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Overview

1

1

What is Autonomous Engineering?

— Traditional simulations vs new approach

Case Study #1

— Using Autonomous Engineering to evaluate two pattern layouts

Case Study #2

— Adjusting Thermal Property datasets for Investment Casting Shells

Case Study #3

— Evaluating a gating approach using Autonomous DoE




From Simulation to Autonomous Engineering




Investigating Solidification L ——

Casting geometry
with premanufactured
cone (Shell hidden)

No porosities detected

Empty

100.0

92.9

85.7

78.6

71.4

64.3

57.1

50.0
428
357
28.6
214
14.3
71
0.0

solidification pattern
Indicating feeding paths

T after ~ 21min (end of solidification)




Investigating Stresses and Cracks
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Investigating Stresses and Cracks

Cold Crack Result




Reoxidation inclusions in steel alloys




Robust Casting Designs and Processes — a Black Box ?
... everything happens at the same time
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Why autonomous engineering?
“Improve the solution”

“Never touch a
running system”
VS.

“There is always a
better solution!”
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Why autonomous engineering?
“Support continuous improvement processes”

J— //" E
SOP: running production: running production:
large process process variation reduced robust process
variation (process robustness) +

optimized operating point
(quality, costs, productivity)




Case Study #1

Autonomous Engineering applied to two pattern layouts




Wax model and simulation setup

3D Simulation Model
with stand and ground
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Layout of
Customer
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Runner/Feeder Layouts A and B




Process Parameters

— Cast Material: High-Alloy CrNi-Steel
— Pouring Temperature: 1600°C

— Pouring Time: ~ 5s

— Ceramic Shell preheated at 850°C
— Cast in ambient environment

— Down sprue isolated through topping




Filling Simulation Results




Metal flow and temperatures during filling &

Temperature
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Re-oxidation inclusions
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Inclusion Diameter
mm

PERCENTAGE OF CARBON AND LOW ALLOY MACRO-INCLUSIONS, 396 total
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earance and Composition of Oxide Macroinclusions in Steel Castings,”

vol. 95, 1987, pp. 187-202

The majority of inclusions in
steel castings result from
reoxidation and
turbulence during mold filling




Other Filling Results
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Solidification Simulation Results




Radiative Heat Exchange
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Temperatures during Solidification

Metal Temperatures e Shell Temperature e
Color Scale: 500 - 1500 — Color Scale: 100 - 1000 —




Solidification Path of Layout A A R
v adk

Fraction Liquid with areas which no
longer can be fed are shown invisible




Critical Areas during Solidification Layout A A &
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Casting defects

Insufficient feed paths




Critical Areas during Solidification Layout B 5 o,
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Summary

— Runner/Feeder Layout ,A" does not provide feeding paths which
result in a sound part

— Layout ,B* shows improvements concerning tendency to form
porosity, but some indications remain

— To get a casting whose quality is robust in spite of process
fluctuations, and to better understand the influence of geometrical
changes on feeding, it is decided to perform a set of virtual
experiments with different parameter variations

— Casting Layout ,B‘ is the subject of the further investigation




Autonomous Engineering through
virtual Design of Experiments for
Layout B




Parameter Variations in Layout B

— DoE 1: ,Influence of changing — DoE 2:,Support feeding by
process parameters on changing dimensions of runner
solidification?” and gates?“:

— Delayed pouring:
— Wait time: 10s , 65s, 120s

— Shell preheat temperature:
— 800°C, 900°C, 1000°C

— Pouring temperature:
— 1500°C - 1650°C, step 50°C

— Geometry as before — Process parameters fixed.
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Design of Experiments 1, ,Changing Process Variables®

— Goal is to examine influencing process parameters
on thejcritical areas during solidification

— Calculation covers all 36 possible combinations

— Comprehensive comparison and utilization of all simulation results

— Quantitative assessment in charts and tables




DoE1l.: Effect of Pouring Delay on shell temperature

N
— Example: Fixed Temperatures for Melt (1600°C) and Shell (900°C) T




DoE 1: Assessment of Virtual Experiments

Rank Design Critical Solid Areal (-) Critical Solid Area2 (<)
Rank 1 Design 24 0.0 4.76

‘ Melt 1600 and 1650°C

W
o |

Rank 2 Design 36 0.0 6.14
@) Shell 900 and 1000°C O fonk3
® Rankd Design 32 0.0 8.97
® Ranks Design 8 0.0 9.3
® Ranks Design 20 0.0 9.5
. . ®0 rank7 Design 35 0.0 9.89
— Ranking according to chosen h o : u
Rank10 Design 4 00 1504
reSUIt Values O®0 rRenklt Design 11 0.0 1645
Rank 12 Design 28 0.0 1651
®® -ronki3 Design 19 0.0 1671
. . . OO0 rnku Design 31 00 1797
— Experiments with higher Melt @0 s oy
@  Renkis Design 15 00 2213
: @  Renk17 Design 3 00 2359
Temperatures (red, pink) show -
. — W Renk19 Design 22 0.0 45
® Renk20 Design 10 0.02 26565
less tendency for cutting off B 2 pewn
Rank 22 Design 2 149 2813
feEd paths R::k23 D::::H 178 28.89
® renk2 Design 30 0.3 31.26
® Renk2s Design 6 00 B2
. . . ® R::kzs D::::ls 0.6 375
— EXxperiments using higher shell 563
® Ronk2s Design 33 1452 3493
- M ® Renk2 Design 21 1207 971
preheating (greenish) show $ fin oo
. ® rank3l Design 5 36.56 48.09
both good and bad tendencies. Btz e n ol
p . Rank34 Design1 7637 EEFT] —
NO ObV'OUS eﬂ:ect_ Rank 35 Design 13 71.08 4951
<~ : _ Rank 36 Design 25 7532 47.39




DoE 1 Assessment using Main Effects diagram
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DoE1l: Selected Results of virtual Experiments

Cast Alloy Class - Initial Temperature 1500.0
Shell All - Initial Temperature 800.0
Pouring - Pouring Rate Parametric Function, Interval 1, 120.0
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Pouring - Pouring Rate Parametric Function, Interval 1, 10.0
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e Cast Alloy Class - Initial Temperature 1600.0
Shell All - Initial Temperature 800.0
Pouring - Pouring Rate Parametric Function, Interval 1, 120.0
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Design of Experiments 2. ,Geometry Variation*

— Objective is to improve feeding
paths into the casting by the
following variables:

— Widening gates
— Varying runner section

— Changing down sprue
position




DoE 2, Assessment using Main Effects Diagrams
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DoE 2, Assessment using Scatter charts

Poor Bubble Size: Runner Section Poor Bubble Size: Gate Width
F 3 A

It is more important to
have a wider gate than
having bigger runner
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DoE 2: Best Compromise

— Widening the gates prevents
the separation of the feeding
paths

— The runner section can be
reduced -> better yield

— Down sprue position has only
minor influence




Summary of DoE 1 and DoE 2

— Virtual Experimentation delivered insight and revealed influencing
process parameters

— For the considered Investment Casting and with respect to the
examined criteria (Cutting off of Feed Paths -> Porosity), the process
parameter which is most important is the Melt Temperature. The
variation of the Delay Time as well as the Shell Temperature is almost
negligible

— The results of geometrical variation shows that as long as the gates are
widened, the runner section and the down sprue position have almost
no impact




Case Study #2

Adjusting Thermal Property Datasets of Investment Casting Shells




Introduction

Using Simulation for Investment castings.

1. New Jobs where gating needs to be cut into the die before the die is shipped.
2. Prototype jobs where the gating needs to be printed on the part.
3. Old problem jobs to reduce the amount of post processing such as welding.

How can we increase the accuracy of our simulations?

. X-ray results vs. Simulation results.
. Study input variables.
. No general dataset can be used to describe every foundries Ceramic

Shell. Dip # Slurry Stucco
. 1 Primary Zircon
- shell compositions Zircon/Silica
particle size distribution —
B processing parameters 2 Intermediate Silica 50/100
3 Back up silica 30/50
4 Back up silica 30/50
5 Back up silica 30/50
6 Back up silica 10/30
7 Back up silica 10/30




Experiment introduction

Matching Cooling Curves

In the Foundry: we will measure the temperature inside the mold cavity and
outside the shell to see how heat passes through the shell.

In Simulation: we will use inverse optimization to incrementally change thermal

conductivity and specific heat of our shell until our temperature vs. time curves
match that produced in the foundry.

—  justshell
9-7-2016
modifiednew.csv

— Design 300

—  justmold cavity
9-7-2016

28004

modifiednew.csv
2400 —  Design 300

2000.

1600.

N\
\\

Temperature [°F
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Design of Experiment

Thermocouple setup

Materials:

K, B, and S type thermocouple wire
Quartz Glass Tube

Alumina Double Bore tube

Mini connectors

I I

teps:

:

Mold in a Quartz glass tube

Build Shell

Autoclave

Drill and Place K type wire just under shells outside surface
Attach insulation to the outside of the shell

Fire shell and observe shell temperature

Remove shell from oven

Insert thermocouple probe into glass tube

Pour the shell and record the data.

Themocouple wire type K

Quartz Glass Tube

Alumina double bore tube
encaseing tvpe B thrmocouple wire

Fernale connector

L e e A




Molding in Glass Tube




Thermocouple Probe

Materials

— S and B type wire

— S and B type extension wire

—  Quartz glass tube

—  Alumina double bore tube

—  Connectors based on your data logger




Inserting K type wire and Insulation




Adjust Measured Data - [1] just shell 9-7-2016 modifiednew.csv
Shift measured data along time axis and cut curve te a specific interval, 1 %
200 Shift & Cut Parameters
. - oo
2000
1.900
1 a00 End
170 Time(s) Temperature (°F) o
1800 10 15450 =
1500 20 15486
1400 30 15564
= 1300 40 15604
S 50 15642
H 60 15724
g 70 15769
£1.000 80 1581.2
" s 90 15896
00 100 15036
10 15984
o0 120 16024
600 130 16111
500 140 16153
a0 150 1619.5
160 16285
20 170 16328
200 180 16372
100 190 16415
o 200 16508
Q 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250 20 16549
Time [s] 20 16500
B8 s
20 16717
[ Show calculated curve o e s 2
Index |Simulated Curve Comparison Interval(s) | Mame Data
1 Solidification & Cooling, Temperature Curve - Thermocouple TC 02 [1.0,4197.0] just shell 8-7-2016 modifiednew.csv
2 Sclidification & Cocling, Temperature Curve - Thermocouple TC_ 01 [1.0,4197.0] just mold cavity 9-7-2016 modifiednew.csv
2,500
w 2,000
g
1,500
1,000
500 1,000 1,500 2,000 2,500 3,000 3,500 4,000




Inverse Optimization: Setting Design Variables

Parametric Funetion Definition - Overview
Specify approximation intervals and prameric function parameters.
pproximation Interval - Shell All - Specific Heat Capacity Parametric Function
Shell All - Speic Heat Capacity Parametric Function Specify interval for approximation with a parametric function. .
E @ Parametric Function Type Interval Limits Number of Parameters
Approximation Interval
(] 1,350 e
B EEMI F End 3632.0 °F
T 1300 egin n
1,250 Temperature (°F)  Specific Heat (/kg)
1.350 Tempersture (°F)  Specific Heat (1/kgK) 1,200 “m 33 4250
a0 328 4250 1150 2120 5400
120 5400 3920 6550
1.250 020 6550 1,100 5720 7700
1200 5720 7700 1,050 7520 8850
1180 7520 8350 Z'1,000 9320 10050
9320 10050 2 11120 11200
1 1120 1200 5 90 12920 12250
00 12920 12230 5§ o0 14720 12200
14720 12200
g o 16520 13350 % 850 16520 13250
2w 2 18320 12850
s 18320 12850 g 80 20120 12350
w™ 900 . !
2 B 1 & 750 21920 11950
g 850 21920 11950
g s =720 1250 soo 5120 11250
@ 36320 11250 650 36320 11250
750
o 600
0 550
0 500
5530 4501 |/
500 400
450 0 250 500 750 1,000 1,250 1,500 1,750 2,000 2,250 2,500 2,750 3,000 3,250 3,500 3,750
400 Temperature [°F]
0 250 500 750 1000 1250 1500 1750 2000 225D 2500 2750 3000 3250 3500 3.750 v
Temperature [
perature [F] @ < Back Next > Finish
@




Inverse Optimization: Setting Design Variables

=)=

Parametric Function Type - Shell All - Specific Heat Capacity Parametric Function N Ranges of Variation - Shell All - Specific Heat Capacity Parametric Function
Select type of parsmetric function for approximation j\ Specify ranges of variation for parametric function parameters.
Curve Type *® —Upper limit — Lower imit RE=azizs
by N — o m e ' ShowLine Parameter LowerLimit UpperLimit Step Unit
' 1,500 . 4 28 EE 00 F
' : ) 4250 4250 00 kgk
' 1400 ¥ w 8000 20000 500 F
! ! M w 10000 15000 00 F
H 1,300 = 11000 15000 250 gk
! 3 v ow 10000 13000 500 Ikgk
! 1,200 ) d
h z '
: 21,100 .
' I '
! E 1,000 e
| g 900 |
! T ‘
H f '
B & 800 I ‘
Yi--ooooooooomooseoo s Pl e b ‘ Quick preview || Precise preview Reset
! . 700 d 7 Curve Parameters
I h , '
Yo wo 4 wo + 600 ! | Yg mm e
x0 x1 x2 J )
500 ) ‘
Linear Interpolated (3 points) = 00 T '
PfLincarThree Linear Interpolated (3 points) . : '
This is 2 simple linear interpolation with three points. 0 250 500 750 1,000 1,250 1,500 1,750 2,000 2,250 2,500 2,750 3,000 3,250 3,500 3,750
A Temperature [°F] Yam - -- o= i sommmmsee-
P i 5 o ‘ Show lower limits show upper limits X0 . e
@ <Back [ Net> || [ cancel @ [ <Bak | Wea> |[ Finish | [ Cancel




Assessment: Curve Comparison

< i N
—  Justshell
9-7-2016
28004 modifiednew.csv
—  Design 477
Rank —  justmold cavity . Match Measured a...

9-7-2016
.. Rank 1 modifiednew.csv 159.14
[ | Rank 2 2400 Design 477 159,14
[ | Rank 3 153,14
[ | Rank 4 159.14
[ | Rank 5 159.14
[ | Rank & 2000 159.14
[ | Rank7 & 159.14
Rankd 2 159.14
[ Rank9 g 15913
| Rank1{ £ 1600 159.14
[ | Rank1l "~ 159.14
[ | Rank 1. 159.85
[ | Rank 1; 150.84
[ | Rank1: 1200 158.37
[ | Rank 1! 158.38
[ | Rank 1 158.38




Assessment: Main Effects Plot

Thermal Conductivity

k9

Wo

Specific Heat Capacity

Curves

1 and Calculated Temp

Match M

Shell All - Specific Heat Capacity Parametric Function, Interval 1, WO

Shell All - Specific Heat Capacity Parametric Function, Interval 1, Y2

9.3E+004 |

B8.1E+004 |

6.9E+004

5 5
o R

Shell All - Specific Heat Capacity Parametric Function, Interval 1, W1

Shell All - Thermal Conductivity Parametric Function, Interval 1, WO

9.3E+004

8.1E+004 ]
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Shell All - Specific Heat Capacity Parametric Function, Interval 1, Y1

Shell All - Thermal Conductivity Parametric Function, Interval 1, Y1
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B8.1E+004

6.9E+004 |




Assessment: Curve Comparison

—  justshell
9-7-2016

A modifiednew.csv
—  Design 53

Temperature [°F]

1650




Simulation Results
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Summary

— The Main Effects Plot quickly showed that the thermal conductivity
and the specific heat capacity had the biggest impacts on matching
the simulated cooling curves with the measured cooling curves

— Fine tuning those properties provided simulated curves to match measured data

— The porosity prediction more closely matched what was seen in
production once the proper thermophysical properties we
determined using inverse optimization

— This provided more confidence in the simulated results and reduced sampling
time




Case Study #3

Evaluating a gating approach using Autonomous DoE




Gating System/Casting Layout

The goal is to achieve smooth filling that will produce good surface finish and eliminate repairs
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Process Parameters

Defined variables that can be changed

— Cast Material: CuSn12 Tin bronze
— Pouring Temperature: 2000°F
— Pouring Time: ~ 2s

— Ceramic Shell preheated at 800°F




Filling Simulation Results




Metal Temperatures During Filling

the objective is to track metal front temperatures to avoid misruns or cold laps

Temperature 1814 1841 1867 1894 1920 1947 1973 2000 Temperature 1490 1536 1583 1629 1675 1721 1768 1814
i ‘ 1827 ‘ 1854 ‘ 1BIBO | 1907 | 1934 | 1960 ‘ 1987 | Empty °F ‘ 1513 ‘ 15‘59 | 1606 | 1652 ‘ 1698 ‘ 1745 ‘ 1791 ‘ Empty
| | | I | I | | | | | |
Liquidus <« Initial Pour Temp Solidus ¢ Liquidus
A -
z z
| L
X

v02 v02

T Temperature Temperature
0.0ms 0.00 % 0.0ms 0.00 %

—*ﬁ

N




Metal Front Velocities During Filling

the objective is to track metal velocities to reduce turbulence and inclusions
|

Absolute Velocity  0.00 10.71 2143 3214 4288 5357 6429 75.00 Absolute Velocity  0.00 10.71 2143 3214 4288 5357 64.29 75.00
in/s ‘ 5.36 | 16,|07 ‘ 26.79 | 37.50 | 48.21 ‘ 58.93 | 69.64 ‘ Empty infs | 5.36 ‘ 16.07 ‘ 26.79 | 37.50 ‘ 48‘|21 ‘ 58.93 | 69.64 | Empty
| | | | | | | | | | | |

v02 V02
Absolute Velocity Absolute Velocity
1.274s 50.01 % 1.274s5 50.01 %




Other Filling Results

b |

Air Entrapment 0.00 571 11.43 17.14 22.86 40.00
% | 256 ‘ BST | 1429‘ 2000| 2571 ‘ 3143| 3714‘ Empty

z

.

v02
Air Entrapment
1.004s 28.02 %

Air entrapped by the metal front

|

N

Age 0.000 0.197 0.395 592 0.789 0.987 1.184
s

1.381
| 0099 | 0296 ‘ 0493 | 0691 | 08&8 ‘ 1055 1.2‘83 |

e

z

.

Flow Tracer

Weightless particles showing flow
patterns

e ————Y——————————————————



Solidification Simulation Results




Solidification Path — Fraction Solid Result

Transparent areas are no longer open to feeding

Fraction Solid 0.00 1.89 377 5.66
% | 0.94 283 ‘ 4.‘71 | 6.60
| | |

7.54

943 11.32 13.20 Fraction Solid 0.0 14.3 28.6 42.9 57.1 7.4 85.7 100.0
8.49 | 10.37 ‘ 12.26 | Empty % ‘ 71 ‘ 21I 4 ‘ 35.7 ‘ 50.0 | 84.3 78.6 ‘ 92.9 Empty
| 1 | | | | | | |

L

w02 v02
Fraction Solid Fraction Solid
1.9425 0.00 % 1.942s 0.00 %




Locations of Significant Themal Centers

Hot Spot 735 106.3 139.0 1718 2045 237.2 270.0 3027 orosity 857 11.43 14.29 20.00
s I 39‘,9 I 122‘.5 ‘ 15.’?4 | 18&?.1 | 229.9 | 25."36 I 2&6‘3 ' Empty % | | 9 ' 7:4 |‘|°0 l 1 IBG ‘ 15"” | 5 |
-
©
r4 Z
il s L
X
v02 v02
Hot Spot Porosity
5min 3.0s 5min 3.0s 100.00 %
Regions isolated from feeding through the Areas with macroscopic shrinkage porosity

gating system




Virtual Experimentation through
Design of Experiments




Parameter Variation
Design of Experiment setup parameters

Possible optimization paths:

— DoE 1: Influence of changing process — DOE 2: Gatin
parameters on solidification?

— Pouring speed:
— Ladel height: 3, 6, 9

g modifications?:
"B

— Shell preheat temperature: | ..
— 500°F, 600°F, 800°F

— Pouring temperature:
— 1800°F — 2250°F, step 20°F

— Process parafn s nixed
— Baseline geometry

Goal is to examine the influence of process parameters

v on the critical areas during filling and solidification




Parralell Coordinates

Each line represents a design that has been run

Minimum

Pouring Shell .
, Metal
Pouring Speed Temperature Temperature Temperature Porosity

!

1755.20




Parralell Coordinates

We want to look at designs whos minumum temperature exeeds the liquidus

Minimum

Pouring Shell .
, ‘ Metal
Pouring Speed Temperature Temperature Temperature Porosity

v ¥




Parralell Coordinates

Which designs have the lowest porosity

|

Minimum
Metal
Temperature

Shell
Temperature

Pouring
Temperature

Porosity I

2.8E-
T41E+0(

Pouring Speed I

v

1755.20

4.0E+004
3.9E+004
3.8E+004
3.7E+004
3.6E+004
3.6E+004
3.5E+004
3.4E+004
3.3E+004
3.2E+004
3.1E+004
3.0E+004
2.9E+004
2.8E+004



Scatter Plot
Porosity vs Minimum Metal Temperature
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Correlation Matrix

Shows how variables impact the objective

Objectives

Porosity | \m\ :_:_:;.'-Hu‘i'?':.::-::i

Melt )
Temperature| |
Drop
Shell Temperature Pouring Temperature Pouring Speed
Variables

b—



Summary

— The DoE showed that a slower pouring speed and a higher pouring

temperature was needed to produce a part with the lowest porosity
— Porosity will likely increase if multiple parts are poured in the same heat

— The shell temperature also had an impact on the porosity, but the
Impact was less than the pouring speed and pouring temperature

— The information gained from running an Autonomous DoE can assist in

establishing a process window to ensure consistent quality from the
process




Conclusion

— Data driven decision making capabilities available using Autonomous
Engineering allows the engineer to increase the quality and
consistency of their products while having the ability to focus on
reducing cost through inventive design considerations

— Using the capability to autonomously run virtual designs of experiments
optimizations to find optimal casting process parameters and design
feature combinations to make quality castings at minimal costs is the
core benefit of autonomous engineering methodology integrated into
the casting process simulation software




Thank you




