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Foams and the importance of interfacial rheology
Review experimental methods

— Dilatational rheology ﬁ ﬁD
« Surface Dilatational Rheometer (SDR) |

— Shear rheology
* Interfacial Shear Rheometer (ISR)
« Micro- Interfacial Rheometer (MIR) = 5

Materials
Preliminary results
— Surface Dilatational Rheometer (SDR)

— Interfacial Shear Rheometer (ISR)
— Micro-Interfacial Rheometer (MIR)
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Sandia’s Foam Interests

Explosion Suppression

no foam foam

Aubert et al. Scientific American 254 74 (1986)
Encapsulation

reversible

chemistrx

90°C
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Understanding Foams

 Foams are frequently used to encapsulate and protect
sensitive electronics from shock and environmental

disturbance

Flow studies with
physically blown
epoxy foam
channel 6x12mm
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Predictive Computational Models

« Sandia has developed predictive modeling capability to
Improve encapsulation processes

T=184.1s  T=236.4s

Complex mold filling with
physically blown epoxy foam
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Interfacial Link to Foam Properties

3% 5D dn.veates * Foam stability
— Ostwald ripening
— Coalescence
— Flow effects

* Importance of Surface Rheology

— Surface dilatational properties
« High frequency — coalescence
* Low frequency - ripening
— Surface shear viscosity — resistance to flow

at the interface

— Fruhner et al. 2000, Stubenrauch & Miller 2004,
Georgieva et al. 2008

3 mm bubbles

http://www.physics.upenn.edu/liugroup
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Role of Surface Rheology in Foam Stabillity

Dispersed Phase

Surface Tension Gradients Induce

an Opposing Surface Flow
Qnran Ti\\
AT TR
Conhnuous/%

*P\
Phase “ ]

‘—\/
Surface Rheology Affects Redistribution
Rate of Surfactant and Stress Boundary Condition

}4

The rheology of the interface between the phases (air-liquid for foams, liquid-liquid
for emulsions) affects the drainage of the continuous phase as the dispersed phase
coalesces

Sandia
National
Laboratories

=




Incorporate Interfacial Rheology Effects

Shell unknowns I'; defined on shell To eliminate second derivatives in the

elements are used to calculate Boussinesq-Scriven model equations,

intermediate quantities at the interface integral BC’s on NS equations are written
in terms of the shell unknowns I'; defined

[ =V, vp'da=0|| [(T,~(V,xv)-n)p'dd = Ai on shell elements

dQ dQ

ext

J'(Fz —(V.v)-n)p'dA =0 J‘(D _2H)p'dA=0 n-(I-v,)=2Hon+Vo+I'n(k, +p)l,
et e +F4 (Ks + ‘us)vs (Fl ) + ‘us (n X VSF3)

o [((Vsn -T,L) :st)n}
—~(V,n-T,1)-T,)

Bulk NS finite element residuals specify the stress tensor via a
weak formulation, that includes the extra surface rheology terms

dv i i i
Harry Moffat A =I{P(Z+"‘V"j‘f}0 A+ [T-VedQ=[nTp'd0
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Outline

« Review experimental methods

— Dilatational rheology
« Surface Dilatational Rheometer (SDR)

— Shear rheology
* Interfacial Shear Rheometer (ISR)
« Micro- Interfacial Rheometer (MIR) = 5

* Materials
* Preliminary results
— Surface Dilatational Rheometer (SDR)

— Interfacial Shear Rheometer (ISR)
— Micro-Interfacial Rheometer (MIR)
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Surface Dilatational Rheometer (SDR)

Measure interfacial dilatational rheology by oscillating the
volume of a pendant drop and measuring changes in
surface tension (o) with surface area (A).

Dilatational
«D»:}D deformation of
interface probed

Surface tension is measured by performing a pendant drop
analysis (fitting drop shape to a solution of the Laplace-
Young equation +1°C). The surface dilatational modulus
(Es™) is

Aﬁ—G—E = E +iE

04

Drop oscillating
in volume
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Methods for Interfacial Shear Viscosity

Deep-Channel Surface Viscometer

(Side View)

Stationary Concentric
Cylinders

Rotating Circular Dish

Boussinesq # defines
relative contributions from
the surface and bulk

Bopg =

Surface Drag n P 2n,

Subphase Drag - n,A - n,R

Surface Disk Viscometer

(Side View)

Torsion Wire

Rotating Circular Dish

To measure surface effects, large Bo is desired

Channel Flow Viscometer
(Top View)

AT

W

Barriers
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Interfacial Shear Rheometer

« KVS ISR 400 Lt S
g Specifications
e Stress: 107 <1;S <10 mN/m
Strain: 10 "<y <0.1
Glass Slides M:ESSHC Frequency: 0.1 < ® < 10 rad/s

==
m— Modulus

10* <G, < 10" mN/m

Microscope VISCOSIty
@ Langmuir 10_5 < Mg < 104 mN-s/m
Rod Position Trough
ROd Close-Up _E{//
~ - > g Helmholtz Coils
Boy =1 - M il
b up
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Micro-Interfacial Rheometer

« Use micron-sized particles at the interface to probe

interfacial rheology

| » Passive u-rheology
Laser Air Observation of particle

Silica Mi rticl ra . . . ”
RV Surfactant diffusion to find ng, G, G
Prasad, Koehler, Weeks (2006)

* Active u-rheology

Glass Move particle on the interface
SO and measure drag force
v\ I . . .
Warersion experienced by the particle
Park, Furst et al. (2008)
Objective
| | | (7
Bo nP _ n, ( sin 0 j =
M leA an 1+cos6 < Fs > Sandia
- : () e,
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Subphase Viscosity (mPa-s)

MIR — The Promise

Enhanced surface sensitivity with small sphere probes

ISR — Magnetic Rod
Bo. = 2 n, 2R=400um
ISR — —_0oN°
T rle 0=90
1.E+06
— Bo=0.1
1.E+05 Bo=1
Bo=10
1.E+04
— Bo=100
1E+03 1 | — Bo=1000
1.E+02 -
1.E+01
1.E+00 -
et LN
1.E-08 1.E-06 1.E-04 1.E-02 1.E+00 1.E+02 1.E+04

Surface Viscosity (mN-s/m)

Ng>3x103 mN-s/m

Subphase Viscosity (mPa-s)

1.E+08

1.E+05

1.E+04 ~

1.E+03 ~

1.E+02 ~

1.E+01

1.E+00 ~

1.E-01

MIR — Sphere
n 2R=1um
B =—

0MIR nb R 0=9()°
— Bo=0.1

Bo=1

Bo=10
— Bo=100
— Bo=1000

7

/7

1.E

-08

1.E-08

Surface Viscosity (mN-s/m)

1.E-04

1.E-02

1.E+00

1.E+02

Ns>5x10° mN-s/m

Increased sensitivity of MIR can permit examination of surfaces
on more viscous subphases

1.E+04
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Outline

 Materials

* Preliminary results
— Surface Dilatational Rheometer (SDR)
— Interfacial Shear Rheometer (ISR)
— Micro-Interfacial Rheometer (MIR)
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« Bovine serum albumin (BSA)
Protein M,,~69,000
Irreversibly adsorbs

Surface Active Materials

Labrador.eu

T mane B
| BSA + 10" M NaCl
o C,=0.01 wt. %
= =10 ml/min
L 0 Q
a3 ._- -  no stirring ]
| © stirring
£ C
= 60 [ .
washout
start
washout
55 N
O_
50 rl Ll ul |
0.01 0.1 1 10

t,h
Svitova et al. JCIS 261 (2003) 170-179

« Polyoxamer (Pluronic® BASF)
— Tri-Block copolymer EO-PO-EO
— Vary weight to tune foam properties

H (O-CH,-CH,), (0-CH-CH,) ,(O-CH,-CH,),OH

CH,
Q =25 ml/min o
60 L _
I M L31,10° M
55 .
% I = M_ 1100 Da
LE J
J o
»” EBEI el 1
L = 4
50 |+ ® e P65, 10°M
r DO M 3400Da |
Hr 2
8 "y & Fron
45 - k: F108,10°M
- M, 14 000 Da
washout washout
I~ start end
40 2ol Ll 1ol fm
0.001 0.01 0.1 1 10 100 andia
ational _
th ihoratories



Pluronics®
H (0-CH;CH,), (0-CH-CH,) ,(O-CH,-CH,) . OH
| !
Foamability CH, Defoaming

3 8
o £
S Q
) o
= T
E 2
= G
- 5]
5]
= =
=

wt.% hydrophile wt.% hydrophile

Surface
Tension (mN/m)
MW (g/mol) 0.1% at 25C HLB
L31 1100 47 1-7
F108 14,600 41 >24
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"~ Dilatational Elasticity of BSA

« Bovine Serum Albumin — 0.1 wt% in 1mM NaCl

22.5 60

|
22 o, % — - g ' . .
VaVaVaValm: 1H T
— -= 30 min
. ; £ |
215 "/ v/ s..;j 30 min |/ = 60 min
E E % . 90 min ||
: i 5 time 120 min
:
8 's |
& @ ‘
»n =}
]

Clear correlation |

of changes in “U*# D-
surface tension l

with drop surface

area
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e
0.1wt.% BSA in 1mM NaCl - Dilatational

Surface Tension (mN/m)

Dilatational Moduli (mN/m)

60

58 1
56 1
54
52 1

50 4

Pz

20 A

48
35

30

25

15 A

10 A

\\./.\0

0 20

f=0.5Hz

o = 3.14 rad/s

= F'
—— Ell

40

60
Time (min)

80

100

120

Surface Tension (mN/m)

60

56 -

52

48

st

—+— 0 min

- 30 min
60 min
90 min

-+ 120 min

AA/A~0.015

o
i

19

19.5 20 205 21 215 22 225 23
Surface Area (mm?)

*Change in slope in y vs. A plot shows
the rapid increase in elasticity as BSA
adsorbs to surface -- after ~30minutes,
elasticity is fairly stable
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46.5 -

Surface Tension (mN/m)

43.5 -

Dilatational Moduli (mN/m)

45.5

44.5

47

1mM Pluronic F108 - Dilatational

46 -

45 -

44

43

25

= N
a o
| I

-
o
|

:

f=0.5Hz

o = 3.14 rad/s

-_—

= F'
—— Ell

100

150

200 250
Time (min)

300

350

400

Surface Tension (mN/m)

47
46
——0s
900s
-=—1,800s
2,700s
457 ——3,600s
—e—14,400s
——24,000s
44
AA/A ~0.017
43 ‘ ; ;
16.5 17 17.5 18 18.5

Surface Area (mm?)

*Upon stabilization, the surface appears
viscoelastic, albeit still mostly elastic
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47.5

Surface Tension (mN/m)

45.5

Dilatational Moduli (mN/m)

46.5

1mM Pluronic L31 - Dilatational

48

47 A

46 -

45

10

f=0.5Hz

ow=23.14rad/s | *F

el =

E

VTV

50

100 150
Time (min)

200

250

48

47.5

N

o IN

(6)] ~
L L

Surface Tension (mN/m)
S
2]

45.5

——0 min
—#— 15 min
30 min
45 min
—%— 60 min
—®—75min
—+—90 min
—=—120 min
—=—135 min
150 min
165 min
180 min
195 min
210 min
225 min
240 min

45
17.5

AA/A~0.016

18 18.5 19
Surface Area (mm?)

*Surface stabilizes rapidly and is
predominantly elastic
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ISR Rheology of Eicosanol

« Validated on well-studied Newtonian surfactant system c,,0H

0.20

L, phase

> : E
B ]
* *
H
* ’
0.00 T :

LS, phase

.G f=0.159Hz

o =1 rad/s

Dynamic Surface Moduli (mN/m)

-0.05

Surface Pressure (mN/m)

* ISR can detect rheological phase transitions in monolayers

Brooks, Fuller, Frank, Robertson (1999)

—_—
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Shear Rheology of BSA

70 16

t
®
i

—— Viscosity

—_
N

(&)}
o
!

f=0.5Hz
o= 3.14 rad/s

N
o

(0]
(wy/s-Nw) Aysoasip s1weuAq

N
o

w
o
!

Dynamic Shear Moduli (mN/m)
N
o

-
o
L

0 50 100 150 200 250
Time (min)

* ISR cannot detect any appreciable rheology (G<0.01 mN/m) for L31 and F108
* Micron-sized spheres with the MIR-passive has potential

Sandia
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J\I\}lanipulation of Particles at Interfaces

« Silica particle 1um, with PDMS grafted brush
« Dragged at the interface using laser tweezers

‘clean’ water-air
interface

Stable trapping
at 20um/s

Pluronic F108
c=10 uM

Lose particle at
Sum/s
Increased
surface
viscosity

m %ﬂngi:al
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MIR - Passive

« Use relative diffusion of two particles to measure interfacial viscosity
» First step — assume uncorrelated motion of the two Brownian particles

« Implemented analysis to measure correlated analysis (Crocker, Weeks,
et al.)

25

ris the center to center distance
between the two particles

Sandia
National
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2.5um SiO,-OTS on 1mM F108

= 0.000018 mN-s/m

= 0.000016 mN-s/m

t =15 min t =30 min
0.12 0.12
R R
——13.6 ——13.1
0094 | 139 0091 | 141
— 141
NE — 171
=
=~ 0.06 -
o
(7))
=
0.03 -
0 [ T T T T
0 0.1 0.2 0.3 0.4 0.5
T (s) T (s)
ns=18 nPa—s-m n.= 16 nPa-s-m
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2.5um SIO,-APTES on 1mM F108

t=15min t =30 min
1.6 1.6
R R
— 57 — 865
124 |— 136 / 1241 |—7.7
——18.1 /7 87
g 20.3 S “t 8.0
=3 ) =3
=08 = 08-
Q S Q
n ya n
= = | S
0.4 1 044
0 \ \ \ \ 0 / \ \ \ \
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
T (S) T (s)
ns < Detection limits ns < Detection limits

MSD is order of magnitude larger than seen
for OTS coated spheres, possibly due to
contact angle effects

Sandia
National
Laboratories
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=""T;I Vel

Contact Angle Effects

Saffman, Delbrtck (1975)
Prasad, Koehler, Weeks (2006)

MSD =(Ar*)=2D't |

k T 2 06
D'=——|In n. |- Y )
471.173 nbaeﬁ 02t
Sioz_OTS Sioz_APTES ] 10 20 30 Cm;‘ltzctAn;g o B0 70 50 90

Must account for contact angle effects
on a4 when calculating ng

Water contact Water contact
angle ~ 90° angle ~ 40° Sandia
National
Laboratories




Summary

« Variety of techniques will provide a complete picture of interfacial
rheology properties

—Interfacial Stress Rheometer
—Micro-Interfacial Rheometer
—Surface Dilatational Rheometer

» Correlate interfacial properties to
—Foamability
—Foam stability — quiescent and under flow
—Effect of additives in foam formulation

* Inform modeling capability with interfacial rheological parameters

TA Instruments AR-G2 with DWR attachment has potential
(SAS Mon. 11:25 Franck)

EB19 Wed. 2:45 Kropka — Macro-rheology of foams
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;.. National
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Surface Diffusion data

Diffusion related to the surface viscosity

0.012 .01
|
Y= 001027y
2 0.008
0.009 - RY=2.9711
E 5 0.006
E 0.00& e
2 g s y = 0.1039%

R?=09879
0.003 -

C 003 0 C0a 012 0 opoos 0oos 0009 02 0015 0018

r(s) T (s)

F108 c=10 uM
ns=140 nPa-s-m
=0.00014 mN-s/m

Y Sandia
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2.5um SIO,-APTES on 0.1% BSA

t=15min

t =30 min

0.02
R R
—3.7 —4.0
—6.0 0.015 4 |— 4.8
— 74 —49
96 8.9
0.01 -

MSD (um?

W ey ot NI N\ ‘
i AT smgwhm,-«w,w S MN”’”«&W I ”oVQ»/m,r“M,«, MMMV
=€ W 'W /;’/V/K v *f\NM’VJA XV\YAMMQ JU M\ Vi WWMMJ%M X“Ww

AW

0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

T (S) T (s)

n.> Detection limit
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2.5um SiO,-OTS on 0.1% BSA

t=15 min 0.03

n,=550nPasm
= 0.0055 mN s/m

0.02 -

MSD (um?)

t =30 min
0.01 -

Ne= Detection limit MWNMMWWWWWMWMWWW

Monolayer becomes more
rigid over time

Sandia
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A

6+a=90°
a.¢ = acos(a)

a.s = acos(90" - 06) = a*sin(6)

Sandia
National
Laboratories
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Computational Model Development

Work is underway in implementing the Newtonian interfacial stress equations in
an ALE free surface flow code

This new analysis tool will allow bulk viscosity contributions to be distinguished
from surface contributions.

The top line is a standard capillary

/ hydrodynamics implementation.

n-(t, -7, )=2Hon+V o .
____The second line involves second
+2Hn(ic, + p )V )+ (6 + PV (Vv) + p (nxV(V xv)-n) derivatives on the free surface and requires
20 [((b —2HI): st) n—(b-2H1)-V v n] surface degrees of freedom (shell
equations) to implement.
The complex form of the Boussinesq-Scriven equations The third line is zero for spherical and

cylindrical geometries and has yet to be
implemented.




Measuring Interfacial Rheology: Shear

Table 2.1: Comparison of Different Devices to Measure Mechanical Shear Properties of Langmuir Films

Surface Rheometer Advantages Disadvantages Dl{nalmc Sensivity References
ange mN-s/m
Canal Viscometer - Easy to implement - Pressure gradients Steady Shear B> 104 [38-42]
- Straightforward determination | - Assumes Newtonian interface 0ltols?! J
N EA of u, (require velocity profile to
f#il - High sensitivity apply for nonNewtonian sur-
- Can study well-developed faces)
flows (high strains) - Variation in shear rate across
the channel
Deep-Channel Viscometer | - High sensitivity - Requires tracer particles Steady Shear M, > 104 [45-48]
q - Can be used on liquid-liquid - Cannot change film IT Oto 105!
interfaces - Complete analysis of flow
: required for data analysis Oscillation
- Need to assume constitutive 0.6t0 0.8
relation rad/s
- No tracer particles - Challenging to design trough Steady Shear W, > 104 [49-54)
- Directly measure surface with circular symmetry 10410 105!
stress Steady Shear
- High sensitivity to surface - Complicated flow field Oscillation
stresses over bulk stresses Oscillations 0.01 to 3 rad/s
- Have to change torsion wire
- Probe inertia
Rod Viscometer - Directly measure surface - Flow must be visualized with Steady Shear W, > 102 [55]
stress tracer particles 001 to 0.2 517
I g e I - High sensitivity to surface - Cannot chang; ﬁlrp I1 Theoretically
R =——— stresses over bulk stresses - Pressure Gradients .
. i el ; i . Predicted
- Low inertia (few moving - Upper limit on II (rod can 5
parts) sink) u, > 10




Validate Using Drop Spreading

« Dynamic wetting of Sylgard on polycarbonate

Direct comparison: Gravity only, 8 s

e ENd OF injection e s Oravityonly, 2's T Total=11s
Total = 2.5 s Total=5s

- -
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« 1mM F108 multiple particle tracking
* 0.1% BSA particle tracking

too stiff for passive (maybe MIR-active will work)

2.5um SiO2-0TS on 1 mM F108

» Uncorrected

 Drift corrected

» Oscillation corrected — notch filter, still see oscillation in MSD
« Try to remove oscillation from tracking

2.5um SiO2-0TS on 0.1% BSA
2.5um SiO2-APTES on 0.1% BSA
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