Improving Friction Stir Welding Reliability

National Aeronautics and

Through Machine Learning Control and

Physics-Based Modeling

Dr. Paul W. C. Northrop’%°, Anthony Maenza'3, Scott Tashakkor'#, Dr. Robert Amaro’-%°, Jacob Anders’? 'MSFC, 2EM32, 3ES52, 4ES50, °ESSCA

Contour colors indicate maximum temperature. Metallographic Credits: Ben Rupp, MSFC; Sam McLeroy, MSFC (ESSCA)

Self-Reacting Friction Stir Welding Background Physics-Based Modeling

> -gjg CFD-Based Contour lines indicate high strain nugget region. —— e =
4 TR Simulations Celsius 55- =i . -, Wormhole
3¢ 7§ 18 [] Small Weld Nugget , = D |
- s 5 T Fahrenheit - e o S 4 Fe e o |
N\ §8 Lack of fusion behind tool — wormhole 1950 | N o e &% s e |
%\ N 3 0o %50 ash - — P
§ Y y 38.3 + 4.8 KS| | ‘ |
. « 45- 1.8 4+ 0.8% Elon
'g &\\ agé_‘ 900 8 ek : ‘. g R Ao 8
¢ ii 475 0 4. | ‘
2 3¢ N High Weld Temperature =
5 ?‘\ "8 ; , ;
2 % Travel Rate Highly fluid nugget & overaging — shear 550 @ 35 i e -
TRl ./ m— 1 delammatlon and mechanical variability 450 - Shear Delamination

?:

uild

@
= & 28 |
!
: F

INN

2 30 Fracture Feature
% ; 49.4 + 1.6 KSI A
i | ' —5— 6.7 + 1.5% Elong .
: . : : ; 899 3000 4000 5000 -+
Calibration and Validation " Experimental Power (W) ST e
o Calibration Low Weld Temperature | # . =

uonejoy
|00 uld

43p|NOYS 3pIS 100y

-
N

Retreat B Validation Favors 6-formation & minimal hardness 780 V & e B Highly Ductile
Side SR i : // | // v 4 | 2 ; - ' : s ' Necking Evident

.gz ‘v 2
’0.")) X, Sogvay .O‘ﬂ' Q

et/ mih

/’A% 4(( ’c

< ens 4 47.3 + 0.2 KSI
@A 2"';%53 ,\.;,?;, 12.7 + 0.8% Elong

=
N
<

recovery — ductile, low—strength nhugget

(-
()

375
700

52.2 KSI
10.5% Elong

350
650

{} Nominal Nugget

High IPM operation outside calibration—
high-strength, consistent welds

~r O o
%
‘\s

Simulated Power(W)
Fracture Elongation (%)

e S A Nominal
325 g Appearance

N

*”_ Validatioh
Welds

-

. , | 52.2 + 0.2 KSI
3000 4000 5000 9.0+ 0.1% Elong
Experimental Power (W) B

600

| Experimental Power(W)

300

Preliminary Al/ML Welding Results

Machine Learning Control

46.4KSI

Shear Delamination - ) i ) —— command
7.0% Elon Adaptability Reinforcement Learning With Operator Control feedback
64 Test Welds : PGS [FeEIITE =
o | |
2 Data Set — M aximi i Weld o | al
dta oetlS o I aXimize resSponsIiveness and
=2 i 7 an v v B8 | i
I B = = e . . . St t S
Weld TensileTest || Fractureimage | Heartor | conoot |~ | MAINtAIN controlin response ate,o¢
* Weld ID * Weld ID -+ WeldID * Vendor/Source?  Serial Number S E
* Date Welded * Specimen ID » Specimen ID * Thickness * Specification ID . . . .
« Location Welded (MAF,MSFC) « Cut Location ID °F Side (AS, RS) « Meta Data? .c 2
Wedng oonne G Location Camanne b7 i to /n situ and ex situ process
* Ad ing Side (AS) P M ial (Inches) * Region (HAZ,TMAZ, WN)
Sl ICC o ]| , — command
* Weld Schedul o ID * O g v mearinsi
. RoetatioisePeurle‘}/Iinute (RPM) . S:?;::Zfrr:ss control . Inf:gr:t;Jr:alysis ROOt TOO'. g d I St u r b a n C e S ° We ld 1 feed baCk
i * Inches Per Minute (IPM) * Rate * LDLT Morphology Stats m « Serial Numbe E ' : ‘
« Pinch Load (LBF) « Tensile Stress (KSI) « Nearest M i RRE:
yad st | e e image | g g Reward, - s /
« Crown Part Serial Number * Modulus of Elasticity Parent ° Weld_ID EEE Y Ct I O n ’/ \ 'f\"
1 * Root Part Serial Number * Fracture Elongation e : gpft'me:m s b o A A J,‘ /\ \ \ / \ W J \_/
* Pin Part Serial Numb (%) i + futLocation ST TR TEEETEEE B - ' N |t TS
: olrr)ler:;zrerla umber ) M(;ximum Losd (P " Material « Imaging R s | 11 N Wil /\\-_/ N\ ol ./\ /\/\/ \____/A\;
* Feedback Data * Yield Load (KIP) « Heat Lot _ Instrument Pin Tool EEEE A
* Crown Position « Stress/Strain Curve « Temper : lOperat:r i « Serial Number Sa: © o] e A I P M t
* Pin Length * Operator « Thickness : Fmagte) nkaDyS|s « Specification ID i EE eX I I I t
* Pin Position * Feedback Data « Other Pr ) eedback Data . Certs
» Differential Work Spindle « Certs i b °
* Plow Load
Welding
* Resultant Angl £ iF
Feedback Statistics
Cut Plan Link

Cut Plan [

Incorporate new discoveries
to optimize control strategy to

Pinch

or ; Environment | e - ?é’erﬂ?fc”kd
Copious data collected including weld maximize weld performance. | (Operator Override -
feedback data, metallographic data, Control “

\. J

mechanical test data, etc. 12.5 20.0 22.5

Weld Distance

@)% %
a K '!.an Y ) f.n'- "eud o = e
4 _" 2@ v _eg¢ e '.. Reward Function Controlled by Weld Schedule g _
Ty w ® 1 2 0 T E Machine Learning Communication - dI:'
g @ File E” _
b 1001 : , ML Address [10.1.1.1 Pl’etl‘ain Agent ?,
wn i i ML Port # | 2000  [0...65535) . & |
v 80 - i : ML Control Comms: - Control Disabled. USI ng Emu"ator lQ
= ® X Light NDE Prep i i
(- [Curre nt\ S : : ML Data Comms: - Data Stream Idle.
& 351 Ideal Power P X Trad. NDE Prep @ 607 i i ML Model PAR Model 1 4\ .
o 1 I , ate 1.000 Hz
30 S Ra I"Ig|e ) x >< Consolldathn -'E i i Signals Acquired Signalsmi
. . . . . Q | : | Weld Speed - Tool Temp -
3250 3750 4000 4250 4500 4750 5000 2 200 ; reid Duscanc 5 e PR Gkl ¢ ~ 4500- /\ /\
Experimental Power (W) 0- i | Y ona (norie — Trim Command Test = B A | H ] e , ,, Fp l ‘., |
Z Cmd (World)
o1 oo woria) o 9 4000| | A T4 M . ! 1ML,
° —201 Yaw Cmd (World) ; ch . “Illh.l‘lulllllllHlll.l!Ul M‘I‘ I! ‘H ull l | | A " [N
Conclusions rarse coa Different Agents LifL " L Tkl
(1) Over preparation for NDE detrimental to strength o o e o - Trained for e o o |
prep gin. 3500 3600 3700 3800 3900 4000 4100 4200 4300 foree mace - : | | | | | | | | |
Different Cases 12 14 16 18 20 22 24 26 28

(2) High or low power increases variability in weld strength Instantaneous Power (W)

Weld Distance




	Slide 1

