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Introduction

Collaboration and background information
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Collaboration

= Studsvik Nuclear AB is a company in the field of
nuclear technology and services

= With a history dating back over seven decades,
Studsvik has established itself as a global leader in
providing advanced solutions for the nuclear industry

= Deflexional is a COMSOL Certified Consultant
with 25 years of experience in simulations with
COMSOL Multiphysics®

Studsvik

W COMSOL
Certified Consultant
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Background

= Cladding is the thin-walled metal
tube that forms the outer jacket of a
nuclear fuel rod

= The cladding is made of Zircaloy
which is an anisotropic material

= Acquiring precise material properties
for the hoop direction is imperative
due to the predominant internal
pressure loading

Cladding

Nuclear fuel
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Ring Tensile Tests (RTT)

= Studsvik extensively employs RTT for
the evaluation of mechanical
properties for cladding

= The specimen is a ring-shaped
section cut from the chosen material

= |t features symmetrically placed
notches for stress concentration,
accompanied by a dog bone-shaped
center to reduce bending (Ref 1)

Ring (specimen)

Notches

Cylinders

Center piece
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Ring Tensile Tests (RTT)

= The specimen is subjected to an
increasing applied load

= Force and displacement are recorded

= Previously, an algorithm relied on
Excel® to calculate yield strength,
ultimate strength, and elongation,
but only for specific dimensions

= This limitation required a new
method and COMSOL Multiphysics®
orovides a solution through a
dedicated COMSOL® App
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The COMSOL® App

= To enhance accessibility, the
application is transformed into
a standalone compiled app
using COMSOL Compiler™

Studsvik

RTT Analyzer

Developed by deflexional I/

Powered by

COMSOL Multiphysics®
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Jsing Studsvik RTT Analyzer

Extract vital material data from measurements
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Workflow

= Set dimensions and material data
" Import measured data for force and displacement

= Use a linear elastic study to quickly gain insights to how
measurements and simulations correlates

= Perform a plasticity study
= Optionally, use optimization to obtain hardening parameters

= Extract stress-strain graphs to obtain yield strength, ultimate
strength, and elongation
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Modeling

=1/8 symmetry is used to
save computational time

= The mesh is automatically
generated, along with

element discretization
options
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components in the
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= Open the PDF file with a

description of the

geometry parameters

by clicking the
Dimensions button in
the ribbon

= Press the Geometry
button to update the
graphics
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= Create the mesh with

the Mesh button
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- Studsvik RTT Analyzer
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= Note that the mesh is
only refined in the ring
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= Switch back to Normal

mesh for faster
calculations
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Benchmark Test of an Aluminum Alloy

= Tests are normally performed for Zircalloys
s The test temperature is high

" In this benchmark an aluminum alloy is tested in room
temperature
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Material settings

- Studsvik RTT Analyzer

- EH Reset Windows
2 5]
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Preprocessing Data Linear Elastic Plasticity Optimization Solution ' Documentation Settings
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: N Studsvik
= Open the Material tab Densy

Thermal expansion coefficient:

= Enter material data * Gylnder

Young's modulus:

| Therma' eXpanS|On Poisson's ratio:

Density:

p a ra m ete rS a re Of h U g e Thermal expansion coefficient:

importance when the

teSt iS performed |n Poisson's ratic:
high temperatures ety

Thermal expansion coefficient:

= Friction can be included = memsiropertes

Reference temperature:

Test temperature:
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Include friction
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Import measured force and displacement

- Studsvik RTT Analyzer

- EH Reset Windows
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¥ Cylinder
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: PreSS /mport Poisson's ratio:
Measurements to import .
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force and displacement - cnersiee

d ata Young's modulus:
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¥ Thermal Properties
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Include friction
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- Studsvik RTT Analyzer
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Linear Elastic Analysis

= Young's Modulus is known
= Begin with a linear elastic study to obtain results fast
= Compare the results with the measured data
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= Click on the Linear
Elastic tab
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Studsvik RTT Analyzer
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Compute —

= Enter Young's
modulus which is a
well-known parameter
for most materials

= |n the Study Settings
section, enter the
displacement step
size and stop

= Press any of the
Compute buttons to
start the simulation
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Studsvik RTT Analyzer
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Data settings

Studsvik RTT Analyzer
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Plasticity

= Depending on the tested material,
the use of different hardening
models are required

= Studsvik RTT Analyzer supports
several hardening models and it's
possible to define user-defined
functions

= Since the test performed in this
presentation is an aluminum alloy,
the Ludwik hardening model is used
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Click the Plasticity tab

Set Young's Modulus or
use the same as in the
linear elastic study

Select isotropic
hardening model and
the hardening
parameters

Define the steps for the
simulation in the Study
Settings section
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= Press the Plot Hardening
button to visualize the
selected hardening
function
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= Enter new hardening
parameters and plot the

hardening function
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= Change the Element
discretization to
Quadratic serendipity

for better accuracy

= Press Compute Plasticity
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= The result is not
satisfactory, and the
user can try with new
parameters to fit the

plasticity results to
the compensated
measurements
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Optimization

Plasticity model: Large plastic strains
Isotropic hardening model: Ludwik

Equation: Oys =0ysp +kEEE
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In the Interpolation Data
Points section, enter start,
step size and stop

This data will create points
following the
Compensated measured

graph

The optimization will use
these interpolation points
as "targets”
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Data Points
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= In the Plasticity

Parameters section, check
the hardening parameters
that should be optimized

Provide initial values,
scales, and lower and
upper bounds

In the Optimization
Settings section, a
tolerance and the
maximum number of
evaluations can be set

Press the Compute button
in the Optimization
section of the ribbon
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= 3D solution plots are
available from the Plots

menu in the ribbon
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= Use the combo-box
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= Visualize the last step
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= The von Mises Stress at
the last step
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= The Hoop Stress at the
last step
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= The Hoop Strain at the
last step
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= The Plastic Strain at the

last step
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= Numerical values are
available by clicking the

Table button in the
ribbon
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1:1 Results Table - Optimization

B0 g5 u = @ =
disp disp (mm) | Initial yield stress, Ludwik hardening (MPa) | k, Ludwik hardening (MPa) | n, Ludwik hardening | Force (M) | Engineering stress (MPa) | Engineering stress without friction (MPa) | True
0.0000  |0.0000 414,68 405,63 0.18567 0.0000 0.0000 0.0000 0.00(
2.0000E-5(0.020000 41468 405.63 0.18567 5.9617 2.6883 3.0724 2.68¢ . EH Reset Windows
4,0000E-5/0.040000  |414.68 405,63 0.18567 11.981 5.4025 6.1743 5.40z HH @ ® B:D Preferences
6.0000E-5/0.060000  |414.68 405.63 0.18567 18.049 8.1389 9.3016 8.13¢ i Compute Plots Table Force- Stress  Force Export Dimensions -
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Engineering Strain in Gauges

= For historical reasons, the engineering strain is calculated in
two gauges with different length

Gauge #1 Gauge #2
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Results to Customers

= The data can now be extracted, and the customer will receive
the requested material data
s yield strength
s ultimate strength
= elongation
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Implementation in COMSOL®

The used products to create the app
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Used Products in the Model

= COMSOL Multiphysics® and the following add-on products

= Structural Mechanics Module
= Non-linear Structural Materials Module or Geomechanics Module

s Optimization Module
= Design Module or CAD Import Module
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Used Products to Create the Application

= The app was built with Application Builder

= By utilizing Java® programming code, many model setup tasks
are simplified, demonstrating how a complex simulation can
be made accessible to a wider audience

= To enhance accessibility, the application is transformed into a
standalone compiled app using COMSOL Compiler™
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Conclusion

Ring tensile tests enter a new dimension
with new dimensions
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summary

RiNg tensile tests are employed to evaluate the mechanical
oroperties of fuel cladding materials

= New technology allows for the import of measured data into a
COMSOL® App to extract vital material information

= Simulated results are compared with the measured force-
displacement diagram, and upon reaching satistfactory
agreement, the stress-strain curve is obtained

= This new Finite Element Method-based approach enables
testing with varying dimensions, offering the potential to
reduce result uncertainties
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