oo ;.- /|
Phase-field cohesive zone crack propagation model
for hard-soft architected materials

Aimane Najmeddine, Ph.D.
Assoclate Research Schola

b PRINCETON
Qi "% | ENGINEERING

ARCHITECTED MATERIALS AND
ADDITIVE MANUFACTURING LAB

. Sy B (aci® CONCRETE
: ey CONVENTION

November 3-6. 2024 | Philadelphia, PA, USA



Nacre’s overlapping crystal-protein plates provides toughness
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Hypothesis: hard-soft multi-materials enhance mechanical performance

4

Force

Mon

brittle

-‘-_‘m S —

olithic

/l/
/

multi-material \multi-material/

S )
oy p

Hard-Hard Hard-Soft

M

>

ARCHITECTED MATERIALS AND
ADDITIVE MANUFACTURING LAB

Displacement



How do we numerically investigate fracture in hard-
soft multi-material assemblies to better understand
the toughening mechanisms involved in their
response to fracture?




How do we numerically investigate fracture in such composite materials?

x =20
Phase-field approach S l
for modeling fracture : / B=T XL
v
| ;
< >
L = [~o0,00]
A A
N . 11 1
d = auxiliary field variable, — —lx|
d € [0,1] Regularizing non-smooth sharp d(x) =e lc\
crack with a diffuse crack
topology Length-scale
> — > X
21
1 X = O c
d(x) == { ’ . -
0, otherwise satisfying {d(O) 1
d(+o) =0
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Phase-field captures crack propagation through regularization of sharp crack topology

Phase-field, d

1.000
0.900
0.800
0.700

S,: sharp crack topology
B: diffuse damage band

0

Initial configuration with a Initial configuration with a crack
sharp crack band representation

Regularize the sharp crack topology by a limited diffuse damage band

A time-dependent phase-field damage variable d(X,t) € [0,1] is introduced where d = 0 indicates no fracture and
d = 1 indicates complete fracture

Crack
surface ' (Sy) = J G.dA = J G.y(d,vd)dV 1 G.: Fracture energy  y: crack surface density function
energy S0 2

a(d) = d? AT2

1[1 b — 2
a llc 0 P a -
3

l.: length scale
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Phase-field captures crack propagation through regularization of sharp crack topology

Kinematics i F=Vx(Xt) =1+ Vu

deformation gradient

x = y(X,t) u: displacement field

x§I
;
3

Initial configuration current configuration

Total potential energy of the system

Strain energy density Body forces Applied traction
I
[(u,d) = | gldy,(F)dV +:j G.y(d,vd)dV — by - udV + j tp - udA4
I I
— L\Qg __________ ) 2 Fo
total potential \Q 0 J e h ~N -
e crack surface energy
_ external energy
strain energy
Variational principle g(d) = (1 — d)?: degradation function

(u(x),d(x)) = Arg{minII(u,d)} subjecttod(x) > 0,d(x) € [0,1], x € R*, n = 1,2,3
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Contribution of interface to the crack surface energy can be accounted for separately

external energy

m
. u =1uon dQ,
Updated crack surface energy w4 L R
|_____________________________I SO Phase
: b i ! v s field d
| abv(@ v + [ claa : YNy e
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:_ _________ B_ U_”f ________ I_n_t? I‘_fEECie_ | : Au =u; —u, displacement jump vector [L(PPR CZM) §j§§§
0.100
G2 fracture energy of the bulk material j GldA 0000
G': fracture energy dissipated at the interface Io to on 00,
. = (Au)TTdA B: smeared crack — modeled by Phase-field
Updated total potential energy of the system Io
I,: Interface — modeled by PPR CZM
Phase- _ _
Displacement  field Strain energy density Body forces  Applied traction
fied 4, 9 ___ e /
\ / /o
|
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Park-Paulino-Roesler (PPR) [1] was used to capture dissipated energy at interfacial zones

Aw, \ "t m Au,\"
a(l—f> <E+W X

Au m  Aw,\" T Voro |Aut| no A \" Ty T
User- ¢(Auy, Au) = min(GE™, GE™° ) +[ (1 —5—n) (g+5—n> +(Ge™ i~ G”‘t ] [Ft 1 ~=3 575, )t (G i— G )
n n [ G N t t S L !
SELer?lJe'[?r:e Géntn, Gé"tt: Energies for mode | and mode Il fracture, respectively
[, , I:: Energy constants
(UEL) for Au,, Au,: Normal and tangential components of the displacement jump Interface
Abaqus 6y, 0¢: Final crack openings representing complete failure in the normal and tangential directions, respectively element ~
a,B: shape parameters

- T, A A
- Normal traction force I (A, A, = 5_[ <1 _ ﬂ) <m N un> | 8
n (04 Material B Middle
(CTTTTTTTITITITIIIITITITTTTY ) T 2 line
= _ . A A . . o -
Tn(Bne, 0) = Omas; [ (1 - )’ (1 fowy <c;nz—agntn>] 3 S
« Tangential traction force TR (1 |Aut|> ( |Aut|> 5 (1 |Aut|>ﬁ_1 (n s |Aut|>n AO)
u,, Au =—=1In — - - n(BpV)
ST s, 5 B 5 8 B & i
(CTTTTITTEETEEEIIEEIEEEIITTN \ Aun “ m Aun " int int Aut
E Tt(o, Stc) T E X [Fn <1 - 5—n> <; + 5—n> + (Gc ¢ Gc n) |Allt| O max \ —.ﬁ.__,_h_h_\:i _,
Updated crack surface energy D yso
....... ,._._._._._._.\ I,._._._._._._I : m_‘ﬂmmj\ .
J G'dA = (Au) T. uT 'dA where ; Au = u; — uzl and | T= (T, T¢) On o "
fo 0 Displacement jump Traction force vector
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Crack propagation was investigated for four cases of hard-hard and hard-soft composites

/ Case I hard-hard bi-layer composite with \ / Case Il: solid with crack impinging on an \
interface perpendicular to initial notch direction incline interface
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Crack propagation was investigated for four cases of hard-hard and hard-soft composites

/_Case lll: hard-soft-hard tri-layer composite with \ Case |V: fiber-reinforced matrix composite
interface perpendicular to initial notch direction
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LEFM shows two predominant crack growth mechanisms in hard-hard bi-layer materials
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Crack propagation mode depends on material and interfacial fracture properties

Penetration 1.5 gént
B
A B Jc
Deflection
1 -
A B
~1L ] o
_//
' : S : ' EE — EZ E*: Plane strain
_ - a = Young’s Modulus
1 0.5 0 0.5 1 EE _l_EZ g

(. Parameter characterizing elastic mismatch of bi-material system [1]

: Ratio between the fracture energy of the interface and the fracture energy of bulk Material B [1]
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LEFM shows two predominant crack growth mechanisms in hard-hard bi-layer materials
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Crack penetration
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Zero-thickness cohesive elements used for interface - 4-node quadrilateral plane strain elements used for bulk

A A u Interface:
Zero-thickness cohesive
A elements
0.5mm 0.5mm ¢
S
= ©
= " =
— initial Q
crack =
K
v Material A Material B Bulk:
— Plane-strain four-node —
v vu quadrilateral elements
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Simulation predictions
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0667
0.583
0.500
0417
0,333
0,250
0167
0.083
0,000
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+1.600e-03
+1.335e-03
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-1.600e-03




Crack deflection
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Simulation predictions

| Vertical Disp.

Phase-field (mm)
1,000

1.000 +9.084e-04

0917 [ +7.570e-04

0853 +6.0566-04

0,667 initial HERE

0500 crack & ey

0417 3 “15146-04

0520 — -3.022e-04

0.250 [ _4.5426-04

[ 0.167 = _6.0566-04

0083 -7.5706-04

-5.0846-04
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Overall enhanced performance for the case when crack deflects
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Crack impinging on an inclined interface

A A Interface:
Zero-thickness cohesive

elements
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LEFM theory for the case of a crack impinging on an inclined interface [1]
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Framework predictions
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Phase-field

0,750
0.667
0.583
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Crack deflection

Phase-field

(i1

N
o
1

Stress S,,(MPa) (i)

0
885.103
217.614
750,125
682.636
515,147
547 658
480.169
412,680
345192
277.703
210,214
142725
75.236
7.747
-59.742
-127.231
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Crack penetration

Phase-field (if)
(i)
)

A

0 0.01 0.02

Displacement (10°mm)

50 -u
| (i)
} 40
| ~
: =
| — 30
Stress S,,(MPa O
22(MP2) (i) S 20 (i) ¢
L
0) 10 |
WY
s ‘ 0 : (v) o
e
244,264
307 436
270,708
233,930
197,152
160.374
123,596
26.819
50.041
13.263
-23.515
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/_Case lll: hard-soft-hard tri-layer composite with \ Case |V: fiber-reinforced matrix composite
interface perpendicular to initial notch direction
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Zero-thickness cohesive elements used for interface - 4-node quadrilateral plane strain elements used for bulk
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Hardened
Cement Paste

PVS

Interface

Mechanical
properties

{

o

Madulus of rupture
o. (MPa) = 3.36

d
Modulus of elasticity

E. (MPa) = 2.2¢*

d
Poisson’s ratio

ve = 0.22

&

" y
g

Tensile strength ‘

Rubber modulus

\

np (MPa) = 0.4

) ) b
Poisson’s ratio
vy = 0.49

op (MPa) = 1.06 4 %

|
Normal strength
oy (MPa) = 0.16

| J

T

Tangential strength
o (MPa) = 0.29

Fracture
properties

Fracture toughness
G, (N'mm) = 4.47¢73

[1] C.-J. Haecker et al. / Cement and Concrete Research 35 (2005) 1948 — 1960

[2] Coulais et al. / Physical Reviews Letters (2015) 115, 044301

[3] Manan et al. / Journal of Engineering Materials and Technology (2021) 143, 041006-3
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Fracture toughness
Ge, {(N/mm) = 1.29

Mode-|
Fracture
toughness
Gg, (Nfmm) =
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G, (N/mm)
= 1.29
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Crack propagation mechanism in tri-layer hard-soft-hard composite

Phase-field
60 ()
g 40
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Effect of thickness on overall performance
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Hardened cement-PVS composite shows significant increase in toughness vs. monolithic
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Case I: hard-hard bi-layer composite / Case II: hard-soft-hard tri-layer composite

To illustrate the capability of the framework in capturing To examine toughening mechanisms achieved by
deflection and penetration exploiting compliancy of soft material
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Zero-thickness cohesive elements used for interface - 4-node quadrilateral plane strain elements used for bulk
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Framework predictions
Stress S,, (MPa)

0.044 0.43

77.441

130.253 0.040 040
£i3eh 116.038 0.037 036
59.217 101.823 0.033 0.32
53.143 L e3s 5058 555
47.068 13:394 0.026 035
39558 44.964 ' 015
35235 30.749 0.018 -
28844 16535 0.015 0.14
22,769 c > 550 . 0011 0.11
16.63¢8 (I) -11.895 (") 0.007 0.07
10,620 11822 0.004 0.04
4.545 =102 0.000 0.00
200.504 . o0
189242 220011 0.92 1.00
159.588 196.700 0.83 0,92
139.130 126.799 083 032
118,672 15352 075 08l
ECEE 126767 0.58 0.57
[7.756 103,456 0.50 928
57,298 L0345 0.50 050
36.839 g0.14° 0.42 042

33,523 0.25 932

10212 0.17 o1

-13.099 0.08 005

-36.410 0.00 000

Phase-field
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Framework predictions
Phase-field
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Conclusions

Crack Penetration Crack Deflection

« Aunified framework coupling large deformation
phase-field and PPR CZM was developed to
explore crack growth in hard-hard and hard-soft =

multi-material systems

- The framework can capture - s
and crack penetration in hard-hard composites W
containing weak interfaces in accordance with A U W)

Displacement (mm) D;spl eeeeeee (rr-\m)

predictions of Linear Elastic Fracture
Mechanics (LEFM)

« The framework captures an emergent crack
growth mechanism in hard-soft (Cement-PVS)

composites: crack bridging by the soft layer Crack Bridging |

0. A
0.000 0.005 0.010 0.015 0.020 0.025 0.030
Displacement (mm)
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Thank you for your attention! Questions?
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