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P Presentation Overview

Phase Field Fracture Model
« Characterization Data
« Calibration Strategy
- Validation Problem
* Preliminary Results

* Next Steps
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/4 Phase field model for fracture

Concept:

Derived from Griffith brittle fracture, G,

Represent discrete cracks as “smeared”
continuum damage fields

Inject length scale: infinitesimal = finite-width
Variational: minimize energy functional

Reformulate fracture problem as a coupled
system of PDEs, greatly simplifying solving

Inherently captures crack nucleation,
propagation, bifurcation; mesh-independent

Approximates fracture for length scale ¢, - 0%

Borden et al. (2014)

Amiri et al. (2016)

Sharp Crack Approximated

>

= min (/Q @meeh(u, 2)d Q)+ / GCdF>
u,z T

A i

97 = min [ Geen(2,0) + Vel Ge 0, V6) d2)




/4 Phase Field models from literature
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~~ Classical model / AT-2

Total Energy Functional:

07 =m0 ( [ G, 2,0) + DiaclGer 0, V) Q)

Euler-Lagrange Equations:

o _ 0 o 0 0% _,

v oVu Ou 0z 0z
o o
v oVeo 0o 0

Phase-Field Evolution

2G€A¢—2¢(¢e+¢p)+§—€(1—¢)20

Driving Energies & Degradation Functions:

Yueen (U, 2, 0) = g(O)Y° (u, 2) + h(P)P(2)
g(¢) = h(¢) = ¢

Fracture Energy Approxilmation Functional:
Piac(Gey 6, V) = Gey (1= 0) + 462V 0 - Vo)

!

1—o+40ANp =0
Amiri et al. (2016) I
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/4 Phase Field models from literature

Threshold model / AT-1

Total Energy Functional: Driving Energies & Degradation Functions:

0" = min ([ e (0,2,0) + Vel Ges 0. V0) ) Duncn (v, 7, 0) = (80" (o, 2) + h(0)?(2)
U2, Q

g(¢) = h(¢) = ¢

Euler-Lagrange Equations:

Fracture Energy Approximation Functional:
o _ o _ 0w _ § ! 2
Viowve w0 Yar e ) Pirae(Ges 0, V) = G (1= 6) + V6 Vo)
oY oY I
Vi—— ——=4(
Ve i — 14+20°A¢ =0
Phase-Field Evolution ) — I
3G/ ] 3G,/ ,z
g D020 Y+ e =0 " Geclenetal 0016)  d(a) =1— LY
eelenetal ( ) \/§€




/ Phase Field models from literature
/4

"~ Classical del Threshold del
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Stershic et al. (2018)

3G .E
Omax — Y. — 2E¢cm’t

Damage begins
after energy T 3G,
threshold is it T 6/
reached

« Critical stress depends on length scale £. This has been proven to work well on brittle materials.

» Itisinappropriate for plastic materials, where a finite yield stress determines non-trivial material

behavior.




/7 Crack growth resistance predictions
4

Stershic et al. (2018)

» {isindeed a material parameter!

= Serves a similar role as cohesive
strength in cohesive zone models

= (Can calibrate ¢ to standard
fracture tests

T
Aluminum B061-T651
WD-1

slope = 28,
30F S, =321 MPa

0 0.5 1 5 2
Aa (mm

Data courtesy of Chris San I\/Iar)chi (SNL)




New Phase Field Model

/' Cohesive / Lorentz Model - new parameter ¥,

Total Energy Functional:

(/Q Urmech (U, 2, 0) + Ve (Ge, &, V) dQ)

Y™ = min

Euler-Lagrange Equations:

.8Vu_8u:

Phase-Field Evolution
Ad — (g (@)Y + W (0)YF) +

(nonlinear PDE!, generally)

3GL

Talamini et al. (2021)

Driving Energies & Degradation Functions:

Pmech (U, 2, 0) = g(@)9*(u, 2) + h(0)9"(2)

¢2
(¢) = h(o) = 5
| (1 - <16:zgfm - 1) (1~ qﬁ))

3G,
If Yerit = 160 threshold model recovered:

g9(¢) = h(¢) = ¢

Fracture Energy Approximation Functional:

Jre(Ger 0, V6) = Gy (1= 6) + £V Vo)
!
1+202A¢0 =0

Y

u(z 1—: fo [I:
B I Ll

B (B
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~~ Cohesive / Lorentz Model

Cauchy stress / o,

Phase

1.5

0 0.2 0.4 0.6 0.8

o New Phase Field Model

0 0.2 0.4 0.6 0.8

Log strain

Log strain

Talamini et al. (2021)

Omax — 1/ 2E¢cm’t

Damage begins after energy threshold is reached

» Critical strength now independent of length scale

* Y. IS a material parameter with physical
interpretation - energy threshold

» {is a numerical parameter
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/3 New Phase Field Model

F . . .
~~ Threshold model Cohesive / Lorentz Mode|  Telaminietal (2021)
dr
0fry =1 16 : : - : : 2.5
14}t /’_‘ -
1.2t i
r L5
:? 08+ —— : 1 2¢CTZtE/O-Z T
0.6 — = 1/4] 4
Efry =175
04
| 0.5
0.2
0 L (]. ;
0 0.5 1 L5 2 2.5 3 0 1 2 3 4 il [§]
Aafr, Aajr,
, :I p 1 ==== Extrapolated £ =10 . .
.0 ) ; = Yields convergent R-curve behavior
95 (wrt length scale)
&2 = Can now adjust length scale to
g5 problem size
L0 = Can increase process zone size
0 (engineering approximation) to ease
mesh requirements
(Al




/7 Plastic-Damage Coupling

o
7 * Consider Plastic-Damage Coupling:

« Plastic Yield Surface (from V- 9 9, )
> 9(D)oess(u, 2) = h(0)oy(2)

» Full plastic contribution (E-P-PD), h(¢) = g(¢)
« fracture driving energy = ¢ + y?P
- yield surface: o.¢r(u,z) = 0,(z) (usual)

« No plastic contribution (E-P-D), h(¢p) =1
« fracture driving energy = y°

« yield surface: g(¢) o.5r(u,2) = 0,(2)
- noyielding after damage

0.02

& 0.01

stress

E-P-D h(¢) =1

[

total strain

1

0.5

0

0.04

" 0.02

o

0
0.1

0.08
0.06
0.04
0.02

Hu et al (2021)

E-P-PD 9(¢) = h(9)

E P PD

Wi
_

00 0.01 0.02 003 0.04 0.05

total strain




/" Model Objective

One model that can capture all...
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Model Objective
Calibration

One model that can capture all...

. . notched tension
Solid bar torsion
20 4000
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Characterization Data

Material:
304L Stainless Steel

CENTER OK ON
BOTHENDS

2.125+.030

2X 1/4-20 UNC-2A
M,
1250 [@]? 0002 A
+.030 438 |
+.030
o 625
+

Uniaxial Tension

2X 030+.010 X 45°

@.125+.001

BOTH ENDS

Notched Tension

i 1
375:.010
e
1
.800+.010 o
$.150:.001
_—FULL RADIUS
Fa (SEE TABLE)
| pd 0|
1 Y= :
" mn
—— @ .300+.005 £ :3. I
1.600+.020 P amh b=
rd [ ¥
r 4
/ ! L
;)0 ow o ul) 13-} ow a 12
¥ riernare by
3/8-16 THREAD BOTH EANDS
o~

2X 020 X 45.00°

R.125+.010
TWO PLACES BLEND SMOQOTH
TAPER DIA. DOWN
.001-.002 FROM BOTH
ENDS

Emgmramng B e

8]

[77] .oc02] 8]

L_ 0002 [A]

] ai
Ergresreg Saan

[ eeealx},

K. Mac Donald & B. Antoun

Shear Top Hat

------




P Calibration Process

Multistage calibration process (MatCal):

1. Plasticity Calibration
o Uniaxial Tension

o  Stress/strain curve (plastic hardening portion)

o Notched Tension, R0.094"
o  Load/displacement curve (plastic hardening portion)

2. Phase-Field Damage Calibration
o Uniaxial Tension

o  Max. displacement

o Notched Tension, R0.094"
o  Max. displacement

o Shear Top Hat
o  Load/displacement curve
o  Max. displacement




P Calibration Process
Voce Hardening:
o, =Y + A(1 — exp(—néP))

Mu ltIStage Ca l | bratlon proceSS (Matca l) MatCal Calibration - 304L, PhaseFieldFeFp plasticity

3483 evaluations x 2 models x 3 parameters

1. Plasticity Calibration: Y, A, n (~ 3 days runtime)
o Uniaxial Tension (series A, upper bound)

o  Stress/strain curve (plastic portion)

K. Mac Donald &
B. Antoun

1750 4
1500 4
12504

o Notched Tension, R0.094"
. . . o ) 75011 Notched Tension
o  Load/displacement curve (plastic portion) 20000 | | UNIAXIAI Tension 5001 0.094" radius
N OV ~ OV
010 012 014 016 OfB 0.0'00 O.CIIZS D.OISD 0.(;'?5 0.£00
strain displacement

Uniaxial Tension

T r—— e -
R ﬂw INEEL

%4 ‘é N |

% Il | S

Notched Tension
0.094" radius

ER
: W

The different model problems have distinct preferences...
MatCal tries to balance uniaxial & notched tension data




P Calibration Process

Multistage calibration process:

2. Phase-Field Damage Calibration: G, Y.

o Uniaxial Tension
o  Max. displacement

o Notched Tension, R0.094"
o  Max. displacement

o Shear Top Hat
o Load/displacement curve

Cohesive Phase Field (Lorentz rrzlodel):

¢
9(¢) = h(¢) = >
(1 B (mﬁfm - 1) (1 - qb))

JraclGer 6. 99) = G (1= 6) + V6 99)

MatCal Calibration - 304L, PhaseFieldFeFp plasticity
1320 evaluations x 3 models x 2 parameters
(~ 6 days runtime)

exp qois 1100 4 K. Mac Donald &
10001 —— sim qois B. Antoun
exp qois
500 - 1000 -
B 600- B 900+
- o ) - Notched Tension
w04 Uniaxial Tension 500 ] 0.094" radius
exp qois
200 4 —+— sim qois
% 700 exp gois w
030 035 040 045 0.1055 0.1060 0.1065 0.1070
displacement displacement
12000 11000 - exp qois
—#— sim qois
i 10500
10000 exp qols
10000 -
8000 A
9500 1
= - (]
B 6000 & 90004 i
40001 f# Shear Top Hat 85007 Shear Top Hat
8000
2000 A )
exp qois 7500
0 — 5Im QoIS
T T - 7000 4, . . .
0.0 0.1 0.2 0.250 0.255 0.260 0.265

displacement displacement




/ Cohesive Phase Field (Lorentz model):
Calibration Process 2
9(6) = h(@) = — ;
(1 - (16wfm - 1) (1~ ¢)>

] (1—¢)+£2Ve- Vo)

Multistage calibration process: Yianc(Gie 6, V) = Gegg

MatCal Calibration - 304L, PhaseFieldFeFp plasticity
1320 evaluations x 3 models x 2 parameters
(~ 6 days runtime)

Uniaxial Tension
2. Phase-Field Damage Calibration: G, ¥, 3 R
o Uniaxial Tension ‘ I Notched Tension
o  Max. displacement | e
o Notched Tension, R0.094" o
o  Max. displacement
o Shear Top Hat w&%i "a’%r,.
o I..f)ad/cli‘ispllacement curve | W; %M“' Shear Top Hat




P Calibration Process

Multistage calibration process:

2. Phase-Field Damage Calibration: G, Y.

o Uniaxial Tension
o  Max. displacement

o Notched Tension, R0.094"
o  Max. displacement

o Shear Top Hat
o Load/displacement curve

Cohesive Phase Field (Talamini r2nodel):

¢
9(¢) = h(¢) = >
(1 B (mﬁfm - 1) (1 - qb))

JraclGer 6. 99) = G (1= 6) + V6 99)

MatCal Calibration - 304L, PhaseFieldFeFp plasticity
1320 evaluations x 3 models x 2 parameters
(~ 6 days runtime)

exp qois 1100 4 K. Mac Donald &
10001 —— sim qois B. Antoun
exp qois
500 - 1000 -
B 600- B 900+
- o ) - Notched Tension
w04 Uniaxial Tension 500 ] 0.094" radius
exp qois
200 4 —+— sim qois
% 700 exp gois w
030 035 040 045 0.1055 0.1060 0.1065 0.1070
displacement displacement
12000 11000 - exp qois
—#— sim qois
i 10500
10000 exp qols
10000 -
8000 A
9500 1
= - (]
B 6000 & 90004 i
40001 f# Shear Top Hat 85007 Shear Top Hat
8000
2000 A )
exp qois 7500
0 — 5Im QoIS
T T - 7000 4, . . .
0.0 0.1 0.2 0.250 0.255 0.260 0.265

displacement displacement




P Calibration - Validation Comparison

Top hat calibration - comparison to experimental imagery
* Imagery shows damage growth before peak force
« Model similarly predicts similar damage patterns / timings

E. Corona, et al. (2021): SAND2021-1752 ?

(kﬁ)m_ SS 304L (1 B (16%15;# B 1) (1-— ¢)>2

u=0.131in

. u=0.131in
Failure Test . .

2} 0.175in. Int. Damage magnitude is lower than expected
0.125 in. Int. though material too tough?
0.050 in. Int.

u=0.05in Also, note initiation of uncaptured self-contact

0 5 ! ! ! |
0 0.05 0.1 0.15 0.2 0.25
—> O (in)
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Validation Problem

Compact tension specimen, with side groove

2X .190

2X @ .089 THRU
4-40 UNC THRU
e 300010 |
e - )AC -
367 4
) ol 2X 520 =
26
r=—=2X .250
!
1 s
-
,«"‘_i ___________ o -
& = 1.250+.001
K - e
TR ATIEE ST T c
—
______________ e
y—
L0
—
- T
L
! o
2
=
T
-5
- 00 -

Force-Displacement K. Mac Donald &
3000 - B. Antoun
}_3' 2000
()]
o
£ 1000
0 . | |
0.0 0.1 0.2 0.3
Displacement (in.)
7000 ;
6000
5000
4000
3000
2000
1000
ol— ¥ 4

Crack Extension (in)




P Validation Problem

How to measure J-integral:
2. ASTM E1820 (A2.4 - Basic Test Method)

J'=Jef+]p{
J
— p/0
J—Je,o+1+ p— -
a+05/) b
K*(1 —v?)
J=—F—+J,
‘ ]._Iﬂ. rb rc J =Tlp[Apl
{ Pl Byb
Surface integrals il ( ")
urface i : K. .=—4_ o1
g (i) (BBNw)].’zf W

a;
f(W')= (A2.3)

() [omssrasi( ) ~nnaa() “eranal ) 5ol ) ]}

a. 3/2
(“W)

/I‘LZ (’(ﬁém — (F — 5)]@sz]) Ui dA




Preliminary Results
Phase @ Max. Displacement EQPS @ Max. Displacement

2-parameter calibration: : G, Y.

Model

1.0e+00 3.5e+00
L B L B

—2

—05

damage
avg_eqps

LB 0.0e+00 LB 0.0e+00 °

“fixed (symm) precrack Zoomed view Zoomed view
CTS Mesh, fine element = 0.0025"

« High ductility, but concentrated in one element at sharp crack tip
» Crack isn't propagating; damage slow to develop




P Preliminary Results

2-parameter calibration: G, .

Model _
NESERRSRENRSEE FOFCG-DiSp|acement E 15000 J-Integral
NN - 1
i :
W HEH‘?‘HM\ nn ! ; 4000 “'é.
| | - @ 10000+
“precrack  fixed (symm) : : 2 3000 I
fplpe — S 20001/ = 5
HHHH S 3 5000
u_u_%%- g —— Contour Integral
I J :E 1000. - . ASTM E1820
¥a symmetry qe; 0 —— Experiment
“fixed (symm) p?e_crjac_lf_' %.0 01 0.2 03 0.4 . 0.000 EOS.t(iJrZHF;te%(z:5r2CkOLg15thO(.i]I.10)()
CTS Mesh, fine element = 0.0025" Displacement (in.) g :

» (F/D) Small error in plasticity, now magnified
* Phase Field model too tough, over-estimating J-R curve




P Interpretation

Using upper-bound uniaxial tension series seems to have biased plasticity model
- Tangible difference in plasticity model in shear top-hat

- Even worse for compact tension

Difficulty of modeling plasticity at infinitely sharp crack tip
« Majority of plasticity & damage occurs on the one-element tip

Phase Field model too stiff!

« Characterization data (UT, NT, STH) don't contain strong singularities like CT does
- too much extrapolation in using calibration for CT?

Calibration Space: Compact TenS|on Test

10°

R
i - e
g 1o

:;c 10 5

w 107 4

il:
= 10 4

.I“I T T T T T
P ® P 2 @
R o

) Al Al Al Al Al 0y )
STH W o

AVE pressure pressure




P Next Steps for Continued Investigation

Assess calibration space:
- Compare driving energies in calibration vs CTS

Top Hat model used in calibration is implicit, self-contact OFF
« > consider explicit dynamics w/ mass scaling, self-contact ON

Re-calibration:
* Improve plasticity:
* Incorporate all/median UT data, rather than upper bound
* Add all NT series?
* Add Top Hat?
* Improve damage calibration:
* Leave Top Hat out from damage calibration (CTS isn’t shear), and include more NT series?
« Calibrate to CTS and test on NT & Top Hat?
« Calibrate on all models - possible?

Capture missing physics:
* Add new plastic-damage coupling and repeat as 2- & 3-parameter calibrations




P Reverse Calibration

Hypothesis: too much extrapolation to use UT/NT/STH as catibratiom; as test

Te St . . . notched tension
. Solid bar torsion
250 1 4000 Te st
] ¢ r=0,039"
01567 o 3000 o =007
z 5 7 » r=0156
i ——TOR RO 1 = 2000 : 2000
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——TOR_RD_? 1000 . ro 0078 1000
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. « r=015%"
o 50 100 150 200 250 ana 350 400 450 ﬂ F T T T T 0 r T T T T
Actuator Rotation, doree 0000 0005 0010 0015 0020 0025 0000 0005 0010 0015 0020 002
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Top Hat Loaﬂ-DlsBpIaeement Results for Al %0 " LA -
061-T6 : | um.m.wm\
of
4500 sizpa=
4000 e ;T&?SJP. d
3500
3000 = of -
£ 2500 / /A z Lo
2000 | | £ .
1500 Iy | S .
1000 Iy | 2 s o
500 by A8 2
o - 10
000 002 004 006 008 04D
Offset Displacament i} ASTMES8 smooth tension 59
—BSAILY BSATL2  —B-SATL- ; o . ; :
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_“TSL 1 i (All Round Tension Tests from CA and NM) 0 R, 15
TTRTRSL  _CBTRele  —RTReL 0 RD-01  ——ADO2 ()
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o Rberea T IFas
———LT-04 —LT-06
e LT-07 — LT-08
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-~ -LT-03-CA - - -LT-D4CA
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- - -8T-04-CA
] 0.1 0.2
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fracture

ooy

adiabatic

h(@)” = (1 = B)g(o)d? + fy?

stress

E-P-D h(¢) =1

E

=

Fppmmmmmmm ==
Ty ===

i
=P
e

total strain

ooy

New Proposed Model Form - Revisit Plastic-Damage Coupling ,

0.04

" 0.02

stress

0
0.1

0.08
0.06
0.04
0.02

e

(2021)

E-P-PD 9(¢) = h(9)

E P PD

00 0.01 0.02 003 0.04 0.05

]
»
Ee

total strain

= A
I
b—l

span continuum




/" Thank you!

Thanks for your attention Any questions?

Andrew Stershic, PhD PE
: Sandia National Laboratories
; - / L AR ] Multi-Physics Modeling & Simulation
Sandia National Laboratories, A : % Livermo?/e, CA &

Livermare, CA’ S R SN ' ajsters@sandia.gov
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