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Modeling

RAMPT Modeling Topics:

* Melt-pool with validation Scaling up modeling

* Material Curves  Thermal lumped layers
* Thermal model/Evaporation * Inherent Strain
* Scaling — pragmatic method * Utilizing G-code
e 3 Coupons for validation e Full-scale RS-25 Nozzle
* Geometries * Bi-metallics
* Models across scales * Cylinder coupons
* X-ray diffraction and neutron source * Model analyses
e X-ray vs neutron * Nickel layer analysis
e Validation — with NIST Data * Conclusions



Details of melt-pool physics

Optical
* Powder absorptivity
Phase-state
* Powder state - Phase change of powder from
particles to liquid
Thermal
* Heat source Optical Path
* Phase changes (solid, fluid, boil)
* Mass flux from evaporation
* Conduction
* Convection

Modeling Tasks
Scanning

mirror

n

absorption Material optical

parameters and

& Scattering size distribution

Beam

Focusing lens

* Cooling rates & solidification yvm——" /\ _
Fluid Equiv. Heat Inert gas environment

thermophysical
parameters

* Velocity of melt-pool currents
* Evaporation recoil pressure Fluid

* Viscosity surface tension of temperature dynamics
Multi-physics ‘
) O
* Maragoni flow (surface tension as function of ,_."...‘.‘.".”'.
temperature) Solidification Feeds

* Non-isothermal flow — grain

Geometric Deformation/moving mesh Thermal growth
cycling ) models

reflection, absorption,
and multiple scattering




S$S316 Melt-pool Dimensions
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All of the data except for Trapp, et al. (the only non-powder study) looks to be good for model verification.



IN-625 Melt-pool Dimensions

2150 IN625 Paramtric Combinations — [ALL] 15 X10° IN625 Paramtric Combinations — [ALL]
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PRIMARY RECOMMENDATION RATIONALE
« [Bagg, et al] has the largest span in terms of speed and flux as well as a second datapoint

All of the data except for Guo and some outliers in the AFRL data look to be good for

model verification. Recommended pOintS are given Only as an effort to expedite this from the same study in close proximity which can help double-validate the datapoint.
. . . . + A secondary recommendation will be made due to the fact that there is not depth data to
process for largest spread of data with minimal effort. Other points may be more compare to for this set.

efficient due to modeling constraints.



Validation Data

* AFRL Challenge Data'

* Available melt pool measurements for SLM single track deposits of IN625

* Various combinations of power and speed

* Layer thickness = 40 um

* Track length =20 mm

* Laser spot diameter =0.1 mm

AFRL Data for W easured aNd Dmeasured

B10 300 1230 112.0,11.1 86.9,10.4 98.3,13.4 26.9,5.4 62.2,18.3
B11 300 1230 112.0,11.9 89.5,11.8 97.4, 15.5 25.0,6.1 60.3, 14.9
B12 290 953 127.6,7.0 125.2,6.6 128.3,8.1 75.9,7.6 66.0, 15.5
B13 370 1230 122.9,8.4 130.1,6.7 130.1,6.7 72.0,7.4 68.1,9.2
B14 225 1230 96.0, 13.9 107.1,9.9 109.4,11.5 52.3,9.0 65.7,21.8
B15 290 1588 97.9, 14.0 112.9,9.6 115.6,9.8 54.3,9.0 59.1,12.3
B16 241 990 112.0,13.0 110.8,7.9 117.1,12.7 42.5, 6.6 61.2,11.9
B17 349 1430 110.7,11.3 109.4,10.7 111.4,8.6 58.5,4.6 60.1, 15.9
B18 300 1230 112.7,12.7 109.7,8.7 113.0,12.0 46.9,9.3 68.8, 25.9
B19 349 1058 129.9,7.0 130.1,7.1 134.4,14.1 84.0,8.9 63.5,17.8
B20 241 1529 89.3,12.8 83.5,7.0 87.1,11.2 20.1,7.1 56.3,18.1

High fidelity model

/

1 AFRL AM Modeling Challenge Series (http)


https://materials-data-facility.github.io/MID3AS-AM-Challenge/

QVIeIt pool size comparison with SS316 experiment
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O Simulation  results for y
melt-pool dimensions (green -\\~’ 49\W

boxes). Temperature distribu Case | 111um
tions are in 2" and 39 rows, " ! I’I K w186 um
4t row represents melt pool /- 24 wm 29um h: 48 um

shape.

U The laser beam has a
Gaussian power distribution
with 1=e2 radius of 70 um,
scanned along a length. Melt-pool cross-section
O Inconel 625  material
parameters were used.
WPhysics: Laminar Fluid with
Marangoni Effect, Arbitrary
Lagrange-Euler Moving
Mesh, Heat Transfer in Fluids
with Phase Changes
WSimulation performed for
absorption power using the
Beer-Lambert Law  with
a=2e6/m.
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Melt-pool simulation comparison IN-625
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Material Characteristics



IN-625 Characteristics

w Comparison of ANSYS, COMSOL & Literature
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Thermal, mechanical and fluidic properties.
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“d J Material thermal characteristics modeling ****

Thermal expansion weighted by phase preferences

Ab initio molecular dynamics: ]
«  Computational materials method from first —22 = HR1 - this work
.. © : = JBK - this work
principles S | = JBK - expt
«  Atomic scale, quantum/electronic effects 1120,
« Uses a thermostat & barostat, evolves system of 0
atoms forward in time, yields atomic positions, & 18
velocities, energetics £
* Necessary inputs Force Fields and Atomic —'16
Structure. Well suited to austenitic Fe/Ni/Cr
14 T T T T T T T T T T T T T T T T T
alloys. 0 500 1,000 1,500
Temp [K]

Atomistic simulation uses first principles to develop temperature dependent material curves
such as CTE (coefficient of thermal expansion) as a function of temperature shown for JBK-75
and HR-1. JBK-75 used as validation with data, HR-1 new result.

For the simulated systems, the phase change is more gradual than in experiment, but the increased volumes
assoc::liglted with the alpha phase contribute significantly to the thermal expansion coefficient.



MD OVERVIEW

Molecular dynamics (MD):

Computational materials method

Atomic scale, some electronic effects

Using a thermostat and barostat, evolves
system of atoms forward in time, yields atomic
positions, velocities, energetics

Necessary ingredients:

« Force field

«  Atomic structure

Force field used is well suited to studying
austenitic Fe/Ni/Cr alloys in the solid phase.
For details see https://doi.org/10.1002/jcc.25573

Simplified schematic of the molecular dynamics algorithm

Give atoms initial % and vi*% ,set @ = 0.0, t = 0.0, i = 0, choose short At

i

Predictor stage: predict next atom positions:
Move atoms: r* = /) + Vi) At + 1/,a A t’ + more accurate terms
Update velocities: v = v/ + a At + more accurate terms

3

Get forces F=-V V(r*) or F= F{ Y(r°) ) and a = F/m

i

Corrector stage: adjust atom positions based on new a:
Move atoms: r"*!) = i + some function of (a, At)
Update velocities: V(¥ = v + some function of (a, 4t)

i

Apply boundary conditions, temperature and pressure control as needed

i

Calculate and output physical quantities of interest

3

Move time and iteration step forward: t =t + At, i=i+ 1

i

Repeat as long as you need




Wt% to at%, SQS, unit cells

Two alloy systems, simplified to Fe-Ni-Cr.

Disordered FCC alloys (at room temp) — for finite

simulations we need to ensure that all of the

“local” configurations of atoms are sampled

« Pair, triple distribution functions

« ATAT SQS toolkit — monte carlo creation of

structures

Unit cells of 4000 atoms created for both FCC

and BCC (gamma and alpha phase)

JBK75

« By wt%: 53.3% Fe, 31.3% Ni, 15.4% Cr
at%: 53.5% Fe, 29.9% Ni, 16.6% Cr

HR1

« By wt%: 45.4% Fe, 37.9% Ni, 16.7% Cr
at%: 45.7% Fe, 36.2% Ni, 18.0% Cr

System volume vs temperature - JBK
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51000  temperatures —
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Gamma vs alpha phase stability

Started FCC:
—JBKfcc
—HR1fcc
FCC -> Amorpohous? Not BCC, but on the way?
Phase change from gamma to alpha is slow

500 1,000
Temp [K]

1,500




Fraction BCC
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o
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Gamma vs alpha phase stability

HR1's phase change will be less severe, but both alloys exhibit enhanced alpha
phase formation at temps of 1200K and above

o
@

—JBK BCC
—HR1 BCC

Started BCC:
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1,000
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Stability Factor
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Y
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Thermal expansion, weighted by phase preferences

24
] - HR1 - this work
—22 .
© - = JBK - this work
3 : = JBK - expt
=—120-
w
=
| © B
5 18]
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IE :
=16
0 500 1,000 1,500

Temp [K]

For the simulated systems, the phase change is more gradual than in the experiment but the increased
volumes associated with the alpha phase contribute significantly to the thermal expansion coefficient
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Validation Coupons

SLM IN625
Modeling Builds

*  Thin Wall
* 50x2.54 x20 mm (LxWxH)
* Cylinder
e |D:13 mm

* OD:19mm
* Height: 12 mm

* Twin Cantilever

* Beam:80x7.27 x 2.18 mm (LxWxH)
* Main Pillar: 7.27 x 7.27 x 5.82 mm

* Support pillars: 4.3 x7.27 x5.82 mm




Measurement point selection

Modeling and Simulation

Type: Normal Stress ¢ Axis)
Unit

=i Thin Wall structu

re surfa;ce measurement

3/3/20207:13 AM
i [
Q) i
/« _— =
middle
e
3/3/2020 714 AM
14328 Max [ ]

Coupon Dimensions:
50 x 2.54 x 20 mm (LxWxH)
Measurements to be taken at:

Side surface locations (cross-sections of the
dash-dot red lines, pointed by white arrows) 6
values of o,,, 0,

Top 2 locations (arrows in the middle) values
of 6, G,y

Side 3 locations (arrows in the middle) values
of o, G,

Total 14 surface locations 3-directions

3 depth profiles along top

Outer surface locations (arrows) 4 values of Ghoop, G5,

Cylinder Structure er surface loc:
Top 2 locations (in the middle of the wall) values of Gnoop, Oy |

One side location (in the middle=H/2) for determination values of Gy G5 through the thickness
One top place can also be considered for residual stress depth profiles. Total 5-6 surface locations
and 1 or 2 depth profiles

' Coupon Dimensions:

Norrnal Stress 4
Type: Normal Stress(Y Axis) ID: 13 mm, OD: 19 mm
Unit: MPa

Coordinate System - Height (H): 12 mm

Time: 3268.4 u ypme'M ;rmn ‘Stress(Y Axis)
nit: MPa
3/10/2020 8:43 AM s
Time: 3350.4
1072.2 Max 3/12/202012:59 PM
909.16
1039.8 Max
74608 bt
583 706.58
419,92 53005
37332
£ —
69315 - e H/2 location for
23239 Repeat at Determination of 6, Ghoop 2m19 determination
-395.47 Min (O[T 3mm -459.82 Min

of G5, Ghoop
through the
thickness (Imm
depth)

45 degrees,
90 degrees ~ [3mm

Measurements are
taken at the white
arrows

0.000

Simulation studies were conducted using ANSYS Additive,
ABAQUS and ALE-3D to understand stress fields in three

coupons: thin wall, hollow cylinder and twin-cantilever.

Locations for stress measurements using X-ray diffraction were
chosen based upon simulations. Locations

Unit: MPa
Coordinate System
Time: 2626.6
3/10/2020 8:13 AM

Type: Normal Stress(Z Axis)
Unit: MPa
Coordinate System

Measurements are
taken at the white
arrows

Dimensions:Beam:80x7.27x2.18mm
Main Pillar: 7.27 x 7.27 x 5.82 mm
Support pillars:4.3 x 7.27 x 5.82mm
Measurements to be taken at:

5 locations on the top (along the
middle path o, o)

3 locations on the long side (2 along the
middle line of the bar thickness, and
one 2mm from the base) for
determination 6,,, 6,

One location on the short side
cmcyN(on the center of the bar)

Total 7 locations.

1.8175mm
1.8175mm
1.8175mm
1.8175mm *




Residual stress coupons

* Three coupons were designed and fabricated in LPBF IN-625.
* Computational models for the LPBF build process were developed in COMSOL Multiphysics, ABAQUS, ALE3D,

ANSYS Additive.
* These models were used to predict residual stresses and deformation in the 3 coupons.
* NIST measured with neutron source.
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X-ray Diffraction vs. Neutron source
for
Residual stress measurements



X-ray depth: 200um
NIST depth: 750um

AST - black circles

NIST - green squares_ , = °°
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X-ray has greater variability
NIST Neutron aligns well
Greater variability near surface
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BEFORE Measurement:
Thin wall,

Hollow cylinder,
Twin-cantilever

AFTER Measurement:
Thin wall,

Hollow cylinder

Photos of the Thin Wall Sample Top, Face, and Side after electropolishing. White
is epoxy putty and orange is lacquer left from electropolishing.

Photos of the sides of the cylinder from left to right 0, 45 and 90 degrees after electropolishing.



X-Ray and NIST Neutron

Cvlinder Measurements
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Hoop Stress

X-ray at 200um and NIST at 750um depth

Stress MPa

400

300

200

100

-100

-200

-300

-400

Hoop stress comparison

-+ AST 0 deg
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AST 90 deg
—+NIST 0 deg
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Stress MPa
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Axial Stress

ray at 200um and NIST at 750um depth

Z/Axial stress comparison
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Comparison between Model Predictions
and Measurements



Stress [MPa)
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Residual stress thin wall

Thin Wall Szz | Along Z-Axis, 1Tmm from Left Edge
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NIST measurements error bar is o. Trend of all codes is similar. Codes seem to bound the measurements.
Average of code results would be a reasonable predictor.



‘Q Residual stress hollow cylinder

J |

Cylinder Axial Stress | 0A (along Z, 0.75mm into Cyl. Wall, 0 Deg.)

1000 Cylinder Axial Stress | 0C (along Z, 2.25mm into Cyl. Wall, 0 Deg.) 1000
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Trend of all codes is similar. Most codes are larger in magnitude than measurements. ALE3D and the other
codes again bound the measurements.



Residual stress cantilever

Cantilever Sxx | Center Pillar Far Edge, Line E Along Z
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Residual stress cantilever

Cantilever Szz IVCenter Pillar Midpoint, Line F, Along Z

1000 100 0Cantllever Szz IVCenterPllIar Far Edge, Line E Along Z
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Scaling-up Modeling



Pragmatic Method

Pragmatic Approximation Method
* Small thin wall coupon consists of over 400 layers, too many to individually model.
* To scale computations up to coupon scale, need to lump many layers together.
* Heat whole lumped layer, then feed thermal gradients to stress calculations.
* Only do stress calculations for 20 layers instead of 400.

_3 -
400 Layers at 50um per layer ?10 m 20 Layers at 1mm per X102 m
Powder-bed Fusion pragmatic layer

15 15
10x10™ 10 x10°
5 5
0 0



Pragmatic Approximation

1 1 Lumped temperature layers are

10 Layers heated and cooled for several
15 :

real layers at a time.

20 Layers

0 20mm tall part with 50um layers
has at least 400 real layers.

110x10™ _ ,

5 A Pragmatic Part Scale Model for Residual
Stress and Distortion Prediction in Powder
Bed Fusion, Richard J. Williams, Catrin M.
Davies, Paul A. Hooper, Additive
Manufacturing, Vol. 22, August 2018, pp.
416-425.
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‘ . Thermal analyses — scans vs. bulk

Time=0s Volume: Temperature (K) Contour: Dependent variable kw (1) Time=0s Volume: Temperature (K) Contour: Temperature (K)

x10° _, x10°
x10

2.2
91 0% m
2

16107
11.6
11.4
11.2

11

0.8

0.6

yﬁ/x 0.4

Thermal scan takes 1 hour on 54 cores per centimeter. Bulk thermal profile takes 9 minutes resulting in same stresses.

S = N W s~ 000 N

Order of magnitude reduction per cm.
Typically applied for multiple layers simultaneously.



Thermal & Structural Physics for Pragmatic

Method

Segregated solutions used for pragmatic approach.

 Mechanics uses temperature field history as input

AT . . _ e Large plastic strain model
Pcnﬁ + pCpu- NI Vq =0 + Qg * Yield function is von Mises

e Linear isotropic hardening
q=-kVT * Layer by layer activation
* Powder surfaces free of stress

_ * Symmetry boundary conditions when possible
Structural Mechanics:

Linear elasticity:

0=V-(FS) +Fv, F=I+ Vu Plasticity:

- -1 « = )T e L e R

5=54+ jF'V:(Ct‘-')F'E s Ca = 2(F= Fe l)' Fa = FF I:'_l"= —3 Fle.-%e

Szd = So + Sex + 54 i AO

g,V Vot AR jF('MM + MM) = '2AATFM:~ M=F
e=1{(Vu) + Vu +(Vu) Vul . o
: A>o0, F(o0,0.)<0, AF=0
c =c(E,v) 9.q,



' ‘? _ Inherent Strain Method in ANSYS

* Inherent strain method in ANSYS Additive has been compared with lumped thermal
model for 3 coupons.

* Inherent strain method is much faster but requires a scaling parameter that must be
obtained with calibration experiment.

« With the Inherent Strain method, strains are calculated not from material properties
and thermal loads but from the use of a Strain Scaling Factor. The strain Is equal to
the Strain Scaling Factor multiplied by yield strength and divided by elastic modulus.
Strain Scaling Factors are tabulated by Ansys depending on the manufacturing
parameters deposition layer, scanning speed , etc.

 This approach does not need temperature history and is about 5-10 times faster
than standard AM simulation approach.

* If large model like a full-scale nozzle is simulated preliminary residual stresses
might be obtained by inherent strain method. If experimental data are available
I@e3|?uagsp§|2?meters can be tunned by calibrations of the isotropic Strain Scaling

actor .

« Current inherent strain approach will not support bi-metallics.



Residual stress wall coupon

Simulation based on the temperature history — 30 hours on 12 cores

: WI0dI LOVIUITNIdLE DYSLEI i i Sl
Time: 8623.7 s Time: 8623.7 s Time: 8623.7 s
877.04 Max 962.13 Max 1511.9 Max
F 741.26 . 82145 1270.5
605.48 680.78 1029.1
469.69 — 540.1 787.73
33391 399.43 546.35
198.13 . 258.76 304.96
62.347 I 118.08 63.576
-73.435 -22.594 -177.81
-258.67 Min I 16327 -419.2
-303.94 Min -660.58 Min
-345
Inherent strain approach - 5 hours on 12 cores
Type: Normal Stress(X Axis) Type: Normal Stress(Y Axis) Type: Normal Stress(Z Axis)
Unit: MPa Unit: MPa Unit: MPa
Global Coordinate System Global Coordinate System Global Coordinate System
Time: 160 s Time: 160 s Time: 160 s
857 1511

1303.4 Max

962
H 756.09 Max .

ﬁ 782.15 Max
589.89

| | 1028.6
456.33 530.31 787.33
322.78 386.41 546.11
189.22 242.51 304.89
55.667 98.613 L 63.667
-77.889 -45.285

-177.56
-211.44

-345 Mi

-189.18
-333.08

-580.2
-660




Residual stress cylinder coupon

Simulation based on the temperature history — 7 hours

Coordinate System Unit: MPa Unit: MPa
Time: 61714 s Coordinate System Coordinate System
Time: 61714 s Time: 61714 s
721.2 Max 1297‘: .
794.25 Max .7 Max
588.62
456.04 ol 644.32 885.1
. 674.19
== 49439
| 32346 sadac i
190.89 1 4:53 252.39
58309 N 41482
-74.268 - B -169.42
-206.85 35536 -380.33
. 405‘19 -591.23
-401.7 Min . -802.13 Min
-555.12 Min
-472
Type: Normal Stress(X Axis) Type: Normal Stress(Y Axis) Type: Normal Stress(Z Axis)
Unit: MPa Unit: MPa Unit: MPa
Coordinate System Coordinate System Coordinate System
Time: 100 s Time: 100 s Time: 100 s
721
. 713.44 Max . 795.98 Max 1096 Max
588.35 645.87 E 885.12
~—— 4557 495.76 674.23
— 323.04 — 34565 463.34
. 190.39 . 195.54 252.45
57.741 45.434 41.561
= -74911 -104.67 -169.33
I -207.56 -254.78 -380.22
-591.11
-340.21 I .
-463.19 Min % 2
-472.87 Min ;g:'“ it

-555




Residual stress wall coupon

Simulation based on the temperature history — 2.5 hours

Type: Normal Stress(X Axis) (Average Across Bodies) Type: Normal Stress(Y Axis) U‘n'it: MPa
Unit: MPa . Unit: MPa . Global Coordinate System
Global Coordinate System Global Coordinate System Time: 5257.9 s
Time: 52579 s Time: 52579 s
989.42 Max il 987.38 Max m 1386.4 Max
F 783.82 782.73 1067
578.22 =~ 57808 T 74762
372.61 373.44 - 42822
167.01 168.79 108.83
-38.591 . -35.854 . -210.56
-244.19 -240.5 = -529.95
-449.8 -445.15 -849.34
I -649.79 I -1168.7
flAsEo -854.44 Mi -1488.1 Mi
-861
NOrmal Suess Y PRI DU oo 7 gy )
Type: Normal Stress(X Axis) Unit: MPa Type: Normal Stress(Z Axis)
Unit: MPa Global Coordinate System Unit MPa
Global Coordinate System Time: 50 s G.Iobal Coordinate System
Time: 50 s 987 Time: 50 s
— 989 1386
.. HoD. 00K 1238.3 Max
¥ a |
X 577.89 |
577.82 | 747.33
373.33
372.23 428
166.64 168.78 108.67
B oo -35.778 -210.67
£ -24455 -240.33 2530
-450.14 -444.89 | -849.33
I -655.73 -684.62 Min -1216.4 Min
-861.32 Min
-854 -1488




) (QANSYS DED Process Simulation

—

Temperature distribution for
* Thin wall coupon was used for DED simulation and results were compared the 3™ layer

with the results obtained earlier for residual stress in the part

 The DED Process Simulation in Workbench Additive was performed to
predict the macro-level temperature distribution by implementing tool

path modeling approach (as an example snapshots of the simulations are
presented in the right-hand side plot).

11th layer

* G-Code, as a most commonly programming language for computer
numerical controlled (CNC) machines, is used to form a tool paths during
DED manufacturing.

e Clustering of the mesh elements is used to form mesh "clusters" that are
exposed to one temperature in a time step. In the thin wall coupon
example (on the right-hand side plot) 5 mesh elements are integrated in
one cluster having initial melting temperature during simulation.

Last layer

Type: Temperature
Unit: °C
Time: 241,92

1290 Max
11491
1008.2
867.33
726.44
585.56
444,67
303.78
162.89

22 Min

* The temperature time history of the DED process was used to predict
residual stresses and distortions in the wall coupon.




,

Residual stress comparison for DED simulation

Tool path temperature history using G-code

AB: Static Structural
Normal Stress

Type: Normal Stress(X Axis)
Unit: MPa

Global Coordinate System
Time: 954. s

Sxx

970.11 Max
793.58
617.06
440.53

264

87.479
-89.046
-265.57
-442.1
-618.62 Min

Melting temperature applied for each layer

Sxx

P: 20layers
Normal Stress
Type: Normal Stress(X Axis) (Average Across Bodies)
Unit: MPa

Global Coordinate System
Time: 9046. s
12/14/2021 10:36 PM

970
5 756.73 Max

440.67
264.22
87.778
-88.667

-295.56 Min

-618

DED simulation was performed in
Ansys Workbench using G-code for thin
wall structure.

Havin a G-code of the real process
we used it to obtain temperature
distribution dynamics.

All stress components and
distortions were determined this
based on temperature history.

The results were compared for the
standard approach while the whole
layer initial temperature is prescribed
to melting temperature.

The results show comparable
stresses for these two simulation
approaches (results for Sxx residual
stresses —left-hand plot and Szz —right
hand side plot).

Residual stresses for DED manufac-
turing are a little bit larger in a certain
area (like at the base junction).

using G-code and standard ANSYS

Tool path temperature history using G-code

AB: Static Structural
Normal Stress 3
Type: Normal Stress(Z Axis)
Unit: MPa

Global Coordinate System
Time: 954. s

Szz

1259.9 Max
. 1045.6
= 83134
— 617.06

. 402.78
188.5
- | -25.782

-240.06
I -454.34
-668.63 Min

Melting temperature applied for each layer

P: 20layers
Normal Stress 3
Type: Normal Stress(Z Axis) (Average Across Bodies)
Unit: MPa

Global Coordinate System
Time: 9046. s
12/14/2021 10:37 PM

Szz

1259

915.11 Max

616.67
402.56
188.44
-25.667
-239.78

-575.46 Min
-668



Nozzle scale



S Nozzle Build Orientation

Questions: 1. Which build orientation, top to bottom or bottom to top would mitigate distortion? 2. How does
dual-head deposition affect residual stress?

Simulation-based answers: 1. Half-scale and Full scaled RS-25 nozzle liner best to build large end down on base-
plate. 2. Diameter is large enough that dual-head should be fine.

Outcome: DM3D Technologies built large end down with dual-head deposition.

Half scaled RS25 nozzle simulation: Predicted deformation for Full scale nozzle RS25 simulation: Predicted hoop stress

wide dimeter down is much less then the wide end up (2.8 lower big end down.

mm vs. 4.2 mm). Total deformation is mainly radial

comp ression. B: Static Structural D: AM Structural Analysis
Normal Stress 2 Normal Stress 2

Type: Total Deformation Type: Normal Stress(Y Axis) (Average Across Bodies) Type: Normal Stress(Y Axis) (Average Across Bodies)
Unit: mm Unit: MPa Unit: MPa —
Time: 2.7976e+005 Coordinate System Coordinate System
Time: 4.9091e+006 Time: 4.9091e+006

Type: Total Deformation
Unit: mm
Time: 2.7976e+005

. 418 . 4.1807 Max
3.7156 3.7162 748.68 Max . 1377.3 Max
3.2511 — 3.2517 H 629.75 1163.7
— 2.7859 Max 2.7871 510.82 950.13
23222 e 2.3226 391.88 736.53
o 18578 | 1.8581 272.95 | 52293
- 13933 — 1.3936 154.01 L‘ 309.33
e 092889 e 0.92904 35.079 95.73
B 2‘3:‘:4 B 0.46452 -83.855 -117.87
0 Min -202.79 -331.47
-321.72 Min -545.07 Min




Bi-metallic/Tri-metallic



) ‘Q Computational Modeling

&
Computational modeling & validation to predict residual stresses and distortion in bi-metallic

additive parts from process parameters. Accomplishments: 1. Coupons built, 2. Developed and
utilized tri-metallic pragmatic method.

Addresses Goal #2 & Objective #4 ID: 44.704 mm
Goal #2 - Identify and optimize additive manufacturing design and fabrication processes that lead to OD: 34.704 mm
reduced production lead times and analysis life cycle for large scale thrust chamber assemblies. ga%r:;_ﬂ: 38.1 mm
Objective #4 - Advance modeling and simulations of large-scale deposition techniques to obtain Nickel: 0.3 mm
optimal property predictions, material designs, and develop “smart” tool-paths to reduce distortion HR-1: 38.1 mm

and provide acceptable components.

GRCop-42 cylinder on base

Approach:

1. Built analysis coupons: LPBF GRCop-42, cold spray nickel,
DED HR-1.

2. Predict stresses & distortion with multiple simulation

codes using tri-metallic

Compare results between codes.

Comﬁgre with measurements at NIST.

SS316
GRCop-42

Ni interlayer

B ow

HR-1




T: Static Structural
Normal Stress

Type: Normal Stress(X Axis)
Unit: MPa

Coordinate System

Time: 33625 s

846.44 Max
F 698.75
= 551.05
403.35
255.65
107.95
-39.743
-187.44
-335.14
-482.84 Min

Radial stress

T: Static Structural
Normal Stress 3

Type: Normal Stress(Z Axis)
Unit: MPa

Coordinate System

Time: 33625 s

1057.7 Max
857.42
657.19
456.96
256.73
56.502
-143.73
-343.96
-544.19
-744.42 Min

Axial stress

Predicted residual stress
components for tri-metallic
cylindrical coupon. Vertical cross-
section shows residual stress
distribution through the
thickness of the wall. (Ansys
Additive simulation for quarter of
the tri-metallic cylinder

T: Static Structural
Normal Stress 2
Type: Normal Stress(Y Axis)
Unit: MPa
Coordinate System
Time: 33625 s

1018.7 Max
850.07
681.41
512.75

3441

175.44
6.7773
-161.88
-330.54
-499.2 Min

Hoop stress

structure).

Cylindrical structure built Von Mises residual stresses along a path

Cvaiosyy  Without Ni layer on the outer wall surface have about the

m Eg%gii&;g same stresses except the small vicinity of
./0e
| the Ni layer in HR1

+5.46e+08

+4.71e+08 Outside path
+3.97e+08 1000 T T T T T T T
+3.22e+08
| +2.47e+08 == MisesNoNi r
+1.72e+08 $ 800 | MisesNi
=
” @
“““ 8 600 -
> gl w
B 0
R 0]
@
""" H H =
Cylindrical structure <
B . B > i
built with Ni layer L

S, Mises
(Avg: 75%)
+9.20e+08

+8.44e+08 Zymm
+7.67e+08
+6.91e+08
+6.15e+08 !
+5.39e+08 < 800 =t MisesNoNi
+4.62e+08 o o MisesNi
+3.86e+08
+3.10e+08
+2.34e+08
+1.57e+08

Outside path

¥ 600 -

Zoomed
Ni-layer
domain

R

von Mises Stres:

35 36 37 38 39 40 41 42 43
7. mm

Embedded Ni layer redistributes residual stress components
having much smother transition from GRCop-42 to HR1



Nickel layer between GRCop-42 & HR-1 reduces hoop stress

Surface residual stress for the structure without Ni layer

Hoop stress along the radius

S, S11 (CSYS-1) S, 522 (CSYS-1) S, 533 (CSYS-1) 400 . .
(Avg: 75%) (Avg: 75%) (Avg: 75%) .
SRR « =G 300 || —o— Niutayer
e+ woek-< . - I I-layer
'2'.8$;28 © ’
A +2%
st 556+ 08 VAN - +2.21e+0§\\ o 200t
+9:88e+07 +1:55e+ 08" =
+4.2 268Q7 +8.83e407 &
-1.44e+ %% +2.17e+ 0% @ 100
-7.10e+07 S -4.49e+07 o
| -1.28e+08 _ -1.11e+08 =
- -1.84e+08 -1.78e+08 2 01
-1.31e+08 \ L -2.41e+08 L -2.45e+08 o
-1.65e+08 L 2 97e+08 L 3l11e+08 S _100.L
' ‘ T
-200
-300 : : : :
0 1 2 3 4 5
- N L A 27' B . .
. _ , Axial stress along the radius
Surface residual stress for the structure with Ni layer
S, S11 (CSYS-1) S, 522 (CSYS-1) S, 533 600
(Avg: 75%) (Avg: 75%) (Avg: 75%) i
" +1.85e+08 +3.71e+08 +4.06e+08 = NoNi-layer
Ret54e+08 #324e+08 #3.47e+08 « 400 |=©— Ni-layer
F1248908 = p2 276408 a
F0.366F02v, +2.308408 =
i& 2640700, +1.83e+08<
- 07 S +1.36e+08 , w» 200 ¢t
+2.35 , +8.89e+07 +4.98e+07 n
- -2.81e+ \\\ +4.19e+07 - -9.60e+06 o
- -5.85e+07 Nt -5.11e+06 _ -6.90e+07 =
-8.89e+07 -5.21e+07 -1.28e+08 % or
-1.19e+08 2\ -9.91e+07 -1.88e+08 =
-1.50e+08 -1.46e+08 | -2.47e+08 i~
-1.80e+08 L1 -1.93e+08 L1 -3l07e+08 < 5001
-400 .
0 1 2 3 4 5
X, mm




7 (? Failure from Ni layer delamination

Deposition of HR-1 onto cold sprayed Ni
failed due to delamination of nickel.
Suspected causes:

1. DED of HR-1 was too hot/deep and thus
the melt-pool went through the diffusion
layer of Ni.

2. The Ni diffusion layer was too shallow
from an unknown changed in the cold
spray process.




S, S22 (CSYS-1)
(Avg: 75%)
+7.157e+08

L[ +6.263e+08
L +5.369e+08

+4.475e+08
+3.581e+08
+2.688e+08
+1.794e+08
+8.997e+07
+5.704e+05 S, S22 (CSYS-1)
o Avg: 75% . . .
-1.782e+08 i Hoop stress is presented as illustrative
£ 6.263e+08 . .
A 12-2922183 example. The same situation takes
+4.475e+ . . )
GRCop 42 13281408 place for a radial stress. Axial stress is
= 1.794e+08 - ; i
AM cylinder \ . - Ig.ggziigg small since axial stress is normal to
e +5.704e+
-8.882
8.882e+07 the surface
-2.676e+08
Hoop stress in an AM GRCop cylinder. SRR
One can see substantial hoop stress on
the top of the structure (top plot). GRCop 42 AM

Adding Ni layer decreases hoop stress in
the Ni layer (center and bottom plots)

cylinder + Ni layer S, 522 (CSYS-1)

(Avg: 75%)

ke
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st P P N : : +6.929e+08
e er0s P Seos Small adhesion between Ni layer +5.775e+08
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133iactes /7 N and GRCop 42 might lead to +3.465e+08
+2.037e+ i R . . = 1+2.310e+08
R i  \ delamination of the cold +1.155e+08
JERCLT IS T N Wy . +1.056e+03 L
+11156e+08 i ’,’ = W sprayed Ni layer from the GRCop e lzeie
gy AL /i i 42 cylinder and releasing the -ﬁiggggigg
) i ) . -4.
A stresses in the Ni layer (compare
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residual stress =, left and hand side plots)




) ‘? Simulation of Ni diffusion into GRCOP-42“‘“;’§V'i»~

1.00 —conc I y
(Avg: 75%)
+1.000e+00 .
[ +9.167e-01 Ni
0.80 = —
B
L
N
0.60 [ | .
@, B
Z
O
O
0.40 —
Zoomed domain
0.20F .
FE simulation for temperature T=800C, D=2E-14cm?/s
0.00 Time=1e6s, . | , | , .
0.0360 0.0365 0.0370 0.0375 0.0380 0.0385

Z Coord
—— CONC (Avg: 75%): Z Coordinate of Niconcentration in GRCop cylinder

Ni adhesive layer strength might be increased by increasing diffusion length of the of Ni inside GRCop 42 structure. The finite
element of diffusion process was simulated. Inserts to the linear plot show FE simulation of the Ni diffusion (red) insider GRCop
concentration — blue. Linear plot (red line) corresponds to Ni concentration (white arrow on the contour plot). Obtained results
depend strongly on experimental data of diffusion coefficient D depending on the temperature.



Accomplishments

Accomplishments

* Melt pool models developed and verified with published results

* Material thermal response characterization

* 3 coupons designed, manufactured and model predicted residual stresses verified
* Simulation models scaled up to part-scale

* Nozzle scale simulations performed in ANSYS Additive

* Bi-metallic coupon simulated



