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Introduction: Materials for fusion Authority - st IS

e First wall
- Steel
- SiC
e Divertor
- Tungsten

Conditions include:

14MeV neutrons —
20-50dpa/year

Helium -10-15appm/dpa
Hydrogen - 40-50appm/dpa
Temperature — RT-1500°C
Shock loading

‘He + 3.5 MeV
n+ 14.1 Mev

High levels of radiation damage require:

» Better understanding of how mechanical
properties are influenced by radiation
damage

* New radiation tolerant materials
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Introduction: Finite Element Model (FEM)

1. Mesh a complex problem in small pieces
2. Discretizes the differential force equations for each element:

* {F} are the forces acting on the structure.
{F } — [K ] {U’} * [K] is the stiffness matrix.

* {u} are the displacements.

3. Solve the ODE system

4. Outcomes
* Create virtual models of experiments.
* Validate material constitutive laws.
* Estimate properties inaccessible through
experiments.
* Extrapolate to different scenarios.
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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 Eey L s

Plasticity: Consider a system undergoing deformation. The total /?\

deformation comprises thermal, elastic, and plastic components. ‘

FtOt =Fth°Fe‘Fp WhereF:I-I-SandFe:Ftot/(Fp'Fth) ‘

intermediate

thermal
F = deformation gradient that can be total (tot), K o A
elastic (e), plastic (p). == , -—/F’/lm:ml-II::

configuration

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

. Cross-sectional
L.=F F—l — Z ,}ﬂ Sﬂ ® nﬂ — Z ,}/-'1 Sﬁ A Applied force, F=0A
p p P area,
ol o
Slip plane
a4 . as ¢ a normal, n .
7" = asinh B (|7% — 7¢) sign(7%) s plastic
o
o
H- )
Ly = velocity plastic gradient — f{}'
y = slip rate, n = slip plane normal, s = slip direction =lip plane<y siip difection W

a,and 3 paramenters from statistical physics

v

7¢& = Critical resolved shear stress of slip system a

Displacement/strain
5 )| t¢=0cos¢cosi

Tensile axis
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CP Framework: CP Solver design

Initial Guess States at former time

for stress (T, Pssps - » Penp )

Implicit state update?:

Forward Kinematics solver

(F. Dunne)

Gradient method
(linear)?

a
AT,

Semi-implicit state update loop?

Update states for slip
rates

(Tc ’ pSSD ’ )

V=7 + WAT +af ..................................... AT! < tol.

(7)™ = (1) + (Ar))

Forward Gradient method?:

1Huang, Y., 1991. A user-material subroutine Outputs 2 Kalidindi, S.R., Bronkhorst, C.A. and Anand, L., 1992.

incorporating single crystal plasticity in the ABAQUS Stress, slip Crystallographic texture evolution in bulk deformation

finite element program (pp. 1-21). Cambridge, UK: rates. etc processing of FCC metals. Journal of the Mechanics and Physics
’ .

Harvard Univ.. of Solids, 40(3), pp.537-569.
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4007 cp solvers in Abaqus '
0
(b
E 300
= BRISTOL!
% 200 (semi-implicit)
S
E 133.2
» 100t
148 Pt 528
0 Lt
OXFORD-UMAT
(linear)

Stress [MPa]

OXFORD-UMAT (linear)
OXFORD-UMAT (semi-implicit)
BRISTOL [ 1] (semi-implicit)
UMAT | 2] (linear)

180 UMAT | 2] (fully-implicit) o 5o
135 - &
. ".q
- ." “
90 . o .
1 Y
45 1% t
? Z X
*’
O _: ! ! | ! ! I | | I
0 2 4 6 8 10

Strain [%]

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.

2Huang, Y., 1991. A user-material subroutine incorporating single crystal plasticity in the ABAQUS finite element program (pp. 1-21).

Cambridge, UK: Harvard Univ..



~ CP Framework: Oxford-UMAT code =

¥ = A%sinh [B? (|1° — X°| — 7%)]sen(z® — X9)

Main solvers
- Explicit state update
- Semi-implicit state update
- Forward gradient method

1: A-F

Backstress models

2: GND-based

Creep models

1: Creep activation energy

0

¥ = feexp (bc|1'" - X% - é) sgn (14 — X9) +
Op

Y“YDeXP(bMT - X —ﬁ)sgn(f - X9)

7 = [ il

Material Library
“usermaterials.f” or
using PROPS

@
@
.
D
A

a
T4

2: Powerlaw 7 =% ('TG _Xal)

sgn(t? — X9)

\ 4

3: Double exponent law 7 = }'{)exp{—k;ﬂe [1 - (

i

)T o

C

|__"|- backstress

f cpsohver

[F creep

I__E Crss

[F errors
F globalvariables

b m

-+ 1: Voce type i’ = hy (1—3) ‘yb‘ T = ;thb

S

Pssp = k |V']

| [§ hardening

[F initializations

[F innerloop

% irradiation

, — 2: Linear hardening
Strain
r

- 3: Kocks-Mecking pssp = (kl

ba

- kz(é,G)Pgso) 7]

[F meshprop
[F OXFORD-UMAT

Irradiation models

[F slip

[F slipreverse

| [F straingradients

LY userinputs

|__'.'- usermaterials

F useroutputs

— 1: Solute strength

— 2: Defect loop density

Dislocation

[F utilities
D updates

models

A\ 4

1-2: Total forms

vV xF,

\ 4

V x (y* n%F,)

\ 4

3-4: Rate forms

\ 4

Vy
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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).

e Reasons to use:

00 {

O It converges quickly.

O No derivatives of the distance function.

1.0 0.5 0.0 0.5 1.0 1.5 20 2.5 3.0

Nelder-Mead Optimization: Sachin Joglekar

(https://www.youtube.com/watch?v=j2gcuRVbwRO0)
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 The GND density represent the heterogeneity in crystal
deformation:

Bt = — dY:—j{deX=—/(V><F,,)T-rds
c’ C Ay

Bngg =/ (ZPENﬂbaSa®ta) -rdS
S \a

Burgers circuit

| _
Y=E,X

Construction of Burgers circuit

* We get an expression called Nye tensor:

A=—(VxF,)" =Y p&ypb's’ ot
{A} = [A]{eanp}-

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

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



Calculus of GND: Approaches to obtain GND
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incompatibility coefficient GND density (pGnvp)
measure (A) edge (Povp.e ) screw (PGnp,s)
Pseudo-inv (VX F,)T perpb?s? @ I [AT]{A}
21 AT 0
—(VxF,)' B .
KKT (VX Fp) A o [B] { A }
. a bist@1% if|y > 10710¢1
Restricted —(VxF,)" Y. {pGND 7 . [A]" {A}
0, otherwise
Rate —Vx ¥nF, N/A —% (V x jﬂnﬂFp)-t“ _é(VX ?“n“Fp).sa
. 1 1
Slip grad \% —— - 8¢ — - 14
pPg Y N/A s V¥ . s b Vy -t
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(a) (b)

i X-S =0
i l | 40um el

! 20um \

um "

! ®  Bentzone Transition
zone

Straight zone

(C) panp(um™?) penp(um™2) penp(um=2)

+2.737e+01

+1.378 e+01 +1.691e+01
+4.000e+00 +4.000 e+00 +4.000e+00
+3.333e+00 +3.333 e+00 +3.333e+00
+2.667e+00 +2.667 e+00 +2.667e+00
+2.000e+00 +2.000 e+00 +2.000e+00
+1.33e+00 +1.333 e+00 +1.333e+00
+6.667e-01 +6.667 e-01 +6.667e-01
+3.576e-07 +3.576 e-07 +3.576e-07
-6.667e-01 -6.667 e-01 -6.667e-01
-1.333e+00 -1.333 e+00 -1.333e+00
-2.000e+00

-2.000 e+00 -:-2239*00
-2.667e+00 -2.667 e+00 s2i0078100
-3.333e+00 -3.333 e+00 -3.333e+00
-4.000e+00 -4.000 e+00 -4.000e+00
-2.713e+01 -1.385 e+01 -5.735e+00

Restricted

Pseudo-Inv ‘



Grain boundaries
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(b) before (c) after 25% strain gltaX_- Principal (d) mid-grain
rain 3

A polycrystal generated by NEPER® with
165,968 quadratic tetrahedral elements. The
mid-grain has 1,308 elements.

+1.352¢-01
+1.146e-01
+9.388e-02

A uniaxial macroscopic tensile strain of 25%
was applied with a strain rate of 2.5 x 1073 s™1

x 4
0.09 ,
0.08.| —Restricted
= 0.07 ——Restricted*
GND density of the most active slip system in the mid-grain for 5 ' ——Rate
i — 0.06} .
ponp (um2) different GND models. = Slip grad
(Avg: 75%) a 0.05
e
+3.083e+ -
[ +%.g;ge+g: ::; 0.04
5 6670402 | 0.03f
21000104 .
-3.137e+04 ¢ = 0.02}
-4.173e+04
“Eea
-8.320e+04 0 : . ! :
Restricted Slip grad | 0 0.05 0.1 0.15 0.2 0.25

€

Average Incompatibility error over the mid-grain
15 vs. uniaxial strain for restricted, rate and slip
gradients models.
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Copper for heat sink

V-shaped
staggered rib
structure

Filler (BNi-6) —
SuUs

v :
2o Brazing Complete
=i ~ Tungsten (W)
© €
5 -% | Filler (BNi-6) 3
g
T ED . .
S o Simple cylindrical shape
©Co |
R R R T e o A i
2 1st-step brazing 2nd-step brazing
(O]
" z (1) SUS/ODS-Cu (2) W/ ODS-Cu (3) Completion
=8  Tungsten (W)
+- . .
= 5 ODs-CumF'"e’(B”"‘” L. fils o
i
(%]
4
=

Rectangular shaped
cooling flow path

New type
(Bird’s-eye view)
p !

SUS ] : o Patented No. 6528257
The pipe can be easily welded No. 6606661

to the SUS bottom plate

16 .
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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.

2950

Displacement (nm)

—— Cycle 3
~—— Cycle 2
— Cycle 1

4000

Figure 1: A.Force-displacement cycles of bending and straightening of the cantilever. B.SEM image revealing the slip traces and
17 slip surface steps created by the two active slip systems Demir and Raabe (2010).



Copper Dislocations maps
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Bending

Straightening

MODEL

FEM

EXPERIMENTAL

FEM

I

: 0° W 5°~ 70x102um™2
I

[

I

I

I

I

i

I

s KAM

|

I

: 0° I 5°~ 70x10%um™2
I

I

I

I

I

i

I

I

I

| KAM



= CCFE /C e

Application of GND models to the Bauschinger effect L stice
Slip law
7 = asinh(B (|75 — 7)) sign(zgyy)- -
'Fff A (a) o Bending (b) Straightening
. Experiment g e
| : Displacement (nm) " " Oibemefioh |
E (c) 3s00 Bending (d) :z:: Straightening
: :Z; :;:: % 2500
: : K - 1500 _—
: : g 1000
| 2 =Ca-aGb \/péyp- P -sign(f?) = Cy- aGb \ /Py, -sign(¥)1 &
E Where Paa = Slgn(’yﬂ) . Slgn(‘ya) E ) 0 500 1000 1500 2000 2500 3000 ’ 0 500 1000 1500 2000 2500 3000
------------------------------------------------------------ Displacement (nm) Dlsplacarient {fim)

i GND-SSD conversion factor
Apssp = AlApGyp| - Gf ApGyp - PGnp < 0). Force-displacement response of the copper
: : during bending and straightening
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Beryllium application for tritium multiplication #CCFE ) iz I

FFFFFFFF

Tritium extraction for
new fuel and turbines to
Plasma where generate electricity

: Coolant pipes
fusion happen extract heat and

tritium
Py ——
”” re——
/” )
'— TiBe,,
S [ — For multiplication and
\N [ .

Sso < attenuation of neutrons to
facilitate the tritium
generation

Fusion reactor with : First wall Tubes convert
toroidal shape protects bars fusion radiation in
Cross section from plasma tritium and heat

20
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Notched cantilevers results
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1 Cantilever

2 Cantilever

HCP-Z
Tension

3 Cantilever

22

The fracture propagates across the basal system.

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

The resistance after peak is also different depending
on crystal orientation.

1000
Experiment of Cantilever 1
800 Experiment of Cantilever 2
= Experiment of Cantilever 3
=
[}
] 600
(o]
L
400
200

0 0.2 04 06 0.8 1 1.2 1.4 16 1.8 2
Displacement (um)
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Schmid factor Energy (0 ilton: [N
#/[100]0001) | [1/2+/3/20](001) | [1/2+/3/20](00 1)
1 0.18 0.23 0.05
2 0.12 0.24 0.11
3 0.44 0.41 0.03
[100](001) [1/2 v/3/20](00 1)
c1
Cc2
c3
23
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Crack tip__ \K;}’
— P
A

© tip enrichment
0 jump enrichment

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

N 4 * Evaluate crack propagation along multiple planes in a crystal
U= ZN;(_x) u;+ H(x)ay + Z Fo(x)bY |, structure.
I=1

a=1
* It evaluates the damage initiation criteria for each slip plane

and the crack propagation follows the plane that first satisfies
24 Normal Cracked Tip these criteria.
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XFEM results

Euler: ' ' Euler:
(0°,0°,0°) — (0°,907,0°)

Euler: Euler:
(300’6.,’0.,) (90°,90°,0°)
c c
as az
N
a; a,
(a) — basal (a) — prismatic {a) — pyramidal \
¢ Euler: . Euler:
(45°,90°,0°) / (-45°,90°,0°)

EEEEEEEEEEL

i SpessRtes
gass:
2 5 1st order 2nd order
(c + a) — pyramidal (c + a) — pyramidal




Crack propagation law
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Fracture initiation

(&) ()=

(O'n> = Ouns Onn > 0
(Gfm) =0; on< 0:

o7 =1.91GPa and o7/ = 0.34GPa,

Fracture completion

G = G+ Gy,

Gr = /Jnndén G = fTsdés

26 G:8.5 J/mQ,

mode | mode Il

Modes of fracture

7[MPal] & P d=0
Tax == =" 4

|

i

!

' G. \

ot gt

Ik.(1-d) ey 5
g Om Of S[mm] On ‘

Scheme of bilinear law (left). Scheme of bilinear law for mixed failure mode (right).
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Von Mises stress maps

No fracture Max force Fracture completed

C1

Opmises (MPa)

+4.51-1013
+3.00-10"3

+2.75-1013
4+2.50-10*3
4-2.25. 1013
+2.00-1013
+1.75-101+3
+1.50-1013
+1.25.10*3
+1.00-10%3

C2

+7.50-10%2
+5.00-10"2
+2.50-10%2
8 53504

C3

27



Results of the adjustment
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Force (uN)

Crack extension (um)

1200

1000

5.5

4.5

3.5

2.5

15

0.5

0.2

0.2

04 06 08 1 12

Displacement (um)

Experiment of Cantilever 1
Model of Cantilever 1
Experiment of Cantilever 2
Model of Cantilever 2

Experiment of Cantilever 3

Model of Cantilever 3

Cantilever 1

0.4 0.6 0.8 1 1.2

Displacement (um)

Cantilever 2

Cantilever 3

14 16 1.8

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 | and mode Il 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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Polycrystal

. Experiment .
Slmulahon | , l

! : l Expenment
m S|mulat|on ' ’i

Slmulatlon

100 ym

Tungsten

29
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An efficient and robust multi-modal crystal plasticity code with a variety of
constitutive laws

Calculus of dislocations, a primary defect in deformation during STEP
operation.

Fatigue, fracture, creep, temperature expansion and more.
Work on copper, beryllium, tungsten, eurofer, steels and their alloys

Need of real cases and temperature profiles, hydrogen or helium difussion.
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The code is available at: https://github.com/TarletonGroup/CrystalPlasticity
Contact: alvaro.martinezpechero@eng.ox.ac.uk

* OXFORD-UMAT: An efficient and versatile crystal plasticity framework
https://doi.org/10.1016/].ijsolstr.2024.113110,
Eralp Demir, Alvaro Martinez-Pechero, Chris Hardie, Edmund Tarleton

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

https://doi.org/10.1016/].ijsolstr.2024.113110,
Eralp Demir, Alvaro Martinez-Pechero, Chris Hardie, Edmund Tarleton

* 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

31


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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