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Definitions

GED is defined as the ratio of the laser power (P) to the
product of the laser speed (S) and hatch spacing (H), GED =
P/(H*S).

The GED is used to define the build range energy that creates
optimal processing with the least amount of build porosity.

GED = (280 W)/[(0.14 mm)(1200 mm/sec)] = 1.67 J/mm?2

TED™ (Thermal Emission Density) is a proprietary metric of
Sigma Labs. It is a dependent in-process data measurement
that is collected from the photodetector. It tracks and
measures changes in laser power level (energy per area).

As S I and P 1 energy density is lower. This creates loss of
melting of the powder and angular shaped voids (lack of
fusion).

As Stand P 1 energy density is elevated. This creates voids
and spherical porosity. There is a energy density that melts
powder and maintains optimized depth to width ratio where
defects will be minimized.
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+ | Build Layout

SISt e B T Gas flow

T

Wiper
direction

Samples on build plate: 8 Vertical Charpy; 4 Horizontal Charpy; 75 A-size tensile 42 B-size tensile



s | Focus of the Study: AM 25 Tensile Coupons @

Specimen Geometry:

75 Tensile Test Coupons (Dog Bones)
30 Charpy Impact Coupons

Sample Material: Stainless Steel 316-L
Produced on: EOS 290 Machine
Post Processing: None

Build Parameters: Particle size 30 - 60 um
Stainless Steel 316 -L, 400W IPG
Photonics Laser.

X-Ray Parameters: 440 kV, 227 pA, 1 mm
Copper Filter

Scan Parameters: Helical Scan
Reconstruction from 2294 Projections at 8
frames/projection

B
|

CT - Images

Identify porosity in the gage regions of the
dog bones and the notch area.

Compare built-in techniques for identifying
porosity. Quantify any correlation between
both build direction and/or gas flow
direction and the identified porosity.

Correlate inspection data to mechanical
properties.

A helical scan effectively removes some
types of image artifacts and allows
acquisition of a single volume of elongated
data. This technique helps optimize the
technique with low aspect ratio parts (dog
bones). The created sinograham eliminates
circular artifacts. The scan time can be
reduced dramatically while resolution is
increased.



. . Computed Tomography: Set-up
* Penetrating radiation is attenuated by the AM material.
* A digital sampling of the radiation that hits the

detector 1s collected.

* Multiple images are taken at different angles while the
part 1s spun 360 degrees.

* The two dimensional images are reconstructed into a
three dimension data sets that can be sliced in the XY,
YZ, or XZ planes.

‘ Sample 316L Stainless Steel (a'og bone array)

[Watts 99,85 W [Eiectve Pixel Sie 0
[Magnifcation __|SRER [DetectorType P70
TR ! i Ci o e e R
‘ 2 hours ‘ Frame Average

31 6 Stainless Steel (Charpy Impact)

| Watts [ | Effective Pixel Size 24 um
‘ Magnification ~84.5X ‘ Detector Type Varian

‘ 1 mm Cu ‘ X-ray Head Type Varex
‘ 2 hours ‘ Frame Average 1




; | Computed Tomography: Parameter Optimization

Before data analysis is conducted

artifacts must be identified and reduced. ® signal

Higher Signal to Noise Ratio through Artifact Reduction

> Beam Hardening and Under Sampling
> Cone Beam

> Unsharpness

> Motion and Centering

o Rlng Signal!NOise
Ratio = HIGH

Higher Resolution through Smaller Detector Pixels
> More pixels per sample area = higher resolution images
> Less sensor area = increased sampling times
> Smaller focal spot sizes = less x-ray power

® Noise

g. i
o

> ®

;F'J'.\

AL

Signal/Noise
Ratio = LOW

Source: nikonian.com
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Evaluation Methodology: Isolate Gage Regions:

Why:

©)

o

Failure of (dog bone) tensile coupons
occurs in the gage region between the
upper and lower tabs.

Area of greatest interest is at the gage
region of the part.

How:

(e]

A
O

Create rectangular ROI (RectROI).

Intersect RectROT with the ROI from the
surface determination.

O}})lenin volume by 2 voxels using a
spherical structured element to remove
internal voids

(dilation then erosion)

> Closing volume by 2 voxels using a

o

spherical styuctured element to remove
extemal noise
(erosion then dilation)

Refine surface with trgnslation z'tlongS
sgrface normal to optimal location. Search
distance was set to 0.1198 mm

Define RectROI

Artifacts

Final Isolated Gage Region



Soorn origin (0, 0, 0)

0.01208

0.01075

0.009416
0.008083
0.006749
0.005415
0.004082
0.002748
0.001414

.. 8.066e-005

O




10 | Results: Parameter Dependence

Probability Dependence:

> Filtering the results based on probability
of detection has a large effect on the
total number of pores found (voxel

based).
Probability Probability
Threshold: 0.00 Threshold: 0.85

Volume [mm?] - Volume [mm?]

0.000369 ; 4 0.000369
0.000334 ; v 0.000334
0.000299 ? 0.000299
0.000264 X 0.000264
0.000229 A ’ "y . 0.000229
0.000195 -« < ” 0.000195

0.00016 b 0.00016

0.000125 h 0.000125
9.01e-005 s 9.016-005
5.53e-005 ; 5.538-005

2.056-005 5 2056005

Specimen 1 of the nominal GED Array

D

iameter Dependence:

Filtering the results based on pore diameter can be used to

® |

specifically remove small pores believed to be the result of noise
in the scan volume or of insignificant size compared to the large
defects.

° Minimum diameter as 1/10 of the max size vs min size as ~4

voxels

wide for detection

Min: 0.1  Max: 1.00 Min: 0.0625 Max: 1.00

Volume [mm?] Volume [mm?]

0.000369

0.000334

0.000299

0.000264

0.000229

0.000195

0.00016

0.000125

0.000369

0.000334

0.000299

0.000264

0.000229

0.000195

0.00016

0.000125

9.01e-005

9.01e-005

5.53e-005

5.63e-005

2.05e-005

2.05e-005

Specimen 1 of the nominal GED Array



11 | Results: Parameter Dependence ® I
Specimen 1 of the nominal GED Array

Min: 0.00  Max: 1.00 Min: 0.08  Max: 1.00 Min: 0.25 Max: 1.00 I

Compactness Dependence: ; Forsa "

Volume [mm?]

: - Volume [mm?] ¢ Volume [mm?]
> Compactness: the ratio of the R e 00039 Fhag o Gioo3es
pore/defect volume to the N O at . e .
volume of its circumscribed .
Sphere. D002 WY 0.000299 0.000296
> Filtering the results based on Docodes PN 7~ - -
compactness helps to reduce the O e o
prevalence of long and thin e iR s L oot
pores that commonly result from ;s j, g =] — : S s :
noise in the scanned volume. S g .
: A - 0.00016 o T e - : 0.000158
> Raising the minimum i i .
compactness too high can easily =~ oo W ot s 6 0 o0o1as
filter out large and significant 7.2 e | YAz
) 9.01e-005 5 , . \ 8.93e-005
pores due to their complex AT e g,
geometry. 5.63¢-005 A £ e3aion R > 5.49¢-005 i
2.05e-005

2 05e-005 P 2.05e-005



12 | Porosity Results for all Three High GEDs ® I

High GED: Specimen 1 has a larger void =~ Nominal GED: Specimen 1 has a larger Low GED: Specimen 1 has larger void

percentage with most counts under 2%. void percentage with most counts undet  percentage with most counts under 3%.
Specimen 13 has larger void sizes than 6%. Specimen 13 has larger void sizes Specimen 13 has larger pores. Specimen
sample 1. There is less voids near the with less smaller ones. There is less voids 25 has lower porosity distributed
center of the sample. Specimen 25 has near the center of the sample. Specimen throughout the volume. Medium to small
largest void percentage. 25 extremely low void percentage. porosity sizes dominate this part.
Volume [mm?] e
Volume [mm?] 5 A0 at . o Volume [mm?] : : _- ; ‘ - .r" :“’
0.000553 » % ' ‘.:»— P X \. ‘ 0.000349 _ 4 ‘ : ;VV \; N !
0.000499 '( ! by 2 ;. 0.000334 : 0.000312 . - 2 .,','
0.000445 3 o ; LK s | s ‘ 0.000299 iRBTE : : 7 J, v‘
0.000337 ] N i ey i | \-‘ g ~ 5 - e 2 \ ' ¢ VT". A . v” .
- % 0.000125 3 . 9346005 2 ‘:\i % . i & “ 2 A s B
\ > 3 ¢ 9.01e-005 s - , I , s , '/; ,’ 3T e \ y
e : 6. e g SRR T e FA 1
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Porosity Analysis at a Failure Location

XY Slice with Porosity

Volume [mm®]
0.003

0.0027

0 0024 < ) \ LOCﬁtiOﬁ
0.0018 \,’ . : SpheriCity
: ° Diameter

0.0012
0.0009
0.0006

0.0003

If large pores are surrounded by numerous smaller pore groups
failure will occur in this region. Note: the build was stopped
and resumed. Material cooling effects created porosity
accumulation.

> Pore Volume

Volume [mm?]
0.003

0.0027
0.0024
0.0021
0.0018
0.0015 I

0.0012

0.0006

0.0003 [



14 N Porosity Analysis Using Different Input Parameters i

Changing the way porosity is detected using the above functions can effect the rendered solution but not the fracture location. |

30

Volume [mm?] Volume [mm?]

0.007 0.004
N 0.0063 0.0036

0.0056 0.0032

0.0049 0.0028

0.0042 0.0024

0.0035 A 0.002

ol 8 A " . 4
0.0028 . 0.0016 N
e ( * - . -
2 o e
¥ 0.0021 g . 2 N 0.0012 et
.

0.0014 0.0008

0.0007 0.0004

0 ]

Volume Graphics ©: VG StudioMAX 3.1



15 | Mechanical Tensile Testing

Unloading Modulus

iy
o
o

\

Low GED

Nominal GED High GED

Modulus (GPa)

Measured Area

J J
1 T

Low GED Nominal GED

\_'_I

High GED

UTS (MPa)

w
o
o
Yield Stress (MPa)

The modulus of the three build plates (Low,
Nominal and High GED) is roughly equivalent.
Measured area is typically larger than the
effective cross sectional area due to; surface
roughness, crust, and porosity. The effective
area can be calculated by an adjustment
based on the measured unloading modulus
compared to the “true” ultrasound modulus.

The High GED specimens (high TED values)
have slightly lower yield strength. Surface
roughness is impacting the cross section.

Yield Stress
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Low GED Nominal GED High GED
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16 | Fractography of Tensile Samples ® I

Nominal

b ‘\ |

Fractography and CT scanning show

d that the nominal specimens have the
least porosity

I~QQ‘

Fractography and CT scanning
show that High GED specimens
have more porosity

Fractography and CT scanning
show that Low GED specimens
have more porosity




17 N Surface Topography

Surface Roughness and Burr Identification

A

\
AR

generally leads to more noise at

Surface Roughness
° High surface roughness
the surface.

> Small concave surface roughness
teatures are difficult to capture.
> These concave topographies can

be mistaken for pores during

porosity analysis.
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18 ‘ Creation of Regions of Interest (ROI)



Results: Probability Dependence (| of 2)

Probability Threshold: 0.675
Low Global Raw Image Slice: 3 Seed Points: e

Energy Density
(GED)

Vertical build
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Results: Probability Dependence (2 of 2) @“

Low Global Energy
Density

> Showed the most distinct porosity

out of all of the samples
Setting the probability threshold to

0.675 tinds the porosity of interest.

This observation is confirmed
from a visual inspection of all the
slice planes from the reconstructed

CT data.

Porosity near the surface is harder
to identify due to the effects of
beam hardening and surface
concave topographies.

Scene coordinate system
-0.435mm

Volume [mm?]
0.00698

0.00629
0.0056
0.0049
0.00421
0.00352
0.00282
0.00213
0.00143
0.000741
4.69e-005

0435mm  :}®

Scene coordinate system
1.08 mm

Volume [mm?]
0.00698

0.00629
0.0056
0.0049
0.00421
0.00352
0.00282
0.00213
0.00143
0.000741

4.69e-005

Probability Threshold: 0.675

Top 1 0 Scene coordinate system
i

Right1 8
1.53mm e

Volume [mm?]
0.00698

0.00629
0.0056
0.0049
0.00421
0.00352
0.00282

0.00213
0.00143
0.000741
4.69e-005

PP PO

| 79% I
SWAYO@7 B - » 1.53 mm el WAl B | »

Front1 O 3D
a

Volume [mm?] ) =

0.00698 e 'v

0.00629 3 ) e

0.0056 : 3

0.0049 B s

0.00421 S ¢

0.00352 i }

0.00282 / ‘ !

0.00213
1 0.00143
0.000741

4.69e-005




21 | Results: Global Energy Density (GED) Vertical Build _....cep

Low GED ° Smallest individual pore volume

High GED ¢ Largest individual pore volume > Almost no porosity found

> Second largest individual pore volume

° Highest concentration of pores (out of the 3 ° Distribution of pores is around the center of
> Second largest number of pores samples) rotation and at the edges of the part
° Porosity in the exterior regions was ° Porosity in the exterior regions was harder to ° Given that most of the volume has no porosity,

harder to identify due to the effects of identify due to the effects of beam hardening pores identified near the surface are similarly

beam hardening ° Large pores were distributed throughout the causing outliers in the porosity percentage.

Scene coordinate system Right 1 8
. part volume :
i'ScenE coordinate system Right 1 8
4.75mm =
Scene coordinate system Top1 8 scene coordinate system Right 1 /8
Epa - - a - Volume [mm?] -
0.000329
Volume [mm?]
S e | Volume [mm] 00003
0.00228 0.00698 © 0.00698 0.000272
0.00203 0.00629 " 0.00629 0.000244
0.00178 L 0.9056 0.000216
0.0049 0.0049
0.00153 0.000188
000129 e o 0.00016
— 0.00352 0.00352 o I
2 002
0.00079 0.0028 0.00282
0.00213 0.00213 0.000103
0.000543
" 0.00143 0.00143 7.51e-005
0.000295 odoaT 0.000741
1
4.69e-005 4.69¢-005
4.69¢-005 4692005
o = > o
& @ @ Q
Q o g Q
51% & m 5% & : 53% & - " 2id
arsmm i@ WA @2 L I » aamm HEOEWAYEWI LB« —- » 22sem  HRCEWANCWL LA » R e Ok WAX Ol 2 ——— X
o Scene coore rdnate system ont 1 8 » Ed
6.68mm
Volume [mm] = 3 Volume [mm] Volume [mm] Volume [mm?]
0.00638 0.00698
i 0.000329
0.00228 0.00629 0.00629
0.0003
0.00203 Rat5e S 0.000272
0.00178 (] 0.0049
421 4 0.000244
0.00153 0.0042 0.00421 .
0.00352 0.00352 0.000216 £
0.00129 V4
0.00282 0.00282 & |
0.00104 0.000188 / o
0.00213 0.00213 /
0.00078 0.00016 #5
0.00143 0.00143 e .
1
0.000543 0.000741 0.000741
S 4.69-005 4.69e-005 oo
469005 J 7.51e-005
o
Q| 4.69e-005 -
Q)
5% @




2 | Results: Global Energy Density (GED) Horizontal Build

Nominal GED
High GED Low GED ° Smallest individual pore volume, almost no

> Second largest individual pore volume  © Smaller pores and higher concentration of pores porosity found
> Second largest number of pores ° Porosity in the exterior regions was harder to identify due ¢ Distribution of pores is around the center of
to the effects of beam hardening, Large pores were rotation and at the edges of the part

° Porosity in the exterior regions was

hatdet to identify due to the effects of distributed more distributed throughout the part volume.

° Given that most of the volume has no porosity,

beam hardening ° CT center ring artifact produces some false positives pores identified near the surface are similarly
o s s - causing outliers in the porosity percentage.
2.12mm 4.1706 mm _ * 4085mm
Scene mnrd{na; system : Right 1
Valime [mm] Volume [mm] Volume [mm?] ZBmn B
0.00138 0.0008 00008
0.00124 000072 000072 Volume [mim]
0.00111 000064 0.00064 426005
0.000974 000056 0.00056 4266005
4260005
01000833 000048 0.00048
4260005
0000703 00004 00004
000032 ) 4260.005
0.000568 - o 4260005 I
- 000016 000016 e
0.000297 426005
0000161 ets Bei0s 4.266:005
26e-005 o 0 426005
o 4.266-005
Q
5 |
67% | . BRI . -
s e TANIE /B —_— 5 41706mm t@ S MANCW/ S B I > assmm O S MAYCEZ L S I i .
LRI R 2%mm e S WALOE S B — »
-0.067662 mm
> Volume [mm] Volume [m] —
Volume [mm] g8 0.0008 0.0008 i ; Mm %’h
000138 | N v : % : Volume [mm] . 2 .
) 0.00072 0.00072 GRS U 4260005 = Wi
000124 | 1 R AR SN : :
. 4 0.00064 0.00064 5 S s & 4.26e-005 % (B =g
0.00111 / S RO y
i 0.00056 0.00056 S it 4260005 i
0.000974 1 i 22 SR 4 £ B
v ! 0.00048 0.00048 IR e ey 4266005
0000838 & Gy
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0.000703 e o b0 4260005
L0 0.0002¢ 0.00024 4.260-005
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0.000161 § 5 4266005 \
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Charpy Impact Results

Charpy vs TED does not exhibit a trend
when all specimens are plotted
together, but when the data is
separated into horizontal and vertical
specimens, it is clear that both
specimens have a plateau for low and
nominal GED and a drop-off for the high
GED Charpy values.

Density is related to a TED value. The
plateau-drop-off behavior and Charpy
results display a linear curve fit. These
trends agree with expectations.

The separation from the horizontal and
vertical builds are influenced by the
grain orientation. Charpy impact
toughness is significantly correlated to
density. The density range for specimens
is near ~ 98% with error of + 0.1%.

Charpy (Ft/LBS)

Charpy vs TED Values
Horizontal

"%

0.15 0.16
TED Values

HlLow AMNom ®@High

Charpy vs TED Values
Vertical

0.135 0.145 0.155
TED Values

HMlow AMNom @ High



. . Summary of Results (Software Volume Analysis) @

VGEasyPore finds the least amount of porosity, but is significantly easier to use.
Mild to negligible porosity increase along the direction of the array. This
observation is clear in VG Easy Pore and somewhat apparent in VGDefX “Custom”

The general probability criterion from the VGDefX analysis finds the most
porosity, but also computes the most false positive identification of pores.
VGEasyPore is prone to assuming that the porosity found is closer to a sphere

than that which is found by the ‘general’ and ‘custom’ probability criterion of
VGDefX

The fractures are not always nucleating at specific sites or large voids regions.
Both VGEasyPore and ‘custom’ probability criterion VGDefX tend to overestimate
pore size. Additional source of error is incorrect joining of likely non-connecting
pore regions and overgrowth of porosity from the seed points.



s | Summary of GED Produced Samples

Low GED creates low individual pore volume but highest number of pores
with the region of interest (gage volume and Charpy ROI).

Nominal GED creates low individual pore volume and lowest number of
pores within the region of interest (gage volume).

Nominal GED creates the smallest individual pore volumes and almost no
pores within the region of interest (Charpy volume of interest).

High GED creates high individual pore volume and intermediate number
of pores within the region of interest (gage volume).

High GED creates the second largest individual pore volume and the
second largest number of pores. Porosity in the exterior regions was harder
to 1dentify due to the effects of beam hardening (Charpy volume of
interest).

There does not appear to be any dependence of Charpy impact toughness
with location on the build plate. TED wvalues appear independent of sample
location. Density values are also not location dependent.
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Conclusions (@)

Probability dependence, void diameter (compactness, volume, and sphericity) is calculated based on an assigned gray scale
value. All detected gray scale values must be larger than the defined background voxels. This value is specified in the
baseline materials definition menu within the software detection program. The local contrast threshold is specified within
the program establishes the part’s local contrast. If the voxel search area is brighter than the local contrast voxel level, a
higher probability of detection is assigned to the voxel. A voxel-by-voxel grouping algorithm connects the voxel into a
maximum likelihood for detection.

Filtering the results based on probability has a large effect on the total number of pores detected can be based on
compactness volume and sphericity. Adjusting these variables help reduce the prevalence of long and thin pores that
commonly result from noise in the scanned region of interest.

Additive Manufacturing process performance is spatial energy dependent and not a point property value. The
manufacturability trade space is not apparent. The size, scale, feature and geometry will change the mechanical properties
and the porosity distribution within the specimen. The processing engineer must document microstructure changes with
respect to AM process settings. Dog bone tensile samples may be a quick experimental approach for process mapping and
help determine the optimum setting of laser power and velocity.

When porosity forms a trail within several layers, the laser power is too high and does not allow proper evaporation of the
gas from the liquid before the metal solidifies. Computed tomography has the ability to analyze spatial distribution of lack
of fusion and porosity within a sample.

The structural cross sectional area was significantly lower in the dog bone tensile samples. This is due to surface roughness,
surface crust and porosity within the samples. The unloading modulus is considerably less than 195 GPa. This indicates that
approximately 30 percent of the cross sectional area does not contribute to the strength.
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Backup



s | Evaluation Methodology: Segmentation |

Histogram
Refinement with Deformable Surface: P o S
Refine predeﬁned surface with IEDDD-“"‘""“é ......... —01'%'-1 ...................... ............ 1”_:‘?5':’
Global Thresholding with tragslatlon al9ng surface normal to e Ll e R e
optimal location. 5 | e
Advanced Deformable Surface: el etk il e s oot [ e Yy o=
Threshold Value: 400 Search distance 0.1198 mm. NIRRT SEEREES VR
Material Value: 1073.359 400 -200 0 200 400 600 800 1000 1200 1400 1600

Background Value: -0.159

'
0.55 mm 60% ! S 10,55 mm. 60% 0.55 mm

Raw intensity image Global 1SO-37 threshold Advanced surface refinement wjth the
removal of particles and voids




» | Evaluation Methodology: Segmentation

Reduction of surface gap

|

Global 1SO-37 threshold Advanced surface refinement with the
removal of particles and voids



30 ‘ Evaluation Methodology: Registration

Specitying the top plane

Intersect all 3-planes to create
aligned coordinate system
origin.

Intersect top and
side to create x-axis.




31 ‘ Evaluation Methodology: Registration

@ 3-2-1 registration...

Object to be registered
B Volume 1 >

Settings  Tolerancing

Target coordinate system
. Scene coordinate system -

Primary datum reference (main axis)

Mode @ Singr ent O Multi points
Element & Plane 1 -1
Axis sl Origin coordinate $x @y &z

Secondary datum reference (auxiliary axis)

Mode ® Single element O Multi points
Element " Line1 -
Axis ol Origin coordinate € x &y &z

Origin datum reference 1

Element : Point 1 -
QOrigin coordinate - -

Origin datum referWnal) /

<choose> -
. P @
Origin datum reference 3 (optional)
<choose> =
> < <
Additional settings
Secondary rotation [deg] 0 -
Origin offset X/Y/Z [mm] 0 L] =19 =

[ Reset | Finish Cancel

¢
{

[}
deviation [mm]

8w
i

5927

0.01482

-0.01482

-0.05927
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Notes:

There was not an apparent correlation with build direction and pore concentration or pore size. The presence of the
center ring artifact does increase our uncertainty, but that increase is mostly confined to the local area/volume
surrounding the rotational axis. Given the low amount of porosity identified in sample 26 horizontal build this effect
is much more significant than in sample 27.

Upon further review, it would appear that specimen SN 26 has the same center of rotation/ring artifact problem as
SN 27. Since the amount of porosity found in SN 26 is so much lower than SN 27, the consequences of this artifact
are much more apparent in the 3D view of SN 26. Specimen SN27 had some semi-significant effects of a center of
rotation/ring artifact That is causing some concentric porosity behavior.



