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Introduction material for fusion MATERIAL EXPERIMENTS

First wall
- Steel
- SiC

Divertor

- Tungsten

CANTILEVER

UNIAXIAL 3 POINT

Conditions include:
e 14MeV neutrons —

20-50dpa/year

Helium -10-15appm/dpa
Hydrogen - 40-50appm/dpa
Temperature — RT-1500°C properties are influenced by radiation

Shock loading

(a) Fibers

va

High levels of radiation damage require:
» Better understanding of how mechanical

damage

* New radiation tolerant materials

Fig. 2. (a) Fiber arrangement in the bending test specimen; (b) Set-up of the 3-
point bending tests.
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Finite element analysis

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.
e Validate material laws.
» Estimation of properties not accessible by
experiments
* Understanding dynamic processes.
* Extrapolate to different escenarios.




Finite elment method solver

Force residual:

Newton-Raphson (NR) iteration:

Tangent: K5 = / B DBdv
\(?'

-tlllf_i_- — fil]'t — fext l];' = f — / BTL’TJQ = O

-1 _
W = — (K )e ¥ Xpp1 = X + 0y,

The NR iteration is performed in FE packages (MSC Marc

(HYPELA2), ABAQUS (UMAT), ANSYS (USERMAT), etc.)

. . o . ,
GIVEN: |Deformation Gradient: F = ﬁ — Zﬂ:[(vxﬁa} u,] + 1

FIND: | Stress: O

i do
Material Tangent: D = 5

jﬁ DEPARTMENT OF
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Newton-Raphson lteration

df/dx
f \
F=0 Xk:tl X
B f
Xk+1 = Xk — df
dx




Crystal plasticity framework
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* GND Calculus: Imagine a system under a deformation. There is an elastic and plastic part

FI‘OI —_ Fe FP

Where F'=1I+¢€ andF, =F —F,

det(F,) = 1.

* The plastic part depends on the slip of the crystal.

L,=FF,'=) 7s@n’=) 7§
o a

y
C zc
X deformed
C .
\ configuration _ a
oﬁ%@ F Se
a
‘ 80 M
Yo initial/
undeformed
configuration n?
X * F
0
2 sample e
a
\' s
F . .
r intermediate
stress-free
configuration

¥ = asinh B (7] — 72) sign(1)

a 2
a:pmbzv0exp(—A—F); g WAV _ Yob
KT KT\/P§sp + Pénp

Fionn et al.(2007)

kT

Cross-sectional
Applied force, F=0A

Example BCC

area, A
SLIP SYSTEM
Slip plane A
A =
normal, n ¥ cose E
|:> T, =——=0c0s@pcosA
F Ass —
Fs = Schmid factor
cosA
——
Slip plane —
Slip direction

Tensile axis
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CP solvers - stress solver | RN e

Stress : o=0(C: (Se(t) —+ AS) — C: A&'p.

\ Trial stress } \ Plastic corr. }

| |
Residual: V=0 __|_: 0. A&‘p — sym (Z ”}'/aSa) At
a

1

NR solver: AC = — g—gyj {l]/} until HAGH < IO_SMPa.

99
dAE€

1FPE Dunne, D Rugg, and A Walker. Lengthscale-dependent, elastically anisotropic, physically-based hcp crystal plasticity: Application to cold-dwell fatigue in ti alloys.
International Journal of Plasticity, 23(6):1061-1083, 2007.

— I+ CP]'C.

Material tangent:
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CP solvers — complementary methods |/ Enuineeing

Initial Guess States at former time
for stress (T, Pssps - » Penp )

: - Implicit state update3:
Kinematics solver P P

(F. Dunne)

Forward

Gradient
method?

a
AT,

Semi-implicit state update loop?

Update states for slip
rates

(7)™ = (78) + (ATY)

Forward Gradient method?:

(T., Pecp ) )
}ﬂ },a ¢’ Pssp a
7= 7 + 5 — AT+ AT AT, < tol.

dTd

Outputs

2Huang, Y., 1991. A user-material subroutine incroporating single Stress, S||p 3 Kalidindi, S.R.., Brpnkhorst, C.A. ar?d Anand, L.., 1992. Crystallographic
crystal plasticity in the ABAQUS finite element program (pp. 1-21). e o texture evolytlon in bullf deforma.mtlon processing of FCC metals. Journal of
Cambridge, UK: Harvard Univ.. ’ the Mechanics and Physics of Solids, 40(3), pp.537-569.
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CP solvers — comparison of methods 10°s*strainrate T INOEEERING |

Polycrystal
(a) (b) [+ OXFORD-UMAT (iinear) Constitutive laws
CP solvers in Abaqus OXFORD-UMAT (semi-implicit) e
40 e BRISTOL [56] (semi-implicit) Elast|C|ty.
400 1 UMAT [13] ' * UMAT [13] (linear) ~ T The
_ (fully-implicit) 180 7] - UMAT [13] (fully-implicit) oo og=¢:E
2] .
© 300/ : Power law:
= 135 o |l/m
c BRISTOL [56] T ] 7 =G | = stgn(T")
= 200 (semi-implicit) = 50 ] <
2 |OXFORD-UMAT 4332 g
'® 100 ((semi-implicit) 0 . 12 _
48.9 45 45 = hiyP
’ p=1
0 ¢ % _ ebpb
OXFORD-UMAT UMAT [13] 04— hjy = H*h
(linear) (linear) 0

A gA gA qA
gA A gA qA
gA gA A gA
gA qgA gA A

S, Mises
(Avg: 75%)

+6.000e+02 | |

>6 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.

B3 Huang, Y., 1991. A user-material subroutine incroporating single crystal plasticity in the ABAQUS finite element program (pp. 1-21). Cambridge, UK: Harvard Univ..
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Advanced Research Computer

1 um

Simulations of 4M elements

Figure 14: A polycrystal RVE with a size of 40 um size and 24.5 4+ 2.7 um average grain size for a range of
RVE resolutions (voxel sizes from 8 um - 0.25 um) generated using Dream3D®. Colors indicate grains and, at low
resolutions, small grains disappear due to coarse resolution, resulting in a different color code.




Constitutive laws

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

# = Jrexp (bc|1'a - X4 - g—;) sgn (¢ — X“) +
Y7o exp (bplf“ — X — g—g) sgn(t? — X)

Material Library
“usermaterials.f” or
using PROPS

|__'.'- backstress

[F cpsolver

Slip models

# = A%sinh[B (|

1: Sinh law

T — X9 —19)]sgn(¢ — X%

|| / LIdniLLnimug

Sii OR D

s

2: Powerlaw 7' =1 (

C

— Xa|
Td

)n sgn(t? — X)

y

3: Double exponent law 7 = %exp{—,{% {1— (lrﬂ _Xa|)pr}sgn(’f" -

[F creep

I__E Crss

[ errors
[F globalvariables

| L4 hardening

l

[F initializations

[F innerlcop

|__'.'- irradiation

[F meshprop
[F OXFORD-UMAT

[F slip

[F slipreverse

Iﬁ straingradients

5 userinputs

[F usermaterials

F useroutputs

[F utilities
D updates

GND models

N
Strain
hardening

Irradiation models

b
~ 1: Voce type i’ = hy (1—i

A

)‘};}‘ = Y HQb

2: Linear hardening

Pssp = k |1

- 3: Kocks-Mecking pssp = (lq

e\
= ko(2.0)pfsp | 17

1: Solute strength

2: Defect loop density

1-2: Total forms

VxF,

3-4: Rate forms

A

A

Vx (y*nF,)

I V,}'/
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2 .4 CO d e St U Ct ure Outputs are selected from useroutputs.f

and stored as STATEV and a legend file is
written once.

Fortran modules: Inputs (in PROPS)

| STATEV_legend - Notepad —
ACEEIINEES File Edit Format View Help
CF backst 1. ¢, (Bunge angle)
bTATEV— 1: Total slip on slip system- 1 [-]
I__E EFISIIIWEF 2' q) (Bunge angle) STATEV- 2: Total slip on slip system- 2 [-]
E STATEV- 3: Total slip on slip system- 3 [-]
I__l Creep 3. (1)2 (Bunge angle) STATEV- 4:  Total slip on slip system- 4 [-]
F . STATEV- 5: Total slip on slip system- 5 [-]
I_—l Crs 4. Gra|n ID STATEV- 6: Total slip on slip system- 6 [-]
F / / . / / STATEV- 7: Total slip on slip system- 7 [-]
I_—l Errors 5 Ph ID 1 2 3' BCC FCC HCP STATEV- 8: Total slip on slip system- 8 [-]
I__E . ‘ ase 2_ . | f STATEV- 9: Total slip on slip system- 9 [-]
globalvariables 6 Flag (1/0) 1-12: usermaterials. STATEV- 10: Total slip on slip system 10 [-]
F . . STATEV- 11:  Total slip on slip system-11 [-]
I__l hardenlng N . STATEV- 12:  Total slip on slip system-12 [-]
I__E initializations O: usermater]als_f STATEV- 13 :  Edge dislocation density- 1 [1/micrometer~2]
STATEV- 14 : Edge dislocation density- 2 [1/micrometer~2]
F - . STATEV- 15 Edge dislocation density- 3 [1/micrometer~2]
I_—' mnerl-:u:np 1' PROPS STATEV- 16 Edge dislocation density- 4 [1/micrometer~2]
I__E irradiati STATEV- 17 : Edge dislocation density- 5 [1/micrometer~2]
irradiation STATEV- 18 : Edge dislocation density- 6 [1/micrometer~2]
F STATEV- 19 : Edge dislocation density- 7 [1/micrometer~2]
[ meshprop * : : ; ;
STATEV- 20 : Edge dislocation density- 8 [1/micrometer+2]
I’_f OXFORD-UMAT Element type and tOtaI number Of STATEV- 21 : Edge dislocation density- 9 [1/micrometer#2]
I t H th h t t ” STATEV- 22 : Edge dislocation density-10 [1/micrometer+2]
I'_E cli elements In € mes are automatica y STATEV- 23 Edge dislocation density-11 [1/micrometer+2]
P . . . . STATEV- 24 Edge dislocation density-12 [1/micrometer~2]
I'_f 5|iFIFE‘JEF5E determlned at the flrst |terat|on CYCIE, STATEV- 25 : Screw dislocation density- 1 [1/micrometer#2]
STATEV- 26 : Screw dislocation density- 2 [1/micrometer#2]
E 5traingradier1t5 STATEV: 27 Sscrew d}slocat.lon den:;}ty: 3 [1/m}cr‘ometer:2]
STATEV- 28 :  Screw dislocation density- 4 [1/micrometers2]
E LIS.EfiHFILItE- STATEV- 29 :  Screw dislocation density- 5 [1/micrometers2]
STATEV- 3@ : Screw dislocation density- 6 [1/micrometers2]
F . . a . - . . _ . A
I__l usermaterials STATEV- 31 : Screw dislocation density- 7 [1/micrometer~2]
|npUt entrles STATEV- 32 : screw dislocation density- 8 [1/micrometer~2]
I__E LISEFIZILItFILItE- STATEV- 33 : Screw dislocation density- 9 [1/micrometer~2]
STATEV- 34 : Screw dislocation density-10 [1/micrometer~2]
I__E utilities STATEV- 35 :  Screw dislocation density-11 [1/micrometer~2]
STATEV- 36 : Screw dislocation density-12 [1/micrometer~2]

|=| updates
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* Objective: Explore different methods to calculate the Geometrical Necessary Dislocation (GND) density pgyp in a
crystal through strain gradient calculus in FEM models. Finding pros and cons

» Dislocation is a linear crystallographic defect that contains an abrupt change in the arrangement of atoms. The
movement of dislocations allow atoms to slide at low stress levels being responsible of the plasticity.

B * Geometrical necessary dislocations are the ones
D e ector T responsible of deformation, they influence the
plasticity, the hardening, the Bauschinger effect or
fracture formation...

ol

=


https://en.wikipedia.org/wiki/Crystallographic_defect

Crystal plasticity framework and GNDs %g eI

SCIENCE

The GND density represent the heterogeneity in crystal deformation

B = — ¢ dY = — f FpdX = — f (VxF,)" -rds (2) A o ® .
0y C 5 Burgers circuit

Bng; =f (ZPENDbaSH{E}ta) -rdS
S \a

We get an expression called Nye tensor ]
BII

Burgers circuit

Y=E,X

T a a_a a a a_a a a a.a a
A=— (V X Fp) = EPGNDb st = ZPGND,edgeb st +pGND,screwb S ®s Fig: Construction of Burgers circuit around (a) edge and (b) screw
a a type of dislocations.

{A} = [A]{ecnp}-

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

[A] therefore has a size of 9 by 18, so the solution is not unique.



1.f GND calculation

2D plane stress elements:
CPS4, CPS6 (quad. GND),
CPS6 (linear GND), CPSS,
CPS8R

2D plane strain elements:
CPE4, CPE6 (quad. GND),
CPEG6 (linear GND), CPES,
CPE8R

3D elements:

C3D8, C3D10 (quad. GND),
C3D10 (linear GND), C3D15
(quad. GND), C3D15 (linear
GND), C3D20, C3D20R

Incompatibility

A 4

GND modell-c (NEW!)
A-matrix is restricted to

active slip systems

%}6 g
SCIENCE

UNIVERSITY OF
OXFORD

A=—(VxF,"

Incompatibility
A= F,(VxF,

GND modell-a(L2)
Al {peyp} = {A}

{Ponpt = [B] {A}
B=A" (AAT) "

GND modell-d (NEW!)
A-matrix is restricted to

active slip systems

\ 4

GND modell-b (KKT)
Clp,y)=p"p+y (Ap —A)

Rk

21 AT
A 0

Incompatibility

s

A ==V x(¥nF))

A

Incompatibility
%%

e

pa = jL“ . 14
GND model2 e
p[éND_._.v =i -
Pevpe = —VV -8
GND model3 Pl = Vi

10Demir, E., Martinez-Pechero, A., Hardie, C. and Tarleton, E., 2024. Restraining geometrically-necessary dislocations to the active slip systems in a crystal plasticity-based finite element

framework. International Journal of Plasticity, p.104013.



FEA examples at low strain: ll/ p—

\ ENGINEERING
Four-point bending with 1 slip svstem L s
(a) (b)

X-Sym. (u_=0)

Bent zone Transition
zone

Straight zone

10ym

—

Figure 12: Four-point bending (a) beam dimensions and symmetry (the red cross sign indicates the neglected portion of the beam
using symmetry), (b) boundary conditions based on (Xu, 2021b), (c ) 3D model of slip, GND density of different models

-2
=2 -2 m
(C) (d) penp(um=2) Penp (Em=2) penp (pm™7)
+2.737e+01 +1.378 e+01 +1.691e+01
+4.000e+00 Y +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
4 +3.576e-07 Z X +3.576 €-07 +3.576e-07
! -6.667e-01 -6.667 e-01 -6.667e-01
(Avg: 75%) -1.333e+00 -1.333 e+00 -1.333e+00
+1.269e-02 -2.000e+00 -2.000 e+00 -2.000e+00
+1.043e-02 .2.667e+00 -2.667 e+00 -2.667e+00
+8.164e-03 -3.333e+00 23.335'6%00 -3.333e+00
Ig ggge 83 -4.000e+00 -4.000 e+00 -4.000e+00
Iy 3712 o3 -2.713e+01 -1.385 e+01 -5.735e+00
-8.927e-04
-3.157e-03 = - ;
-5.421e-03 T
-7.685e-03 ¢
-9.949¢e-03
-1.221e-02
-1.448e-02

Pseudo-Inv L2 ‘ . Restricted



FEA examples at high strain: %g ErineEninG [
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(b) before (c) after 25% strain  Max.Principal () mid-grain
rain

+3.419%-01
+3.213e-01
+3.006e-01
+2.79%-01
+2.593e-01
+2.386e-01
+2.179%-01
+1.972e-01
+1.766e-01
+1.55%-01
+1.352e-01
+1.146e-01
+9.388e-02

};
mid-grain

Figure 18: (a) Polycrystal RVE with the mid-grain, (b) RVE and mesh before straining, (c) deformed geometry after 25% uniaxial
strain, and (d) maximum principal true strain after 25% uniaxial strain for model 1-c (the models 1-d, 2, and 3 all are approximately
0.2% different hence not included.)

« A polycrystal with 30 grains was generated using NEPER® software with 165,968 quadratic
tetrahedral elements (C3D10) with four integration points per element.

« The mid-grain has 1,308 elements.
« A uniaxial macroscopic tensile strain of 25% was applied with a strain rate of 2.5 x 1073 s

« Simulations using a 2.4 GHz Intel E5-2680 v4 CPU on using a total of 20 threads. Simulation
duration for models 1-c, 2, and 3 were 41.09, 37.01, and 37.03h.

10



FEA examples: Polycrystal (A} = (4] {eow}. %6 NG
Penp(wm™?) SCIENCE

(Avg: 75%)
+4.120e+04
[ +3.083e+4-04

OXFORD

+2.047e+04
+1.010e+04
-2.667e+02
-1.063e+04
-2.100e+04
-3.137e+04
-4,173e+404
-5.210e+04
-6.247e+04
[ -7.283e+04 |
RSOy GND model-1c GND model-1d GND model-2 GND model-3
—— Restricted ——Restricted* ——Rate Slip grad
0.09 T i T T 1 T T T T
3_5:<10'3
0.08| " - 0.9} .
= 007, | — o8} |
"‘“3; 006 15 i 07 - =
=, YUort =
— 05 — D.S{V/f i
S‘E 0.05 00 005 01 045 02 025 a 05
< 0.04+F <
« < 04}
| 0.03 | osl |
-
< 0.02 < o2
0.01} - 0.1} |
0 ' ! ' ' 0 ' - ' -
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
(a) ) (b) )

Top: Edge dislocation density on the most active slip system, [110] ("111), in the mid-grain for four different GND models at the end of 25% uniaxial tension.
Bottom: Incompatibility error: (a) absolute and (b) relative average over the mid-grain vs. uniaxial strain for total form without area correction (model 1-c) and
11 with area correction (model 1-d), rate form (model 2), and slip gradients (model 3).
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Important extra features [ RN s

* Work with Neper to create crystal frame and transform to Abaquis.
* Irradiation.

* Creep models.

* Backstress.

* Fracture using UDMGINI Abaqus subroutine.

* Cohesive elements to model fracture in crystal boundaries

18
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Conclusions Crystal plasticity framework

s An efficient and robust multi-modal crystal plasticity model

**Wide variety of alternative constitutive laws

“*Input file prepared to run in Advanced Research Computer (Oxford)

*»Coupling with fracture models as extended finite elements and cohesive zone models

**The total form of incompatibility and the L2 method revealed GNDs on the inactive slip systems. The
restriction of GNDs only to the active slip systems, followed by SVD works better.

*»The results of restricted model match with the rate form and slip gradient models which do not have
the problem of activating slip systems during low strain experiments.

*»Polycrystal simulations at large strains revealed less densities for restricted model than rate form and
slip gradients (Levkovitch and Svendsen (2006)).
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THANK YOU: QUESTIONS?

OXFORD-UMAT: An efficient and versatile crystal plasticity framework
https://doi.org/10.1016/].ijsolstr.2024.113110

Eralp Demirl”, Alvaro Martinez-Pechero?, Chris HardieZ, Edmund Tarleton!

IDepartment of Engineering Science, University of Oxford, Parks Road, Oxford, OX1 3PJ, UK
2UK Atomic Energy Authority, Culham Centre for Fusion Energy, Oxfordshire OX14 3DB, UK
"Post-Doctoral Researcher.  “eralp.demir@eng.ox.ac.uk

20
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