summary of relative differences
from the published data are listed in Table 6. €ad drawn 316L bar [14], as-printed SLM

material shows a 24% increase in yield stress whd@taining comparable elongation.

Table 6. Relative Differencesin Material Properties. Values represent the difference
of the as-printed SLM material from commerciallyadable alternatives.

Reference Material Young's Modulus | Yield Stress Tensile Stress Elongation
Annealed 316L Bar [13] 129, +130% 20% 28%
=lL0
Cold Drawn 316L Bar [14] +24% +6.0% -3.5%

The properties of the as-printed material wereganed to an existing survey of achievable
316L properties presented in the work publishedAtang, et. al [15] in Figure 21. The graph
includes conventional properties as well as thoskiesed with other powder bed fusion
techniques. Note that the “Our work” annotatiorersfto the work conducted by the original

authors, whereas the results of this study areesgpted by the hexagon and dashed lines.
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Figure 21. 316L Property Map. Tensile properties
achieved by various conventional and PBF techniques
[15], superimposed with results observed in thislypt

4.3.2 Location Influence Testing
Further testing was performed to investigate whetthe tensile properties are skewed by
the specimen’s location on the build plate, and/printing several parts simultaneously in close

proximity would affect the experimental resultspAoto of the build plate configuration used is

shown in Figure 22.
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Figure 22. Build Plate with Tensile Specimens
Used for Location Influence Testing.

Fitzgerald and Everhart [16] found that “an effetthe spacing between parts in a build
had an effect on tensile properties if the spagiag large enough, but below 40 mm there was no
significant difference in performance.” This findiis confirmed by the results shown below in
Figure 23, which illustrates the distribution okl stresses for 15 tensile bars. There is a slight
trend along the X-axis, but the total range of ealis within 5% of the average. Fitzgerald and
Everhart also observed this trend, and suggestaidtiie argon gas flowing from positive to
negative X could create nonuniform convection andstplay a minor role in the resulting

distribution of yield stresses.
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Figure 23. Distribution of Yield Stresses acrossthe Build Plate. Note that
the total range of values spans less than 5% divbeage.
A summary of the results is presented in Tablend,fall results are provided in Appendix
C. Data for Young’'s modulus and yield stress anear&ably similar to the previous baseline data.

Table 7. Summary of Resultsfrom Location I nfluence Testing. While plastic data
was widely variable due to a printing fault, thastic results are similar to previous

baseline data.

Young's Modulus [eld Stress Tensile Stress Elongation
[GPa] [MPa] [MPa] [%a]
Average 170 470 590 23
Standard Deviation 11 6.1 32 16
Coefficient of Variation [%s] 6.5 1.3 5.5 70

Results for tensile stress and elongation weretivedyaaffected by a manufacturing error
when the SLM ran out of 316L powder, pausing th@tposvernight. The consequence of this
interruption was that the samples fractured atekact location where the print had stopped,

producing a wide variation in measured tensilessge and elongations. Upon closer inspection, it
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was observed that after resuming the print, theangimg part geometry continued building at a
slight offset from the previous geometry. Photobath the fracture and the offset are displayed in
Figure 24. The sharp geometric discontinuity, wiielmerates a stress concentration, as well as
any local metallurgical changes, must have beent wiede the plastic data for these trials
unusable. However, based on the agreement of disticebata and the consistency of the plastic
results for the baseline trials in Figure 19, itéasonable to assume that the plastic data would

likely have also been similar to the previous basel

Figure 24. Printing Error in Location Influence Samples. Left: A failed specimen after
tensile testing. Right: The root cause of the failwas a subtle offset between the geometries
printed before and after the machine paused.
4.3.3 Notch Testing
Once the baseline was established and verifiedhelke phase of tensile testing involved
specimens with various notches printed in the neidufl the gauge length. These tests posed a
unique challenge: determining a method to accwyragelluate the stress-strain behavior in the
notch, where the distributions of both were norfam due to the continuously varying area.
One potential solution investigated was an indimeasurement of stress by using the
load-displacement curve. The idea was that, udneglvad cell data and the corresponding
crosshead displacement recorded by the testing inggch load-displacement curve could be
determined. Then, using the reduced notch ared, dzda could be converted to stress and

compared to baseline results.
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The main issue with this approach is that the dutpmn the crosshead displacement is not
suitable for comparison with the baseline datactviwvas acquired by using an extensometer in the
elastic region of the stress-strain curve. Furtloeemif the elastic portions of the resulting cuwve
for the notched specimens are not viable for coisparto the baseline, they in turn negatively

impact the interpretation of the plastic data,asas in Figure 25.

25

Load [kN]

Unnotched | _|
Notch 1
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Displacement [mm]
Figure 25. Load-Displacement Curves Using Crosshead

Displacement. Crosshead displacement produces curves that
cannot be adequately compared to the baseline.

In the interest of obtaining results for the nottlsamples that could be compared to the
baseline, an extensometer was employed again tsurealastic displacement. The extensometer
was placed in the middle of each tensile bar, Withprongs on either side of the notch, as shown

below in Figure 26.
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Figure 26. Experimental Setup for Notched
Specimens.  Similar to the baseline, an
extensometer was used to measure elastic
displacement.

This method is effective for high resolution elagktension measurement of the notched
samples, but converting from load-displacement ttess-stain is not straightforward. In the
presence of a nonuniform cross-sectional area,ifaromstress-strain distribution in the notch
region cannot be identified.

At first, it seemed intuitive that the appropriatea to use for stress determination would
be the minimum reduced area at the notch, sincendtoemum local stress at that area is what
drives the response of the sample. However, wheamtkthod is employed, the stress-strain curves

shown in Figure 27 are produced as a result.
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Figure 27. Stress-Strain Curves Created Using the Reduced
Notch Area. Increased yield strengths are not consistenttivéh
mechanics of stress concentrations in metals.

These curves suggest that an increase in strehgtidsbe expected from samples with
notches included. Furthermore, this behavior sugdbat the part becomes progressively stronger
with deeper notches. However, such behavior woeldllbgical given the mechanics of stress
concentrations. Thus, the minimum area was not tgedetermine the stress in the notched
samples.

The next area investigated was the baseline ardwafnnotched sample, 36rhrkVvhile
this is not reflective of the actual geometry of tiotched samples, it does have both qualitative
and quantitative advantages. Since all measur@s vare scaled by the same area, and the gauge
length remained unchanged, the resulting streasistoehavior was identical to the load-

displacement behavior (both shown in Figure 28).
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Figure 28. Comparison of Baseline Dimension Stress-Strain Curves with Load-
Displacement Curvesfor Notched Specimens. Left: Curves derived using the baseline area
for stress and the baseline gauge length for stRiight: As-measured load-displacement

curves for all specimens.

This approach makes possible a straightforwardrisigtation of the global yield loads
using the 0.2% offset yield strength as calculatgmatically by the tensile test program. These
loads, listed below in Table 8, were later usethpsats to FEA models to understand the stress
state for each notch at the onset of global ylebéhd-displacement curves annotated with the yield

point for each specimen are shown in Figure 29.

Table 8. Global Yield Loads. Loads correspond to
the onset of global yield observedfor each sample.

Specimen’ | Yield Load
Notch No. [kN]

0 16.8

1 16.1

2 153

3 149

4 14.0

5 12.6
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Figure 29. Annotated L oad-Displacement Curves. Curves
for baseline and notched tensile specimens shovth, the
0.2% offset global yield point indicated for each.
Examining this data, two overall trends can betified. First, the load supported by each

specimen is reduced with increasing notch deptboi®k as the net area of the notch is reduced,

so0 is the total extension of the specimen.

4.4 FEA Results
4.4.1 Low Load Behavior
Using the tensile properties previously determiif&dble 5) in conjunction with the

plasticity behavior presented in Figure 20, Abafipise element models were employed to gain
insight into the ideal yield stress state for eactth geometry. Stress visualization limits werte se
from 0 to 470MPa, the experimentally determineddyiress. Plastic deformation, i.e. stress in
excess of 470MPa, is indicated in gray. Figure 8@ahstrates that, using a relatively low load,
the models behave as expected. At roughly 8kN, hvisigust below 50% of the unnotched yield

load determined from tensile testing, the unnotaiedel exhibits uniform stress on the order of
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half the yield stress. Then, as the load is lefthamged but the notch geometry becomes

progressively more severe, the local stress atateh root also becomes more severe.

Figure 30. Low Load FEA. Finite element models with the same applied loadefach
specimen, generated with Abaqus. Front views intdithat the local stress concentration
should grow as the notch deepens.
For the same load as shown in Figure 30 aboveré&iglireveals the stress distribution in
each model by observing a section view at an isocrengle. Note that for the load that produces
only half the yield stress in the baseline samiplegl plastic deformation is already developing in

notches 4 and 5. This suggests that, for the idatdrial, the global strength of the specimen shoul

decrease as the notch severity increases.
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Figure31. Isometric section FEA. Finite element models with the same applied lascdéch
specimen, generated with Abaqus. Isometric sesfiens reveal local yield, suggesting that
global yield should occur at lower loads for deapatiches.
4.4.2 Global Yield Load Behavior
After examining the models with a low load, thelbyield load for each geometry,
determined through tensile testing, was appliesufte shown in Figure 32). As with the low load

application, the unnotched model again validatesagmproach, exhibiting uniform stress on the

order of 470MPa, the empirically determined yidless.

Figure 32. Global Yield Load FEA. Models with the respective global yield load apglfor
each specimen were generated with Abaqus. Shrirdasgic volume in the notched region
suggests that the total remaining extension aftdyadjyield should diminish with notch depth.
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As the notch grows deeper and the global yield leatlices, the FEA models produce
interesting results. First, the amount of localipdaktic deformation present at the onset of global
yield is gradually increased, as indicated by tfay gegion surrounding the center of each sample.
The increasing local plastic deformation occursneagthe global yield load decreases. The second
observation of the FEA is the reduction in volurhelastic material available at the onset of global
yield. This suggests that as the notch deepersaldditional strain energy can be retained at the
reduced area beyond global yield. Taken togetlheset observations suggest that for the ideal
material, the deeper the notch is, the less exiensan be sustained by the specimen prior to

fracture.

FEA results for the global yield loadse overlaid with the load-displacement curves from
Figure 29 to create the juxtaposition in Figure @Bserving them together, both of the trends in
the experimental data are validated by the strestghditions observed in the FEA models. The
notched SLM tensile bars exhibited plastic behag@rgruent with the baseline plastic behavior
of the unnotched specimen. That is, when the besélie stress-strain constitutive relation from
Figure 20 was applied to the finite element modéks predictions based on theoretical stress state
at the global yield load matched the actual behaiiothe test specimens. Thus, the static
performance of the material is not inherently intpddy the porosity, surface condition, or other

features of the as-printed state.
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Figure 33. Theoretical and Experimental Behaviors. Experimental load-
displacement curves with 0.2% offset global yielads indicated, overlaid with
FEA results for the stress state of each specimigs @spective yield load.
4.5 Fracture Behavior
4.5.1 Unnotched Failure
Ductile fracture was observed across all unnotthesile bars geometries upon conclusion

of the tests. Figure 34 shows an unnotched tebail¢hat fractured following necking in the gauge

length, characteristic of typical ductile failure.
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Figure 34. Conclusion of a Baseline Tensile
Test. Necking exhibited in the gauge length is
indicative of ductile failure.

Upon further examination, the fracture surface e tinnotched tensile bars exhibited
unusual behavior. The macroscopic observations ghereked by microscopic investigation, using
a scanning electron microscope (SEM). Figure 3%vshmages captured with a Thermo Scientific
Quanta 200 SEM. Note the uniform distribution ofques features in the middle region of the
fracture surface. A different fracture mechanismkiserved at the outside border of the part, where
there is a separate SLM laser scan pattern, buglthal fracture appears to be dominated by the

behavior at the center.
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Figure 35. SEM Imagesof a Fractured Baseline Specimen. Uniform porous features suggest
that the fracture mechanics are artificial. LeftteTentire fracture surface. Right: Detail view
of porous features.
4.5.2 Notched Failure
Roughly the same behavior was observed in the adttdnsile bars as in the unnotched

samples. Figure 36 shows images of fractures tbatirced as expected in the notches at the

locations where the area is most reduced, corresipgmo high localized stress.

Figure 36. Conclusions of Notched Tensile Tests. Note that failure occurred in the notched
region, as expected. Top row: Notches 1-3. Bottom Notches 4 and 5.
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An SEM investigation of notch 5, which was the nmemstere notch geometry, revealed that
the notch fracture behavior was somewhat similéinécunnotched behavior. The images included
below in Figure 37 show that the fracture surfaogotch 5 demonstrates the same porous features
seen on the unnotched fracture surface. Note lieatdges near the notch root appear to exhibit
porosity with shape and distribution resemblinguhaotched behavior, whereas the middle of the
fracture surface appears to distinctly reveal thsel scan pattern, which is somewhat less

discernible in the unnotched specimen.

Figur. SEM Images of the Fracture Surace ina otch 5 Specimen. Ductile behavior
similar to the baseline is observed again in themd_eft: The entire fracture surface, which
appears to reveal the laser scan pattern. Righ&ilew of ductile features.

4.5.3 Defect-Driven Failure

Other than the parts that experienced the priatiiaption previously mentioned, only one
tensile specimen was conclusively defective. Balowigure 38, a photo of a notched tensile bar
that failed prematurely away from the notch is sholurther inspection using the SEM revealed
the presence of unmelted powder at the fracturaeir Several others, such as Liverani, et. al

[10], have also observed this binding defect, whicbvides an internal material discontinuity

whereby the premature failure begins. It is notvikmavhy this defect was witnessed in this

particular sample only and not others from the shuikel, nor is the mechanism well understood
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by which partial melting occurs while near-full &éy is also observed for identical SLM

parameters.

500.0pm————

Figure38. Imagesof the Only Conclusively Defective Specimen. Left: Failure occurred away
from the notch. Right: SEM investigation revealbdttunmelted powder was likely the root
cause of failure.

4.6 Further Investigation of Non-Defective Fracture
4.6.1 Mechanismfor Ductile Pore Formation

While the necking behavior of the unnotched tpstanens suggested that the failure was
ductile, the fracture surface did not appear temdde traditional ductile failure. Song, et. al][17
demonstrated that ductile failure of 316L shouldhiet a somewhat random distribution of

interconnected parabolic dimple features, showkiguare 39.
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Figure 39. Ductile Fracture Structures. SEM images of ductile fracture structures in 316L
stainless steel, published by Song, et. al [17it: et rolled. Right: Solution-treated.

Following the observation of this discrepancy,dipparent porosity revealed after fracture
was examined further to investigate possible exgtlans. Cooper, et. al [18] observed similar
porous structures in 316L tension specimens tréatdubt isostatic pressing (HIP). Their research
suggested that the mechanism for the formatioruof soids was the presence of non-metallic
oxide inclusions, which provide microscopic stresscentration sites whereby microvoids initiate
during plastic deformation. An SEM image from the&isearch is provided in Figure 40. Note that

there does not appear to be any regularity to igteklition of voids.
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Figure 40. SEM Image of Oxide Pores. Work published by
Cooper, et. al [18] showed a fracture surface tridustatically
pressed 316L containing large oxide pore features.

An important finding from the work by Cooper, etwas that the strength of the HIP-ed
316L was not affected by the oxygen content irbédiee material. The presence of the non-metallic
oxides, which provided the mechanism for ductileedormation, was not found to have a negative
impact on the tensile properties compared to aefibrgference material. Furthermore, significant
variance in the oxygen content of the 316L baser@thad little effect on the resulting yield and
tensile strengths, as shown by their summary inreigl. The first set of columns represents the
as-forged reference properties, while sets of cokita the right represent samples with increasing

oxide content. Cooper, et. al note that the cordénttrogen, a strengthening element, in material

HIP100A did not meet ASTM specification.
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Figure 41. Strengths of HIP-ed 316L. Results from Cooper, et. al [18]

showing that the strengths of hot isostaticallyspesl 316L tensile samples

was not significantly affected by varying oxide temt.
4.6.2 Mechanism for Ductile Pore Distribution

After identifying a potential mechanism for the atien of pores, identification of a

separate mechanism for the apparent regular distsibof pores was pursued. Using ImageJ, the
SEM image was converted to a binary image so trespacing of the pores could be analyzed.
The progression of the image processing is predemtéigure 42. After the pores were identified,

the Nearest Neighbor Distance plugin for ImageJ wsesd to approximate the average spacing

between pore centroids, which was calculated taboait 6&um.

Figure 42. Unnotched I mageJ analysis. Left: original unnotched SEM image. Middle: binary
black and white image. Right: pores in the unnaddhieary image as identified by ImageJ.
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The same image processing recipe was followedhernotched SEM image, and the
progression of that analysis is shown in FigureF48.that case, the approximate average distance
between pore centroids was calculated to harB3t was observed that the laser scan pattern had
a larger influence on the pore geometry for themed specimen, creating elongated pores in the
direction of the laser scan, which in turn affedteel calculated average spacing. Nevertheless, the
distribution of the pores in the notched specimas still roughly on the same order as that of the
unnotched specimen, suggesting that they reliethersame mechanism for their formation. A
summary of the porosity analysis is given in Tahl&lote that the SEM images for the unnotched

and notched fracture surfaces were taken at 25041 &dx magnifications, respectively.

black and white image. Right: pores in the notdbiedry image as identified by ImageJ.

Table 9. Summary of Imagel Poraosity Analysis.

Average Pore Standard
SEM Image Spacing Deviation
[um] [um]
Unnotched 68 24
Notch 5 85 37
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Recall from Pohl’s results in Table 1 that the hatg distance was set to 120, and the
spot size of the laser wasyff. Note that the average pore spacing in the uhadtsample was
on the order of roughly half the hatching distarasg] almost exactly equal to the laser spot size.
Using these dimensions, a sketch was created idv@nks to help visualize the scan pattern,

which is shown in Figure 44. Note the scan directa each layer, indicated by the colored arrows.
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Figure 44. Scan Pattern lllustration. Given the
dimensions of the laser spot and the hatching msta
(shown in mm), a uniform distribution of unmelted
particles could be created.

When subsequent layer scans are rotated by 90%Gutient SLM parameters leave a
uniform scatter of unmelted powder in squaregnd@ide and 120m apart in both X and Y. An
important caveat to note is that the scans illtestrén Figure 44re offset at 90°, whereas Pohl's
settings rotate subsequent layers by 33°. Theréferexact size and shape of the unmelted scatter,
if any, is bound to be different from this approaition. Still, this visualization suggests that her

might be a mechanism for regular or semi-regulatrithution of internal print features created as

a result of the combined laser spot size and hagallistance parameters.
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Even if near-complete melting is achieved by th&1Settings, the scan pattern would still
create a somewhat uniform distribution of weld patgrfaces, which could provide a mechanism
for the scatter of non-metallic oxides in the phtare work will need to be done to characterize
the chemistry of the 316L powder in the as-receiard recycled conditions to quantify oxygen
concentrations. A deeper investigation of the frexisurfaces is also needed in order to confirm
that the ductile pores occur at locations wher@exihave settled in the material. Furthermore,
experimenting with different scan parameters cdwigh identify any influence on the distribution

of ductile pores in the fracture surfaces of agtpd specimens.
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5. CONCLUSION AND RECOMMENDATIONS
5.1 Conclusion
Tensile testing was conducted to provide the neltegroperties of as-printed 316L

stainless steel samples produced using selectee taelting. In order to have confidence in the
experimental results, other investigations alsodedeto be conducted to validate previous
assumptions. Stereological relative density measemnés showed that the as-printed material
exhibited relative density in excess of 99%. Optittanensional analysis found that the as-printed
tensile specimens met ASTM E8 dimensional requirdgsi@ 14 out of 15 parts inspected. Baseline
tensile tests indicated that the yield stress@ghprinted material is 24% higher than a coltedol
alternative, while still achieving comparable dliggti The location of a tensile specimen on the
build plate during the print was not found to hawsignificant effect on its mechanical properties.
Notched tensile specimens of varying notch deptbseviested to obtain experimental load-
displacement curves. A 0.2% offset global yielddiogas determined for each specimen and
applied to their respective finite element moddlseoretical predictions based on the model
behavior matched experimental behavior in the ddpacimens. Unique fracture behavior was
found in both the unnotched reference and the seaire notch after SEM inspection, and a root
cause related to oxide distributions was proposégr extrapolating from previous studies and
observing that experimental results matched thieatemodels, it was determined that features

inherent to SLM parts were not detrimental to tadic performance of the as-printed material.

5.2 Recommendations

During the location dependence testing, the piawised when the SLM ran out of powder,
creating parts with a critical defect at that layewas theorized that if the SLM was configured t
use less total powder per layer (i.e. less wasta)evstill demonstrating comparable material
properties, then perhaps that type of printing reqould be avoided for tall parts. Density
measurements conducted for such a configuratiozated that relative densities above 99% were
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still achievable, but no further testing has beersped as of yet. Establishing a static baseline fo
these settings would still be useful for desigmeif¢he resulting properties are not comparable to
the previous data.

Preliminary work has already been done at Cal BghAndrew Yap to characterize the
performance of the SLM material in the annealedid¢am, following post-print treatment. As was
the case with the as-printed material, initial gigs of annealed SLM 316L seem to provide a
compelling alternative to other available optioAsbroad trade study that compares the SLM
material treated with various traditional heat tneents to other known alternatives would be
valuable. This information could be used to mormpehensively identify design spaces where
current capabilities are inadequate, but SLM mizght viable solution.

Further investigation of the fracture surfacesldfiSensile samples is also warranted. To
validate the proposed root cause of the ductile pamation, further SEM analysis is required.
Chemical composition analysis of the 316L powdethim as-received and recycled conditions is
needed to quantify oxygen content. A thorough patamstudy that varies laser spot size and
hatching distance would confirm the mechanism ¢batrols the distribution of the ductile pores.

It has been demonstrated that features inheretitet@s-printed SLM material are not
detrimental to its static performance. However itaithl investigation is required to evaluate the
impact that these features will have on dynamidgoerance. Furthermore, it would be valuable
for design to characterize the dynamic performasfamaterial in the as-printed condition based
on experimental data. The Materials Engineeringadepent at Cal Poly has equipment capable of
fully-reversed bending fatigue testing, and astpdrSLM coupons have already been proven to
be compatible with the apparatus without the needobst-machining, shortening the feedback
loop. Results could be used to supplement exigtidished data or for comparison to results for

uniaxial tension fatigue and checked for agreeraerdss methods.
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Appendix A: Engineering Drawings of Tensile Speanse
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Appendix B: Dimensional Analysis Raw Data
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Program: SLM tension samples.iwp Date: Wed Apr 10 2019 16:09:07
Units: mm, dec deg
Feature Actual Nominal Uppex Lower Dev/Nom Out/Tol
Distance A [System 5]

Distance ¥ 10.0809 10.0000 0.0000 0.0000 0.0808 0.0809
Distance B [System 5]

Distance ¥ 10.1088 10.0000 0.0000 0.0000 0.108e 0.1088
Azxc C [System 5]

Radius €.1704 6.0000 0.0000 0.0000 0.1704 0.1704
Arc D [System 5]

Radius 5.8353 6.0000 0.0000 0.0000 -0.1€47 -0.1647
Azec E [System 5]

Radius 5.805¢6 €.0000 0.0000 0.0000 -0.1944 -0.1%44
e B [System 5]

Radius 5.6447 €.0000 0.0000 0.0000 -0.3553 -0.3552
Distance H [System 5]

Distance ¥ €.0€621 €.0000 0.1000 -0.1000 0.0€21
Distance I [System 5]

Distance X 30.0s18 30.0000 0.0000 0.0000 0.0s518 0.0818
Distance J [System 5]

Distance X 30.3605 30.0000 0.0000 0.0000 0.3€05 0.3605
Plane E [System 5]

Flatness 0.307¢ 0.0000 0.3079
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Program: SLM tension samples.iwp Date: Wed Apr 10 2019 16:11:57
Units: mm, dec deg
Feature Actual Nominal Uppex Lower Dev/Nom Out/Tol
Distance A [System 5]

Distance ¥ 10.04€5 10.0000 0.0000 0.0000 0.04€5 0.04€5
Distance B [System 5]

Distance ¥ 10.0419 10.0000 0.0000 0.0000 0.041¢9 0.041¢9
Azxc C [System 5]

Radius 5.4225 €.0000 0.0000 0.0000 -0.5775 -0.5775
Arc D [System 5]

Radius €.0258 6.0000 0.0000 0.0000 0.0258 0.02s58
Azec E [System 5]

Radius €.0118 €.0000 0.0000 0.0000 0.0118 0.0118
e B [System 5]

Radius €.1692 €.0000 0.0000 0.0000 0.1692 0.1692
Distance H [System 5]

Distance ¥ €.037¢ €.0000 0.1000 -0.1000 0.0378
Distance I [System 5]

Distance X 30.0585 30.0000 0.0000 0.0000 0.0S5S8s 0.0855
Distance J [System 5]

Distance X 30.29%8 30.0000 0.0000 0.0000 0.29%¢9 0.29%9
Plane E [System 5]

Flatness 0.2717 0.0000 0.2717
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Program: SLM tension samples.iwp Date: Wed Apr 10 2019 Time: 16:14:37
Units: mm, dec deg
Feature Actual Nominal Uppex Lower Dev/Nom Out/Tol
Distance A [System 5]

Distance ¥ 10.0781 10.0000 0.0000 0.0000 0.0781 0.0781
Distance B [System 5]

Distance ¥ 10.0718e 10.0000 0.0000 0.0000 0.0718 0.0718
Azxc C [System 5]

Radius 5.5954 6.0000 0.0000 0.0000 -0.404¢ -0.404¢
Arc D [System 5]

Radius €.0674 6.0000 0.0000 0.0000 0.0€74 0.0674
Azec E [System 5]

Radius 5.3272 €.0000 0.0000 0.0000 -0.6728 -0.6728
Arc F [System 5]

Radius €.1003 €.0000 0.0000 0.0000 0.1003 0.1002
Distance H [System 5]

Distance ¥ €.0715 €.0000 0.1000 -0.1000 0.0718
Distance I [System 5]

Distance X 30.0787 30.0000 0.0000 0.0000 0.0787 0.0787
Distance J [System 5]

Distance X 30.3644 30.0000 0.0000 0.0000 0.3644 0.3644
Plane E [System 5]

Flatness 0.3010 0.0000 0.3010
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Program: SLM tension samples.iwp Date: Wed Apr 10 2019 16:16:44
Units: mm, dec deg
Feature Actual Nominal Uppex Lower Dev/Nom Out/Tol
Distance A [System 5]

Distance ¥ 10.0720 10.0000 0.0000 0.0000 0.0720 0.0720
Distance B [System 5]

Distance ¥ 10.0900 10.0000 0.0000 0.0000 0.0800 0.0800
Azxc C [System 5]

Radius €.003¢6 €.0000 0.0000 0.0000 0.0036 0.003¢
Arc D [System 5]

Radius 5.9182 6.0000 0.0000 0.0000 -0.0818 -0.0818
Azec E [System 5]

Radius 5.74%¢ €.0000 0.0000 0.0000 -0.2504 -0.2504
e B [System 5]

Radius 5.3657 €.0000 0.0000 0.0000 -0.6303 -0.6302
Distance H [System 5]

Distance ¥ €.0700 €6.0000 0.1000 -0.1000 0.0700
Distance I [System 5]

Distance X 30.1436 30.0000 0.0000 0.0000 0.1436 0.143¢
Distance J [System 5]

Distance X 30.2810 30.0000 0.0000 0.0000 0.2810 0.2810
Plane E [System 5]

Flatness 0.3012 0.0000 0.3012
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Program: SLM tension samples.iwp Date: Wed Apr 10 2019 16:19:39
Units: mm, dec deg
Feature Actual Nominal Uppex Lower Dev/Nom Out/Tol
Distance A [System 5]

Distance ¥ 10.0S00 10.0000 0.0000 0.0000 0.0S00 0.0500
Distance B [System 5]

Distance ¥ 10.0824 10.0000 0.0000 0.0000 0.0824 0.0824
Azxc C [System 5]

Radius €.2819 €.0000 0.0000 0.0000 0.2819 0.2819
Arc D [System 5]

Radius 5.5167 6.0000 0.0000 0.0000 -0.48323 -0.48323
Azec E [System 5]

Radius €.40987 €.0000 0.0000 0.0000 0.4087 0.4087
e B [System 5]

Radius 5.73€60 €.0000 0.0000 0.0000 -0.2€640 -0.2640
Distance H [System 5]

Distance ¥ €.0475 €.0000 0.1000 -0.1000 0.0475
Distance I [System 5]

Distance X 30.0345 30.0000 0.0000 0.0000 0.0345 0.0345
Distance J [System 5]

Distance X 30.2848 30.0000 0.0000 0.0000 0.2848 0.2848
Plane E [System 5]

Flatness 0.31€4 0.0000 0.3164
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Program: SLM tension samples.iwp Date: Wed Apr 10 2019 16:21:45
Units: mm, dec deg
Feature Actual Nominal Uppex Lower Dev/Nom Out/Tol
Distance A [System 5]

Distance ¥ 10.0480 10.0000 0.0000 0.0000 0.0480 0.0480
Distance B [System 5]

Distance ¥ 10.0844 10.0000 0.0000 0.0000 0.0844 0.0244
Azxc C [System 5]

Radius 5.€6131 6.0000 0.0000 0.0000 -0.38€9% -0.3869
Arc D [System 5]

Radius 5.8875 6.0000 0.0000 0.0000 -0.1125 -0.1125
Azec E [System 5]

Radius 5.8021 €.0000 0.0000 0.0000 -0.1979 -0.1979
e B [System 5]

Radius €.0814 €.0000 0.0000 0.0000 0.0914 0.0814
Distance H [System 5]

Distance ¥ €.0S560 €.0000 0.1000 -0.1000 0.0S5€0
Distance I [System 5]

Distance X 30.0835 30.0000 0.0000 0.0000 0.0535 0.0835
Distance J [System 5]

Distance X 30.2s532 30.0000 0.0000 0.0000 0.2532 0.2832
Plane E [System 5]

Flatness 0.2812 0.0000 0.2813
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Program: SLM tension samples.iwp Date: Wed Apr 10 201°9¢ 16:27:07
Units: mm, dec deg
Feature Actual Nominal Uppex Lower Dev/Nom Out/Tol
Distance A [System 5]

Distance ¥ 10.0s23 10.0000 0.0000 0.0000 0.0s23 0.0s23
Distance B [System 5]

Distance ¥ 10.02¢8 10.0000 0.0000 0.0000 0.02€8 0.0268
Azxc C [System 5]

Radius 5.4332 €.0000 0.0000 0.0000 -0.5€¢€8 -0.5¢6¢68
Arc D [System 5]

Radius €.0151 6.0000 0.0000 0.0000 0.0151 0.0151
Azec E [System 5]

Radius 5.8137 €.0000 0.0000 0.0000 -0.18¢€3 -0.1863
e B [System 5]

Radius 5.9781 €.0000 0.0000 0.0000 -0.021¢9 -0.0219
Distance H [System 5]

Distance ¥ €.0493 €.0000 0.1000 -0.1000 0.0482
Distance I [System 5]

Distance X 30.1126 30.0000 0.0000 0.0000 0.1126 0.1126
Distance J [System 5]

Distance X 30.2909 30.0000 0.0000 0.0000 0.2909 0.2909
Plane E [System 5]

Flatness 0.3062 0.0000 0.3062
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Program: SLM tension samples.iwp Date: Wed Apr 10 2019 16:29:18
Units: mm, dec deg
Feature Actual Nominal Uppex Lower Dev/Nom Out/Tol
Distance A [System 5]

Distance ¥ 10.09¢€23 10.0000 0.0000 0.0000 0.09%€3 0.0%¢€3
Distance B [System 5]

Distance ¥ 10.1441 10.0000 0.0000 0.0000 0.1441 0.1441
Azxc C [System 5]

Radius €6.5250 €.0000 0.0000 0.0000 0.5250 0.5250
Arc D [System 5]

Radius €.0534 6.0000 0.0000 0.0000 0.0534 0.0534
Azec E [System 5]

Radius 5.9737 €.0000 0.0000 0.0000 -0.02¢€3 -0.0263
e B [System 5]

Radius 5.4978 €.0000 0.0000 0.0000 -0.5022 -0.5022
Distance H [System 5]

Distance ¥ €.0€52 €.0000 0.1000 -0.1000 0.0€s52
Distance I [System 5]

Distance X 30.0€11 30.0000 0.0000 0.0000 0.0€11 0.0611
Distance J [System 5]

Distance X 30.2818 30.0000 0.0000 0.0000 0.2818 0.2818
Plane E [System 5]

Flatness 0.28%8 0.0000 0.28%8
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Program: SLM tension samples.iwp Date: Wed Apr 10 2019 Time: 16:31:21
Units: mm, dec deg
Feature Actual Nominal Uppex Lower Dev/Nom Out/Tol
Distance A [System 5]

Distance ¥ 10.0452 10.0000 0.0000 0.0000 0.0452 0.0452
Distance B [System 5]

Distance ¥ 10.0457 10.0000 0.0000 0.0000 0.0457 0.0457
Azxc C [System 5]

Radius 5.9€55 6.0000 0.0000 0.0000 -0.0305 -0.0305
Arc D [System 5]

Radius 5.8754 6.0000 0.0000 0.0000 -0.1246 -0.1246
Azec E [System 5]

Radius 6.1871 €.0000 0.0000 0.0000 0.1871 0.1871
e B [System 5]

Radius 5.6782 €.0000 0.0000 0.0000 -0.3217 -0.3217
Distance G [System 5]

Distance X 31.7581 32.0000 0.0000 0.0000 -0.2449 -0.2449
Distance H [System 5]

Distance ¥ €.0513 €.0000 0.1000 -0.1000 0.0s513
Distance I [System 5]

Distance X 30.0378 30.0000 0.0000 0.0000 0.0378 0.0378
Distance J [System 5]

Distance X 30.2%20 30.0000 0.0000 0.0000 0.2920 0.2920
Plane K [System 5]

Flatness 0.2825 0.0000 .2825
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Program: SLM tension samples.iwp Date: Wed Apr 10 2019 1€6:34:08
Units: mm, dec deg
Feature Actual Nominal Uppex Lower Dev/Nom Out/Tol
Distance A [System 5]

Distance ¥ 10.0€%23 10.0000 0.0000 0.0000 0.0€82 0.0683
Distance B [System 5]

Distance ¥ 10.0535 10.0000 0.0000 0.0000 0.0535 0.0535
Azxc C [System 5]

Radius 5.7126 €.0000 0.0000 0.0000 -0.2874 -0.2874
Arc D [System 5]

Radius 5.9482 6.0000 0.0000 0.0000 -0.0518 -0.0518
Azec E [System 5]

Radius €.0317 €.0000 0.0000 0.0000 0.02317 0.0317
e B [System 5]

Radius 5.7843 €.0000 0.0000 0.0000 -0.2157 -0.2157
Distance H [System 5]

Distance ¥ €.0€0¢8 €6.0000 0.1000 -0.1000 0.0€08
Distance I [System 5]

Distance X 30.08€3 30.0000 0.0000 0.0000 0.08€3 0.08€3
Distance J [System 5]

Distance X 30.2202 30.0000 0.0000 0.0000 0.2202 0.2202
Plane E [System 5]

Flatness 0.30€¢ 0.0000 0.306¢6
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Program: SLM tension samples.iwp Date: Wed Apr 10 2019 16:36:07
Units: mm, dec deg
Feature Actual Nominal Uppex Lower Dev/Nom Out/Tol
Distance A [System 5]

Distance ¥ 10.1191 10.0000 0.0000 0.0000 0.1191 0.1181
Distance B [System 5]

Distance ¥ 10.1085 10.0000 0.0000 0.0000 0.1085 0.1055
Azxc C [System 5]

Radius 5.4347 6.0000 0.0000 0.0000 -0.5€653 -0.5€653
Arc D [System 5]

Radius 5.98%2 6.0000 0.0000 0.0000 -0.0108 -0.0108
Azec E [System 5]

Radius 5.9471 €.0000 0.0000 0.0000 -0.052¢9 -0.0529
Arc F [System 5]

Radius €.1971 €.0000 0.0000 0.0000 0.1971 0.1971
Distance H [System 5]

Distance ¥ €.1279 €.0000 0.1000 -0.1000 0.127¢ 0.0279
Distance I [System 5]

Distance X 30.1€44 30.0000 0.0000 0.0000 0.1€44 0.1644
Distance J [System 5]

Distance X 30.3294 30.0000 0.0000 0.0000 0.2254 0.3254
Plane E [System 5]

Flatness 0.2978 0.0000 0.2978
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Program: SLM tension samples.iwp Date: Wed Apr 10 2019 Time: 16:39:03
Units: mm, dec deg
Feature Actual Nominal Uppex Lower Dev/Nom Out/Tol
Distance A [System 5]

Distance ¥ 10.0s833 10.0000 0.0000 0.0000 0.0s533 0.0533
Distance B [System 5]

Distance ¥ 10.07¢€6 10.0000 0.0000 0.0000 0.076€6 0.076€¢€
Azxc C [System 5]

Radius 6.2623 €.0000 0.0000 0.0000 0.2623 0.2623
Arc D [System 5]

Radius 5.930¢9 €.0000 0.0000 0.0000 -0.0691 -0.0651
Azec E [System 5]

Radius €.39%4 €.0000 0.0000 0.0000 0.3954 0.3554
Arc F [System 5]

Radius 5.7160 €.0000 0.0000 0.0000 -0.2840 -0.2840
Distance H [System 5]

Distance ¥ €.0€677 €6.0000 0.1000 -0.1000 0.0€77
Distance I [System 5]

Distance X 30.0605 30.0000 0.0000 0.0000 0.060S 0.0€05
Distance J [System 5]

Distance X 30.3285 30.0000 0.0000 0.0000 0.3285 0.3285
Plane E [System 5]

Flatness 0.2785 0.0000 0.2785
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Program: SLM tension samples.iwp Date: Wed Apr 10 2019 16:41:01
Units: mm, dec deg
Feature Actual Nominal Uppex Lower Dev/Nom Out/Tol
Distance A [System 5]

Distance ¥ 10.0452 10.0000 0.0000 0.0000 0.0452 0.0452
Distance B [System 5]

Distance ¥ 10.09857 10.0000 0.0000 0.0000 0.0857 0.0857
Azxc C [System 5]

Radius 5.74689 6.0000 0.0000 0.0000 -0.2501 -0.2501
Arc D [System 5]

Radius 5.7267 6.0000 0.0000 0.0000 -0.2733 -0.27323
Azec E [System 5]

Radius 5.7877 €.0000 0.0000 0.0000 -0.2123 -0.2123
e B [System 5]

Radius 5.5219 €.0000 0.0000 0.0000 -0.4781 -0.4781
Distance H [System 5]

Distance ¥ €.03%E €.0000 0.1000 -0.1000 0.03¢%8
Distance I [System 5]

Distance X 30.09810 30.0000 0.0000 0.0000 0.0910 0.0810
Distance J [System 5]

Distance X 30.34%2 30.0000 0.0000 0.0000 0.3482 0.3483
Plane E [System 5]

Flatness 0.2900 0.0000 0.2%00
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Program: SLM tension samples.iwp Date: Wed Apr 10 2019 16:42:48
Units: mm, dec deg
Feature Actual Nominal Uppex Lower Dev/Nom Out/Tol
Distance A [System 5]

Distance ¥ 10.0804 10.0000 0.0000 0.0000 0.0804 0.0804
Distance B [System 5]

Distance ¥ 10.0888 10.0000 0.0000 0.0000 0.o0B&e 0.o088e
Azxc C [System 5]

Radius 5.5€606 6.0000 0.0000 0.0000 -0.43%4 -0.43%4
Arc D [System 5]

Radius €.2472 6.0000 0.0000 0.0000 0.2472 0.2472
Azec E [System 5]

Radius 5.98522 €.0000 0.0000 0.0000 -0.0478 -0.0478
e B [System 5]

Radius 5.80587 €.0000 0.0000 0.0000 -0.1943 -0.1942
Distance H [System 5]

Distance ¥ €.0775 €.0000 0.1000 -0.1000 0.0775
Distance I [System 5]

Distance X 30.0800 30.0000 0.0000 0.0000 0.0800 0.0800
Distance J [System 5]

Distance X 30.2982 30.0000 0.0000 0.0000 0.2982 0.2982
Plane E [System 5]

Flatness 0.27¢68 0.0000 0.2768
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Program: SLM tension samples.iwp Date: Wed Apr 10 2019 16:44:57
Units: mm, dec deg
Feature Actual Nominal Uppex Lower Dev/Nom Out/Tol
Distance A [System 5]

Distance ¥ 10.0626 10.0000 0.0000 0.0000 0.06€26 c.062¢
Distance B [System 5]

Distance ¥ 10.08089 10.0000 0.0000 0.0000 0.080¢% 0.0809%
Azxc C [System 5]

Radius €6.2159 €.0000 0.0000 0.0000 0.2199 0.2199
Arc D [System 5]

Radius .7203 6.0000 0.0000 0.0000 -0.279% -0.2797
Azec E [System 5]

Radius 5.4445 €.0000 0.0000 0.0000 -0.5555 -0.5555
e B [System 5]

Radius 5.7508 €.0000 0.0000 0.0000 -0.2492 -0.2492
Distance H [System 5]

Distance ¥ €.0657 €.0000 0.1000 -0.1000 0.0€57
Distance I [System 5]

Distance X 30.0708 30.0000 0.0000 0.0000 0.0708 0.0708
Distance J [System 5]

Distance X 30.3256 30.0000 0.0000 0.0000 0.23256 0.325¢
Plane E [System 5]

Flatness 0.2588 0.0000 0.2588
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Program: SLM tension samples SIDE.iwp Date: Wed Apr 10 201°9¢ Time: 16:47:85
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance L [System 10]

Distance XY €.0634 €.000 0.0000 0.0000 0.0634 0.0€634
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Program: SLM tension samples SIDE.iwp Date: Wed Apr 10 2019 Time: 16:49:15
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance L [System 10]

Distance XY €.0€E85 €.000 0.0000 0.0000 0.0685 0.0€85
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Program: SLM tension samples SIDE.iwp Date: Wed Apr 10 2019 Time: 16:50:48
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance L [System 10]

Distance XY €.0355 €.000 0.0000 0.0000 0.0355 0.03s55

77



Program: SLM tension samples SIDE.iwp Date: Wed Apr 10 2019 Time: 16:53:38
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance L [System 10]

Distance XY €.02s53 €.000 0.0000 0.0000 0.02s53 0.02s53
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Program: SLM tension samples SIDE.iwp Date: Wed Apr 10 2019 Time: 16:54:49
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance L [System 10]

Distance XY €.01%3 €.000 0.0000 0.0000 0.0182 0.01%83
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Program: SLM tension samples SIDE.iwp Date: Wed Apr 10 2019 Time: 16:55:59
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance L [System 10]

Distance XY €.0210 €.000 0.0000 0.0000 0.0210 0.0210
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Program: SLM tension samples SIDE.iwp Date: Wed Apr 10 201°9¢ Time: 16:57:12
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance L [System 10]

Distance XY €.02s5¢ €.000 0.0000 0.0000 0.02s5¢ 0.02s59
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Program: SLM tension samples SIDE.iwp Date: Wed Apr 10 2019 Time: 16:58:31
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance L [System 10]

Distance XY €.04023 €.000 0.0000 0.0000 0.0403 0.0403
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Program: SLM tension samples SIDE.iwp Date: Wed Apr 10 2019 Time: 16:59:47
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance L [System 10]

Distance XY €.0078 €.000 0.0000 0.0000 0.007€ 0.0078
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Program: SLM tension samples SIDE.iwp Date: Wed Apr 10 201°9¢ Time: 17:02:31
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance L [System 10]

Distance XY €.041¢ €.000 0.0000 0.0000 0.041¢ 0.041¢
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Program: SLM tension samples SIDE.iwp Date: Wed Apr 10 201°9¢ Time: 17:03:40
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance L [System 10]

Distance XY €.0300 €.000 0.0000 0.0000 0.0300 0.0300
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Program: SLM tension samples SIDE.iwp Date: Wed Apr 10 201°9¢ Time: 17:05:03
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance L [System 10]

Distance XY €.0401 €.000 0.0000 0.0000 0.0401 0.0401
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Program: SLM tension samples SIDE.iwp Date: Wed Apr 10 201°9¢ Time: 17:06:25
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance L [System 10]

Distance XY €.033¢ €.000 0.0000 0.0000 0.0338e 0.0338
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Program: SLM tension
Units: mm, dec deg

samples SIDE.iwp

Date: Wed Apr 10 2019

Time:

Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance L [System 10]
Distance XY €.0€60 €.000 0.0000 0.0000 0.0€60 0.0€60
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Program: SLM tension samples SIDE.iwp Date: Wed Apr 10 201°9¢ Time: 17:08:S58
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance L [System 10]

Distance XY €.0330 €.000 0.0000 0.0000 0.0330 0.0330
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Program: DIST G.iwp Date: Tue Apr 16 2019 Time: 13:41:57

Units: mm, dec deg

Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance G [System 5]

Distance X 32.0s88 32.0000 0.0000 0.0000 0.0sse 0.0s88
Distance G2 [System 5]

Distance X 32.0804 32.0000 0.0000 0.0000 0.0804 0.0804
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Program: DIST G.iwp Date: Tue Apr 16 2019 Time: 13:49:30
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance G2 [System 5]

Distance X 31.7€%% 32.000 0.0000 0.0000 -0.2301 -0.2301

91



Program: DIST G.iwp Date: Tue Apr 16 2019 Time: 13:51:04
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance G2 [System 5]

Distance X 31.7€%3 32.000 0.0000 0.0000 -0.2307 -0.2307
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Program: DIST G.iwp Date: Tue Apr 16 2019 Time: 13:53:34
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance G2 [System 5]

Distance X 31.9746 32.000 0.0000 0.0000 -0.0254 -0.0254

93



3

Program: DIST G.iwp Date: Tue Apr 16 2019 Time: 14:02:26
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance G [System 5]

Distance X 31.9691 32.0000 0.0000 0.0000 -0.0309 -0.0309
Distance G2 [System 5]

Distance X 3l1.98¢62 32.0000 0.0000 0.0000 -0.0138 -0.0138
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Program: DIST G.iwp Date: Tue Apr 16 2019 Time: 14:05:21
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance G2 [System 5]

Distance X 31.8404 32.000 0.0000 0.0000 -0.15%6 -0.15%6
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Program: DIST G.iwp Date: Tue Apr 16 2019 Time: 14:07:34
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance G2 [System 5]

Distance X 31.7188 32.000 0.0000 0.0000 -0.2812 -0.2812
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Program: DIST G.iwp Date: Tue Apr 16 2019 Time: 14:09:01
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance G [System 5]
Distance X 31.73%81 32.0000 0.0000 0.0000 -0.2609 -0.2€09
Distance G2 [System 5]
21.77s 32.0000 0.0000 0.0000 -0.2247 -0.2247

Distance X
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Program: DIST G.iwp Date: Tue Apr 16 2019 Time: 14:10:09
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance G2 [System 5]

Distance X 32.0813 32.000 0.0000 0.0000 0.0813 0.0e13
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Program: DIST G.iwp Date: Tue Apr 16 2019 Time: 14:11:S53
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance G2 [System 5]

Distance X 32.1005 32.000 0.0000 0.0000 0.1005 0.1005
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Program: DIST G.iwp Date: Tue Apr 16 2019 Time: 14:14:06
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance G2 [System 5]

Distance X 31.90€7 32.000 0.0000 0.0000 -0.0833 -0.0833
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Program: DIST G.iwp Date: Tue Apr 16 2019 Time: 14:17:04
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance G [System 5]

Distance X 31.72%5 32.0000 0.0000 0.0000 -0.2705 -0.2705
Distance G2 [System 5]

Distance X 31.9835 32.0000 0.0000 0.0000 -0.01€5 -0.0165
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Program: DIST G.iwp Date: Tue Apr 16 2019 Time: 14:19:33
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance G2 [System 5]

Distance X 31.7804 32.000 0.0000 0.0000 -0.2196 -0.21%6
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Program: DIST G.iwp Date: Tue Apr 16 2019 Time: 14:26:22
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance G2 [System 5]

Distance X 31.372¢9 32.0000 0.0000 0.0000 -0.6271 -0.6271
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Program: DIST G.iwp Date: Tue Apr 16 2019 Time: 14:28:45
Units: mm, dec deg
Feature Actual Nominal Upperx Lower Dev/Nom Out/Tol
Distance G [System 5]

Distance X 31.8170 32.0000 0.0000 0.0000 -0.0830 -0.0830
Distance G2 [System 5]

Distance X 31.8878 32.0000 0.0000 0.0000 -0.1122 =212
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Appendix C: Full Location Influence Testing Results
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Results Table 1

Specimen Label Young’'s Modulus  Yield Stress (Offset 0.2%) Tensile Stress (Max)  Elongation
(GPa) (MPa) (MPa) (%)
1 150315_0104-Brown-! 18059 470.87 596.05 1465
2 150315_0104-Brown- 175.21 465.43 603.74 4322
3 150315_0104-Brown-II 16048 47081 580.82 846
4 150315_0104-Brown-1V 18232 47403 567.93 487
5 190315_0104-Brown-V 155.75 46453 601.41 32.76
6 150315_0104-Black-l 185.12 467.83 47929 128
7 190315_0104-Black-ll 176.67 47354 58458 1236
8 190315_0104-Black-llI 15983 47461 550.82 1097
9 190315_0104-Black-IV 15597 47455 6055 3745
10 150315_0104-Black-V 158 43 47836 606.35 4367
11 150315_0104-Purple-| 17963 47354 588.39 9.09
12 150315_0104-Purple-ll 17481 4746 598.02 145
13 190315_0104-Purple-ill 16048 485.78 609.41 4334
14 150315_0104-Purple-IV 183.1 48137 60431 2256
15 150315_0104-Purple-V 17737 48374 607.22 4217
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