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Anatomy of a Friction Stir Weld

Physics-Based Modeling

Machine Learning Control

Adv. 
Side

Retreat
Side

Calibration and Validation

Predictions Welding Results

Small Weld Nugget

High Weld Temperature

Nominal Nugget

Lack of fusion behind tool → wormhole

Highly fluid nugget & overaging → shear 
delamination and mechanical variability

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

64 Test Welds 
2 Data Sets

Shear Delamination 
Fracture Feature

Favors 𝜃-formation & minimal hardness 
recovery → ductile, low-strength nugget

Copious data collected including weld 
feedback data, metallographic data, 
mechanical test data, etc.  
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Conclusions
(1) Over preparation for NDE detrimental to strength.

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

Metallographic Credits: Ben Rupp, MSFC; Sam McLeroy, MSFC (ESSCA)

Validation 
Welds (20)

Preliminary AI/ML Welding Results

Implementation on Welding Systems

Adaptability

Flexibility

Maximize responsiveness and 
maintain control in response 
to in situ and ex situ process 
disturbances.

Incorporate new discoveries 
to optimize control strategy to 
maximize weld performance.
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Reinforcement Learning With Operator Control
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Fracture Feature
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Highly Ductile
Necking Evident

Nominal 
Appearance

Contour colors indicate maximum temperature.
Contour lines indicate high strain nugget region. 

38.3 ± 4.8 KSI
1.8 ± 0.8% Elong

49.4 ± 1.6 KSI
6.7 ± 1.5% Elong

47.3 ± 0.2 KSI
12.7 ± 0.8% Elong

52.2 ± 0.2 KSI
9.0 ± 0.1% Elong

46.4 KSI
7.0% Elong

Pretrain Agent 
Using Emulator

Weld
• Weld ID
• Date Welded 
• Location Welded (MAF,MSFC)
• Welding Machine
• Advancing Side (AS) Parent Material
• Retreating Side (RS) Parent Material
• Weld Schedule
• Rotations Per Minute (RPM)
• Inches Per Minute (IPM)
• Pinch Load (LBF)
• Condition (Notes)
• Crown Part Serial Number 
• Root Part Serial Number
• Pin Part Serial Number
• Operator
• Feedback Data

• Crown Position
• Pin Length
• Pin Position
• Differential Work Spindle
• Plow Load
• Side Load
• Resultant Angle

• Feedback Statistics
• Cut Plan Link

Tensile Test
• Weld ID
• Specimen ID
• Cut Location ID
• Cut Location 

(Inches)
• Temperature
• Instrument ID
• Strain/stress control
• Rate
• Tensile Stress (KSI)
• Yield Stress (KSI)
• Modulus of Elasticity
• Fracture Elongation 

(%)
• Maximum Load (KIP)
• Yield Load (KIP)
• Stress/Strain Curve
• Operator
• Feedback Data

Cut Plan
• Link
• Details

Fracture Image
• Weld ID
• Specimen ID
• Fracture Side (AS, RS)
• Contatins LDLT?
• Region (HAZ,TMAZ, WN)
• Notes
• Operator
• Image analysis

• LDLT Morphology Stats
• Nearest Macro

Parent 
Material

• ID 
• Heat Lot
• Temper
• Thickness
• Other Processing
• Certs

Heat Lot
• Vendor/Source?
• Thickness
• Meta  Data?
• Certs

Macro 
Image

• Weld ID
• Specimen ID
• Cut Location
• Imaging 

Instrument
• Operator
• Image Analysis
• Feedback Data

Crown Tool
• Serial Number
• Specification ID
• Certs

Root Tool
• Serial Number
• Specification ID
• Certs

Pin Tool
• Serial Number
• Specification ID
• Certs

Celsius 
Fahrenheit
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