INL/MIS-22-66184-Revision-0

In-Situ Powder-Directed
Energy Process Control for
Additively
ManufacturedMulti-Layer,
Functionally Graded
Components

February 2022

Calvin Myer Downey, Isabella van Rooyen, Luis Nunez, Indrajit Charit,
Michael Maughan, Edward Herderick

.

|daho National

|_Q oml‘ory INL is a U.S. Department of Energy National Laboratory operated by Battelle Energy Alliance, LLC



DISCLAIMER

This information was prepared as an account of work sponsored by an
agency of the U.S. Government. Neither the U.S. Government nor any
agency thereof, nor any of their employees, makes any warranty, expressed
or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness, of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately
owned rights. References herein to any specific commercial product,
process, or service by trade name, trade mark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the U.S. Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily state or reflect
those of the U.S. Government or any agency thereof.




INL/MIS-22-66184-Revision-0

In-Situ Powder-Directed Energy Process Control for
Additively ManufacturedMulti-Layer, Functionally
Graded Components

Calvin Myer Downey, Isabella van Rooyen, Luis Nunez, Indrajit Charit, Michael
Maughan, Edward Herderick

February 2022

Idaho National Laboratory
Idaho Falls, Idaho 83415

http://www.inl.gov

Prepared for the
U.S. Department of Energy
Under DOE Idaho Operations Office
Contract DE-AC07-05ID14517



In-Situ Powder-Directed Energy Process
Control for Additively Manufactured
Multi-Layer, Functionally Graded Components

Calvin Downey
University of Idaho & ldaho National Laboratory

TMS 2022 150™ ANNUAL MEETING & EXHIBITION

www.tms.org/TMS2022 « #TMSAnnualMeeting



About the Presenter

« Calvin M. Downey (calvin.downey@inl.gov);

— BS Mechanical Engineering, Worcester Polytechnic Institute, 2019

— MS Thesis Student at University of Idaho in Materials Science and
Engineering focused on Additive Manufacturing

— Experiment Design Engineer at Idaho National Laboratory (INL)

— Research interests include; nuclear reactor experiment design,
additive manufactured (AM) materials for nuclear appplications,
coating technologies

Luis Nunez Il Isabella van Rooyen, PhD. In_drajit Charit, PhD. Edward Herderick, PhD.
Michael Maughan, PhD.

« Co-Authors: \7/

~Q
% Idaho National Laboratory Pacific Northwest Universityorldaho THE OHIO STATE

MNATIONAL LABORATORY
UNIVERSITY

TMS 2022 150™ ANNUAL MEETING & EXHIBITION

www.tms.org/TMS2022 « #TMSAnnualMeeting



Introduction to AM Functionally Graded Materials

« Challenges of coatings and claddings in harsh
environments due to: |

— Erosion, Oxidation B

— Delamination (thermal stress)

— External mechanical, radiation damage 100% M1

*  Functionally Graded Materials (FGMs) show many benefits including:

1. Reduce thermal stress in material (thermal barrier coatings)

2. Joining of dissimilar materials

3. Application specific corrosion resistance and surface resistance
to mechanical wear

4. Diffusion barriers

60% M1, 40%M2
Powder-fed DED with multiple independent feeders allows for AM FGMs, and

provides robust control over process parameters to optimize microstructure and 80% M1, 20%M2
performance [1]. With the mentioned benefits, FGMs have a great opportunity for
applications in energy applications as a strategy to increase plant efficiency and
lifetime [2].

100% M1

PP PP C—>—>

Thermal Thermal Thermal
Expansion Conductivity  Stresses
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AM Powder-DED System Used in This
Study

Powder Feeder 1 Powder Feeder 2&3
Laser
Focal Lens / e
Powder Nozzle
A Delivery System

Trumpf TruLaser Cell 3000
Focused Laser Beam — .

| Atmosphere Argon

Movement Path hamber Pressure 0.500 kPa
arrier Gas Flow Rate 4 Ipm
enter Purge Pressure 25 Ipm

aser Type 2 kW Nd:Yag
th 1064 nm

Laser spot size ~1 mm
Controller Siemens 828D

)
<
o
o
S
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AM Process Flow Parameters and In-situ Control

Powder-DED controls: laser power, scan speed, powder flow rate into melt pool which

controls: Energy Density, Linear Mass Density.
Optimization of suitable parameters studied for powder-DED. Bulk builds parameters held

constant, however carrier gas flow had to be adjusted in-situ for the different materials:

Material Properties (Density,
Powder Mesh, Humidity,
Temperature) Affect Flowability

Carrier Gas ‘ ‘ ‘ ‘ Collected
Flow Rate . ‘ ‘ ‘ . Grams/Unit Time ¥

Amplitude ‘

Multiple Trials of Various
Independent Flow Rates for« - .
718: 9L/min 718: 15L/min 718: 16% 4— Each Powder Material Amplitude; Regression
316L: 9L/min  316L: 15L/min  316L:20%

CoCr: 9L/min CoCr: 15L/min  CoCr: 20% Ta rget: 6_799/m i n
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Materials and Methods

Elements
IN71 8'

<

Eléments Fe Ni

| SS316L  6225% 14%

Iefhénts A
. 7OCoOr

Cr
0.75% 0.50% 30%

NS A
L (;

<

Fe
14%

Each configuration of the
three materials graded to
each other in ~20% grades

Ni Cr Mo Nb Ti
55% 21% 3.30% 5.50% 1.20%
-45+105 Mesh
AM Bulk Builds
Cr Mo Mn Si C
18% 3% 2% 0.75% 0.03%
-45+105 Mesh

Mo Co Mn Si Ti Cc
5%  62% 1% 1% 0.10% 0.16%

-45+106 Mesh

500W, 20ipm

AM Sample Plan
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Sample Preparation:
1.

a k 0D

Materials and Methods

Sample Cut off Substrate

Cross Sectional Cuts Cylinder Cuts

Electrical Discharge Machining (EDM) to cut

A | B

Cc

sample cross-sections

Scan Directions

!

Polished to 0.05um with alumina suspension Subslice A-C

Electropolishing with oxylic acid at 4V H m
potential !

Puck mount with crystal bond
Sanded to 1200 grit

/i

SEM, EDS,
Nanoindentation
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Resulting Bulk Builds

B1 Build; IN718 > SS316L B2 Build; IN718 > 70Co30Cr B3 Build; SS316L - 70Co30Cr
=
] ] CoCr
Surface ~
. Irregularity _ cocr
o IN718 gzcct:il;onss- : Gradient
= " Gradient
. }Gradient o

Low Layer Height

SS316L
—

Porosity -
IN718

($S316L

—
—
250.00pm 250.00pm

ottom 7 2000

Porosity
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Resulting Compositions B1

B1 Build; IN718 > SS316L  /
EDS 5 Gradient Layers L

EDS Quantitative Results
Element Wt% At%

EDS Quantitative Results
Element Wt% At%
CK  4.25 17.77

CK  5.24 21.25
Sik  0.09 0.15
NbL  4.73 2.48

MK 0.00
Fek 17.52 15.54 FeK 17.57 15.81 .08
Cok. CoK 19 0.16 NiK 50.61 42.01

.11 0
NiK 50.62 42.71

SE1 20pm ) 1502x

8 mncicecive sasits There is no gradient in the

Element Wt
CK  4.24 17.73

B ois material, the 5 middle layers
= kg are showing small layer height

FeK 17.51 15.76
CoK 0.0

oK 51031 4354 and only Inconel 718
composition

EDS Quantitative Results
Element Wt% At%

CoK  0.00 0.00
NiK 49.76 39.15

Carbon may be incorrectly
identified in EDS as alow Z
element

Powder flowability in SS316L (humidity in the powder flow
lines). 2 Low layer height (lower linear mass density)

TMS 2022 150™ ANNUAL MEETING & EXHIBITION

www.tms.org/TMS2022 « #TMSAnnualMeeting




Resulting Compositions B2

B2 Build; IN718 > 70Co30Cr
EDS 5 Gradient Layers

EDS Quantitative Results

Element Wt% At%
cK 1. CK  2.29 10.25 6
SiK 0. SiK  0.16 0.32 [
NbL 4. NbL  4.58 2.65 2.
MoL 4. MoL 3.98 2.23 2.
TIK 0. TiK  0.85 0.95 0
Crk 17. CrK 18.49 19.09 18
MnK 0. MnK  0.00 0.00 0.0
FeK 17. FeK 17.27 16.61 FeK 15.12 13.71
CoK 0. Cok  2.21 2.01 CoK 8.36 7.18
. i 4 % NiK 44.29 38.19

g
B
o
8
z
B
B
o
g
5
&
@
e

EDS Quantitative Results
Ats

EDS Quantitative Results EDS Quantitative Results
% Element Wt

Element Wt% At% Element Wt% At
CK  4.23 17.68 CK  5.02 20.35 CK  3.95 16.46
SiK  0.27 0.49 SiK 1.33 SiK  0.68 1.20
NbL  3.80 2.05 NbBL 1.9 NbL  0.39 0.21
MoL 4.29 2.24 MoL 2.36 MoL 5.40 2.82
TiK  0.54 0.56 TiK 0.55 TiK  0.08 0.09
Crk 20.16 19.45 CrK 19.49 Crk 27.22 26.21
MK 0.00 0.00 MnK 0.00 MiK  0.17 0.15
FeK 13.23 11.88 FeK 9.74 FeK 1.17 1.05
CoK 15.05 12.81 CoK 17.20 CoK 57.61 48.96
NiK 27.05 NiK  3.33 2.84

1502x

1502x

ayer 5 (Iayeru:InO) of gradient showing Ni content

decrease to 30%, but predicted should be 12%. Layer 13 full CoCr composition

- Higher concentrations of carbon at bead boundaries.
Chromium rich sigma phases or unmelted CoCr Powder.
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Resulting Compositions B3

Layer 1 (layer 6) of gradient showing Fe content
to be 35%, but predicted should be 50%.

B3 Build: SS316L - 70Co30Cr
’ SS316L
EDS 5 Gradient Layers ..

EDS Quantitative Results

EDS Quantitative Results
ats Element Wt% At%

EDS Quantitative Results
Element Wt$ % Ats

Element

2
N

SiK  0.36 . SiK  0.50 Sik  0.76
NbL  0.14 0.07 N§etd) N NbL  0.13 0.07 NbL  0.28 0.14
MoL 2103 1.02 X MoL 3l42 1.73 MoL  4.96 2.43
TiK  0.05 0.05 N TiK  0.05 0.05 TiK  0.03

& CrK 21.89 20.45 CrK 25.47 23.07

K 0.58 0.52
FeK 34.94 30.39
CoK 28.93 23.84
NiK  5.16 4.27

s s

FeK 11.97 10.10
CoK 48.83 39.02
NiK  1.78 1.43

o=
SE=
e

7

e

> “.‘h
T s
3 s

2

0\ & "*{‘2“ VZUTALS A
\ V\N\_ \ \g& S
R

“‘\x\‘\;\‘\"\}:i\\l\@ NN
IR

W
A
AN

EDS Quantitative Results | | EDS Quantitative Results
3

Element Wt At
CK  7.97 29.30
SiK  0.70 1.10
NbL  0.10 0.05

Element Wt%

CoK 57.78 42.83

CoK 56.77 45.37
Nik  0.11 0.08

Layer 5 (layer 10) of gradient showing Fe content
decrease to 0.5%, but predicted should be 13%.

Carbon is incorrectly being identified in the
higher layers due to low Z, likely reducing the
reported Co content.
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Resulting Compositions C2

B3 Build; SS316L > 70Co30Cr v
EDS 5 Gradient Layers SS316L HEN vm HEN

EDS Quantitative Results ve Results
a

| [EDS Quantitative Results

Element We%: Att £

0 330 X 081 3.3 o 0t 4.0
SiK  0.40 0.76 sik 033 064 sik 0129 0.55
MoL 2.04 1.15 ot ot MoL 2.05 1.16 MoL  2.36 1.34
T 0.00 0.00 / TiK  0.01 0.02 TIK 0.1 0.12
Crk 16.94 17.69 ke CrK 17.71 18.41 Crk 19.15 20.00
MnK  0.83 0.82 H MK 0.55 0.54 MnK 0,41 0.41
FeK 68.81 66.88 RIS FeK 65.44 63.33 FeK 53.90 52.40
CoK  0.00 0.00 e Cox 1. -39 X

NiK 10.27 5.50 NiK 11.39 10.48 e s

NiK 14.49 13.40

i EDS Quantitative Results EDS Results EDS Quantitative Results

Tiement Wei  ACY Tlenant Wes At Elenent Wit ACt

cx ' ale sz o 1T 60a o ata etz

sik 041 077 sik 041 oles

o o 213 Wi e 2 W 251 13

HE 020 o2 M 01 024 ver 1 2033

Cix 2137 21130 cox 2160 2216 T 037 031

Wk 003 003 Cix 2151 23176

CoK 19.99 18.07
NiK 20.33 18.45

Carbon is incorrectly being identified in the
higher layers due to low Z, likely reducing the
reported Co content.

TMS 2022 150™ ANNUAL MEETING & EXHIBITION

www.tms.org/TMS2022 « #TMSAnnualMeeting




SS316L

EDS Quantitative Results Results
Element Wt: At Element Wt: Ats
K 0.71 3.20 K 0.87 3.93
SiK  0.40 0.76 0.33 0.6a
MoL 2.04 1.15 2.05 1.16
TiK 0.00 0.00 0,01 0.02
CxK 16.94 17.69 17.71 18.41
MK 0.83 0.82 0.55 0.54
FeK 68.81 66.88 65.44 63.33
CoK  0.00 0.00 1.63 1.50
NiK 10.27 9.50 11.39 10.48
s Results g Results
Element Wt%: At Element Wt: At
cK  1.83 8.12 < 2 8.54
Sik  0.28 0.53 0.41 0.77
L 4.15 2.30 4.96 2.76
TIK  0.20 0.22 21 0.24
Crk 21.37 21.90 21.60 22.16
MnK  0.20 0.19 0.03 0.03
FeK 31.66 30.21 25.05 23.93
Cok 19.99 18.07 22.51 20.38
23.32 21.19

NiK 20.33 18.45
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Resulting Compositions C2

B3 Build; SS316L > 70Co30Cr v
EDS 5 Gradient Layers SS316L HEN vm HEN

EDS Quantitative Results ve Results
a

| [EDS Quantitative Results

Element We%: Att £

0 330 X 081 3.3 o 0t 4.0
SiK  0.40 0.76 sik 033 064 sik 0129 0.55
MoL 2.04 1.15 ot ot MoL 2.05 1.16 MoL  2.36 1.34
T 0.00 0.00 / TiK  0.01 0.02 TIK 0.1 0.12
Crk 16.94 17.69 ke CrK 17.71 18.41 Crk 19.15 20.00
MnK  0.83 0.82 H MK 0.55 0.54 MnK 0,41 0.41
FeK 68.81 66.88 RIS FeK 65.44 63.33 FeK 53.90 52.40
CoK  0.00 0.00 e Cox 1. -39 X

NiK 10.27 5.50 NiK 11.39 10.48 e s

NiK 14.49 13.40

i EDS Quantitative Results EDS Results EDS Quantitative Results

Tiement Wei  ACY Tlenant Wes At Elenent Wit ACt

cx ' ale sz o 1T 60a o ata etz

sik 041 077 sik 041 oles

o o 213 Wi e 2 W 251 13

HE 020 o2 M 01 024 ver 1 2033

Cix 2137 21130 cox 2160 2216 T 037 031

Wk 003 003 Cix 2151 23176

CoK 19.99 18.07
NiK 20.33 18.45

Carbon is incorrectly being identified in the
higher layers due to low Z, likely reducing the
reported Co content.
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Initial Mechanical Properties

* Vicker’s hardness data taken at the bead boundary of
every layer in order to both mark the layer boundary
and get preliminary mechanical results. Trends match
current literature [3,4]

B1 Build; IN718 - SS316L B2 Build; IN718 > 70Co30Cr B3 Build; SS316L - 70Co30Cr

B1 Vicker's Hardness Layer 5-11 B2 Vicker's Hardness Layer 5-11
100] 100]
450 450

B3 Vicker's Hardness Layer 5-11
500
450

@ 400 @ 400

g g
5 350 5 350

@ 400

2

5 350

©

T 300
250
200

© ©

I 300 I 300
250 250
200 200

Decrease in Vickers by ~68 at layer Increase by ~80 Vickers Increase by ~180
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Nanoindentation and Bulk Modulus

Vicker’s Hardness Indent Locations

00690
A XX X

00000 .,
00000
00000

4 l 2\Y cur mago| WD | tilt 400 pym
20.00 kV/1.92 nA 350 x |10.1 mm -0 ° CAES Quanta 3D FEG

« 5x5 indents per area of interest, approximately
Planned Nanoindentation Area in the middle of each graded layer

* 10 ym grid spacing for each indent
* 9mN force, 10-20-10 time program
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B2 Build; IN718 - 70Co30Cr

Nanoindentation and Bulk Modulus

B2

6

T 55

R T
(4.} (4,]
Nanohardness (GPa)

[

B3

160 -

s
~
=}

N
o
T

Reduced Madulus {GPa)
[=:] (=]
; o o

[=2]
o
t—

6

15.5

15

- T o
(4] [3,]
Nanohardness (GPa)

pa
o

B3 Build; SS316L - 70Co30Cr

Nanohardness and
Microhardness
should theoretically
show similar trends
in a homogenous

region

i
o
1=

(=]
-
[~
w
S
o
-]
I
[
n
o
o
-

N

w

FS

o

[

Location (mm) Location (mm)

B2 Build shows a contrary trend to expected values based on preliminary
microhardness. Reasons could include:
« Sample prep issues, programming issues, areas probed have nanograins of
varying phase not taken into account in microhardness
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Conclusion

Multiple configurations of bulk build FGMs were fabricated using powder-DED of three common alloys and
in-situ powder feed adjustment.

Bulk cross-sections were assessed for successful fusion and lack of macroscopic defects (unmelted
particles, separation of layers, etc.)

Graded sections of materials were characterized using EDS and SEM for composition. B1 was a bi-metal
build due to issues with material feed, B2 & B3 showed a successful FGM distribution.

Layers were marked using Vicker’s Hardness, preliminary mechanical results align with compositional data
and what is expected based on literature.

Nanoindentation and bulk hardness was performed. Some results inconsistent. Little nanoindentation data
has been reported on FGMs and techniques may need improvement for bulk gradient samples to identify
trends along complex sample compositions .

Two configurations of FGMs (IN718>CoCr & SS316:> CoCr) were fabricated using powder-DED
FGMs manifested good mechanical results
Nanoindentation was a valuable tool in acquiring useful preliminary data for FGM performance
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Future Work

Improve nanoindentation technique. Further characterization of phases present in the
material using EBSD and TEM for further composition and microstructural evaluation.

Optimization of printing parameters (adjust hatch spacing, energy density, potentially
dynamic process parameter adjustment) to increase homogeneity and performance

— Feed into models for ML and digital twin models for Powder-DED.

Expand work to other alloy systems.

Special Thanks to:

Edward Hederick, PhD for coordination from the Center for Design and Manufacturing
Excellence and Ben Dimarco for his assistance with fabricating bulk samples for this work
and providing ample collaboration on the fabrication process. Also to the Center for cAFs
Advanced Energy Studies for the use of the Materials and Characterization Suite. y : s .
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TMS 2022 150™ ANNUAL MEETING & EXHIBITION

www.tms.org/TMS2022 « #TMSAnnualMeeting



Questions?
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