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Capillary suspensions
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The caplillary suspension phenomenon

0.00 wt% H,0O 0.10 % 0.20 %

e o<

0.30 % 0.40 % 0.50 %

Caplllary

, - suspension
Two immiscible liquids

6 E.Koos and N. Willenbacher, Science 331(6019), 897 (2011) Department of Chemical Engineering | KU LEUVEN
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Interesting new material

Colloidal network  Capillary suspension Wet granular matter

Composition Solid-liquid Solid-liquid-liquid Solid-gas-liquid
Bulk transmits force [Yes Yes No

Particle size Small Small Large
Attractive force van der Waals Capillary Capillary
Interaction range Short (<K R) Longer (~ R) Longer (~ R)
Relative strength Weak (~ diffusion) Strong Weak (~ gravity)
Solid loading Low Intermediate High

7 E. Koos, Cur. Opin. Colloid Interface Sci. 19(6), 575 (2014) Section Soft Matter. Reglay and Teahnology | KU LEUVEN




Application 1: Printed electronics

* No surfactants or polymeric additives for po|ymer stabilized particles Particles  Secondary fluid

stabilization or thickening Bulkphase
 Liquid phases evaporates completely }
during drying process ¥
* No polymeric residues in the
manufactured film

Bulk phase

Substrate

* Viscosity of ink adjustable to specific
printing processes

Polymer not Both fluids removed:

Inkjet Printing 0.001 — 0.04 Pas removed: reduced Increased
Screen Printing  0.05 — 50 Pas conductivity conductivity

. . Department of Chemical Engineering
8 M. Schneider, et al., Sci. Rep. 6, 31367 (2016) Section Soft Matter, Rheology and Technology | KU LEUVEN




Particle network leads to better properties

Improved shape accuracy High conductivity

. - . : | 1.5
Silver in terpineol with added water — Ag samples:
1.0 — 0vol% - g Bl capillary suspension
b= -—- 3 vol% o @ + solder glass
S D Heraeus | | S 1.0t B Heraeus | 1
< a Il Heraeus I
g os| ; 2
% - mask ‘@ 0.5
. [}
zZ width o
0.0 > -~ =
so0um  \/ @
0 100 200 300 400 conventional 0 3 5 7

Position x (um)

- Increased feature density without short
circuits

formulations Fraction added liquid (vol%)

- Lower resistivity than conventional
formulations

Department of Chemical Engineering
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Further advantages: reduced cracking

Capillary suspensions Simultaneous stress and weight loss
measurement

Analytical scale ;I
N

Attachment mechanism

Fixturel .~ € _
/\\Cantilever

y A A N |

Added secondary fluid
 Particle network opposes particle
motion

PSD
¥

Laser

» Lower drying stresses and reduced * Control temperature and humidity

cracking « Camera or laser observation of film

M. Schneider, et al., ACS Appl Mater. Interfaces 9(12), 11095 (2017 [ [ [
i : : pp ( ), ( ) Department of Chemical Engineering KU LEUVEN

0 S.B. Fischer and E. Koos, Rev. Sci. Instrum. 91(12), 123904 (2020) Section Soft Matter, Rheology and Technology



Drying of coated cantilevers

Pure suspension (¢4 o = 0) Capillary suspension (¢py o = 0.025)

00:00:02 o0

11 S.B. Fischer and E. Koos, J. Colloid Interface Sci. 582(Part B), 1231 (2021) Section Soft Mattor. Rhcology and Teaholos, | KU LEUVEN



Example simultaneous measurements

Pure suspension (¢, = 0 %)
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12 S.B. Fischer and E. Koos, J. Colloid Interface Sci. 582(Part B), 1231 (2021) Section Soft Mattor. Rhcoloay and Teahrolog, | KU LEUVEN



Example simultaneous measurements

C

Load [-]

Intensity [a.u]

13

“apillary suspension (¢, = 2.5 %)

1. Longer constant : , 05 d

te periOd IV i true color false quor
. ra T
g 1 e
0.6 103 2
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S.B. Fischer and E. Koos, J. Colloid Interface Sci. 582(Part B), 1231 (2021)

No pinholes or

cracks
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Shrinkage and fluid/particle mobility

Pure suspension (¢H20 =x\)

Capillary suspension (¢H20 = 0.025)

z0°c |30 300 T57e] 300
1250 250 1250
1200 'S 200 | e A 1200
] = - . - x,"'.
1150 = 150 | 71\ {150
N {100 T 100 {1100
\ 150 50 150
0 ' Jo 0 ' 0
0 3000 6000 0 3000 6000

Width [um] Width [um]

 Lateral drying « |nitial lateral drying (reduced)

: Dyed Dyed
m oil * water

« Continuous cross-sectional shrinkage  Homogeneous shrinkage in height

Department of Chemical Engineering
Section Soft Matter, Rheology and Technology

14 S.B. Fischer and E. Koos, J. Colloid Interface Sci. 582(Part B), 1231 (2021)
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Longer constant rate period

 Bulk fluid moves away from - Capillary corner flow [2]
substrate faster [1] | * Bulk oil covers the water bridges,
= Transport of fluid from bottom that are sandwiched between the
up iInvading air "Tt |
e Shorter top supersaturation » Transport of
—> Consolidated upper layer liquid to surface
* End of constant rate period

corresponds to the peak stress (full
compaction)

—> Particle network fully
established

[1] M. Schneider, et al., ACS Appl Mater. Interfaces 9(12), 11095 (2017) Department of Chemical Engineering
[2] M. Prat, Int. J. Heat Mass Transf. 50, 1455 (2007) S ST [REaey S Ut

KU LEUVEN
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Delayed evaporation of capillary bridges

bsoiig= 0.2
40 °C |
< o  Drying occurs at a constant temperature of 40
% | °C, then ramp to 500 °C
2  TGA + headspace mass spectrometry
I « Heptanol concentration drops when

transitioning to the falling rate period

5 "¢+ Residual heptanol evaporates upon
2 . © :
2 faling rate 8 temperature increase
§ o \\'/ start ramp 2
T [ \ ......................... | Extended evaporation of D,0
0 50 Time [mm] 100 150

16 S.B. Fischer and E. Koos, J. Am. Ceram. Soc. 104(3), 1255 (2021) Section Soft Matter. Reglay and Teahnology | KU LEUVEN
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* Reduced lateral drying

* Yielding

 Bridges are long lasting

17

Pure suspension

« Less drying from edges
 Less particle movement

« Caused by particle
network

 Dissipates stress

o Still present when film is
almost dry

S.B. Fischer and E. Koos, J. Am. Ceram. Soc. 104(3), 1255 (2021)

Capillary suspension
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Formulation routes

bar0, = 0.2
 Water addition: B
T F
% o :
. . 5 100}
« High humidity storage: T
e ) 3
o a _ 10h
E Q I ==
= | 5 10]
" @
« Water dissolution: >
pure stored dissolved added

S.B. Fischer and E. Koos, Colloid Interface Sci. Commun. 41, 100373 (2021) Section Soft Matter. Reglay and Teahnology | KU LEUVEN
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Confocal image of a capillary suspension from
solution

* Glass particles (¢ 445 = 0.05) suspended in EtOH/dodecane
 EtOH/dodecane are completely miscible at T > 14 °C
* Imaging carried out at 20 °C

« Separation occurs quickly
after addition of particles

« Arrangement into bridged
structures

capillary
bridge

19 S.B. Fischer and E. Koos, Colloid Interface Sci. Commun. 41, 100373 (2021) Section Soft Mattor. Rhcoloay and Teahrolog, | KU LEUVEN



Partially miscible system

« Appearance/disappearance of the  Structure can be more granular
bridges (sedimentation and then appearance
; of bridges) . o
» Dodecane/ .
ethanol (85/15) (NS
e z=55+0.5 :

« ¢ =025+ 0.01 FE_—

* Depends on environment

* Depends on local particle
positions
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Application 2: Porous materials

¢ Solid Thermal
Bulk fluid Mflglr?glr?nd Remﬁlﬁ bUIk debinding and
€ Sec. fluid g sintering

OE*WW*&&

* Incorporate nanoparticles into bridging fluid

=

Standard
method

Sinter

21 M Weil et al., J. Eur. Ceram. Soc. 40(8), 3140 (2020) Section Soft Matter. Reglay and Teahnology | KU LEUVEN




Nanoparticles incorporated into the bridges

« Lower G', longer LVE with 2 in contact angle

See poster of

¢np IN Dridges (psec = 1 ¢np = 15 vol%

106 ¢ Lingyue Liu :

105i lg:ia“‘;ig' Bulk ﬂ
: 0® wetting
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Mechanical properties
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3 - concentrated in bridges

1o §tandard capillary suspensions AI2(_)3 . @@ ' . ngher Compressive

B incorporated nanoparticles Al,O,/SiO,
l ' I ' I ' I ' I ' I ' I ' E I ! Strength
40 45 50 55 60 65 70 75 80 . - h .
porosity [%6] Higher porosity range

23 M Weil et al., J. Eur. Ceram. Soc. 40(8), 3140 (2020) Department of Chemical Engineering
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Pathway to lightweight materials

3 T - . Highe_st strength
= 1025 to weight ratio
=1 for macroporous
3 ceramics
17 1014 Balsa wood
4 ]
@ « Even works for
o ] . aps
5 Jama e 8 aluminosilicate
£10°{ ® wihNP
8 A|0 ‘with.ic?uttNP (Maurath) 9 Strength

' winne 848 determined by

102 10° bridging

density [kg/m3]

24 M Weil et al., J. Eur. Ceram. Soc. 40(8), 3140 (2020) Department of Chemical Engineering
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Bone fractures

Porous bone implants

« Bone healing more efficient

« Decrease morbidity and issues
* Reduced waiting time

« Scaffold will disappear with time

Solid loading Secondary fluid Bulk fluid
* Tricalcium phosphate « Sucrose solution Camphene
Bioactive, (Ca)?*, (PO,)* Strong network Melting T = 48 °C
OR OR = perfect for freeze-
. Alumina casting

« Silica nano-suspension

Biocompatible . .
Strong sintering necks

Department of Chemical Engineering

KU LEUVEN

Section Soft Matter, Rheology and Technology



Hierarchical pore size

Capillary Freeze-casting Freeze drying Sintering
2LebENs IOl Bulk fluid = Removing of Dendrites =
Al,O; + Secondary camphene forms camphene macroporosity
fluid + Bulk fluid dendrites while

solidifying

Expectation: porous body with interconnected pores of two sizes

Department of Chemical Engineering KU LEUVEN

Section Soft Matter, Rheology and Technology




Resulting structures

Department of Chemical Engineering

el Section Soft Matter, Rheology and Technology
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Computational modeling

Connection between structure and rheology is hard to
control in lab
* Influence of mixing conditions (distribution of bridge

sizes)
» Feedback between external shear and network
structure
« Breaking of bridges and yielding of networks ESPResSo
« Aging behavior
ESPResSo

 Particle wetting and pinned contacts

Extensible Simulation
Package for Research of

- Computational model Soft matter

Arnold et al., Lecture Notes in Computational Science and Engineering, 89, 1 (2013); espressomd.org

Department of Chemical Engineering KU LEUVEN

28 Section Soft Matter, Rheology and Technology



Computational modeling strategy

a ° ) 61‘0 )

Hard sphere interaction: Network formation:
\_ WCApotential / \_ Collision detection ~ /

Langevin

thermostat

(3 ) a

=

) (5

=

Capillary interaction: Particle based Shearing:

\_ Forcebased / \_  Bulkflud  / \_ Lees-Edwards BC /

Department of Chemical Engineering
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Network formation

¢ =5% ¢ = 10% b = 20%
g ooo ® 10% bonded ®  20% bonded
§ 200 o o0 2001 o o° 10% unbonded 200 ° ®  20% unbonded
= ® °
L'Lo_) [ ] .. ..
g 1007 ® 1001 100- ,
-g ® 5% bonded 0..
= ® 5% unbonded o %o,
0 0 (R \3-
4 41 ® o 000
Y 301 ® 5% bonded 1000 e  10% bonded ® | 1000 —
Conservative force field 7 | ° 5% unborded * 10% unbonded
without explicit bonds & 20 500 - | 500] | 2T =
[} 0 unbonded
- Unbonded 5 0] -
(S °
® 18 Ole o ooou/ '
S 31 -
'g 3 ® 5% bonded e e eee e
£ ® 5% unbonded | SSR
5 2 2 21 o:o‘:
= ® ooo : o ¢ ""..o‘.
5 X ® ° y . ] . N
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3 ® *  10% unbonded ©  20% unbonded
~ Bonded E0 "1 N2 n3 0 "1 ) "3 0 "1 2 N3
10 10 10 10 10 10 10 10 10
gelation time [t] gelation time [t] gelation time [t]
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Comparison

with in-silico networks
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1000 particles, KT = 0.1, pot=1.0

Network structures

Conservative force field, unbonded Rigid body dynamics, explicit bonds

Dense, clustered structure lighter, sparser network
|solated clusters Fully interconnected

Department of Chemical Engineering

52 Section Soft Matter, Rheology and Technology
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Introducing movement - Lees Edwards boundaries

33

xLE:U * €
v =v,+ v

Periodic

S. Bindgen, et. al, Phys. Fluids 33(8), 083615 (2021)

y-position

14

121

10+

05 0.0 05
velocity

Department of Chemical Engineering
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The anomalous diffusion contribution
to steady shear experiments

Increasing

1010 ]
shear rate

 Extra contribution due to shear gradient

(Ax(t)?) = ((x(t) — x(0) —yy(0)t)?)
= 2Dt (1 -+ % ()’/t)2>

2

[y
(e}
[=2]

mean square displacement

T
! 700

T 00
T s00 10%
] 400 ,
[ 300 j
o L] 200
@ | 100 A A
% ] o ,| s Neutral plane
= | Particle trajectory
1000000 o~ -100 ° C e e
T a2 Y In infinite system e e o
time

Department of Chemical Engineering
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Oscillatory shear y,

(]
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S. Bindgen, et. al, Phys. Fluids 33(8), 083615 (2021)

= 100%, 200%

Trajectory

106 |
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Sheared network

Attraction range

Depth of potential
at contact

Department of Chemical Engineering

S6 Section Soft Matter, Rheology and Technology
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Yielding mechanism

&8 S z fe L #

o -'ﬂ_-v"'._.-i R E‘ O it L l
.' r"':-_._' :
n -

e St 0 3 1. Bridge thinning and rupture

< A MR R
. U AR Ay See poster of ‘ # “

Jens Allard (or forming) of a trimer
N\ @
D 00

acement is not uniform!

............
L]
.
.
L]

.......
.
.

Department of Chemical Engineering

Section Soft Matter, Rheology and Technology KU LEUVEN



Conclusions

« Secondary liguid creates a caplillary-driven attraction between
particles

« Dramatic change in material strength

e Similarities and differences with colloidal networks and wet
granular media

* Promising area for computational modeling

« Strong sample-spanning network is useful for material design
* Printed electronics with high conductivity and less cracking
* Porous materials with high open porosity

Department of Chemical Engineering

KU LEUVEN

Section Soft Matter, Rheology and Technology
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Thank you for your attention!
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