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Elastic microphase separation

* Recent experiments [Fernandez-Rico et al., Nat. Mater. 2023]
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Elastic microphase separation

* Recent experiments [Fernandez-Rico et al., Nat. Mater. 2023]
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Elastic microphase separation

* Recent experiments [Fernandez-Rico et al., Nat. Mater. 2023]
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+ But not clear whether what is observed is |, (initial characteristic length) or [, (characteristic length at arrest)!
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Modeling in 1D




Preliminaries

» Variable definition
— Local volume fraction of oil ¢, 0 < p <1
— Rescaled local volume fraction ¢ =20 —1, —-1<¢<1
— Phase-field variable ¢ =¢ — ¢p =2 — 1 — (29 — 1) = 2 (¢ — o)
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(initial value ¢o)
(initial value ¢g = 2¢p — 1)
(initial value ¢o =0)



A model in 1D ‘&

ddddd

* Free energy density
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A model in 1D S
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« Chemical potential
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A model in 1D

« Governing equations in Q= (0, L)
ap  9J _ ;
ot O 0 0
s a_isb =M {W [ (60 + 486”) — ¥k 4z + (M1 + 2mag) €] — ‘w}
ou L
J=—-M==
ox =
?:0 — () =E(¢)e—Epco=0 VoeQtel0,T]
Hh
ezt
- N E(¢) "’
« Boundary and initial conditions
J(0,8)=J(L,t)=0 w(0,) =0 vt € [0,T]
¢4 (0,t) =¢,(L,t) =0 o(L,t)=0 vt € [0,T]
¢ (2,0) =do =0 Vo € 12
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«Standard» Cahn-Hilliard + elasticity

» Free energy density, chemical potential, stress [Onuki et al. 1990, Zhu et al. 2001, Garcke et al. 2005]
. 1 1 1 Q 0\’
Vuin (6:0.0.6) = 560" + 86" + Srlo” + 5 E (0) (e><§¢>
o 0%y O (O O 3_ 1, N QN 0 Q
st
o’ = % = E(¢) (5 — g9 — %qﬁ) no coupling in 1D
» Governing equations (+ same initial and boundary conditions)
8¢ 8 ; 1, Q \? 9) )
o =My |€04408°  woma b 3B (0) (s -0-50) ~E@)G (-2 50)
Q Q
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Linear stability analysis oy

 Linearized mass balance equation (¢o + d¢ = d¢)

00 0%5¢ 015¢
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prale M |hg 52 Vg T adp ho = v¢ + <2m2 — 4—> €5

« Take d¢ ="t — = —M (hok® +ykk* + ) wave dispersion equation

Cahn-Hilliard + elasticity (o« =0)

ho >0 = w<0 = nospinodal decomposition
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Linear stability analysis

 Linearized mass balance equation (¢o + d¢ = d¢)
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« Take d¢ ="t — = —M (hok® +ykk* + ) wave dispersion equation

Cahn-Oono + elasticity (a > 0)
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—ho Fy/h3 —4
w>0 for k€ (ki,ka), kl/Z\/ 0+ 0 QYR 4
29K
: 1 m3] 2
with o < qUmar = E {’7& + [2’[712 — 4?()] 80}
lo ~ i—j =27 —2};Y—H =2 | — 25 > same as before!
0 E+ (212 —azh) 3
2T 8TYR
T ~ =
w(k*) M (h3 — davyk)
0/ Qmag = 0.25
- = /ey = 0.5
. /Qmay = 0.75
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Numerical implementation

« Mixed formulation (unknowns u, 11, ¢)
» Finite element discretization in space
« Backward Euler in time

» Staggered solution algorithm

» Adaptive time stepping
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Time stepi = 1: Nstep |

—>| Staggered iter. k = 1: Niter |

&

Newton-Raphson method i
i ik+1

solve for (p¥**1, ug™) |

frozen : ub¥ :

_____________________

Fe==—————

[}
Newton-Raphson method !
solve for ub*+1 !
frozen :(¢pb*+1, ubk+ty |

F--=-=-=--

Staggered
iter.
converged?

_|

Time step end




Parameter calibration ‘&

L
5716045 (0) = Foea (e )= G0 (aut) [ 6 (5.0)0(w.5)ds

boore (6, ¢.e,6) =7 (%&bz + 6(/54) T

E (¢) = Eo + 2m1¢ + 2ma¢”

T, —T; )
e =" o, E, from experiments
Tinc

* mi,ma, from experiments through interpolation

350 kPa

\— 180 kPa 800 kPa|
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Parameter calibration

l l

L. o 4\, 1 2 1 9 a L
oo+5 (0,0.0:2) =7 (5667 + 801+ 21604 3B (6) & Buco (e — e0)-G0.(0.0) [ 0(s,1) g (w.5) s
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E(¢) = Eo +2m1¢ + 2mo ¢ 104 — : |
i k= 1.00x10710(m?) saransas & = 1.00x10~3(m?)
TT — Tmc . : = = K =1.00x10"%(m?) m—fp k= 1.00x10712(m?)
e { = —7 %0 Ey from experiments 02 K:Loowugma
mc F s

* mi,ma, from experiments through interpolation

* ~ chosen in the range where results are influenced by elasticity

* k chosen to match experimental and numerical [, for Eppurs = 350kPa

y=100(Jm) y=108(Jm?)

100 10° 1010
v (Jm™3)
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Parameter calibration ‘&

l l l l

L. o 4\, 1 2 1 9 Q L
oo+5 (6,0.0:2) =1 (5667 + 801+ 21624 3B (6) & Buco (e — e0)-G0.(0.0) [ 0(s,1) g (a.5) s

2
E (¢) = Ey + 2m1¢ + 2my¢? ; _ Uncoupled model
e = % , €0, Eo from experiments
* mi,ma, from experiments through interpolation g .
* ~ chosen in the range where results are influenced by elasticity 3
* k chosen to match experimental and numerical [, for Eppurs = 350kPa
* [ chosen to match experimental binodal points ¢ = +0.1 02 01 2) 01 02
* o used for parametric study 1000 Coupled model Eppyrs = 180Pa

_

0.2 -0.1 0 0.1 0.2

¢
ETHziirich ‘_ B R — Maxwell tangent
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« Cahn-Hilliard + elasticity (o =0)
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Numerical results oy

t=10(s) t~7(s) t ~ 10* 7 (s)

« Cahn-Hilliard + elasticity (o =0) ﬂ ﬂ ﬂ [

3
& oost o' ' |l 0.05 { o005}
o
2 5
¢ o e e 2 VAVAVAVAVA SN VAV Vo VL Vo Vo
o)
=
Q
S 005 { 005 { 005}
R
0.4 0.4 0.1
0 5 0 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
z (pm) z (pm) z (pm)
0.4 : : : e — 0.4 : : : : : 0.4 , : : :
5><10' ﬂ
& oot 0 { o005} 1 o005}
(=]
3 5
R s 2 oWV 6
©n
3
S 005 1 005 1 005} ]
i ‘ ‘ ‘ . | o | | | ‘ ‘ e ‘ | | . |
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
x (pm) z (pm) x (pm)
0.4 . 0.4 0.4
\NAAANANAT
3
& oos| 0 1 o005} 1 oost
(=)
2 5
I 6 o e IRV, V VYV [ 7YY T PRRT VY R
n
=
S
2 005! 1 005t 1 005} ]
: UUUUU UL
0.4 04 04
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30

ETH:zurich z (um) z (um) z (um)



A
ONAL L,

»

Numerical results

PU
oMPUT,

<

Inon®

« Cahn-Hilliard + elasticity (o =0)
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« Cahn-Hilliard + elasticity (o =0)
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Numerical results

« Cahn-Hilliard + elasticity (a =0)
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Numerical results

« Cahn-Hilliard + elasticity (a =0)

EPDMS = 180 kPa
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« Cahn-Oono + elasticity (a > 0)

EPDMS = 180kPa EPDMS = 350kPa EPDMS = 800kPa
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Numerical results

« Cahn-Oono + elasticity (o> 0)
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« Cahn-Oono + elasticity (a > 0)
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Modeling in 2D 29@



Extension to 2D ‘&
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* Free energy density

— Cahn-Hilliard
[ \ \
vor (6,V9) = 5667 + 86" + n |Vl e T
— Cahn-Hilliard + elasticity
Uy () int (V) Yer (¢, €)
[ Y || \
Voun (6, Vé,e) =7 (%w? + 5¢4) 598 VO[5 (6) 1 ()4G (8) ere—Aatr (e0) tr (€)—2G0coe
— Cahn-Oono + elasticity
lwb (¢) wzntl(v¢) ¢ell(¢7 5) ¢conv‘<¢)

[ 1| 1 [ \[ \
Yoo+ (¢, Vo, e) =7~ (%&bQ + B¢4) -l—%’m \qulz—i-%)\ (¢) tr? (€)+G (p) e-e—otr (g¢) tr (s)—2G0€0.e—%¢ (x,1) /Q ¢ (s,t) g(x,s)ds
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Extension to 2D ‘&
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« Chemical potential

_ % . . awznt o 3

Hor = 52 \% (av¢)—€¢+4ﬁ¢ kAP

8 a mn a e
o = ot Gt )4 5o 3 [66 + 486%] o +1br + 2bad] 1 (o) 4101 + 2] e

8 8 in 8 e a conv
pcoss = gt —+( Gt St P o[-+ 480°) w0 + 2oad] 6 e + 20l e 5 [ (6,000 (x,5)

« Stress
o= ag: =A(p)tr(e) I+ 2G (¢) e — Aotr (e0) I — 2Gpeg
9 rvm;
v =0.45 A (qb) = Ao + 2b10 + 2020 b; = (1 n V) (1 — 21/)
— -
G (¢) = Go+ 916 + 929 %=1 _I_ZV)

ETH:zrich



Extension to 2D

« Governing equations in

%:_v.,] 96
ot — Z_y
J=-MVyu

M = MI — %:MAM

« Boundary and initial conditions

— Periodicon ¢
— Zero average stress

ETH:zrich

- (MVp)



Numerical results

« Cahn-Hilliard + elasticity (o =0)
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t > 3007

Numerical results

« Cahn-Hilliard + elasticity (o =0)

EPDMS = 180 (kPa,)

180 (kPa)
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Numerical results

Cahn-Hilliard + elasticity (o =0)
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Numerical results
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« Cahn-Hilliard + elasticity (o =0)
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Numerical results

« Cahn-Oono + elasticity (a > 0)
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Numerical results

« Cahn-Oono + elasticity (a > 0)
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Numerical results

« Cahn-Oono + elasticity (a > 0)
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« Cahn-Oono + elasticity (a > 0)
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Conclusions ‘@
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» Elasticity seems to play an important role on spinodal decomposition in some polymers

» We proposed a new model which combines the Cahn-Hilliard equation with

— a non-standard elasticity coupling term, which reproduces the scaling of the initial characteristic
length with the elastic modulus of the matrix

— along-range (Cahn-Oono) interaction term, which reproduces the arrest of the spinodal
decomposition and the scaling of the characteristic length at arrest with the elastic modulus of
the matrix

* Further analyses needed to better understand the model

* Further experiments needed to better understand the physics of the phenomenon
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