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Abstract

The goal of this study was to investigate the relationship between mechanical and material
properties (including density) of manufactured nickel super alloy (IN625) using a laser
powder bed fusion process and three process parameters: laser power, hatch distance, and
scan speed. Hardness of the manufactured blocks was measured as a representative of the
mechanical properties. Density measurements were carried out using the pyncometry
method. Three sets of blocks were manufactured using IN625 metal powder (nitrogen gas
atomized) on a laser powder bed fusion machine. Different combinations of process
parameters yielded different energy densities for each block for the three builds. The laser
scan speed, laser power, hatch distance, and energy density all had statistically significant
relationships with hardness. The average bulk density increased non-linearly with increasing
values of energy density. A similar trend was in the hardness data. The results of this study
served as a guide to determine the range of parameters yielding acceptable material
properties for the investigation of process parameter sensitivities during a subsequent IN625

round robin study.

Keywords: Additive Manufacturing; Energy Density; Hardness; Hatch Distance; Laser
Power; Scan Speed; Selective Laser Melting; Superalloys.
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1. Introduction

There are many potentially influencing parameters for laser powder bed fusion
(LPBF) processes for additively manufacturing (AM) parts. A subset of these parameters is
used to determine the energy density applied to the powder layer during the LPBF process.
Energy density (Ep) is a function of laser power (P), scan speed (v) of the laser beam, the

powder layer thickness (t), and the hatch distance (h, distance between scan lines).

Ep= —— [J-mm~] &)

The effects of process parameters on the material properties manufactured by LPBF
are of significant interest by users of this technology.! Beyond process recipes provided by
the machine vendors, understanding the process parameters that result in ‘acceptable’

material properties helps users optimize their manufacturing plans.

The goal of this study was to investigate the relationship between the mechanical and
material properties (including bulk density) of an additively manufactured nickel-based super
alloy (IN625) using a laser powder bed fusion process and three process parameters: laser
power, hatch distance, and scan speed. In an effort to choose the range of parameter settings
for a future AM round robin study to be coordinated by the National Institute of Standards
and Technology (NIST), this study was conducted using three sets of manufactured IN625
blocks with each set built on a single build plate. Each block was manufactured with a
specific process parameter set (hatch distance, layer thickness, laser power, and/or scan
speed) that resulted in a range of energy density values during manufacturing. The build
plates with the blocks were heat treated first, and the blocks were separated from the build

plates later. Rockwell hardness of each block was measured after separation.

1 Certain commercial entities, equipment, or materials may be identified in this document in order to describe an
experimental procedure or concept adequately. Such identification is not intended to imply recommendation or
endorsement by the National Institute of Standards and Technology, nor is it intended to imply that the entities,
materials, or equipment are necessarily the best available for the purpose.



Many studies have been conducted to determine the effects of various LPBF process
settings on the mechanical and material properties of the resulting part. The following
samples of those studies were grouped by process parameters that were considered.

1.1. Changing Layer Thickness

Increasing the powder layer thickness between each solidification phase with the laser
could help to speed up the overall time to manufacture a part. However, if the powder layer is
too thick, then a melt pool with adequate depth to melt and fuse two successive layers may
not be created. A thick layer of powder requires a slower scan speed or a higher laser power

to achieve the same effective melt pool.

Kempen et al. evaluated the effect of changing layer thickness on hardness and
density of a particular steel alloy (18Ni-300) [1]. They found that as the layer thickness
increased from 0.03 mm to 0.06 mm, hardness decreased as did relative density. Sun et al.
used titanium (Ti-6Al-4V) powder with a custom-made selective laser melting (SLM) system
[2]. They also found that the density decreased as the layer thickness increased. Deffley
found that increasing layer thickness resulted in an increase in porosity, leading to a decrease
in density, in the manufactured part [3]. Dingal et al. used iron powder on a custom laser
sintering system and found that increasing the powder layer thickness from 0.2 mm to

0.4 mm resulted in an increase in porosity, and a reduction of density and hardness [4].

Delgado et al. assessed the impact of changing the layer thickness on two different
AM systems with corresponding stainless steel powders [5]. One system produced parts with
lower hardness with increasing layer thickness, while the other system did not result in a

significant change in hardness with increasing layer thickness.
1.2. Changing Scan Speed

Scan speed, or the speed of the laser beam traveling across the powder layer melting
the powder, is important for decreasing the overall build time to manufacture a LPBF part.
However, if the scan speed is too high, the laser may not have sufficient time to melt the
powder. Decreasing the hatch distance or increasing the laser power may improve the

melting process and achieve the same energy density while allowing a faster scan speed.



Kempen et al. found that as scan speed was increased from 120 mm/s to 600 mm/s,
hardness and the relative density of steel (18Ni-300) decreased [1]. Sun et al. found that the
density of titanium alloy (Ti-6Al-4V) increased with decreasing scan speed [2]. In their
comparative study of two AM systems, Delgado et al. observed that while one system
resulted in reduced hardness and ultimate tensile strength (UTS) with increased scan speed,

the other systems did not result in any significant difference in either hardness or UTS [5].

In their study, Vandenbroucke and Kruth optimized scan speed to minimize porosity
and achieve mechanical property requirements for hardness, strength, stiffness, and ductility
of titanium alloy parts made on a LPBF system [6]. Laser power and layer thickness were
kept constant. For increasing scan speed from 90 mm/s to 190 mm/s, scan tracks were not
fully melted with large pores and the measured part density decreased. Qiu et al. also used a
similar AM system to produce titanium-based alloy (Ti-6Al-4V) parts and changed the scan
speed from 800 mm/s to 1500 mm/s [7]. They found that porosity decreased as scan speed
increased. However, Abele et al. found that increasing scan speed from 1150 mm/s to
1350 mm/s resulted in increasing porosity and decreasing tensile strength of stainless steel

specimens [8].

Liu et al. varied the scan speed for powders with two different particle size
distributions [9]. The resulting part bulk density decreased with increasing scan speed. The
UTS reached a maximum level with their range of scan speeds suggesting an optimal scan
speed for their system. Gu et al. found a similar relationship where reducing scan speed from
1200 mm/s to 600 mm/s reduced the porosity and increased the density of stainless steel
specimens [10]. Song et al. increased the scanning speed from 100 mm/s to 300 mm/s and

found a decrease in hardness for another nickel alloy (NiCr) [11].
1.3. Changing Hatch Distance

Hatch distance is the length between the center of sequential laser tracks as the laser
beam passes across the powder layer. Decreasing the hatch distance will increase the overlap
of each laser pass and could over burn the outer edge of the laser track. Increasing the hatch
distance may not allow the laser to overlap enough and result in insufficient melting of the

powder.



In their study, Vandenbroucke and Kruth optimized the hatch distance to minimize
porosity, and to meet mechanical property requirements for hardness, strength, stiffness, and
ductility of titanium alloy parts made on a LPBF system [6]. The laser power and layer
thickness were kept constant. Increasing the hatch distance from 0.12 mm to 0.14 mm
resulted in scan tracks that were not fully melted, had large pores, and decreased density. Sun
et al. also used titanium alloy powder with a custom-made LPBF system while changing
hatch distance [2]. As hatch distance decreased, density increased.

Abele et al. examined how energy density-related parameters influenced porosity and
mechanical properties for thin walled hollow cylinders made from stainless steel [8]. They
found that the hatch distance had the greatest impact on tensile strength. The scan speed had
the second greatest impact, and that laser power had the least impact on the tensile strength.
Increasing the hatch distance from 0.12 mm to 0.19 mm increased the porosity and decreased
the tensile strength.

1.4. Changing Laser Power

The laser power affects the amount of energy applied to melt the powder layer and to
create an effective melt pool. Reducing the laser power may result in insufficient melting of
the powder, or decrease the depth of laser penetration into the powder layer to fully melt the
powder and fuse successive layers together. Too much laser power can cause vaporization,

which traps gas bubbles and creates porosity in the newly melted powder layers [12].

Yadroitsev et al. investigated the influence of energy density related parameters on
geometrical characteristics of single tracks of melted stainless steel powder on a LPBF
machine [13]. They found that the most influential parameter on geometrical characteristics
of a single track was laser power (then powder layer thickness, scanning speed, and finally of

least importance, the powder particle size).

Gu et al. decreased the laser power from 195 W to 70 W and decreased scan speed
from 800 mm/s to 287 mm/s but maintained a constant energy density (61 J/mm3) in their
study using stainless steel powder [10]. They found that porosity increased and density
decreased. Dingal et al. increased laser power for iron powder using a custom laser sintering

system and found a reduction in porosity [4]. Abele et al. found that although laser power



had the least impact to tensile strength (largest impact was hatch distance, second largest
impact was scan speed), increasing laser power from 165 W to 180 W reduced porosity and
increased tensile strength of stainless steel (17-4 PH) specimens [8]. Qiu et al. also found that
increasing the laser power from 150 W to 200 W resulted in less porosity of titanium alloy

specimens [7].

A summary of the literature search describing the effects of various LPBF process
parameters related to energy density on the resulting manufactured material is given in
Table 1.



Table 1. Summary of research of various AM systems and metal powders and the results of
changing layer thickness, scan speed, hatch distance, or laser power (SLS = selective laser

sintering, DMLS = direct metal laser sintering, SLM = selective laser melting, SS = stainless
steel, Inc = increase, Dec = decrease, UTS = ultimate tensile strength, str = strength).

Researcher

|

LPBF System

| Powder

Observed Effect

Modified parameter: Increase layer thickness 2

Dingal et al. (2008) [4]

Custom SLS

Iron (Atomet 86)

Inc porosity 2
Dec density v
Dec hardness v

Kempen et al. (2011) [1]

SLM (Concept Laser
M3)

18Ni-300 steel

Dec hardness ™
Dec density \

Deffley (2012) [3] DMLS (EOS M270) IN718 Inc porosity 2
Delgado et al. (2012) [5] SLM (Concept Laser | CL 20 (316L SS) | Dec hardness v
M3 Linear) Dec UTS \
Delgado et al. (2012) [5] DMLS (EOS M250) DS H20 (SS) Dec UTS \
Sun et al. (2013) [2] SLM Ti-6Al-4V Dec density v
Modified parameter: Increase scan speed /
Vandenbroucke and Kruth | SLM (Concept Laser | Ti-6Al-4V/Co- Dec density \
(2007) [6] M3) Cr-Mo

Kempen et al. (2011) [1]

SLM (Concept Laser
M3)

18Ni-300 steel

Dec density N
Dec hardness ™

Liu et al. (2011) [9] SLM (Realizer) 316L (SS) Dec density ™
Inc UTS (peak) 2
Delgado et al. (2012) [5] SLM (Concept Laser | CL 20 (316L SS) | Dec hardness
M3 Linear) Dec UTS vy
Delgado et al. (2012) [5] DMLS (EOS M250) DS H20 (SS) No effect on hardness
or UTS
Gu et al. (2013) [10] DMLS (EOS M270) 17-4 PH (SS) Dec density N
Inc porosity 2
Qiu et al. (2013) [7] SLM (Concept Laser | Ti-6Al-4V Dec porosity N
M2)
Sun et al. (2013) [2] SLM Ti-6Al-4V Dec density v
Song et al. (2014) [11] SLM (Realizer) Ni20Cr Dec hardness \
Abele et al. (2015) [8] DMLS (EOS M270) 17-4 PH (SS) Inc porosity 2
Dec UTS
Modified parameter: Increase hatch distance 2
Vandenbroucke and Kruth | SLM (Concept Laser | Ti-6Al-4V/Co- Dec density \
(2007) [6] M3) Cr-Mo
Sun et al. (2013) [2] SLM Ti-6Al-4V Dec density v
Abele et al. (2015) [8] DMLS (EOS M270) 17-4 PH (SS) Inc porosity 2

Dec tensile str v

Modified parameter: Increase laser power 2

Dingal et al. (2008) [4]

Custom SLS

Iron (Atomet 86)

Dec porosity

Gu et al. (2013) [10]

DMLS (EOS M270)

17-4 PH (SS)

Dec porosity v
Inc density 2




Qiu et al. (2013) [7] SLM (Concept Laser | Ti-6Al-4V Dec porosity N
M2)

Abele et al. (2015) [8] DMLS (EOS M270) 17-4 PH (SS) Dec porosity v
Inc tensile str 2

Modified parameter: Changed multiple parameters

Yadroitsev (2012) [13] SLM (Phenix PM100) | 904 L (SS) Laser power is the
most influential
parameter for single
track geometry

2. Experimental Method

Three sets of blocks were manufactured using IN625 metal powder (nitrogen gas
atomized) on a LPBF machine (EOS M270) to understand the relationship between LPBF
process parameters and the hardness and the density of the manufactured IN625 material.
The first build (Build #2-16) of 17 blocks used a wide range of process parameters (16
different parameter sets) to investigate the boundaries of ‘buildable’ parameter combinations
(Figure 1). A second set of 17 blocks was fabricated (Build #3-16) with slightly different
parameter sets (again 16 sets in total) after eliminating some parameter combinations
resulting in unsuccessful builds in the first group (Figure 2). Finally, a third set of 37 blocks
was fabricated (Build #17-16) using a smaller range of parameters (9 different parameter
sets) to ensure acceptable builds while generating the widest possible range of mechanical
behavior (Figure 3). In the third build, four replicate blocks were fabricated for each of the
nine parameter sets (see Appendix A, B, and C for the build drawing and build report for
each build). One block at the center location of each build plate was labeled as “dummy” and
was used as a sacrificial block to adjust the hardness measuring instrument prior to

measuring the blocks of interest.



1.1.1.1.6

Dummy

Figure 1. Layout of the first build (Build #2-16) (Block identification (ID) numbers are also
shown).

Dummy

Figure 2. Layout of the second build (Build #3-16) (Block identification (ID) numbers are
also shown).



Figure 3. Layout of the third build (Build #17-16) (Block identification (ID) numbers are also
shown).

Different combinations of process parameters were used for each block for the three
builds (Table 2). The default parameters were chosen based on the machine vendor’s
recommendations (recipes) for IN625. In addition to the default parameters, variations made
to the four process parameters: powder layer thickness, hatch distance, scan speed, and laser
power. Each combination of process parameters resulted in distinct build volume rates and

energy densities.



Table 2. Process parameters for each of the three builds. Volume rate and energy density
were calculated based on these parameters. See Appendices A, B, and C for a complete list of
parameters for each build.

Process parameters Build #2-16 | Build #3-16 Build #17-16
Hatch distance, h (mm) 0.08 0.08 0.08
0.1 0.1 0.1
Layer thickness, t (mm) 0.02 0.02 0.02
0.04 0.04
Laser power, P (W) 156 156 156
195 195 195
Scan speed, v (mm/s) 320 320
400 400
500 500
625 625
640 640
800 800 800
1000 1000 1000
1250 1250 1250
Volume Rate = h-t-v (mm?®/s) 1.0
1.3 1.3 1.3
1.6 1.6 1.6
2.0 2.0 2.0
2.5 2.5
Energy Density = P/(h-t-v) 62.4 62.4
(I/mm3) 78.0 78.0
97.5 97.5 97.5
121.9 121.9 121.9
152.3 152.3
190.4

After the manufacturing process was completed, the build plates were heat treated, as
recommended by the machine vendor, at 870 °C for one hour with subsequent air cooling.
The blocks were first separated from the build plate by wire electrical discharge machining
(EDM) and then machined to a final dimension of 20 mm (length) x 20 mm (width) x 8 mm
(height). Due to the variations in the EDM process, some blocks were thinner than 8 mm
(Appendix D).

Hardness measurements were chosen to characterize the mechanical properties of the

blocks because they are relatively fast measurements requiring small specimens, many of

10



which can be built on a single build platform as opposed to manufacturing tensile bars that

require additional material, build time, build space, and post machining.

Rockwell hardness scale A (HRA) and C (HRC) were used for this study. Rockwell
hardness testing probes a greater volume of material and was preferred over microindentation
techniques, such as Knoop or Vickers hardness testing, which evaluate the material only at a
thin layer of the surface. Both HRA and HRC use the same spheroconical diamond indenter,
with HRA testing performed using a force of 100 kgf (980.7 N), while the HRC uses 150 kgf
(1471 N). Eight indents were made on one surface of each of the blocks for HRC, and four
indents were made on the same surface for HRA. Upon completion of the hardness
measurements, a subset of seven blocks was selected to represent a wide range of process
parameters for density measurements, which were performed with a Helium gas pycnometer
(AccuPyc Il 1340 V1.05). Smaller specimens were cut out of these blocks with EDM to fit
into the pycnometer. Ten density measurements were made per specimen to determine the

average density.

The blocks were then sectioned and imaged using bright-field microscopy in the as-
polished and etched conditions (Appendix E).
3. Results / Discussion
3.1. Hardness

Table 3 and Table 4 show the hardness results for the first two builds (Build #2-16
and Build #3-16) including the parameter settings for each block. Each block included a five-
digit identification number where each digit represented a different parameter setting (energy

density, hatch distance, layer thickness, laser power, and scan speed).

11



Table 3. Hardness results and parameter settings for each of the blocks (without the
“dummy”) from Build #2-16. Blocks with gray rows had high standard deviations (see Figure
4) or were observed to have issues during manufacturing as shown in Figures 5A and 5B.

BLOCK # HATCH LAYER LASER SCAN VOL ENERGY HRC AVG HRA AVG
(BLOCK ID) DIST THICKNESS POWER SPEED RATE DENSITY (STD DEV) (STD DEV)
(mm) (mm) (w) (mm/s) (mm?/s) (J/mm?)
1 0.1 0.04 156 625 2.5 62.4 33.4 67.6
(2.2.2.1.4) 0.2) 0.3)
2 0.1 0.04 156 500 2.0 78.0 33.9 67.5
(1.2.2.1.3) (0.3) 0.4)
3 0.1 0.02 195 800 1.6 121.9 35.5 68.7
(1.2.1.2.6) 0.2) 0.2)
4 0.1 0.02 156 1250 2.5 62.4 33.8 67.7
(5.2.1.1.8) (0.2) (0.2)
5 0.08 0.04 195 320 1.0 190.4 33.6 67.9
(1.1.2.2.1) (0.8) (0.1)
6 0.08 0.04 156 500 1.6 97.5 33.0 61.5
(2.1.2.1.3) (1.7) (9.2)
7 0.1 0.04 195 400 1.6 121.9 325 67.2
(1.2.2.2.2) (0.4) (0.4)
8 0.1 0.02 195 1000 2.0 97.5 35.4 68.4
(2.2.1.2.7) (0.3) (0.1)
9 0.1 0.02 156 1000 2.0 78.0 34.8 68.1
(4.2.1.1.7) (0.3) (0.1)
10 0.08 0.02 156 800 1.3 121.9 36.0 68.8
(1.1.1.1.6) (0.2) (0.2)
11 0.08 0.04 156 400 1.3 121.9 326 66.8
(1.1.2.1.2) (2.8) (0.5)

12



12 0.08 0.02 195 800 1.3 152.3 36.2 68.9
(3.1.1.2.6) (0.2) (0.3)
13 0.08 0.02 195 640 1.0 190.4 35.8 68.7
(1.1.1.2.5) (0.3) (0.1)
14 0.1 0.04 195 500 2.0 97.5 33.4 67.4
(2.2.2.2.3) (0.3) (0.4)
15 0.08 0.04 195 400 1.3 152.3 325 65.8
(2.1.2.2.2) (0.5) (1.4)
16 0.08 0.02 156 1000 1.6 97.5 35.4 68.4
(2.1.1.1.7) (0.2) (0.3)

Table 4. Hardness results and parameter settings for each of the blocks (without the
“dummy”) from Build #3-16. Blocks with gray rows had high standard deviations (see Figure
4) or were observed to have issues during manufacturing as shown in Figures 5A and 5B.

BLOCK# HATCH  LAYER LASER  SCAN VOL  ENERGY HRCAVG  HRAAVG
(BLOCKID)  DIST  THICKNESS POWER SPEED  RATE  DENSITY (STDDEV) (STD DEV)
(mm) (mm) (W) (mm/s) (mm3/s)  (J/mm?)
17 0.08 0.02 156 1000 1.6 97.5 35.9 68.5
(1.1.1.1.7) (0.3) (0.1)
18 0.08 0.02 195 1250 2.0 97.5 35.7 68.8
(1.1.1.2.8) (0.1) (0.2)
19 0.08 0.04 156 500 1.6 97.5 31.8 68.4
(1.1.2.1.3) (2.6) (2.2)
20 0.08 0.04 195 625 2.0 97.5 34.0 67.9
(1.1.2.2.4) (0.5) (0.4)
21 0.1 0.02 156 800 1.6 97.5 35.8 68.5
(1.2.1.1.6) (0.4) (0.2)
22 0.1 0.02 195 1000 2.0 97.5 35.1 68.2
(1.2.1.2.7) (0.3) (0.1)

13



23 0.1 0.04 156 400 1.6 97.5 33.6 67.9
(1.2.2.1.2) (2.4) (0.2)
24 0.1 0.04 195 500 2.0 97.5 33.8 67.9
(1.2.2.2.3) (0.5) (0.2)
25 0.08 0.02 156 800 1.3 121.9 36.3 68.8
(2.1.1.1.6) (0.2) (0.3)
26 0.08 0.02 195 1000 1.6 121.9 36.1 68.8
(2.1.1.2.7) (0.3) (0.2)
27 0.08 0.04 156 400 1.3 121.9 32.7 69.3
(2.1.2.1.2) (2.6) (1.6)
28 0.08 0.04 195 500 1.6 121.9 343 67.8
(2.1.2.2.3) (0.3) (0.3)
29 0.1 0.02 156 640 1.3 121.9 36.0 68.8
(2.2.1.1.5) (0.3) (0.3)
30 0.1 0.02 195 800 1.6 121.9 36.4 68.8
(2.2.1.2.6) (0.1) (0.2)
31 0.1 0.04 156 320 1.3 121.9 32.8 67.3
(2.2.2.1.1) (1.9) (0.1)
32 0.1 0.04 195 400 1.6 121.9 33.7 67.6
(2.2.2.2.2) (0.5) (0.4)

Figure 4 shows the HRC and HRA results of all 32 blocks from both Build #2-16 and
Build #3-16. Each solid circle in Figure 4A represents the average of the eight HRC indents
on the top surface of each block, and each solid circle in Figure 4B represents the average of
the four HRA indents. The error bars represent + one standard deviation. Empty circles
represent the individual measurements. Several of the blocks had large variations in the
hardness values, which may be due to porosity within the block resulting from either the non-
uniform spread powder layer or the vaporization caused during the process (key holing) with

high energy densities. The blocks with a large variation in HRC also had a large variation in

14



HRA. This suggests that the observed variation was associated with the material under test,
not the measurement process itself. The porosity was apparently distributed throughout the
block rather than localized since the HRC and HRA measurements were taken from different
locations across the block surface.
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Figure 4A and 4B. HRC and HRA hardness values for all 32 blocks from Build #2-16 and
Build #3-16. The blocks for both plots are listed in the same order along the x axis. Red
circles indicate blocks that had high standard deviations or were observed to have issues
during manufacturing as shown in Figures 5A and 5B. These blocks were also in gray in
Tables 3 and 4.

Visual observations were made during the manufacturing process of Build #2-16 and
Build #3-16 (Figure 5, A and B). During the manufacturing process, the surfaces of some
block layers appeared rough, both along the block perimeter and within the block’s interior.
This may have resulted in unevenly spread powder across the block surface. During the laser
melting step, surfaces with uniform powder layers continued to build normally, while the

rough surfaces promoted more uneven surfaces that produced gaps in the spread powder.
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Figure 5A and 5B. Manufacturing issues were noted during the build process because of
incomplete coverage of the powder layer for blocks with uneven surfaces. In Figure 5A, two
blocks are identified from Build #2-16 that show incomplete powder layer coverage. The
shiny metallic surface (see arrow) is the previous layer of solidified powder that was not
covered by a fresh layer of spread powder due to the rough surfaces within the block’s
interior. In Figure 5B, four blocks are identified from Build #3-16 with incomplete powder
layer coverage (see arrows).
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Eleven blocks were identified (gray rows in Tables 3 and 4, and red markers in Figure
4A and 4B) to have either non-uniformly spread powder across the surface of the block
during manufacturing (Figure 5), or had large variations of the measured hardness. Based on
the observations during the builds and the hardness results, these eleven blocks were
removed from the data set and hardness plotted again (Figure 6A and 6B). The HRC data
were in two groups, an upper group with average hardness of approximately 36 HRC, and a
lower group with an average hardness of approximately 34 HRC. Similarly, HRA hardness
measurements demonstrated the same pattern as the HRC measurements. Although both
reflected the same trend, the HRC scale results demonstrated a higher sensitivity to the
processing parameters, as evidenced by obtaining twice the range in hardness values for the
HRC hardness scale when compared to the values obtained using the HRA hardness scale,
while the reported values for both scales expressed using the same number of significant
digits. In addition, the higher volume of material affected by testing using the HRC hardness
scale (due to the higher force used) may reduce the effect of localized imperfections on the

results obtained.
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Figure 6A and 6B. HRC and HRA hardness values after eleven blocks with large variations
and issues during manufacturing were removed from Build #2-16 and Build #3-16.

19



The hardness results from Build #2-16 and Build #3-16 provided the basis for
determining the process parameter settings to use for further study. For the follow-up study,
nine parameter sets were chosen that provided a sufficient range of energy density values and
had previously manufactured blocks with consistent hardness values. The layer thickness was
held constant at 20 um because the blocks in the previous builds with a layer thickness of
40 um had a higher probability of manufacturing defects when used in combination with
changes to other settings. The process parameter settings were varied by 20 % either
individually or in combination to achieve a range of five different energy densities (Table 5).
For statistical robustness, four blocks were manufactured for each of the nine parameter sets.
No issues, such as non-uniform powder spreading, were observed during the manufacturing
of these blocks.

After the manufacturing process was completed, the build plate was heat treated at
870 °C for one hour with subsequent air cooling, and the blocks were removed from the build
plate. Only the HRC scale was used when measuring the hardness of the blocks of
Build #17-16, allowing for a higher number of indents. In this case, the average HRC value
for each block was calculated based on 11 indents made on the top surface of the block
(Table 6). It is noted that the hardness values of the blocks from this build are generally
lower than that of the previous builds. It is suspected that this difference is due to the small
variations in the heat treatment procedures. However, since the effect of heat treatment was
beyond the scope of this study, this discrepancy was not investigated. Nevertheless, Build
#17-16 provides all the necessary data to investigate the effects of process parameters on the
hardness of the resulting blocks.
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Table 5. The nine process parameter sets chosen for Build #17-16.

ENERGY HATCH LAYER LASER SCAN
BLOCK ID DENSITY VOLUME RATE DISTANCE THICKNESS POWER SPEED

(1/mm?) (mm?/s) (mm)  (mm) W) (mm/s)
2.2.1.2.6 121.9 1.6 0.1 0.02 195 800
1.2.1.2.7 97.5 2.0 0.1 0.02 195 1000
1.2.1.1.6 97.5 1.6 0.1 0.02 156 800
3.1.1.2.6 152.3 13 0.08 0.02 195 800
4.2.1.1.7 78.0 2.0 0.1 0.02 156 1000
2.1.1.1.6 121.9 13 0.08 0.02 156 800
2.1.1.2.7 121.9 1.6 0.08 0.02 195 1000
5.2.1.1.8 62.4 2.5 0.1 0.02 156 1250
1.1.1.1.7 97.5 1.6 0.08 0.02 156 1000
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Table 6. Hardness results and parameter settings for the blocks from Build #17-16. Four

replicate blocks for each of the nine settings are denoted by 1 to 4 after the block ID number.

BLOCK HATCH LAYER LASER SCAN VOLUME ENERGY HRCAVG HRCAVG
ID DISTANCE THICKNESS POWER  SPEED RATE  DENSITY (STDDEV) (STD DEV)
(mm) (mm) (w) (mm/s) (mm3/s) (J/mm3)
2.1.1.1.6-1 0.08 0.02 156 800 1.3 121.9  33.2(0.4)
2.1.1.1.6-2 0.08 0.02 156 800 1.3 121.9  33.0(0.3)
2.1.1.1.6-3 0.08 0.02 156 800 1.3 121.9  33.2(0.4)
2.1.1.1.6-4 0.08 0.02 156 800 1.3 121.9 32.5(0.3)
2.1.1.1.6- 33.0
GRAND (0.5)
AVG
1.1.1.1.7-1 0.08 0.02 156 1000 1.6 97.5  32.5(0.4)
1.1.1.1.7-2 0.08 0.02 156 1000 1.6 97.5  32.5(0.3)
1.1.1.1.7-3 0.08 0.02 156 1000 1.6 97.5  32.4(0.4)
1.1.1.1.7-4 0.08 0.02 156 1000 1.6 97.5  32.9(0.4)
1.1.1.1.7- 32.6
GRAND (0.4)
AVG
3.1.1.2.6-1 0.08 0.02 195 800 1.3 152.3  33.2(0.4)
3.1.1.2.6-2 0.08 0.02 195 800 1.3 152.3  33.0(0.4)
3.1.1.2.6-3 0.08 0.02 195 800 1.3 152.3  33.0(0.5)
3.1.1.2.6-4 0.08 0.02 195 800 1.3 152.3  33.2(0.5)
3.1.1.2.6- 33.1
GRAND (0.4)
AVG
2.1.1.2.7-1 0.08 0.02 195 1000 1.6 121.9 32.9(0.3)
2.1.1.2.7-2 0.08 0.02 195 1000 1.6 121.9  32.3(0.5)
2.1.1.2.7-3 0.08 0.02 195 1000 1.6 121.9  32.4(0.3)
2.1.1.2.7-4 0.08 0.02 195 1000 1.6 121.9  32.4(0.4)
2.1.1.2.7- 32.5
GRAND (0.4)
AVG
1.2.1.1.6-1 0.1 0.02 156 800 1.6 97.5  32.4(0.3)
1.2.1.1.6-2 0.1 0.02 156 800 1.6 97.5  32.8(0.5)
1.2.1.1.6-3 0.1 0.02 156 800 1.6 97.5  32.7(0.4)
1.2.1.1.6-4 0.1 0.02 156 800 1.6 97.5  32.3(0.4)
1.2.1.1.6- 32.5
GRAND (0.4)
AVG
4.2.1.1.7-1 0.1 0.02 156 1000 2.0 780  31.9(0.4)
4.2.1.1.7-2 0.1 0.02 156 1000 2.0 78.0  32.4(0.4)
4.2.1.1.7-3 0.1 0.02 156 1000 2.0 780  32.2(0.3)
4.2.1.1.7-4 0.1 0.02 156 1000 2.0 780  32.0(0.4)
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4.2.1.1.7- 32.1
GRAND (0.4)
AVG
2.2.1.2.6-1 0.1 0.02 195 800 1.6 121.9 32.8(0.4)
2.2.1.2.6-2 0.1 0.02 195 800 1.6 121.9 33.0(0.2)
2.2.1.2.6-3 0.1 0.02 195 800 1.6 121.9  33.2(0.3)
2.2.1.2.6-4 0.1 0.02 195 800 1.6 1219  32.7(0.3)
2.2.1.2.6- 32.9
GRAND (0.4)
AVG
1.2.1.2.7-1 0.1 0.02 195 1000 2.0 97.5  32.4(0.5)
1.2.1.2.7-2 0.1 0.02 195 1000 2.0 97.5  32.3(0.4)
1.2.1.2.7-3 0.1 0.02 195 1000 2.0 97.5  32.6(0.3)
1.2.1.2.7-4 0.1 0.02 195 1000 2.0 97.5  32.3(0.4)
1.2.1.2.7- 32.4
GRAND (0.4)
AVG
5.2.1.1.8-1 0.1 0.02 156 1250 2.5 624  31.0(0.3)
5.2.1.1.8-2 0.1 0.02 156 1250 2.5 624  31.1(0.3)
5.2.1.1.8-3 0.1 0.02 156 1250 2.5 62.4  31.4(0.5)
5.2.1.1.8-4 0.1 0.02 156 1250 2.5 624  31.2(0.4)
5.2.1.1.8- 31.1
GRAND (0.4)
AVG

For statistical analysis of the measured hardness values as a function of processing
parameters, the 36 blocks were considered as manufactured with different combinations of
four variables: energy density (5), hatch distance (2), laser power (2), and scan speed (3). The
numbers between parentheses indicate the number of different values of each variable that
are represented in the data. The layer thickness was the same (0.02 mm) for all blocks, hence
it was not included in the statistical analysis. Since these process parameters are related to
each other by Equation (1), it is expected that the influence of them on the resulting material
hardness will be convoluted. Therefore, the statistical analysis was conducted by isolating
the effects of individual process parameters, recognizing the fact that the influences of other
parameters are hidden in the individual results. Nevertheless, the strength of the influence of

individual process parameters can be identified with this approach.
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The measured hardness values are summarized graphically as boxplots according to
the value of the scan speed (Figure 7). Each notched box comprises the middlemost 50 % of
the values of HRC measured in blocks corresponding to a specified level of scan speed,
between its top and bottom, which represent the 75th and 25th percentiles of the measured
values of HRC for this level of scan speed. The thick, horizontal line across the middle of
each box represents the median for each scan speed data set. The widths of the boxes are
proportional to the square roots of the number of measured HRC values that they represent.
The whiskers (vertical dashed lines) attached to the top and bottom of each box, extend to the
observation farthest from the top and bottom but no farther than 1.5 times the inter-quartile
range (which is the height of the box, the difference between the values of HRC
corresponding to its top and bottom). Measured values that lie beyond the end of the
whiskers are potential outliers and are represented by red circles. The notches represent
approximate coverage intervals for the medians of the values represented by the boxplots. If
the notches of two boxplots do not overlap, then this is strong evidence that the two medians
differ [16].
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;- =
800 1000 1250

Scan Speed (mm/s)

Figure 7. The relationship between the measured hardness and scan speed.
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This analysis demonstrates that hardness is inversely related to scan speed. The
differences in hardness corresponding to different scan speeds are all statistically significant.
A similar inverse relationship between scan speed and hardness was also found by Kempen
et al. [1], Delgado et al. [5], and Song et al. [11] for several types of material on several AM
systems. The lower hardness at the higher scan speed could be the result of insufficient
melting of the powder (i.e., the laser travels too fast to thoroughly melt all powder particles).
Unmelted or partially melted particles could then be trapped, forming pockets of gas, which
would promote internal porosity and reduced hardness [8, 10].

The measured values of hardness are summarized graphically as boxplots according
to the value of laser power (Figure 8). The laser power also has a statistically significant
influence on hardness; the higher laser power tends to produce higher hardness. While the
hardness increase is only slightly less than 0.5 HRC, as laser power is increased from 156 W
to 195 W, the difference is statistically significant. The lower hardness at lower levels of
laser power can be attributed to the inability of the laser to sufficiently melt the powder at the
different velocities. If the powder is not completely melted, internal porosity can occur
leading to a less hard material. Previous research found that with increasing laser power,
porosity decreased [4, 7, 8, 10], and with less porosity we expect an increase in hardness as
we found in this study. O’Neill et al. concluded that higher energy density from higher laser
power could vaporize the powder rather than melt it [12]. The gas pressure then propels the

powder away from the melt pool resulting in porosity.
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Figure 8. The relationship between measured hardness and laser power.

The measured values of HRC are summarized graphically as boxplots according to
the level of hatch distance (Figure 9). The hatch distance also has a statistically significant
effect on hardness, with the narrower hatch distance tending to produce higher hardness than
the wider hatch distance. The hardness decrease is less than 0.5 HRC, as the hatch distance
changes from 0.08 mm to 0.1 mm.

This relationship is expected based on previous research where an increase in hatch
distance resulted in more porosity [8], and less density [2,6]. The more times the laser has a
chance to melt a layer of powder as the laser overlaps the previous tracks, or re-melt a lower
layer, it may result in a harder material. On the other hand, laser passes with a small hatch
distance will add additional manufacturing time to make a part without yielding a much
harder material.
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Figure 9. The relationship between the measured hardness and the hatch distance.

A plot of the values of HRC versus the corresponding values of energy density shows
that the HRC increases non-linearly with increasing values of energy density (Figure 10).

The red line represents a regression function of the form

H = a(l — exp(—ﬁED)) 2)

where H is Rockwell C hardness, and Ep is the energy density. The least-squares estimates of
the parameters are @ = 32.9 HRC and = 0.0471 mm?®J, with associated uncertainties

u(&@) = 0.03 HRC and u(B) = 0.0007 mm?/J, and a correlation coefficient of -0.73. The
parameter « indicates the level of the plateau (value of HRC) towards which the curve is
approaching. Since the regression curve is a model for the mean value of HRC at each value
of energy density, the individual measured values are naturally scattered around this mean

value.
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Figure 10. The relationship between the measured hardness and energy density.

The HRC increase is significant with increasing energy density, the rate of increase
being largest for low values of energy density. Vandenbroucke and Kruth [6] found a similar
relationship between energy density and both microindentation hardness and
macroindentation hardness. The combination of settings that result in the calculated energy
density appear to affect the hardness but only up to a point. For the range of settings in this
experiment, it appears that the combination of settings results in a maximum hardness value
of approximately 33 HRC. When the combination of settings results in an energy density less
than 98 J/Jmm3, the hardness of the material dramatically decreases.

Figure 11 compares energy density and hardness across the specific parameter

settings.
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Figure 11. The relationship between energy density and hardness (HRC) for all blocks
manufactured at the nine parameter settings. The values at the top of the figure are for laser
power (P), scan speed (v), and hatch distance (h) with a note about the setting as a percentage
less (-) or greater (+) than the recommended values used for block 2.2.1.2.6.

3.2. Bulk Density

After the hardness measurements were completed, seven blocks were chosen to
determine the bulk density of the manufactured IN625 using helium gas pyncometry (Table
7). These seven blocks were chosen from Build #2-16 and Build #3-16 to represent the range
of energy densities for Build #17-16 (62.4 J/mm?3 to 152.3 J/mmq). Ten density measurements
were made for each block to determine the average density and standard deviation. The
machine vendor specified the predicted bulk density value of the manufactured IN625

material as 8.5 g/cm?® using recommended machine settings.

29



Table 7. Bulk density for the seven blocks measured using gas helium pyncometry. Block
ID’s with one asterisk (*) indicate a repeated measurement of the same block. Block ID’s
with two asterisks (**) indicate a second sample from the same block was used.

BULK DENSITY ENERGY VOL HATCH | LAYER | LASER SCAN
g/cm
BLOCK (g/cm?3) HRC DENSITY RATE DIST THICK | POWER | SPEED
ID AVG STD AVG STD | (J/mm3) | (mm3/s) | (mm) | (mm) (W) (mm/s)
2.2.1.2.6 8.5099 0.0041 | 36.4 0.1 121.9 1.6 0.1 0.02 195 800
2.2.1.2.6* 8.4986 0.0023 | 36.4 0.1 121.9 1.6 0.1 0.02 195 800
1.2.1.2.7 8.5164 0.0046 | 35.1 0.3 97.5 2.0 0.1 0.02 195 1000
1.1.1.1.7 8.5423 0.0105 | 35.9 0.3 97.5 1.6 0.08 0.02 156 1000
1.1.1.1.7** | 8.5290 0.0103 | 35.9 0.3 97.5 1.6 0.08 0.02 156 1000
1.1.1.1.7% 8.5245 0.0064 | 35.9 0.3 97.5 1.6 0.08 0.02 156 1000
3.1.1.2.6 8.5075 0.0047 | 36.2 0.2 152.3 1.3 0.08 0.02 195 800
5.2.1.1.8 8.4606 0.0052 | 33.8 0.2 62.4 2.5 0.1 0.02 156 1250
5.2.1.1.8*%* | 8.4570 0.0052 | 33.8 0.2 62.4 2.5 0.1 0.02 156 1250
4.2.1.1.7 8.5032 0.0047 | 34.8 0.3 78.0 2.0 0.1 0.02 156 1000
4.2.1.1.7** | 8.4978 0.0067 | 34.8 0.3 78.0 2.0 0.1 0.02 156 1000
1.2.1.1.6 8.5110 0.0046 | 35.8 0.4 97.5 1.6 0.1 0.02 156 800

Figure 12 shows the average bulk density and hardness measurements for the blocks

over the range of energy densities. The measured bulk density compares well to the predicted

value by the powder supplier of 8.5 g/cm? for energy densities of 78 J/mm? and above.

Similar to what was observed with the measured HRC data, the average bulk density also

increased non-linearly with increasing values of energy density. The rate of increase was the

largest for low values of energy density, eventually plateauing as the energy density reached

the highest values for this study. Increasing bulk density with increasing energy density was

also shown by Gu et al. [10], Simchi et al. [17], and Vandenbroucke and Kruth [6] using

other metal powders and AM processes. Liu et al. [9] and Kempen et al. [1] also found that

decreasing scan speed, which causes an increase in energy density, resulted in a

corresponding increase in density.
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Figure 12. Average bulk density and HRC compared to energy density for measurements
taken from the seven blocks.

4. Conclusions

The goal of this study was to investigate the relationship between mechanical and
material properties (including density) of manufactured IN625 using a laser powder bed
fusion process and three process parameters: laser power, hatch distance, and scan speed. For
the 800 mm/s to 1250 mm/s laser scan speed range used in this study, the scan speed was
shown to have a statistically significant influence on hardness. That is the hardness decreased
significantly with increasing scan speed. Increasing the laser power from 156 W to 195 W
was also shown to have a statistically significant effect on hardness. The higher laser power
tended to produce higher hardness in a test block than lower laser power. The hatch distance

was also shown to have a statistically significant effect on hardness, where the narrower
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hatch distance tended to produce higher hardness in a test block than the wider hatch

distance. As the hatch distance increased from 0.08 mm to 0.1 mm, the hardness decreased.

The HRC increases significantly, but non-linearly, with increasing energy density.
The rate of this increase is largest for low values of energy density, and it eventually levels
out as the energy density reaches its highest values represented in this experiment of
33 HRC.

The average bulk density also increases non-linearly with increasing values of energy
density similar to measured HRC values. The bulk density rate of increase is the largest for
low values of energy density, eventually leveling out as energy density reaches its peak value

at or above 8.5 g/cm?.

The results of this study provide guidance for choosing the range of parameter

settings for future AM round robin studies coordinated by NIST.
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Appendix A: Build Drawing and Build Report for Build #2-16
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8 | 7 | ¢ | | 4 | a | ]
SHEET 2 OF 3
Assem_AMBuild |dryrun_cube RR_IN625 I TRACK OF SPECIMEN-ID AND BUILD PARAMETER ocation
- 5 4
c parameter specimen- ID; EDhALPLvL 5 \E Ef Y 3
seffings no En?[?‘f ‘il‘in]s'h' ]T‘{c]hl Iciyﬂl“']""'ik laser power I‘“ei velavcrh' skin/core |skin thickness|skin thickness| scan patteren a DA/ﬁ’Q E
[/mm3] [mim] [mm] 1.1.1.PL.T [W]| [mm/sec.] [yes/no] xy [mm] z [mm] [stripes/chess] D’/_]
17
5 e
1 975 0.08 0.0z 156 320 no [yes] 250 250 stnps Cd_(_ o
2 121875 0.1 0.04 155 400 yes 0.1 001 chess 5 R —
: = 10 s
4 625 ]
5 440 1 o og 14
O 6 500 12 13 D
7 1000
8 1250
exposure fype : 0002-T6_RR_IN&25_phase 0_cube —
" - order of . . scan ; -
location | specimen exposure pre- contour post- contour outer skin inner core core |paftern| XPosure type / part job file
1 [EREY] 1 HIST_PreContour_RR_IN25 |HIST_PostContour RR_INEZS no exposure [ Bk
2 31026 T HIST_PreContour_RR_INS25 |NIST_PostContour RR_INEZS o exposure o strips
4 3 TazZ12 [E HIST_PraContour RR 1625 |NIST PostContour RR_INEZS [NIST_outenkin RR_IN6ZS s chess c
+ 21213 3 IIST_PreContour_RR 11625 |NIST PostContour RR_INGZS |NIST_oulerkin RR_IN6Zs s Chess
3 T8 B IIST_PreContour_RR_IN625 [NIST_PostContor Re_INEZS 1111 6 odter_skn no Sirips
[ 21222 0 HIST_Pracontou [HIST_POSTCONTOU_RR_INEZS | NIST_outerskn &R, s cress
7 12222 v FIST_Precontou_er_ [HIST_POSTCONTOU_RR_IHEzs s cress
B 21007 B HIST_PreContou_RR_IN625 |NIST_POSTCONTON_RR_INEZS [ STEE
7 [AETH] z HIST_PreContour_BR_INS25_[NIST_PostContor_RR_INEES[NIET_outerskn_2R_INeas 5 chess I
0 23943 TE HIST_PraContour_RR_INS25_|NIST_PostContour RR_INEZS [NET_outenkin_BR_INEs 5 chess
T EAET] s HIST_PraContour_RR_INS25 |NIST_PostContour R NEZs 121 2 _&_odter_skn o sirpe
i) 22214 7 HIST_PreContour_RR_INS25_|NIST_PostContor RR_INEZS [NIST_outerkin_RR_INE2S s chess
B 12213 B HIST_PreContour_RR_INS25_|NIST_PostContodr RR_INEZS [NIST_outerkin_RR_INE2E s chess
8| T+ 218 n HIST_PreContour_RR_INS25 |HIST_PostContour RR_INEZS o strips B
15 42107 B HIST_PraContour_RR_IN625 |NIST_PostContour RR_INEZS na sirps
16 22127 z HIST_PraContour_RR_IN625 |NIST_PostContour RR_INEZS [ strps
7 lounwar 7 IIST_PreContour_RR_ING25 |NIST_PostContour_RR_INEZS no sirips
100 Burams Dvve Sop 2220
e —N = .
INOONEL £25 JACO=B =
VENDOR. oz
LCT: ot spacifiad - vingin
FNISHHEAT TREAT: A
735.15
|otraz reile haat tractmant ] L IRV RR IN425 - PHASE 0, CUBES
(S ot A 2 £1 |[NSPECT [JAC/MESY | B TowanG: REV:
; i ST PROPRIETARY AMD GOHPIDENTIAL Aszem AMBUIG Sryrun cubs FR INE2S I
T BNt B v I @)| scaei2 |sweeT20F3
Ao ANty cube | MRS = &
] 7 & ] 4 2 I 1
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SHEET 3 OF 3
Assem_AMBuild_|dryrun_cube RR_ING25 1l

Post- process direction

EOST PROCESS DIRECTIONS

SEE DRAWINGS ~_" AND COMPARE THIS WITH THE ACTUAL COMNDITIONS OF THE SPECIMENS AND WITH THE
BUILD PLATE. IF THE FARTS AND THE BUILD PLATE ARE IN APPROPRIATE SHAPE, THEN FLEASE CONTINUE WITH THE
FOLLOWING ETEPS:

STRESS RELIEF HEAT TREATMENT
ACCORDING TO THE EOS RECOMMANDED TEMPERATURE-TIME- RECIPE
HEAT TREATMENT FOLLOWING THE MODIFIED EOS RECIPE: 870 DEG C, THR IN ARGOM, SEE PLOT BELOW

MACHINING OF WITNESS CUBES

1'ST GRINDING OFF THE UPPER MATERIAL OFFEST OF 1.0MM FROM THE TOP SIDE OF TEST CUBES
REGUIRED SURFACE ROUGHMNESS: ADEQUATE TO "1000 GRID PAFER” [Ra = 5 nanomaters)
according to the requirements oy Mr. Beauchamp, Carlos . tFed] fel 301 9?564] 1

ALTEEMATIVELY
1'st WIRE EDM BURM CUT SHALL BE 1.0 MM BELOW THE TO:P SURFACE OF THE SPECIMEME
MAYBE FURTHER WIRE-EDM CUTS ARE REQURIED TO ACHIEVE THE DEFINDED SURFACE ROUGHMESS

REMOVE TEST CUBES BY USING WIRE- EDM

2'ND WIRE-EDM BURN CUT SHALL BE 3.5 MM ABOVE THE BUILD FLATE TO REMOVE THE SPECIMENS FROM
THE BUILD PLATE

MAYBE FURTHER WIRE-EDM CUTS ARE REQURIED TO ACHIEVE THE DEFINDED SURFACE ROUGHNESS;
ADEQUATE TO "1000 GRID PAPER” (Ra = 20 < Ra = 25 nanometers)

according fo the requrements by Mr. Beauchamp, Carlos B (Fed]); tel- 301-9756411

ALTERMATIVELY

2’ND GRINDING OFF THE LOWER MATERIAL OFFSET OF 0.5MM FROM THE BO'I'[OM SIDE OF TEST CUBES
REGUIRED SURFACE ROUGHMESS: ADEQUATE TG "1000 GRID PAFER” [Ra > 25 nancmaters)
according to the requirements by Mr. Beauchamp, Carlos B tFed] fel 301 -9756411

POST- BUILD PLATE PREPARATION

CLEAN BUILD PLATE IN CRDER TO REMOVE DEBRIS BY USING MILLING

WIPE BUILD PLATE WITH IEOPROPANCL IN ORDER T REMOVE DEERIE AND TO PREVENT CORROSION,
MAKE BY MIST

_*_W/W
1000 grid

Ra 25 nm
1000 grid
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Heat treatment for DMLS parts plus build plate

code diagram

< B HEEEEZEE

Heat traatment DMLS SRING25-001

Created Octaber 2014
| by Gregor Jacoh

deseription

Stress relief heat
treatment

Fart/s joined to build
plate

atmasphere: argan®

- Heating; 70 "C/HR
Keep 870 °C £ 107 for
ane HR for thickness
up to gne inch plus
one HF: per inch of
thickness
Rapld Cocling®*, In air
until KT

[

temperature — time - diagram

*) Heat trestment in an argon atmasphere will protect the steel hulld plata against oxidation

**} "Rapid Cooling” recommended for the stress relief heat treatment of ING25 according to

the eos material data sheet for the nickel alley IN625 (2010).

I UNLESS OTHERWISE SPECIFIED: APPROVAL 100 Sureau Drive B

mcon T L1 11 NST SRS B

S oen ‘.unm'm BE AT ST, [DFAWN_— | JACO8 OZ/T5[16 | cuandands nnd Todunslogy  TH. (301 5758017

Lozt o s CHECKED | JAC/MIOTIER | G2/01/TE |t Srparkare sFCommmer

[FNISHHEAT TREAT: TR 15: 50250 } znaml 2500 | ENGRG T3/C1/13 | DwaTmLE:

E; =2 [ ) +_|GROUP 73515

e ] A N RR INé25 - PHASE 0, CUBES

k< ..,.,.,.g RS 205 2 } e | =3 |HSPECT |JAS/MEY oWa No: Te=ve
e ST PROPRIETARY AND CONFIDENTIAL B Aszem_AMBulld_dryrun_cube R INE25 1 |
ﬁ:‘;‘u.‘:t’,“;.,;ww e B

- T e e 1 s -
- e e e et |3 @) | SCALE:12 | SHEET 3 OF 3
g 7 [ | ] ]
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NIST build job - log 2016
NationalInstn of EOS - M270
ndards and Technelogy 03 1'02
.5, Departmant of Commerce EOS LABORATORY
Build job end:
build successfully finished: | x| yes | | no

Project registration:

project name: Round Robin INE25 FY 18 build- no.:
0002-16

build file name: 0002-16_RR_ING625_Phasel_cube

customer / partner:

customer’s name of project:

description {short): Cube with two different Energy density

Operator registration:

name: Mike / Gregor extension: XEBO1T

Description of part/s to build:

name build element/s: Test cubes quantity: 17x

(sketch)

dimension of element/s 20 x 20 x 10 + 3 support

hiwid [mm]:
Build plate:

build plate no: ¥ | EOS; 250 x 250 mm regular plate

thickness [mm] MIST; 4x: 100 x 100 mm experimental plate

EDM holes no X | yes

temperature [celcius] pre-heat: 80 build: | 80
Material:

material : Inconel 625 material- 1D:

powder producer / supplier: EQS LOT- no.: M111201-2

powder condition: x | virgin | | used | | others:

size fraction [pm]:

name material setup M270: MP1_20_100_ING625_040_NIST_v1

layer thickness [um]: 20 and 40 depends on part setting
Atmosphere:

build gas atmosphere: | x | nitregen | generator | | argon 4.6 f 5.0
Exposure parameter setup:

name exposure parameter: Depends on cube

strategy: % | skin X | skin / core

skin thickness: xy (mm) | 0.1 and 250 z (mm) | 0.01 and 250
Recoater setup:

kind of recoater blade: x | ceramic | HSS

recoater charge factor [%:]: MIN: | 100 MAX: | 100

Location of draft: Z\data_Gregor_AM\draft_report_protocol page 1/2
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build job - log; EQOS — M270, EOS LaBoraTORY NIST - National Institue of Standards and Technology

Further Settings (optional):
Strategy / order of part exposure:

part size [ [ rertto rignt [ x | trontto back [ ] others

description:
counter clockwise between front and back

Setting of exposure parameters:

actual parameter E1111 1Th111 (11811 [ 111pl1 [ 1.1.11v
Name energy h t pl vi
1.1.125 1904 0.08 0.02 195 640
22127 1219 01 0.02 195 800
21117 97.5 0.08 0.02 156 1000
11221 190 4 0.08 0.04 195 320
1.1.1.16 121.9 0.08 0.02 156 800
21213 975 0.08 0.04 156 500
22214 624 01 0.04 156 625
12213 78.0 0.1 0.04 156 500
12222 121.9 01 0.04 195 400
21222 152.3 0.08 0.04 195 400
52118 62.4 0.1 0.02 156 1250
42117 78.0 0.1 0.02 156 1000
11212 1219 0.08 0.04 156 400
31126 152.3 0.08 0.02 195 800
22223 975 01 0.04 195 500
12126 1219 01 0.02 195 800

Time of build operations:

start pre-flooding: AM/PM

start job: AM/PM

estimated build time [hh:mm] real build time [hh:mm]: ~ 17 hrs

Notes / observation during the build:
observation: build time / layer / height:

Observation on part/s:

observation: layer | height:

Picture/s of process/part (optional):
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Appendix B: Build Drawing and Build Report for Build #3-16
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SHEET 1 OF 4
Assem_AMBuild_|dryrun_2_cube_RR_IN625_]I ASSEMBLY AND BOM
£ 252
ITEM NO. LOCATION | PART NUMBER GTY.
1 o |EU'IU Piate_wsxEDWM-Holes_2013 1
2 Witness cube 121 1
3 2 Witness cube 2.2.1.1.5 1
4 3 Witness 1 1
5 4 Witness 1
[ 5 Witness cube 1.2.1.2.7 1
7 [ Witness cube 2.2 1 1
8 7 witness cube 1.1.2.1.3 1
v 8 witness cube 22124 1
O 10 L witness cube 1.22.1.2 1
11 o witness cube 2.1 1
12 11 witness cube 1.1.1.1.7 1
13 12 Witnes: cube 2.1.2. 1
14 13 witness cube 1.1 1 o~
15 14 witness cube 2.1.1.2.7 1 a
18 15 Witness cube 1.1.1.28 1
17 14 witness cube 2.1.1.1.6 1
18 17 CUMMY for setup hardness test 1
q @ QQ
T
B ) s i [
MATERIAL: _UNLESS OTHERWISE SPECIFIED: APPROVAL NIST 100 Bureas Orive Sop 2220
- v | Gaerurg. MD 20855 5220
INCOMEL 625 =F
VENDOR: 05 ACOE | Stundarny rd Tachnalogy Tl (301) STEE0TT
L5T: ot spaction - 1 e LS Separmmri o Cor s
TREAT: WG TTLE
A 73515
s e e pazmen: WFE |m TS RR IN&25 - PHASE 0, CUBES
70 dag © =4 = e :
I m;?ng E4 INSPECT JACTMCY B Towa ne: REV:
WIS FROPRIETARY AND CONFIDENTIAL Astem_AMBUAA_dryrun 2 cubs R ING2S 1
| T - 1- =
AT a2 e [+ {@)| scaLE12 | SHEET 1 OF 4
g | 7 | & | 5 ‘ 2 | 1
6 | . s . I | [
SHEET 2 OF 4
Assem_AMBuild_|dryrun_2_cube_RR_IN625_l| TRACK OF SPECIMEN-ID AND BUILD PARAMETER location
- - 5 4
paramefer specimen- ID; ED.h.fL.PL.vL B
E Energy density hatch layer thick laser velocity : i T - & E L_‘-{ 1
" ¥ laser power skin/core |skin thickness|skin thickness| scan patteren 7 2
seftings no. ED.1.1.1.1 1h1.1.1 111 1.1.0.PL1 W] 1.vL [yes/no] xy [mm] z[mm) [sfipes/chess] e =
[4/mm3] [mm] [mm] [mm/sec] 8 ™3 - =
[ 97.5 0.08 002 156 320 no (yes) 250 250 strips ™G | =8
— 2 121875 0.1 004 195 400 yes 0.1 0.1 chess o A4 1 N
\ 16
3 500 LA D\
10 4 {15
4 625 ;/fi:l EL\Q
5 640 1P  LILA g4
D 6 800 12 15
7 1000
8 1250
exposure type job file: 0002-16_RR_IN625_phase 0_cube
— - . order of - - skin scan | exposure fype / parf job
location specimen exposure pre- contour post- contour outerskin inner core core | patftern ¥|Fe
1 Witness cube 1.2.1.1.6 1 INIST_PreContour_RR_IN625  |NIST_PostContour RR_IN625 |12.1.1.56_outer _skin Ino exposure no strips
2 Witness cube 2.2.1.1.5 14 INIST_PreContour_RR_IN625 [NIST_PostContour_RR_IN625  [22.1.1 5_outer_skin no exposure no strips
3 Witness cube 1.2.2.2.3 13 INIST_PreContour_RR_IN625 |NIST_PostContour_RR_IN625 [NIST_outerskin_RR_IN625 [1.2.2.23_core yes chess
d 4 Withess cube 2.2.2.2.2 & INIST_PreContour_RR_IN625 |NIST_PostContour_RR_ING25 |NIST_outerskin_RR_INé25 [2.2.2.22 _core yes chess
5 Witness cube 1.2.1.2.7 5 INIST_PreContour_RR_IN625 [NIST_PostContour_RR_IN625 |1.2.12.7_outer_skin Ino exposure no strips
é Witness cube 2.2.2.1.1 10 INIST_PreContour_RR_INé25  |NIST_PostContour_RR_IN625 |NIST_outerskin_RR_INé25  [2.2.2.1.1_core yes chess
7 Witness cube 1.1.2.1.3 9 INIST_PreContour_RR_IN625 [NIST_PostContour_RR_IN625  [NIST_outerskin_RR_IN625 |1.1.2.13_core yes chess
8 Witness cube 2.2.1.2.6 3 INIST_PreContour_RR_IN625 |NIST_PostContour RR_IN625  [2.2.1 2.4 _outer_skin Ino exposure no strips
Bl Witness cube 1.2.2.1.2 4 INIST_PreContour_RR_IN625 [NIST_PostContour_RR_IN625 [NIST_outerskin_RR_IN625 [1.2.2.12_core yes chess
10 Witness cube 2.1.2.1.2 15 INIST_PreContour_RR_IN625 [NIST_PostContour_RR_IN625 [NIST_outerskin_RR_IN626 [2.1.2.12_core yes chess
mn Witness cube 1.1.1.1.7 I3 INIST_PreContour_RR_IN625 |NIST_PostContour_RR_ING25 [1.1.1.1.7_outer_skin Ino exposure no strips
12 Witness cube 2.1.2.2.3 Z INIST_PreContour_RR_INé25  [NIST_PostContfour_RR_IN625  [NIST_outerskin_RR_IN625 [2.1.2.2.3_core yes chess
B 13 Witness cube 1.1.2.2.4 8 INIST_PreContour_RR_INé25 [NIST_PostContour_RR_IN625  [NIST_outerskin_RR_IN625 |1.1.2.24_core yes chess
14 Witness cube 2.1.1.2.7 1 INIST_PreContour_RR_INé25  |NIST_PostContour_RR_ING25 [2.1.1.2.7_outer_skin INO exposure. no strips.
15 Witness cube 1.1.1.2.8 12 INIST_PreContour_RR_IN625 [NIST_PostContour_RR_IN625 [1.1.125_outer_skin ho exposure no strips
16 Witness cube 2.1.1.1.6 2 INIST_PreContour RR_IN625 [NIST_PostContour_RR_IN625  [2.1.1.1 4_outer_skin no exposure no strips
17 DUMMY for setup hardness test 7 INIST_PreContour_RR_IN625 |NIST_PostContour_RR_IN625 [NIST_outerskin_RR_IN625 |NIST_innerskin_RR_IN625. no strips  [NIST_RR_INS25_v1
UNLESS OTHERWISE SPECIFIED APPROVAL 700 Burcau riva STp 6220
further settings TERPRET DRAWING PER 5 1€ Y1418 I BY BATE NIST Gaithersburg, MD 20833-8220
- beam expander: 0 BIE Ane I MLLAIET s‘iué%mmm iR JACOB 03703718 | seandards and Technology ~ Tol. (301) 976:8017
- gas: N2 BT IOH L e Adcon rL JACTMOYTER 03 /04/T6 | Us. epormrtf Comnrer
- HSS blade ! . i HE JAC/MOY 03704716 | Dwa TITLE:
X iz 735.15
- 100 % recoater charge factor [ et sz | =4 | =5 [WFG JACIMCG | RRIN625- PHASE O, CUBES
pi=3 s 1 | 22 | =5 [INSPECT [JAC/MOY | WG NO: REV
- take a sample before start the build G;Eﬁgij&%cgs‘%ﬁf R TR Cat . B Assam_AMBuild_dryrun_2_cubs_RR_ING25 I

WETCADFL
Az AMES, cryrun 2_cube
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SHEET 3 OF 4
Assem_AMBuild_dryrun_2_cube_RR_IN625_lI TRACK OF SPECIMEN-ID AND BUILD PARAMETER location
5 4
RR2014 6 — 3
ey < —
121.875 Energy Density (J/mmA3) 7 3\\ \h ‘—, o3 e 2
195 Power (W) 8—\ g\ “1‘ ] * _]
800 Velocity (mm/s) N LJ 17 J/JJ’ it
0.02 Layer thickness (mm) I3 i A
0.1 Hatch spacing (mm) build: 0002-16 2 A KN Ie
104 ] 1
o Ad | By B
planned parameter actuale parameter - |7\ g 14
associate [actual  actuale . 12/ \a
Energy Density Hatch Layer Thick Power  Velocity name name energy h t pl vl
1219 0.1 0.02 195 8002.2.1.2.6 1.1.1.25 0.08 0.02 195 640
1219 0.1 0.02 156 640 2.2.1.1.5 0.1 0.02 195 800
121.9 0.1 0.04 195 4002.2.2.2.2 0.08 0.02 156 1000
121.9 01 0.04 156 3202.2.2.1.1 0.08 0.04 195 320
1219 0.08 0.02 1957 100021.1.2.7 0.08 0.02 156 800
1219 0.08 0.02 156 8002.1.1.1.6 | 0.08 0.04 156 500
1219 0.08 0.04 195 50021223 22214 0.1 0.04 156 625
1219 0.08 0.04 156 400 2.1.2.1.2 12213 78.0 0.1 0.04 156 500
97.5 01 0.02 195 1000 1.2.1.2.7 12222 121.9 0.1 0.04 195 400
97.5 0.1 0.02 156 800 1.2.1.1.6 2.12.22 B 0.08 0.04 195 400
1.5 0.1 0.04 195 5001.2.2.2.3 2.2.1.18 0.1 0.02 156 1250
97.5 01 0.04 156 400 1.2.2.1.2 1.21.17 78.0 0.1 0.02 156 1000
97.5 0.08 0.02 195 1250 1.1.1.2.8 14212 1219 0.08 0.04 156 400
97.5 0.08 0.02 156 1000 1.1.1.1.7 21128 — 0.08 0.02 195 800
97.5 0.08 0.04 195 6251.1.2.2.4 22223 97.5 0.1 0.04 195 500
97.5 0.08 0.04 156 5001.1.2.13 1.21.26 1219 0.1 0.02 195 800
dummy 1219 0.1 0.02 195 800
[tAaTeRiaL: UNLESS OTHERWISE SPEGIFIED: APPROVAL B B i S hon
INCONEL 625 an e 12 National Instinume of
VENDCH: eco
LOT ot s - 1x usat US, Depsiomst of Commers
FINISHHEAT TREAT: DWATITLE:
J RR IN625 - PHASE 0, CUBES
[TASROY | G NG FEV
& 5 | T —
T L. mmmemparssnnast [0y @G oap12 | SHEET ¢
s Saethos styrun. 2. oibe. Y HRAE GBI o st e s o sy 3 (©| scak2 |sHEer s oF 4
8 ‘ 74 | 6 | 3 | 2 ‘ 1
L > . L L | - . L
SIIEET 4 OF 4
Assem_AMBuild_|dryrun_2_cube_RR_IN625_lI Post- process direction \Aggoéiigm location
6 2 = 3
POST PROCESS DIRECTIONS 7‘-3\" 97 "/ﬁfz
SEE DRAWINGS ... AND COMPARE THIS WITH THE ACTUAL CONDITIONS OF THE SPECIMENS AND WITH THE /Ra25nm 2 inE! @ s
BUILD PLATE. IF THE PARTS AND THE BUILD PLATE ARE IN APPROPRIATE SHAPE, THEN PLEASE CONTINUE WITH THE \/ 1000 grid 8 3 7
FOLLOWING STEPS: ND D/ (x
1. STRESS RELIEF HEAT TREATMENT 2/"3 D-;&
+  ACCORDING TO THE EOS RECOMMANDED TEMPERATURE-TIME- RECIPE o A IE\
« HEAT TREATMENT FOLLOWING THE MODIFIED EOS RECIPE: 870 DEG C, THR IN ARGON, SEE PLOT BELOW < 10+ /IE D\ [15
L]
2. MACHINING OF WITNESS CUBES 51 npe MHE equs
+ 1'ST GRINDING OFF THE UPPER MATERIAL OFFEST OF 1.0MM FROM THE TOP SIDE OF TEST CUBES =t 3
REQUIRED SURFACE ROUGHNESS: ADEQUATE TO "1000 GRID PAPER" {Rat = 20 < Ra > 25 nanometers) 12/ L
according fo the requirements by Mr. Beauchamp, Carlos R. (Fed); tel: 301-9756411
ALTERNATIVELY Heat treatment for DMLS parts plus build plate Created October 2014
+  T'st WIRE EDM BURN CUT SHALL BE 1.0 Mivi BELOW THE TOP SURFACE OF THE SPECIMENS by Gregor Jacob
MAYBE FURTHER WIRE-EDM CUTS ARE REQURIED TO ACHIEVE THE DEFINDED SURFACE ROUGHNESS
code | diagram description
+  REMOVE TEST CUBES BY USING WIRE- EDM Stress relief heat
+  2'ND WIRE EDM BURN CUT SHALL BE 3.5 MM ABOVE THE BUILD PLATE TO REMOVE THE SPECIMENS FROM i - e
THE_BUILD PLA
+  MAYBE FURTHER WIRE EDM CUTS ARE REQURIED TO ACHIEVE THE DEFINDED SURFACE ROUGHNESS; § " wox | part/s joined to build
ADEQUATE TO "1000 GRID PAPER" {Ra = 20 < Ra > 25 nanometers) & - Siate
according to the requirements by Mr. Beauchamp, Carlos R. (Fed); tel: 301-975641 1 1] -
g atmosphere: argon*
ALTERNATIVELY @ — 1. Heating; 70 “C/HR
< 2ND GRINDING OFF THE LOWER MATERIAL OFFSET OF 0.5MM FROM THE BOTTOM SIDE OF TEST CUBES 2 gl e
REQUIRED SURFACE ROUGHNESS: ADEQUATE TO "1000 GRID PAPER" {Ra = 20 < Ra > 25 nanometers) 3  oneHR Forthid
according to the requirements by Mr. Beauchamp, Carlos R. (Fed); tel: 301-975641 1 £ ” ::"‘w one"’mcg‘;‘;“
é - \ one HR per inch of
3. POST-BUILD PLATE PREPARATION = . X thickness
+  CLEAN BUILD PLATE IN ORDER TO REMOVE DEBRIS BY USING MILLING H o s B a8 B B 3. Rapid Cooling**, in air
+  WIPE BUILD PLATE WITH ISOPROPANOL IN ORDER TO REMOVE DEBRIS AND TO PREVENT CORROSION, z until RT
MAKE BY NIST i
— time - diagram
*) Heat treatment in an argon atmosphere will protect the steel build plate against oxidation.
**) “Rapid Cooling” recommended for the stress relief heat treatment of IN625 according to
the eos material data sheet for the nickel alloy IN625 (2010).
:‘“ER'AL _UNLESS OTHERWISE SPECIFIED: APP: OVAL = T ST
INCONE 675 o . Mational Inctute of
VENRs < i DRAWN A 03/03/16_| seandards and Tachnology 5755017
T nof spacias, i ke CHECKED 7B | 05/04716 | U.S. Xparmart of Cormorce
FlleuMsATTnen =0 | o550 | =500 |ENGRG 03/04/15 | owa T
2| GROUP
B s WG AT ] RR !N625 PHASE 0, CUBES
;:‘ zlmq 3 INSPECT [ AC/WOY |
ST B Assem AMBuild dryrun 2 cube RR IN625 Il
~ @ i
Ry AN hyni_2_cubes [+ (©| SCALE:1:2 | SHEET 4 OF 4
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NIST

Nalional Institute of
Standards and Technology

U.S. Department of Commerce

build job - log
EOS - M270
EOS LABORATORY

2016

03 ../08

Build job end:
| build successfully finished: | X ‘ yes | | no

Project registration:

project name: RRIN625 FY16 build- no.:

0003-15

build file name: 0003-16_IN625_Phase0_cube eosjob

customer / partner:

customer's name of project:

description (short): Two energy density with different settings of P11, h, 1l
Operator registration:

e Jacob, Mc Glauflin extension: X8017
Description of part/s to build:

name build elementis: cubes quantity: 17x

(sketch)

dimension of element/s 20 x 20 x 10 plus 3 mm support

hiwid [mm]: -
Build plate:

build plate no: 02 x| EOS; 250 x 250 mm regular plate

thickness [mm] NIST; 4x: 100 x 100 mm experimental plate

EDM holes no x | yes

temperature [celcius] pre-heat: 80 build: | 80
Material:

material : INE25 material- ID:

powder producer / supplier: EOS LOT-no.: M111201

powder condition: | virgin | X | used | | others: 50/50 (virgin/1x used)

size fraction [um]:

name material setup M270:

layer thickness [um]: 20740
Atmosphere:

| build gas atmosphere: | X | nitrogen / generator | ‘ argon 4.6/ 5.0

Exposure parameter setup:

name exposure parameter:

strategy: | skin x| skin / core

skin thickness: xy mm) | 0.1 0r 250 mm zpom) | 0.1 .0r250mm
Recoater setup:

kind of recoater blade: | ceramic x| HSS

recoater charge factor [%]: MIN: | 100 MAX: | 100

Location of draft: Z:\data_Gregor_AM!\draft_report_protocol page 1/2
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build job — log; EOS —M270, EOS LABORATORY NIST - National Institue of Standards and Technology

Further Settings (optional):
Strategy / order of part exposure:

part size I left to right l X l front to back | | others

description:

counter clock wise , front and back

Beam expander: “0"

Setting of exposure parameters:

order / name of parameter s[’:?" Spesd Iasem;)wer f[‘,:f:,? '[':,‘,;';
1. | . see drawing: direction for PBF build
2.
3.
4.
Time of build operations:
start pre-flooding: AM/PM 8:15 AM
start job: AM/PM 8:45 AM
estimated build time [hh:mm] 17:17-58 real build time [hh:mm]:
Notes / observation during the build:
observation: build time / layer / height:
Observation on part/s:
observation: layer / height:

Picture/s of process/part (optional):

page 2/2

42



Appendix C: Build Drawing and Build Report for Build #17-16
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NIST

Nalional Institute of
Standards and Technology

U.5. Department of Commerce

build job - log
EOS -M270

EOS LABORATORY

2016
08/31

Build job end:
build successfully finished: | x| yes | ‘ no
Project registration:
project name: Round Robin IN625, FY2016 B o
“36 cube build" 0017-16
build file name: 0017-16_AM_Round_Robin_FY16_phase0_repetition
| description (short): ‘ Parameter study- repetition
Operator registration:
name: ‘ Gregor and Mike extension: X8017
Description of part/s to build:
name build element/s: Cubes quantity: 36+ 1
(sketch) .
9 different settings of power, hatch and
velocity with 4 replicas of each setting
Plus:
One dummy (EOS default; direct part)
dimension of element/s 20 x 20 x 7 plus 3 mm support
hiwid [mm]: -
Build plate:
build plate no: x | EOS; 250 x 250 mm regular plate
thickness [mm] NIST; 4x: 100 x 100 mm experimental plate
EDM holes no X | yes
temperature [celcius] pre-heat: a0 build: | 80
Material:
material : Nickel base alloy material- ID: Inconel 625
powder producer / supplier: EOS LOT-no.: M111201
powder condition: ‘ virgin | X | used ‘ | others:
size fraction [um]:
name material setup M270: MP1_020_100_IN625_040_NIST_v1
layer thickness [um]: 20
Atmosphere:
build gas atmosphere: x | nitrogen / generator | | argon 4.6 /5.0
Exposure parameter setup:
name exposure parameter: See drawings
strategy: X | skin ‘ skin / core
skin thickness: Xy (mm) | 250 z (mm) | 250
Recoater setup:
kind of recoater blade: | ceramic X ‘ HSS
recoater charge factor [%]: MIN: | 150 MAX: | 150
Location of draft: Z:\data_Gregor_AM\draft_report_protocol page 1/2
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NIST - National Institute of Standards and Technology

Further Settings (optional):

Strategy / order of part exposure:

part size | | X | front to back ‘ X | others
description:
allernatmg between front and back counter clockwise with 90 degree steps every 3rd specimen
beam expander: 0
Setting of exposure parameters:
location | Specimen - ID Ll s[cr:;‘fspe?]d 'a“m;’wer f;:;; ?;t;rl'
1 1.2.1.1.6 Cube (E=97 J/mm*"3) 1 800 156 0.1 0.1
2 4.2.1.1.7 Cube (E=78 J/mm*3) 7 1000 156 0.1 0.1
3 22126 Cube (E=122 Jimmr3) 11 800 195 o o
4 1.2.1.2.7 Cube (E=97 J/imm*3) 3 1000 195 0.1 M
5 2.1.1.1.6 Cube (E=122 Jimm"3) 16 800 156 0.1 0.08
6 1.1.1.1.7 Cube (E=97 J/imm*3) 14 1000 156 0.1 BoE |
7 3.1.1.2.6 Cube (E=152 J/mm*3) 10 800 195 0.1 008
8. 2.1.1.2.7 Cube (E=122 J/mm"3) B 1000 195 0.1 0.08
9. 1.2.1.1.6 Cube (E=97 J/mm*"3) 2 800 156 0.1 0.1
10. 4.2.1.1.7 Cube (E=78 J/mm*3) 8 1000 156 0.1 0.1
1. 2.2.1.2.6 Cube (E=122 Jmm"3) 12 800 195 0.1 o
12, 1.21.27 Cube (E=97 J/mm"3) 4 1000 195 0.1 M
13. 2.1.1.1.6 Cube (E=122 Jimm"3) 15 800 156 0.1 0.08
14, 11117 Cube (E=97 J/mm?3) 13 1000 156 oH | o8
15. 31126 Cube (E=152 Jmm*3) 9 800 195 |
16. 2.1.1.2.7 Cube (E=122 JiImm"3) 5 1000 195 0.1 0.08
17. 1.2.1.1.6 Cube (E=97 J/mm*"3) 25 800 156 0.1 0.1
18. 4.2.1.1.7 Cube (E=78 J/mm*3) 23 1000 156 0.1 0.1
19. 2.2.1.2.6 Cube (E=122 J/mm"3) 18 800 195 o o |
20. 1.2.1.2.7 Cube (E=97 J/imm*3) 20 1000 195 0.1 M
21. 2.1.1.1.6 Cube (E=122 Jimm"3) 26 800 156 0.1 0.08
22, 1.1.1.1.7 Cube (E=97 J/imm*3) 22 1000 156 0.1 poE |
23. 3.1.1.2.6 Cube (E=152 J/mm"3) 17 800 195 0.1 008
24, 2.1.1.2.7 Cube (E=122 J/mm"3) 24 1000 195 0.1 0.08
25. 1.2.1.1.6 Cube (E=97 J/mm*"3) 19 800 156 0.1 0.1
26. 4.2.1.1.7 Cube (E=78 J/mm*3) 27 1000 156 0.1 01
2. 22126 Cube (E=122 Jmm*3) 30 800 195 [ o
28, 12127 Cube (E=97 Jmm?3) 21 1000 185 01 01
29. 2.1.1.1.6 Cube (E=122 Jimm"3) 29 800 156 0.1 0.08
30. 11117 Cube (E=97 J/mm?3) 28 1000 156 BH | o8
3. 31126 Cube (E=152 Jmm*3) 3t 800 195 |
32. 2.1.1.2.7 Cube (E=122 JiImm"3) 32 1000 195 0.1 0.08
33 [52118 Cube (E=62 Jmm3) 33 800 195 M
34 [52118 Cube (=62 Jmm3) 34 800 195 M
35 [52118 Cube (E=62 Umm3) 35 800 195 M
36. 5.2.1.1.8 Cube (E=62 J/mm*3) 35 800 195 ] ]
page 2/2
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Time of build operations:

start pre-flooding: AM/PM 10:30 AM
start job: AM/PM 11:45 AM
estimated build time [hh:mm] 24 hrs real build time [hh:mm]:

Notes / observation during the build:
observation: build time / layer / height:

Before build was started, powder remained in the Dispenser Bin over the night (12 hrs) with
turned on heating for drying the powder

Position Dispenser at Start: 51.75

Positions Build plate at Start: 4.805

Position Dispenser during build: 43.62
Positions Build plate during build: 1.925
Position Dispenser during build: 41.13
Positions Build plate during build: 1.042
Position Dispenser at build finished: 23.45
Positions Build plate at build finished: -5.215

Observation on part/s:

observation: layer / height:
Uneven powder layer on specimens: [ D NCIEIe 3.0t03.2mm
Uneven powder layer on specimens [ EENNDEEIEIE did disappear ~5mm

-reason: down skin to thin = not enough solid material underneath the first layers
which were exposed with the Skin parameters of the specimens d

> increased thickness of down skin parameters up to 0.3 mm for the [ NEEIEEEEE

= next builds: 0018-16 and 0019-16 DryRun of tensile specimens: Problem with the
uneven layers in the solid material could be solved

Picture/s of process/part (optional):

1'st layer Down Skin psure

Begin Skin Exposure: uneven powder layers
on specimens

page 2/2
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Appendix D: The Effect of Block Thickness on Hardness Measurements

Due to the variations in the EDM process to separate the blocks from the build
platform, the thickness of the blocks for Build #17-16 varied within 1.3 mm. The effect of
the thickness variation on the hardness measurements was investigated as a source of
uncertainty. The measured hardness of each block was compared to its ‘relative thickness,’
which is defined as the difference of the thickness of the block from the thickness of the

reference (dummy) block.

The block relative thickness ranged from 0.656 to 1.281 (Figure D.1) for Build #17-

16 due to the EDM process and was treated as a continuous quantity while performing the

statistical analysis.

<
o

HRC

31

[ I T I T I 1
0.7 0.8 0.9 1.0 1.1 1.2 1.3

Block Relative Thickness

Figure D.1 - The relationship between measured hardness and block relative thickness.

Even though Figure D.1 shows considerable scatter around the linear trend, depicted
as a red line sloping down from left to right, this trend is statistically significant, with an
estimated slope of -0.9 HRC per unit of block relative thickness, and a standard uncertainty
of 0.2 HRC per unit of block relative thickness. The trend was estimated by robust
regression, using the M-estimator implemented in R [14] and the rlm function defined in
package MASS [15]. This trend is the result of the stress field created under the indenter
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while performing the test reaching the bottom of the sample. The manner and extent of the
effect on the measured hardness when the sample is thinner than the thickness required for

the containment, is dependent on the material under testing and, for this case, was initially

estimated to be smaller than 8 mm.
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Appendix E: Microstructure of Manufactured Material
Unetched Microstructure

Figure E.1 shows examples of bright-field microscopy images of four unetched
IN625 manufactured blocks from Build #2-16 and Build #3-16 after stress relief heat
treatment (blocks 1.2.1.1.6, 1.2.1.2.7, 3.1.1.2.6, and 2.2.1.2.6). The XZ plane is the viewing
surface, and the positive Y axis is into the page. The positive Z axis is the build direction. No
microstructure is visible except for small black “pits’, which are small pores in the material.
The blocks were sectioned to expose an internal XZ plane and polished according to standard

metallographic procedures [18].

The image for block 3.1.1.2.6 (Figure E.1, bottom left) shows the sectioned surface of
the block manufactured with a reduced hatch distance (0.08 mm) and correspondingly higher
energy density (152.3 J/mm?®). The image for block 1.2.1.1.6 (Figure E.1, top left) shows the
sectioned surface of the block for reduced laser power (156 W) and correspondingly lower
energy density (97.5 JJmmd). Both surfaces appear to have a small number of exposed pores,
and also the smallest-sized pores. It is interesting to note that the images from 2.2.1.2.6
(Figure E.1, bottom right) with the recommended settings (laser power 195 W, hatch distance
0.1 mm, and energy density of 122 J/mm?) had the highest density of pores but the pores

were also consistently small.

The images from block 1.2.1.2.7 (Figure E.1, top right) had a small number of pores,
but there was at least one pore that was substantially larger than those observed from the
other settings. This material was manufactured with a higher laser scan speed (1000 mm/s)
and correspondingly a lower energy density (97.5 J/Jmmd). It is possible that the higher scan
speed and lower energy density resulted in the occasional large pore by not creating an ideal

melt pool. The average hardness values from these four blocks was approximately 36 HRC.
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Figure E.1 — Top left, block 1.2.1.1.6 (laser power was reduced to 156 W, energy density
(Ep) = 97.5 J/mm?). Top right, block 1.2.1.2.7 (scan speed was increased to 1000 mm/s,
Ep = 97.5 J/mm®). Bottom left, block 3.1.1.2.6 (hatch distance was reduced to 0.08 mm,
Ep = 152.3 J/mm?3). Bottom right, block 2.2.1.2.6 (hatch distance = 0.1 mm,

laser power = 195 W, scan speed = 800 mm/s, Ep = 121.9 J/mm?d).

Etched Microstructure

Metallographic analysis was performed after etching the same four blocks (1.2.1.1.6,
1.2.1.2.7,3.1.1.2.6, and 2.2.1.2.6) with aqua regia (20 mL HNOs in 60 mL of HCI). The
contrast in the images was primarily produced by the variations in crystal orientation (Figure
E.2). The axes are the same as Figure E.1 with the positive Y axis going into the page. The
scale is noted in the bottom right corner.
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Both the grain structure and the melt pools are visible in the images. The grain shape
is generally columnar with the long axis of the grains primarily in the build direction (Z
axis). This is representative of a dendritic solidification microstructure. The grain size varies
significantly among the different blocks. Based on the limited number of blocks, there is no
clear correlation between the parameter settings used to manufacture the blocks and the
following: 1) melt pool depth, 2) grain size and grain shape, or 3) porosity count and porosity
size. It is also not clear if the grain structure is more visible in some images because of a
variation in the local etching conditions or because of the change in parameter settings. A
more extensive specimen selection with morphology measurements would be required to

make such correlations, but this is beyond the scope of this study.

Figure E.2 — Top left, block 1.2.1.1.6 (laser power was reduced to 156 W, Ep = 97.5 J/mm?3).
Top right, block 1.2.1.2.7 (scan speed was increased to 1000 mm/s, Ep = 97.5 J/mm?3).
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Bottom left, block 3.1.1.2.6 (hatch distance was reduced to 0.08 mm, Ep = 152.3 J/mm?).
Bottom right, block 2.2.1.2.6 (recommended settings, hatch distance = 0.1 mm,
laser power = 195 W, scan speed = 800 mm/s, Ep = 121.9 J/mm3).
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