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Background

MoldJet® Process Workflow

Tritone’s 3D manufacturing MoldJet® technology
process, is a sequential manufacturing process
resulting with remarkable green parts dimensions
and mechanical properties.
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Following demolding and curing stages, the green
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their density is also increased to meet standards
requirements.

While being sintered, the green bodies initial
proportions are changed and can be reduced up to
15%. This dimensional change is affected by
parameters such as sintering process profile, part
geometry, material properties, part sintering
orientation, and more.

Inconel 718 Inconel 718 and Copper Tool Steel H13
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Tritone

Industrial Additive Manufacturing

Motivation

Finite Element Analysis (FEA) was applied using Ansys Mechanical and Ansys Additive
Suite. Leveraging the FEA insights, allows understanding the preferred parameters for

the sintering stage, as well as designing an intentionally deformed green body part to

meet the desired requirements after sintering.

MoldJet® Technology

Thermal Debinding &
Sintering Stage

N 'ANSYS

Finished Tray I Demolding Stage
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New Additive Add-ons native in Ansys Mechanical

Home Model Display Selection Automation Add-ons

D ® 4 wm 9 a |l L 2 e O

DesignlLife NYVH Forced Crop Bolt Statistics on | Hydrodynamic Offshare LPEF DED  Sintering  Distortion Variable Motion Load = Add-ons
Toolkit Response Test Tools  Structures Pressure Process Process Process Compensation Load Transfer Help
Fatigue MNWH Turbomachinery | Explicit Mechanical Toolkit Hydrodynamic Loads Additive Manufacturing Rigid Dynamic Support
Laser Power Bed Fusion (LPBF) Directed Energy Deposition (DED) Sintering (Binder Jetting)

Ansys
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https://jam8.sapjam.com/groups/xy6kYgtlXz7dFbMiA3LxnG/overview_page/DoFlerlHe1xoYCTCp1HQVy

Industrial Additive Manufacturing

Applications — Air Filter Distortion Compensation
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Support Removal — Sequence Matters

* Asymmetric deformation observed after support .
removal is accurately captured by simulation

* Manufacturers should take support removal order
into consideration when working with AM

Z-Deflection
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Additional Process Simulation Tf‘tone

Thermo-mechanical & inherent strains

Temperature

Displacement e e e
z

X =y,
ANSYS

2020 R1

¥

Build defects Heat treatment Powder interaction

D Copy of Transient Thermal
Tempenature

Static Structural

Static Structural Different material models can

be used to capture time-

dependent deformation

blade_crash_severity
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Calibration Challenge

Achieve similar dimensions in sintering simulation compared to manufactured

Inputs: Outputs:
Geomtery Final dimensions measured by:

_ Initial Dimension (micrometer/3D scan/dilatometer)

Sintering Process:

- Thermal cycle
Y Calibration Objectives

- Gravity Direction (Sintering orientation) » Dimensional shrinkage

- Base plate frictional force ] . )
* Viscous creep behavior leading to

Material

warpage or bending of the part under

- Sintering temperature )
gravity

- Powder diameter

- Relative density (sintered/initial) * Grain growth effects (optional,

depending on the material)

Y ANnSsySs



Advanced Calibration Methods TﬁtOﬂ@

Dimensional Shrinkage Bending under Gravity ?{,ﬁ,}fmﬁ;ﬁ:ﬁﬂiﬂiﬁ?

| i Gravity Beam Bending Grain Growth Metallurgical
Lz s (2 L il Experiments Experiments
Observed Parts which do not Parts that are prone to Notice differences in end
Phenomenon have overhangs bending/warping during densification depending on
susceptible to warping the sintering process the heating rate
% % o g . . . e Isothermal Temperature 1
E E‘ po § ° o . L] Isothermal Temperature 2
£ = & e E £
& D> .\'Q*‘\‘ ¢ = §° 1:" z‘hr A t:r Isothermal Temperature 3
-0 e .
. / Optical or SEM
RT Wean- o microscopy
Timé Tir'r:e Time

Sintering Simulation Guide (ansys.com)
Sintering Calibration Guide (ansys.com)
Tutorial: Chapter 5: Workbench Additive Sintering Simulation - Printed Bridge (ansys.com)

\nsys


https://nam10.safelinks.protection.outlook.com/?url=https%3A%2F%2Fansyshelp.ansys.com%2Faccount%2Fsecured%3Freturnurl%3D%2FViews%2FSecured%2Fcorp%2Fv231%2Fen%2Fadd_sinter%2Fadd_sinter.html&data=05%7C01%7Comri.yannay%40ansys.com%7C46cfda4b85804e7630b508db08630f56%7C34c6ce6715b84eff80e952da8be89706%7C0%7C0%7C638112993830491870%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=hYd2xAfv1A2yXQCh15enCoLEOf4wIkAMX%2BNIv0Ulh%2FA%3D&reserved=0
https://nam10.safelinks.protection.outlook.com/?url=https%3A%2F%2Fansyshelp.ansys.com%2Faccount%2Fsecured%3Freturnurl%3D%2FViews%2FSecured%2Fcorp%2Fv231%2Fen%2Fadd_sinter_cal%2Fadd_sinter_cal.html&data=05%7C01%7Comri.yannay%40ansys.com%7C46cfda4b85804e7630b508db08630f56%7C34c6ce6715b84eff80e952da8be89706%7C0%7C0%7C638112993830491870%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=I0ID%2Bva3wOlIvG%2FjyzSUKNQxS%2BqyYhyt0dOjzdndFno%3D&reserved=0
https://nam10.safelinks.protection.outlook.com/?url=https%3A%2F%2Fansyshelp.ansys.com%2Faccount%2Fsecured%3Freturnurl%3D%2FViews%2FSecured%2Fcorp%2Fv231%2Fen%2Fadd_tut%2Fadd_tut_sint_brid_intro.html&data=05%7C01%7Comri.yannay%40ansys.com%7C46cfda4b85804e7630b508db08630f56%7C34c6ce6715b84eff80e952da8be89706%7C0%7C0%7C638112993830491870%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=%2BkeA4be0vHe%2FtnPqqVgwjuR40ipUeSReRfxtRa9RK7o%3D&reserved=0
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Available sintering models in Ansys Additive Suite

Table 3.2: Sintering material model comparisons

Author(s) Uniaxial Viscosity Sintering Stress Grain-Growth Model | Viscous Moduli Model
Model Model
Paudel et al. [1] Grain-Size Corrected Olevsky Parabolic Riedel n
Arrhenius
_C_pz .1 Qg
i BY (41 9=, g=gDexp(-gT)
n=texp(F)-(4:)
Dilatometer Data Gravity Bending - Dilatometer
Songetal. [1] Grain-Size Corrected Olevsky Parabolic Riedel
Arrhenius
0, =22 y=L Dexp( -
-arexp(§)-(£)’ " do g=gbexp(~gr)
n=Arexp{T ) |9, Viscosity Sinter Stress
Number of stages
A, B parameter C parameter
Zhanget al. [4] Arrhenius Grain-Size Corrected Parabolic SOVs
Olevsky
B Q
=A T : 1 g V
n EXP[T] Cp? g=gDexp(-x7)
o="g

Calibrating new material

1.Song, J., Gelin, J. C., Barriere, T., & Liu, B. (n.d.). Experiments and numerical modelling of solid state sintering for 316L stainless steel components. 800 . https://doi.org/10.1016/j.jmatprotec.2006.04.111

2.Kerbart, G., Maniére, C., Harnois, C., & Marinel, S. (n.d.). Predicting final stage sintering grain growth affected by porosity. https://arxiv.org/abs/2011.12402

3.Paudel, B. J, Conover, D., Lee, J., & To, A. C. A computational framework for modeling distortion during sintering of binder jet printed parts. Journal of Micromechanics and Molecular Physics. 6.4 (2021): 95-102.

4.Zhang, R. (2005). Numerical Simulation of Solid-State Sintering of Metal Powder Compact Dominated by Grain Boundary Diffusion. The Pennsylvania State University. https://etda.libraries.psu.edu/files/final submissions/5423



https://ansyshelp.ansys.com/account/secured?returnurl=/Views/Secured/corp/v231/en/add_sinter_cal/add_sinter_cal_new_matl.html
https://doi.org/10.1016/j.jmatprotec.2006.04.111
https://arxiv.org/abs/2011.12402
https://etda.libraries.psu.edu/files/final_submissions/5423
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Ansys Mechanical Native Calibration Wizard (Beta)

==
=

Calibration
Wizard (Beta)

Calibration Wizard (Beta)

=% Starts the Sintering Calibration Wizard,
‘:""; allowing users to calibrate a Sinter Material
model from their dilatorneter data.

\nsys

ADDITIVE SUITE

ﬁ Sintering Calibration (Alpha)

Impart Dilatometer Data

Data Set Mumber - Time [sec]

Incomplete data for 5 set(s)
Label

¥ Material Inputs

Green Density
Input required.

Coeffof Thermal Ex._. | 2.1E-05 Lae

Reference Temperat... | 22 *C

* Experimental Data

Shrinkage Experiment -
Input required.

* Plot Options
H-Axis | Time

Y-Axis | Total Strain

\NSysS / acr

Add || Delete selected rows

Temperature [C]

Mo data to display

Tritone

Industrial Additive Manufacturing
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Tritone’s 316L SS Material and Process Data

Material datasheet

316L Stainless Steel

Composition - According to ASTM A276-06

Typical Mechanical Properties

Composition Amount

Carbon 0.03%

Silicon 1.0% g

Manganese 2.0% "

Phosphorous 0.045% H

Sulfur 0.03%

Chromium 16.0-18.0%

Nickel 10.0-14.0%

Molybdenum 4.08% e

Iron Bal. o
'j\‘—v
E rl'
-t
o
.

Ry 7
.

B S ‘:
i o L R

>

Typical Mechanical Properties

Tritone

Industrial Additive Manufacturing

De-binding & Sintering Profile 316L

1600
1400
1200
I-'_l 1000
r
=]
£ R0
1]
=
=] GO0

1380

1380

MiM Wrought
Standard Tritone :::;T;.:f) ASTM EZ?&
Ultimate Tensile Strength ASTM E& 591 MPa 520 MPa 485 MPa
0.2% Yield Strength ASTM E8 213 MPa 175 MPa 170 MPa
Elongation at Break ASTM E8 >60% 50% 40%
Hardness ASTM E18 &7 HRB 67 HRB -
Relative Density ASTM B962 >99% 95% 100%

o 200 400 G600 800 1000 1200 1400
Tirme JSimin
Mean Powder Diameter um 12
Green Density Ratio - 0.64
(compared to sintered)
Sintering Activation Temperature °C 900

N 'ANSYS



Calibration Beam Specimen '[f'tonc

Initial Sintered
Thickness mm 6.35 5.58
Width mm 12.7 11.2
Length mm 35 30.84

Initial Dimensions
(before printing)

3D Scanned
(sintered)




Uncalibrated Sintering Simulation '[f'tonc

VTEEI) e aae B S B B S R B A S AR S B e s O O] 0
¢
Sintering Process \NSyS / acr

¥ Wizard Step: Define Sinter Material

¥ Material Selection

Material 6L (PIM) hd
Pre-defined Models | 316 (PIH) Native sintering wizard material :
User Defined
* Initial Material Data I_'. ,
Initial Relative Density 0.64
Mean Powder Diameter 0.012 mim
Sinter Activation Temperature | 900 C

= 3D scanned sintered specimen

Thickness

Base Plate Base Plate

\nsys ADDITIVE SUITE



Model Calibration with OptiSlang

Material model input parameters
Desic o ‘S Mot~ =]

[=I| Geometry
Scoping Method Geametry Selection
Geometry 1 Body
[=1| Sintering Model
Material User Defined
Material Label Tritone316L
[=I| Initial State Data
Green Density 0.4
Mean Powder Diameter 0.12 mm
[=1| Sintering Stress
Activation Temperature 800 *C
Model Olevsky [Grain-Size corrected)
Input by Single Stage
E> P| Pre-Factor 8.07952411477845 N/mm
Exponent 2
[=1| Uniaxial Viscosity
Maodel Arrhenius
Input by Single Stage

3.02746964404441 MPas

P| Pre-Factar
P Activation Energy

123966631.068764

Temperature Exponent 1
(rain Size Exponent 3
[=I| Grain Growth Kinetics
Madel Parabalic
Initial Grain Size 0,006 mm
Input by Single Stage
P| Pre-Factor 6.63192815958552
P Activation Energy 9201441680.24426
[=1| Viscous Moduli
IMaodel Riedel
Shear Maoduli density Coefficient |1
Shear Moduli density Exponent |2
BEulk Moduli density Coefficient |1
Eulk Moduli density Exponent 2
Wiscous Poissons coefficient 0.5

[=I| Anisotropy

Anisotropic Factors

Tabular Data

Final simulated
dimensions as
output
parameters

Outline of All Parameters

Tritone

Industrial Additive Manufacturing

A B C D w
m Pi ter Mame Value Unit. PTIIT
c et 1 Static Structural
2 B InputParameters
3 B f@ calibrated 316L (D1) 2 Engineering Data  +"
4 b ps Sinter Material Sintering Stress Pre-Factor 0.000656 N mm~-1
. 3 Geometry v
5 fp P7 Sinter Material Uniaxial Viscosity Pre-Factor 1.121E-06 MPa s
: b ope gmher Material Unizxial Viscosity Activation 157126408 < Maodel w P
nergy
Sinter Material Grain Growth Kinetics Pre 5 Setup v
7 fh Pe Tt 9.86-07 4
Sinter Material Grain Growth Kinetics 3 Solution v 4
& I."p P10 Activation Energy 31585408
= f’p New input parameter New name New expression 7 Results v a
10 =] O“‘ff‘t Parameters L] Parameters
11 B f# Calibrated 316L (D1)
12 B Pl LOC_DEFZ Maximum 5.4474 mm Calibrated 3160
13 pd P2 LOC_DEFX Minimum 0.8236 mm
14 pd P3 LOC_DEFX 2 Maximum 11.876 mm
15 pd P4 LOC_DEFY Minimum 2.2953 mm
16 pd PS5 LOC_DEFY 2 Maximum 32.704 mm
* p_J MNew output parameter MNew expression
Charts [pd Parameter Set
v E
i n Optimization
\n s s OPTISLANG 2 One-Click Optimization "
3 | &% Results v 4

One-Click Optimization

Criteria
Mame Type Expression Criterion Eﬁ.-'aluatedve:-:pre g5ian
I' Length Objective abs(30.84-[LOC_DEFY_ 2 Maximum-LOC_DEFY _Minimum)})} MIM 0.432686
I Width Objective abs(11.2-(LOC_DEFX_2_Maximum-LOC_DEFX_Minimum))  MIN 0.147203
I' Thickness Objective abs(5.58-LOC_DEFZ_Maximum) MIN 0.132628




Parametric Optimization with optiSLang

Objective Pareto Plot
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Sensitivity Analysis with optiSLang Tf"(Of“"

Coefficient of Prognosis = 75 %

Total effects

-~ Vs ' s ‘ ™ ™
Width 68.3 % 55.6 % 73.4 % 73.4 %
. N J /
s e A A
Total_difference 75.3 % 57.5 % 75.3 % 75.3 %
u
v \ ) J
3 g ) - e N N
Thichness 74.5 % 56.9 % 74.5 % 74.5 %
|
< \ J \ J
& 15 . . 7 R “ e N N
= ®
g Length 72.1 % 57.0 % 75.4 % 75.4 %
> ]
o 1 o e P ¥;—/ ¥;—/ /
=) S = S ) =
= o] = o o] =}
E E| E I-I'.EI I:EI "
c gz c' i 2z
IS & o & &
& > E v 7
5 @ 5 g E
(1] 10 -
g| E' g| E' g
- g 5 g 5
i i\ = = = £ =
H H .‘.Vatlon 2 a‘e(\ } L i — EB
De5|gn points \Energyﬁegjgﬂ\‘d}l\ ‘ R S Parameter

area of interest \
Most Significant parameters



Best Design Point (DP 538) T[ntOf\Q

= 3D scanned sintered specimen
= Simulated sintered specimen
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Case Study- Initial Sintered Result Tf"(Of“"

316L Stainless

Steel 3D Printed
Door Stopper

M5/SWS8
nut fit

ALSTOM

- mobility by nature -
Courtesy to Alstom

LINT ©, Germany

— \nsys

Holes Distance:
Specified: 30 mm,
Measured 29 mm




Flat Orientation Sintering Simulation (15% scaled model) TﬁtOﬂ@

A: Flat Orientation Sintering
Total Deformation 2
Type: Total Deformation

- A
— Unit: mm
I — Static Structural Time: 72601 5
@ 09/03/2023 11:58
2 Engineering Data  +*
E ? 4 10.335 Max
31 Geometry v 4 9.187
8.0387
4 @ Model v 4 6.8003
57419
5 | @ seup v 4 45035
6 | BE : 3.4452
Solution v 4 S
7 @ Results v 4 11484
7.1824e-5 Min
Flat Orientation Sintering
A: Flat Orientation Sintering E—
Directional Deformation - — — - ]
Type: Directional Deformation (3 Axis)
Unit: mrm
Global Coordinate Systern
Tirne: 72601 5
Deformation Scale Factor: 3.9 {5x Auto)
09/03,/2023 11:59
-1.8607 Max
-1.8936
-1.9265
-1.9504
-1.90923
-2.0252 e
Adeform = 0.29mm
20911 63903
' 57419
-2.124 45935
-2.1569 Min 34452
2,268
11484
ey e
- mobility by nature -

Courtesy to Alstom
LINT ©, Germany

\nsys
\nsys ADDITIVE SUITE



Tilted Orientation Sintering Simulation (15% scaled model) Tﬁtcne

- E

% cuscsicura
2 @ Engineering Data  +"
3 Bl Geometry v
4 @ Model v .
5 @ setup v 4
6 Salution v
¥ @ Results ¥ 4

Tilted Orientation Sintering

E: Tilted Orientation Sintering
Ditectional Deformation 3

Type: Directional Deformation{ Axis)
Unit: mrm

Coordinate Systern

Tirme: 72601 5

Deformation Scale Factor: 3.9

09/03/2023 12:07

0.024699 Max
00738
oon21e
00044735
-0.0022617
-0.008002
-0.015742
-0.0224582

oo Adeform = 0.06mm

ALSTOM

- mobility by nature -
Courtesy to Alstom
LINT ©, Germany

\nsys ADDITIVE SUITE

Industrial Additive Manufacturing

E: Tilted Orientation Sintering
Total Deformation 3

Type: Total Deformation

Unit: mm

Tirne: 72601 s

09/03/2023 12:44

10.05 Max
893311
7.8165
6.6999
5.5832
= 44666

1.1168
0.00016998 Min

E: Tilted Orientation Sintering
Total Defarmation 3
Type: Total Deformation
Unit: rmm

Tirne: 72607 5
08/03/2023 15:10

10.05 Max
2.m31

78165

6,6993

5,5832

44666

I35

2.2334

1.1168

0.000 16998 Min

\nsys



Capturing Gravity Influence T{itOﬂG

Industrial Additive Manufacturing

A: Flat Orientation Sintering
Total Deformation 2

Type: Total Deformation
Unit: mm

Time: 72601 5

09/03/2023 12:56

10.335 Max
9187
= 8.0387
6.8003
u 5.7419
= 45035
3.4452
Rl 2.2968
1.1484
7.1824e-5 Min

E: Tilted Orientation Sintering
Total Deformation 3

Type: Total Deformation

Unit: mm

Time: 72601 s

09/03/2023 12:49

ALSTOM

- mobility by nature -
Courtesy to Alstom
LINT ©, Germany

0.00016998 Min

\nsys
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Flat Orientation Distortion Compensation Analysis '[r.tone

X i C: Calibrated Fine Mesh Sintering + Distor Comp
8 7 Static Structural Total Deformation 2
Type: Total Deformation
2 0 EngineeringData v/ Unit: mm
~ Time: 72601 s
- .
: Geometry v 4 09/03/2023 15:36
4 @ Mocel — 9.6774 Max
5 @ Setup i 86022
— v 7.5269
6 QF Solution v 4 64516
7 | @ Results v . 5.3764

43011
3.2259
21506
1.0754
0.00011064 Min

Sintering + Distorsion Compansation

C: Calibrated Fine Mesh Sintering + Distor Comp
Total Deformation 2

Type: Total Deformation

Unit: mm

Tirne: 32267

00/03,/2023 15:37

9.6774 Max
8.6022
T.5260
64316
5.3764
4301
3.2259

Required dimensions o

0.00011064 Min

Distorted compensated [

- mobility by nature -
Courtesy to Alstom
LINT ©, Germany
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Verification — Sintering Simulation of Distorted Part

C: Calibrated Fine Mesh Sintering + Distor Comp
Total Deformation 2
Type: Total Defarmation

- - B Unit: mm
— Time: 72601 5

1 I8 =  Static Structural 09/03/2023 16:03

2 Engineering Data  + =2 @ Model v 4 9.6765 Max

3 | v 3 |@8 setup v 85,6044

4 v g — 4 Solution I ;3;3:

5 v 4 5 @ Results v 4 5:3379
4.3158
3.2436
21714
1.0993
0.027136 Min

Unit: mm
Time: 26400

=Nk Von]
7.6847
- 9 ~ 6.5869
Required dimensions 5,491
43912
3.2934
2,1956
1.0078

ALSTOM

- mobility by nature -
Courtesy to Alstom

D: Yerification on distorted part with calibrated 316L
Total Deformation 2
Type: Total Deformation

09/03/2023 15:44

9.8803 Max

2.3144e-10 Min

T

itone

Industrial Additive Manufacturing

Distorsion compensation sintering analysis deformation

LINT ©, Germany Verification - Distorted sintering analysis deformation




Validation- Sintering Printed Distorted Part (Uncalibrated) Tf'tOf‘@

Sintered part

Similar distortions
as uncalibrated
specimen
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Summary '[r.tonc

* Using FEA to simulate the sintering process is crucial to design and predict desired
dimensions and residual stress.

* Distorsion compensation analysis can be used to create precise initial part
dimensions before sintering and avoid the use of supports.

* Material model calibration is crucial due to ingredients difference.

Future work:

* Compare case study calibrated result
e Calibrate additional of Tritone’s materials
* Using the new native sintering calibration tool in Ansys Mechanical

 Material calibrations based on advance methods.
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Thank you for listening
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