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Introduction: Materials for fusion
MATERIAL EXPERIMENTS

CANTILEVER

UNIAXIAL  
TENSION

3 POINT BENDING
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1. Mesh a complex problem in small pieces

2. Discretizes the differential force equations for each element:

3. Solve the ODE system

4. Outcomes

• {F} are the forces acting on the structure.
• [K] is the stiffness matrix.
• {u} are the displacements.

• Create virtual models of experiments.
• Validate material constitutive laws.
• Estimate properties inaccessible through 

experiments.
• Extrapolate to different scenarios.

Introduction: Finite Element Model (FEM)
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Material structure

Common crystal structures (BCC, FCC, HCP) and their influence on available 
slip systems, governing plastic deformation mechanisms and anisotropy.
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Introduction: Crystal plasticity

Plasticity: Consider a system undergoing deformation. The total 
deformation comprises thermal, elastic, and plastic components.

where and 𝐹𝑒 = 𝐹𝑡𝑜𝑡/(𝐹𝑝 ∙ 𝐹𝑡ℎ)

Slip: The plastic component is dependent on the crystal's slip behavior.

𝐹𝑡𝑜𝑡  = 𝐹𝑡ℎ ∙ 𝐹𝑒  ∙ 𝐹𝑝 𝐹 = 𝐼 + 𝜀

Lp = velocity plastic gradient

ሶ𝛾 = slip rate, n = slip plane normal, s = slip direction
𝛼, and β paramenters from statistical physics
𝜏𝐶

𝑎 = Critical resolved shear stress of slip system a

𝐹 = deformation gradient that can be total (tot), 
elastic (e), plastic (p).

𝜏𝐶
𝑎 =𝜎 cos 𝜙 cos 𝜆 

Fo
rc

e/
𝜎

Displacement/strain
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CP Framework: CP Solver design

Kinematics solver
(F. Dunne)

States at former time
(τc , ρSSD , … , ρGND )

Initial Guess 
for stress

Outputs
Stress, slip 
rates, etc.

Forward 
Gradient method 

(linear)1

Semi-implicit state update loop2

Update states for slip 
rates

(τc , ρSSD , …)

2 Kalidindi, S.R., Bronkhorst, C.A. and Anand, L., 1992. 
Crystallographic texture evolution in bulk deformation 
processing of FCC metals. Journal of the Mechanics and Physics 
of Solids, 40(3), pp.537-569.

Implicit state update2:

1 Huang, Y., 1991. A user-material subroutine 
incorporating single crystal plasticity in the ABAQUS 
finite element program (pp. 1-21). Cambridge, UK: 
Harvard Univ..

Forward Gradient method1:



CP Framework: Speed comparison

1 Demir, E et al., Grain size and shape dependent crystal plasticity finite element model and its application to electron beam welded SS316L.      
    Journal of the Mechanics and Physics of Solids.
2 Huang, Y., 1991. A user-material subroutine incorporating single crystal plasticity in the ABAQUS finite element program (pp. 1-21). 
    Cambridge, UK: Harvard Univ..

BRISTOL1

(semi-implicit)

UMAT2

(fully-impicit)

UMAT2

(linear)



Dislocation 
models

3-4: Rate forms

1-2: Total forms 
𝜵 × 𝑭𝒑

𝜵 ሶ𝛾

𝜵 × ሶ𝛾𝛼 𝒏𝛼𝑭𝒑

Irradiation models
2: Defect loop density

1: Solute strength

Material Library
“usermaterials.f” or  

using PROPS

Main solvers
- Explicit state update

- Semi-implicit state update
- Forward gradient method

Slip models

3: Double exponent law

1: Sinh law

2: Power law

Strain 
hardening

2: Linear hardening

1: Voce type

3: Kocks-Mecking

Backstress models

2: GND-based

1: A-F

Creep models

1: Creep activation energy

CP Framework: Oxford-UMAT code
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Short Video Nelder-Mead Optimization 

(https://www.youtube.com/watch?v=j2gcuRVbwR0) 

Optimizer: Nelder-Mead adjustment 

• To calibrate FEM with experiments, a Nelder-Mead
algorithm was used to minimize the distance function 
(e.g. difference between force-displacement curves).

• Reasons to use:

o It converges quickly.

o No derivatives of the distance function.

Nelder-Mead Optimization: Sachin Joglekar 
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Dislocations
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Calculus of Geometrically Necessary Dislocations: Nye tensor

Construction of Burgers circuit 

• The GND density represent the heterogeneity in crystal 
deformation: 

Y=𝐹𝑝X

• We get an expression called Nye tensor:

{𝝆𝑮𝑵𝑫} has 18 dislocation densities for copper: 12 edge and 6 screw dislocations 
The Nye  tensor {𝚲} has 9 (x, y, z) known components.

[A] has dimensions  9 x 18, so the solution is not unique.
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Restricted

Pseudo-inv

KKT

Rate

Slip grad

Calculus of GND: Approaches to obtain GND
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Calculus of GND: Four-point bending with a single slip system 

(c)

Pseudo-Inv RestrictedKKT

(a) (b)
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Grain boundaries
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• A polycrystal generated by NEPER® with 

165,968 quadratic tetrahedral elements. The 

mid-grain has 1,308 elements. 

• A uniaxial macroscopic tensile strain of 25% 

was applied with a strain rate of 2.5 × 10−3 s−1

Calculus of GND: Polycrystal with all slip systems

Rate Slip gradRestricted

GND density of the most active slip system in the mid-grain for 

different GND models.  

Average Incompatibility error over the mid-grain 

vs. uniaxial strain for restricted, rate and slip 

gradients models. 
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Copper for heat sink
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Copper single crystal cantilever

Demir, E. and Raabe, D. (2010). Mechanical and microstructural single-crystal bauschinger effects: 

Observation of reversible plasticity in copper during bending. Acta Materialia, 58(18):6055–606 

• Experiments in bending and straightening of a monocrystal copper cantilever cantilever.
• Found excessive backstress and hardening during straightening causing hardening between cycles. 
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Copper Dislocations maps

MODEL EXPERIMENTAL



Application of GND models to the Bauschinger effect

Orowan-Sleeswyck Backstress

Slip law

GND-SSD conversion factor

Experiment 

Force-displacement response of the copper 
during bending and straightening19



Beryllium application for tritium multiplication
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Application in fracture: Notched cantilevers
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Notched cantilevers results

1. The fracture propagates across the basal system.

2. Cantilever with similar dimensions present different 
peak stress depend on crystal orientation.

3. The resistance after peak is also different depending 
on crystal orientation.
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Schmid factor  
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• Evaluate crack propagation along multiple planes in a crystal 
structure. 

• It evaluates the damage initiation criteria for each slip plane 
and the crack propagation follows the plane that first satisfies 
these criteria.

(a) Crack propagation and enrichment of the different elements. 
(b) Illustration of normal and tangential coordinates for a smooth crack

Normal Cracked Tip

XFEM theory 
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XFEM results 

)



26
Scheme of bilinear law (left). Scheme of bilinear law for mixed failure mode (right).

Crack propagation law 

Modes of fracture

Fracture initiation

Fracture completion
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Von Mises stress maps 
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Results of the adjustment 

• C1 and C2 present elastic behaviour while C3 
plastic, caused by the higher basal Schmid 
factor of C3

• Similar peak forces in C1 and C2, while C3 is 
~50% lower. Caused but a different ration 
between mode I and mode II of C3.

• Sharp drop in the stiffness in C1 and C2 while 
C3 gradual drop. Caused by a lower stress but 
similar energy released per cracked area.
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Future work 

Polycrystal

Tungsten
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Conclusions 

V An efficient and robust multi-modal crystal plasticity code with a variety of 

constitutive laws

V Calculus of dislocations, a primary defect in deformation during STEP 

operation.

V Fatigue, fracture, creep, temperature expansion and more.

V Work on copper, beryllium, tungsten, eurofer, steels and their alloys

V Need of real cases and temperature profiles, hydrogen or helium difussion.
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Questions 

• OXFORD-UMAT: An efficient and versatile crystal plasticity framework

 https://doi.org/10.1016/j.ijsolstr.2024.113110, 

 Eralp Demir, Alvaro Martinez-Pechero, Chris Hardie, Edmund Tarleton

The code is available at: https://github.com/TarletonGroup/CrystalPlasticity
Contact: alvaro.martinezpechero@eng.ox.ac.uk

• Modelling the Bauschinger effect in copper during preliminary load cycles

     https://doi.org/10.1016/j.actamat.2025.120886

     Alvaro Martinez-Pechero and Eralp Demir et al

• Restraining geometrically-necessary dislocations to the active slip systems in a crystal plasticity-based finite 
element framework

 https://doi.org/10.1016/j.ijsolstr.2024.113110, 

 Eralp Demir, Alvaro Martinez-Pechero, Chris Hardie, Edmund Tarleton

https://github.com/TarletonGroup/CrystalPlasticity
https://scholar.google.com/citations?view_op=view_citation&hl=es&user=SpALPdwAAAAJ&citation_for_view=SpALPdwAAAAJ:qjMakFHDy7sC
https://scholar.google.com/citations?view_op=view_citation&hl=es&user=SpALPdwAAAAJ&citation_for_view=SpALPdwAAAAJ:qjMakFHDy7sC
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