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Introduction

Academic Background

* Undergraduate: UT Austin (Class of 2013)
e Graduate: UC Berkeley (M.S. and Ph.D.)
* Anticipated Graduation: ~05/2018
* Research Advisor: Dr. Shaofan Li
* Co-authored Publications:
* A Peridynamics-SPH Coupling Approach to Simulate Soil
Fragmentation Induced by Shock Waves (Feb. 2015)
e A Hybrid Peridynamics-SPH Simulation of Soil Fragmentation by

Blast Loads of Buried Explosive (in Press)



Motivation h

Hydrogen Embrittlement

* Dissociated hydrogen molecules are introduced into a metal

lattice through welding processes, environmental factors,

deformation twins etc..

electron backscatter diffraction

* The embrittlement process can alter macroscopic material
properties such as yield strength and ductility, which are

driven by localized changes in the microstructure.

hase transfoﬁwwéfias, fcc, bee
P * Methods developed can be employed for phenomenological

coupled finite element analysis ) ]
models of transport and trapping and continuum

representations of microstructure.

plastic zone at blunted crack tip
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Theoretical Background ) e

This path heavily leverages Sofronis/McMeeking (1989)* and Krom (1998).

Recent work by Leo and Anand (2013).

bemical po o J = det[F]

¢ EMIC.a ;= po + RT hl(el) — UnOh 0X

potential 0, = c1/ny 0, = ci/ny
nl:NL/J nt:NT(ep)/J

model :

= —my;Vy

for flux Ji LV ah vp = VyJ ™ = Joy
dl = RTml

equilibrium of _ 1 &=y + %él 1 %%ép i %%J

lattice/trap sites 1+ k;tlel dcl dng Oy ong 0J
ct = ci(cr, €py J)

conservation a cdy = — / - nda C* =¢ + ntnl D* — 14 dey

of hydrogen dt Jp OB + %o dey

*P. Sofronis and R.M. McMeeking, J. Mech. Phys.
Solids 37 (1989) 317



FEM Implementation

conservation equation (reference configuration)

4 CdV = —/ JF~'j.NdA
dt /g, 8B,
di Vi

RT

— (C—VX - dC7VxCO +Vx -

C_1VXThCL>dV =0
Bo

Multi-field variational formulation (Q1/P0 elements)

Variations in Displacement (n):
fBOP-VXn+B-ndV—farot-ndA:0

Variations in Concentration (v):

I, [(D Cr + 072 Tép)v + dC™'VxCp-Vxv -
dZ%LTVH GV xn va] vt faro ']F_ljapp NvdA=0

Variations in Pressure (\):

I (Th . fh)¢ dV =0
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Example: 2D Block

Uniaxial extension of 2D block
With transient hydrogen diffusion:

Time-dependent Displacement
Fixed Concentration

Initial Layout _ _
Fixed Displacement

Time-dependent
Concentration

Undeformed

C, (mol/m”3)

5001+

400+

300+

100

Imposed Displacement

Neo-hookean 1

hyperelastic model O = 5/43 [Je — Je_ll I+ Je_5/3udev[be]

: ~ e Straight line!

djC ™1

AtX,
u = BtXQ
0

— Transient Concentration with Deformation
— Steady State Concentration with Deformation
— Transient Concentration without Deformation

VXC’L . VXv
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2.x1077 4.x1077

6.x1077

Initial Position (meters)

Pushback operation
has distinct effecton
the “Laplacian term”

and hence, the

concentration profile

8.x1077

1.x10°¢
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Example: 2D Block
Verification of solution: Goal is to implement tests to run in Albany
2D block diffusion without pressure gradient: 2D block diffusion with pressure gradient:
IOOC‘L Possible errors due to
\ spatial stability and/or
500/ mesh
— Mathematica (FDM)
— Albany (FEM) 80r
4001 \
3001
100+ ®l
ol 6.x1077 8.x1077 2. x4 4.x10 ex‘m 8.x10 1 %0'5)“

Solutions
match pretty



Example: 1D Stabilization Studies

Spatial Stabilization and
Spurious oscillation studies:

Imposed Displacements:

’LL(X) = C() —|—01X+02X2 —|—C3X3

Based on FEM (Albany):

cL
100 Peclet Numbers
— 0.282695

0.530251
— 0.749974

80 — 0.818067
1.87616
— 2.74589

60

40

VH h
RT

Maz[P.(X)] = Maz||VxTa(X)||

Loss of
stabilization
begins in this
region

Peclet_Number

, Linear relation between
.5 . .
maximum imposed
displacements and \
1 maximum Peclet
number
1.5
1.0
0.5

1.x1077 2.x1077 3.x1077 4.x1077

_displacementmax_X

Based on FDM (Mathematica):

d; Vi
RT

aCL,mm + ﬁOL,m +9Cr =0

—Vx-d1071VXCL+VX' 071VXThOL:0

—

Plug FDM stencil into ODE:

/ o?—f32 - -
2§ﬂ+;z) B (7+2a)2 ~ 4
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-
-
i)

H Factor =-78.9
IS region Root 1= 0.059 + 1.06%
oL Root2 = 0.059 - 1.06%
100
Factor =-1.12
Root 1 = 0.73 + 1.37%
80 Root2 = 0.73 - 1.37%
60 Factor = -0.251
Factor = 0.081 Root 1= 2.37 +0.19%
Root 1 = -11.82 Root 2 = 2.37 - 0.19%
Root 2 = 0.83
40
20
2.x1077 4.x1077 6.x1077 8.x1077

X1
1.%x107°°



Example: Simple channel fast pathway ([@:.

Implementation of Fast pathway (no deformation): Jump is implemented in

Cohesive Surface
Element Formulation

formulation

TdS

n
Diffusivity is a function of CSE thickness is needed to
position when fast pathway is properly integrate the residual
utilized

CSE residual

Comparison between
channel and block

BG

Rbdv
NM

it B B’+ 1, 2
< j=1 Jr5g
_, L C’;F
| N B B9[]
Increasing these terms will increase a
diffusion of the fast pathway ( )
CSE fast pathway

G
. ™

o x Both cases exhibit similar trends

387020500001 00002 00008
LLLLLLLL

[

JIIJ?‘WIIHHW“ /
Channel fast pathway

H——
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Example: Polycrystals with fast pathway ().

Grain interface diffusion coupled with mechanical loading:

» Stretched in horizontal direction to a
> displacement of 2
« Fast pathway = 10"5*D,,

Horizontal diffusion (parallel to Vertical diffusion (perpendicular to
displacement) displacement)

-

|
Diffusion slows down. :
Poisson effect will compress Diffusion speeds up as a result

lattice along vertical direction. of the stretching of the lattice



Example: Kfield simulation with h) &
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embedded crack

Examining crack-tip diffusion:

D*C}

concentration (1)

= Path: 10°D,
" Kypp: 85 MPa m'2
" Time: 3850 s

NOTE: 85 MPa m'2 is well below Jq
for 21Cr-6Ni-9Mn (220 MPa m'/2)



Example: Kfield simulation with

embedded crack (movie)
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CL
. 5.600e-04

E0.0005
0.0004
0.0003
0.0002

=-0.0001

=3.870e-05




Summary rh) e,

* Pushback operation significantly alters concentration
profile (as seen in 2D block and polycrystal examples).

e The code can accommodate finite deformations and
finite rotations when computing the concentrations.

e Spatial stabilization and the peclet number play a key
role on the concentration profiles when using a coarse
mesh, low diffusivities, or high pressure gradients.

* CSE provides efficient and accurate representation
(relative to bulk elements) of a fast pathway.



