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Abstract

Interfacial rheology has become a powerful tool to study the viscoelastic properties of interfaces in several multiphase
polymer-based systems such as multilayer liquids containing surfactants, proteins or solid particles, and also in polymer
blends, 3D printed multimaterials and coextruded multilayer films. During all these manufacturing processes, the elonga-
tional flow at interface is predominant. Nevertheless, direct interfacial rheological measurements in extension devoted to
such polymer systems are not plentiful and are often based on indirect modelling methods. In the present work, interfacial
dilational rheology testing based on the rising oscillating drop method was used to probe surface (and interfacial) properties
of model Newtonian polymer melts: polydimethylsiloxane (PDMS)/polyisobutylene (PIB) systems. The interfacial properties
in both oscillatory and static drop experiments were carefully corrected, considering the inertia and the contribution of the
coexisting phase viscosities during the processing of the numerical data. The influence of molecular weight and temperature
on the interfacial rheological responses was particularly examined. A new approach was developed to determine the dilational
relaxation times (7) of the studied polymer systems using a square pulse relaxation test. It was found that the evolution of =
with the temperature followed an Arrhenius behaviour. A comparison with capillary breakup extensional rheometry revealed
similar overall values to those obtained with the pulse method. Finally, using interfacial shear rheology, we focused on the
Trouton correlation between shear and dilational surface rheology, and a direct link between shear surface viscosities and
elongational relaxation times was evidenced for the first time and over the entire viscosity range studied.

Keywords Interfacial dilational rheology - Oscillating drop method - Relaxation time - Capillary breakup extensional
rheometry

Introduction the deformation resistance properties at the interface. For
example, when surfactants or nanoparticles adsorb at liquid
interfaces, they not only reduce the surface tension, but also

confer intrinsic rheological properties to the corresponding

Multiphase systems constitute a topic of capital importance
in biology, chemistry and material sciences. The interfa-

cial or surface tension is the first criterion that one looks
to evaluate when studying these systems. However, it is
not the only surface or interfacial property worth consid-
ering. The tension gradient can provide information about
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interfaces.

When discussing the deformation of the interface (sur-
face), we refer to the interfacial rheology in shear (Slattery
et al. 2007; Vandebril et al. 2010; Renggli et al. 2020) as
well as in dilatation/compression (Derkach et al., 2009).

Interfacial or surface dilational rheology, which is the
main subject of this article, has become a powerful tool
to study the static and dynamic properties of surfaces and
interfaces such as interfacial layers containing surfactants
(Lai et al. 2017), polymers (Sun et al. 2011), proteins (Erik
M Freer et al. 2004) or solid particles (Noskov and Bykov
2018). Understanding the properties of these complex inter-
faces (surfaces) is the main challenge faced when aiming to
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control many technological and natural processes involving
multiphase systems such as polymer blends (Dadouche et al.
2021), multilayer coextruded polymers (Zhang et al. 2015),
overmolded parts, additively manufactured multimaterials,
emulsions (Lei et al. 2019) or foams (Hetang Wang et al.
2019).

Furthermore, the close link that exists between the
dynamic properties of complex interfaces as well as their
adsorption mechanism makes dilational rheology one of the
key tools for accessing the transport and kinetic processes
involved in the physicochemical properties of a particular
fluid/fluid system.

There are many experimental methods for studying inter-
facial dilational rheology, with all of them based on a dis-
ruption of the mechanical equilibrium at the interface and
the analytical measurement of the interfacial response. Two
methods are used to investigate dilational properties. The
first one relies on the use of a Langmuir balance (Murray and
Nelson 1996), which enables the measurement of the surface
pressure by means of a tank topped by a pressure sensor and
enclosed by two barriers that permit surface compression.
This technique uses a Wilhelmy plate to measure the varia-
tion of the surface tension. The second method is the oscil-
lating bubble/drop technique (Lunkenheimer and Kretzsch-
mar 1975; Del Rio and Neumann 1997), which consists in
deforming a pendant drop (or a rising drop) at the end of a
capillary in another liquid or gaseous phase.

Interfacial rheology in situations of dilatation/compres-
sion evaluates the change occurring in the interfacial tension
with respect to the variation of the area or the volume of the
interface (Lucassen and Van den Tempel 1972), whereas
interfacial shear rheology measurements are performed
using a constant interfacial area (Fig. 1) (Derkach et al.
2009).

In other words, the test consists in measuring the sur-
face or interfacial tension y when the area A of the inter-
face changes (Derkach et al. 2009; Sun et al. 2011). The

Shear 4 4 Constant interfacial area

Dilatation Change in interfacial area
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Fig. 1 Different methods for deforming an interface
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dilatational modulus E; and the dilatational viscosity #, are
defined as:

_dy(n
4= nA®) M
_dy(®
T4 = UnAG/di 2

In the case of oscillatory measurements (harmonic testing
of the interface at different frequencies) where a surface at
equilibrium is subjected to small periodic disturbances, a
sinusoidal change in the surface tension with a certain phase
shift is observed. This can be explained by the viscoelastic
nature of the interface (Lucassen and Van den Tempel 1972).

Here we define the dilatational complex modulus E*,
including an elastic part £’ and a viscous part E”,

A(t) = Ay + AAsin(wr) 3)
Y(t) =y + Aysin(wt + 5) 4)
. . . dy (1)
E,=E +iE" = |E;|cosé + i|E,|siné ; E; = T 3)
E; =E +ion, (6)

where ¢ is the phase angle, A, is the initial interfacial area,
is the surface (or interfacial) tension at equilibrium, and AA
and A y are the amplitude of the interfacial area and surface
tension, respectively (Lucassen and Van den Tempel 1972).

Oscillating bubble/drop method

The oscillating bubble/drop method is an important tech-
nique for studying interfacial dilational rheology. It allows
the interfacial tension to be evaluated in either of two dif-
ferent ways. One is based on the analysis of the drop/bubble
profile (Fig. 2) (axisymmetric drop shape analysis (ADSA))
(Ravera et al. 2010), while the other technique is based on
the capillary pressure measurement (Mobius and Miller
1998). Both techniques exploit the relationship between
the interface curvature, the pressure difference across the
two phases and their interfacial tension, as described by the
Laplace formula (Eq. (7)) (Young 1805; Laplace 1805).

1 1
— +— )| =AP=AP0O-A
7/<R1 + R2> ] 4 @)

where vy is the surface/interfacial tension,

R, and R, are the first and second principal radii of

curvature,
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Fig.2 A pendant drop image indicating the coordinate system used
for determining the surface tension. The drop shape is fit to a solution
of the Young-Laplace equation

AP=P;, — P, isthe Laplace pressure, which is the pres-
sure difference across the interface,

AP, is a reference pressure at z=0,

Apgz is the hydrostatic pressure, and

Ap=p,—p. is the density difference. p, and p, are

respectively the density of the drop phase
and the density of the continuous phase.

Given the drop axisymmetry of the pendant drop, this
relationship cannot be solved analytically but instead must
be solved mostly numerically (the interfacial tension y tends
to reach an infinite value). The Young-Laplace law can be
expressed in terms of cylindrical coordinates z and x, accord-
ing to differential equations in terms of arc length s measured
from the apex of the drop and also depending on the Bond
number B,,.

This relation can also be expressed as a function of the
tangent angle ¢ in a curvilinear coordinate system x(s) and
z(ss), which corresponds to a smoothed solution of the Laplace
equation.

From the arc length s measured from the drop apex, the first
and second principal radii of curvature are given by:

ds
R, =—
'S 2o ®)
X
R, =
27 Sing )

Because of the nature of the drop, the curvature at the
apex is constant in all directions:
Rapex = Rl = R2 (10)
The reference pressure could be expressed as:
2y
AP, =
0= 7 (an

apex

Therefore Eq. (7) can be obtained as a coupled set of
differential equations in terms of the arc length x measured
from the drop apex:

do sing

Y _92_B,—2>*

s 2 P (12)
dx

E = COS@ (13)
% = sing (14)
where R, .. is the radius of curvature of the surface.

apex

B,is tlilje Bond number, a dimensionless quantity that rep-
resents the ratio between the gravitational forces and the sur-
face tension on an interface between two fluids. The shape of
the drop depends on this dimensionless number.

gAPRS
I (15)

B
¢ %

According to the Bond number expression, it is interest-
ing to note that as the diameter of the needle decreases, the
minimum Bond number value needed for an accurate calcu-
lation decreases. Berry et al. (2015) introduced a universal
solution that is independent of the needle diameter by using
a non-dimensional number called the Worthington number,
W,, which scales from O to 1.

W, is defined as the ratio of the drop volume V to the

theoretical maximum drop volume V. and expressed as:

Vv
W, = v (16)
where V,,,, is expressed as:
nD.y
max Apg (17)

and D, is the diameter of the needle.

A low Bond number means that the drop is more spheri-
cal. However, the more the drop takes on a spherical shape,
the greater the relative error of the measurement becomes.
Furthermore, when the two liquids are of the same density,
the measurement will be delicate (Berry et al. 2015). For
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high accuracy, a high Worthington number value is needed.
To do this, it is necessary to increase the radius of curvature
at the apex, which in turn leads to a higher drop volume.
After all of these precautions are taken, the drop is sub-
jected to a change in volume or area (through a piezoelectric
or mechanical motor) (Fig. 3) with a sinusoidal deformation
profile, and the shape of the drop at each oscillation allows
the dilatational viscoelastic modulus E, to be calculated.

Inertial and viscosity effects versus interfacial
effects

In static drop measurements, the Young—Laplace law is
valid. In other words, the gravitational forces acting on the
drop are in equilibrium with the interfacial forces. However,
in the case of oscillatory measurements, the interfacial area
changes during the time of the experiment. In this instance,
inertial forces and viscous forces appear and modify the
shape of the drop/bubble. Therefore, the Young—Laplace law
becomes invalid, thereby restricting the range of frequen-
cies that can be employed in the measurements (the highest
frequency is limited) (E. M. Freer et al. 2005; Santini et al.
2007).

To quantify the inertial and viscous forces, one must cal-
culate both the capillary number Ca, the ratio of viscous
to capillary forces, and the Weber number We, the ratio of
inertial to capillary forces, as defined below (E. M. Freer
et al. 2005):

AnwAV
Ca= —yR - (18)
c
Apa*AV?
We = R (19)
c

where Ay and A p are the difference between the Newto-
nian viscosities and densities of the drop and the continuous
fluid, w is the oscillation frequency of the drop, AV is the

Fig.3 Diagram of the experi-
mental setup for the oscillating
drop/bubble method
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amplitude of the volume oscillation, y is the equilibrium
interfacial tension and R, is the radius of the capillary.

In the limits of Ca< <1 and We < <1, the drop
shape is that of a static drop and is well described by the
Young-Laplace equation. To obtain low capillary and Weber
numbers, we must take certain experimental precautions,
such as limiting the applied amplitudes and frequencies and
using a needle with high radius (R,).

When studying the dilatational interfacial properties of a
viscous system, the measured loss modulus is the sum of the

interfacial loss modulus (E”;,errace) @nd the bulk loss modu-

lus (E” ;) (Alexandrov et al. 2009; Russev et al. 2008):
Emeasured = Einterface + Evisc (20)
AnR?,,

Ee = yo———23 21

visc ICO RC ( )
An.R?, e
Einterface = Emeasured - X a)R— (22)
where

Rs,eq is the initial radius (apex) before the oscillation
begins (i.e. the equilibrium value).
x=H, /R, and H, ., is the initial drop height before start-
ing the oscillation.

If the interfacial modulus is evaluated using pressure
measurement, the applied pressure needs to form the drop or
bubble, and contains the capillary pressure (P,) (Alexandrov
et al. 2009) in addition to other contributions. In this case,
for a Newtonian fluid, Eq. (22) will be written as follows:
R*  H,, L

s.eq” 's,eq

An.R?
R—S’eq — 401 —
C [
(23)

E

interface = Emeusured A

where L is the capillary length.
Various techniques and methods are currently available
for measuring the shear interfacial rheological properties of
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CCD
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liquid systems, the most common of these being interfacial
rheometers equipped with bicone or double wall ring (DWR)
and oscillating drop instruments (Jaensson et al. 2021).
These instruments are most often applicable to systems with
low viscosity, typically above a few mPa.s.

In this work, we use a new type of interfacial rheological
setup that enables the interfacial dilational rheology meas-
urements to be extended to high viscosity polymer systems.
Special emphasis has been placed on the effect of the tem-
perature and the molecular weight of the two coexisting
phases (PDMS and PIB) on the interfacial elastic modulus,
particularly in the case of interfaces formed from polymer/
air or polymer/polymer interfaces with an asymmetry in
molecular weight.

Note that the main advantage of these polymers is that
they are in the molten state at room temperature, and their
refractive indices are sufficiently different (1.41 for PIB and
1.5 for PDMS) for one to observe PIB in PDMS and vice
versa using dilational tensiometry. On the other hand, the
higher density component (PDMS) forming the matrix is
highly incompatible with the rising droplet phase (PIB).

Furthermore, we have developed a new approach to
access the characteristic elongational rheological times of
air-polymer surfaces and polymer—polymer interfaces via
a simple test called a ‘pulse’ using the rising oscillating
drop/bubble method. Additionally, the surface extensional
properties measured with the capillary breakup extensional
rheometer (CaBER) were investigated for comparison.
Experimental difficulties encountered, possible artefacts
and precautions necessary for reliable measurements are
highlighted particularly in the presence of high molecular
weight polymers.

Finally, we aim to see if there is a correlation between
the interfacial dilatational properties (via measured inter-
facial dilational relaxation times) and the interfacial shear
properties (measured interfacial shear viscosities) in the
air-PDMS and air-PIB interfaces following Trouton’s

relationship. Furthermore, PDMS/PIB combinations were
chosen in such a way that they exhibit similar viscosi-
ties and close polydispersity indices. Therefore, the effect
of the viscosity and polydispersity will not be discussed
extensively hereafter.

Experimental
Materials and methods
Materials

The model fluids chosen were PDMS (polydimethylsilox-
ane) trimethylsiloxy terminated supplied from abcr and
Alfa Aesar, and PIB (polyisobutene) supplied by INEOS.
The PDMS and PIB used in this work presented different
molecular weights. Table 1 shows the composition of each
material.

The above materials were used to prepare three PDMS
and three PIB materials with a low viscosity difference (Azn
tending to zero) at 25 °C using the mixing law (Grizzuti
et al. 2000). All of these materials were prepared by using
an overhead stirrer with a wide speed range. Table 2 sum-
marises the composition of each PDMS and PIB. Here, lv,
mv and hv respectively denote low, medium and high vis-
cosity systems.

It is interesting to indicate that all PIB and PDMS melts
investigated in this study are entangled polymers since they
have an average weight molecular weight (Mw) higher than
the critical molecular weight Mc. Indeed, the Mc is 28000 g/
mol and 1060 g/mol for PDMS and PIB, respectively (El
Omari et al. 2021).

The different polymer surfaces and polymer/polymer
interfaces investigated in the present work are summarised
in Table 3.

Table 1 Weight average

. Material PDMSI  PDMS2 PDMS3 PDMS4 PDMS5 PIBI  PIB2  PIB3

molecular weight of the PDMS

and PIB employed Mw (g/mol) 28,000 63,000 91,700 117,000 204,000 1333 1440 3780

Table2 Notationand Materials PDMS Iv PDMSmv  PDMS hv PIB Iv PIB mv PIB hv

composition of the studied

PDMS and PIB Compositions ~ 78% PDMS1  89% PDMS2  100% PDMS5 100% PIB1  95.5% PIB2  93% PIB3

22% PDMS2  11% PDMS4 4.6%PIB3 7% PIB2
Mw (g/mol)  31900° 939342 204000° 13332 1480° 3393%
Polydispersity ~ 1.8° 1.6° 1.7° 2.1% 1.72 1.8
index (MWD)

“Provided by supplier

"GPC based on polystyrene standards
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Table 3 Model polymer
surfaces and interfaces studied

Interface PIB 1Iv/PDMS lv

PIB mv/PDMS mv PIB hv/PDMS hv

Surface Air/PDMS Iv

Air/PIB lv

Air/PDMS mv Air/PIB mv Air/PIB hv Air/PIB hv

Interface

Surface

Fig.4 Rising drop configuration. Sectional view of the cell (left) and
cell in closed position (right)

Characterisation methods
Bulk rheological measurements

To extract the rheological behaviour of the studied model
fluids, a controlled-stress rheometer (DHR-2 Rheometer
from TA Instruments, USA) with cone-plate geometry
(diameter 40 mm, angle 1.994°) was used. The dynamic
oscillatory measurements were performed using a frequency
sweep (100 to 0.1 rad/s). All complex viscosity l7*| meas-
urements were carried out at constant temperatures of 25,
45 and 60 °C.

Interfacial tension measurements

The surface and interfacial tension measurements were
performed at different temperatures using an automatic
drop tensiometer (TRACKER-H from TECLIS Scien-
tific, France). A drop of PIB was formed inside the PDMS
(Pppms > Ppis) Using the rising drop configuration (Fig. 4).

@ Springer

The detailed experimental protocol for this measurement
was reported in a recent paper from our team (El Omari
etal. 2021).

Interfacial dilational rheology

The interfacial dilational measurement was performed using
the oscillating drop/bubble method on the TRACKER-H ten-
siometer from TECLIS Scientific (France). The drop/bub-
ble was subjected to sinusoidal compression/dilation cycles
using a mechanical motor. The viscoelastic modulus was
determined at each frequency by analysing the shape of the
drop as described previously. For the dynamic drop experi-
ment, we started by defining the linear region with an ampli-
tude sweep test (Becker et al. 1991), and then, the frequency
sweep was performed to determine the elastic and loss dila-
tional moduli. The first step consisted in forming a drop of
PIB (rising drop) inside the PDMS (receiving phase) and
then waiting for the stationary state to be achieved (plateau
y(t) =constant). The next step was the amplitude sweep at
the highest frequency (applied in the frequency sweep test).
To minimise the capillary and Weber numbers, a syringe
with a small volume (10 pL) was used to enable the applica-
tion of a small amplitude AV, in addition to a needle with a
high diameter (1 mm).

Surface and interfacial stress relaxation measurements

There are many experimental techniques for studying inter-
facial relaxations in air-polymer and polymer—polymer inter-
faces (Serrien et al. 1992). The oldest relaxation technique is
wave damping (R Miller et al. 1991, 1993). Miller et al. were
the first to use the pendant drop method to initiate transient
relaxation of aqueous solutions of surfactants and proteins.
Here, we applied the ‘pulse’ technique to study interfaces
and surfaces of molten polymer systems. First, we began by
reaching the equilibrium of the surface (or interfacial) ten-
sion, and then, a constant amplitude (7) was applied during a
time At=t,—t,. The evolution of the surface (or interfacial)
tension makes it possible to characterise the relaxation of
each surface or interface as a function of the temperature
(Fig. 5).

The equation of this square variation of the drop volume
noted V(¢) is described by a Fourier series as expressed
below:

4AV o

V() = ) SR sin (nwt) (24)
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| V>0 Vi) =3 Vo+AV 1 <t<t, (25)
-~ Vo—AV t>1t,

b

doi

Interfacial tension

(1) awnjoa

Relaxation
Ay
o *

1, 1
Time (s)

Fig.5 Interfacial relaxation method or ‘pulse’ technique used in this
study

where AV is the applied amplitude, o is the frequency
(w=2x/T) and n is the number of the squares.

During one cycle (compression/dilatation), the applied
square pulse disturbance is an expansion-relaxation-
compression-relaxation cycle with amplitude AV applied
to the surface or interface with initial volume V, as pre-
sented in Fig. 5. In the actual experiment, the dilatation
and compression ramps were done at low flow rate (low
frequencies); thus, the intrinsic viscous contribution
to the dilational properties can be neglected. Using the
square pulse perturbations, an initial increase of the sur-
face (or interfacial) tension was first observed, followed
by a relaxation towards the stationary state value y,. In
the compression stage, the surface (or interfacial) tension
y decreased below its stationary value, and then, at the
end of the compression, the relaxation of y towards the
stationary value was noticed.

Capillary breakup extensional rheometry (CaBER)

A capillary breakup extensional rheometer (CaBER) is con-
ceptually based on the design of Bazilevsky et al. (1990).
It is a rheological device that can quantify the elongational
properties of low to medium viscosity fluids. A capillary
bridge (a volume of fluid with a free surface, held by surface
tension between two solid surfaces) is placed in an unstable
situation that leads to its rupture into two distinct volumes
of fluid (Fig. 6). This rupture is an elongational flow whose
dynamics depend solely on the surface tension and the vis-
cosity of the fluid. The recording of these dynamics (which
can be very fast, in the order of few milliseconds) allows
the extraction of the apparent elongational viscosity and the
elongational relaxation time of the fluid.

In the present work, a Thermo Scientific™ HAAKE™
CaBER™ | capillary breakup extensional rheometer (USA)
was used. A tiny droplet of the studied model fluid is placed
between two parallel plates of diameter 4 mm, separated by
an initial height H; of 500 um. Then, one plate is moved
using an extension velocity v, of 430 mm/s to a constant gap
H; of 40 mm. The experiment is recorded by a high-speed
camera, Olympus i-SPEED 3, up to 5000 frames per second.
The instrument also uses a laser micrometre to monitor the
diameter at the midplane of the thinning filament, D().

It is essential to mention that the droplet must be homo-
geneous and must not contain any air bubbles; otherwise, the
filament will break, and the extracted parameters will be
incorrect. On the other hand, it is useful to mention that dur-
ing the elongation and thinning of the filament, viscous
forces tend to stabilise the cylindrical shape of the filament,

Fig.6 Schematic representation
of the CaBER instrument

H;
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whereas gravitational forces can drag the fluid below the

mid-filament. The competition between viscous and gravi-

tational forces can be estimated by the ratio of the Bond
P8

. B D .
number to the capillary number, C—O = o where p is the
a 0

density of the fluid, g is the gravity constant and & is the
strain rate. In the present study, the % ratio was calculated

and found to be lower than 0.5, ensuring a viscous-domi-
nated thinning mechanism (McKinley and Tripathi 2000).

The diameter versus time D(¢) data, which represents the
raw output of the CaBER, is then used to determine exten-
sional rheological parameters. For a viscoelastic system,
Anna and McKinley (2001) and Naillon et al. (2019) pro-
posed the following fitting function:

D(t) = ae 5 — ft+ 6 (26)

where a, f and 6 are the fitting parameters that have physical
relevance, and 7 is the elongational relaxation time.

If the surface tension y of the system is known, the evo-
lution of an apparent extensional viscosity # can easily be
calculated (Eq. (27)). The thinning of the filament is driven
by the competition between capillarity and elasticity (Erik
Miller et al. 2009; Anna and McKinley 2001; van Berlo et al.
2021).

_Y/R® _ —y
E= "0 T DG di

@7

where R(f) and £(¢) are, respectively, the filament radius and
extension rate during time evolution.

The elongational relaxation time and the apparent elon-
gational viscosity of the model fluids investigated (PDMS
and PIB) were extracted with Eq. (23) and compared to the
dilatational relaxation time obtained by the pulse method
(dilational tensiometry).

Surface shear measurements

The interfacial shear properties of the surfaces were evalu-
ated using a novel titanium biconical geometry designed by
Anton Paar Research and Development Service (Stuttgart,
Germany) (D: 68.28 mm, angle 5°). This new Ti-bicone was
attached to an MCR 302 rheometer in combination with a
newly designed interfacial cell that was used for the first
time in a previous work (El Omari et al. 2021). All details
about the theoretical and experimental considerations are
described in the reference (E1 Omari et al. 2021). The home-
made lightweight Ti-bicone setup has low inertia (0.022733
mN.m.s?) in comparison to the commercial stainless-steel
one (0.01433 mN.m.s?). The low inertia of the Ti-bicone
geometry allows for reliable measurements even on high
molecular weight PDMS/PIB polymer systems with sub-
phase viscosities up to 300 Pa.s (El Omari et al. 2021).

@ Springer

In addition, to carry out the ISR measurements on the Ti-
bicone geometry, and in order to obtain the absolute values
of surface shear viscosity, we take into account in each new
experiment the height (H,), the density (p,) and the viscos-
ity (n,) of the polymer of the denser phase as well as the
height (H,), the density (p,) and the viscosity (7,) of the
fluid of the less dense phase (Fig. 7). These data will allow
corrections for the effects of the sub-phases based on the
Oh and Slattery algorithm integrated in the RheoCompass
software of the rheometer, which deduced an exact solution
to the velocity distribution in the two sub-phases and the
interface (Oh and Slattery 1978). The calculation of these
parameters was always performed the same way, regardless
of the Boussinesq number.

All steady surface viscosity 7, (y) measurements were
carried out from 0.1 and 10 s~! at constant temperatures of
25,45 and 60 °C.

Results
Bulk rheological measurements

In Fig. 8, the master curves of PDMS and PIB melts are
depicted. It has been observed that all of the PDMS and
PIB melt polymers present Newtonian behaviour for a fre-
quency range lower than 1.6 Hz (10 rad.s™!). The latter is
greater than the maximum frequency (0.4 Hz) used during
interfacial dilational measurements. On the other hand, the
vertical (y-axis) shift factor (b;) gives information about the
temperature dependency of their densities. Indeed, the b,

Cup

Peltier Plate

|

Fig.7 Schematic overview of the biconical interfacial rheometer (El
Omari et al. 2021)
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Fig.8 Master curves of the a)
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values clearly show the high temperature sensitivity of PIB
compared to PDMS. Therefore, the two phases have very
similar viscosities at 25 °C, but they do not exhibit the same
tendency when the temperature is increased. The zero-shear
viscosity and shift factor values of the different investigated
PDMS and PIB are shown in Tables 4 and 5. It would be use-
ful to recall that the main objective is to ensure a difference
in viscosity of the coexisting phases that tends to low values

w.aT (rad/s)

during the dilational interfacial rheological experiments in
order to minimise capillary and inertial effects (Ay tending
to zero).

Interfacial tension measurements

The interfacial tension at equilibrium between PIB and
PDMS was determined using the static experiment method.

Table 4 Zero-shear viscosity Material PDMS Iv PDMS mv PDMS hv PIB Iv PIB mv PIB hv
values of the different model
fluids at 25 °C 1o (Pa.s) 2.8 317 284.8 2.9 32.0 281.0
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Table 5 Horizontal (x-axis)

. A Polymer ar by

shift factor (a;) and vertical

(y-axis) shift factor (b;) from 25°C 45 °C 60 °C 25°C 45 °C 60 °C

the master curves of the shear

Viscosity measurements PIB Iv 1 0.19 0.08 1 5.26 12.50
PIB mv 1 0.23 0.09 1 4.34 11.11
PIB hv 1 0.22 0.1 1 4.54 10.51
PDMS lv 1 0.71 0.56 1 1.41 1.77
PDMS mv 1 0.70 0.55 1 1.42 1.80
PDMS hv 1 0.62 0.49 1 1.61 2.01

The volume of the drop of PIB was kept constant and the
evolution of the interfacial tension was monitored until
an equilibrium state (plateau) was reached. The range of
Bond number values was between 0.3 and 0.5, whereas
the Worthington number W, gives values in the 0.7-0.8
range, confirming the precision of the interfacial tension
measurements.

The measurement was performed at 25, 45 and 60 °C.
Table 6 summarises the interfacial tension at equilibrium
for the studied interfaces.

From Table 6, it can be observed that interfacial tension
between PDMS and PIB decreased with decreasing molecu-
lar weight. LeGrand and Gaines Jr. (1975) noticed the same
trend using similar polymer systems. The authors developed
the empirical formula given in Eq. (28) in order to model
the dependency of the interfacial tension on the molar mass:

o0 kl kZ
y12=7/12 - M12/3 - M22/3

where y7 is the equilibrium interfacial tension, &, and k,
are constants and M, and M, are the molecular weight of
the system components, respectively. Later, Vinckier et al.
(1996) used LeGrand and Gaines’s relationship to calculate
the interfacial tension between different PIB/PDMS systems,
concluding that the interfacial tension increased when the
molecular weight increased, which is once again consistent
with our results.

On the other hand, from Table 6, it can be observed
that for the lowest viscosity system (PIB 1lv/PDMS l1v),
the interfacial tension increased with the temperature. In
the presence of higher viscosity polymers (PIB mv/PDMS
mv and PIB hv/PDMS hv), however, the interfacial tension

(28)

decreased with increasing temperature (Fig. 9). This phe-
nomenon began starting from a specific molecular weight
of sub-phases, as noted elsewhere (El Omari et al. 2021),
using similar PIB/PDMS polymer systems. Based on the
interfacial shear rheology and the solubility parameter
modelling, the authors proved that the transport phenom-
enon was responsible for the decrease in the interfacial
tension. The authors showed that the interfacial shear vis-
cosity increased for the high viscosity polymer systems
when the temperature was increased. This phenomenon
that increases at high temperature was related to the short-
chain components of broadly distributed samples migrat-
ing into the interface to reduce the interfacial tension and
consequently the Gibbs energy of the entire system.

Wagner and Wolf (1993) analysed the variation of the
interfacial tension y versus temperature (7)) of different
PDMS/PIB systems with comparatively narrow molecular
weight distributions (MWD). They found that the evolu-
tion of y(7T) depends on molecular weight. The authors
argued based on the modelling of the solubility param-
eters that it was not trivial to interpret their experimental
results by the Flory—Huggins interaction parameter since
the two polymers are not miscible. Later, various studies
investigated the effect of the temperature and molecular
weight on the same PDMS/PIB polymer systems (Tufano
et al., 2008; Gabriele et al. 2011; Ziegler and Wolf 2004).
According to Ziegler and Wolf (2004), in the case of apo-
lar polymer systems (the case of PDMS/PIB) the interfa-
cial properties are dependent on the average molecular
weight and the polydispersity of both coexisting phases
but also on the molecular weight difference, i.e. the asym-
metry across the interface.

Table 6 Interfacial tension
at equilibrium for the studied

Interface

Interfacial tension (mN/m)

Interfacial tension (mN/m) Interfacial ten-

‘ g at 25 °C at45 °C sion (mN/m) at
interfaces 60 °C
PIB Iv/PDMS lv 2.10+0.09 2.50+0.10 3.00+0.20
PIB mv/PDMS mv 3.20+0.02 2.80+0.12 2.4+0.03
PIB hv/PDMS hv 5.20+0.11 4.90+0.04 4.40+0.17
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Fig. 9 Diagram representing the
migration of short PIB chains
into the interface of PIB/PDMS

polymer systems PDMS

PDMS

Migration

Table 7 Calculated range of Ca We
the capillary number (Ca)
and the Weber number (We)
in the dilatational oscillatory
measurements

1074-107!

Interfacial dilational measurements

It is important to mention that dimensionless numbers
(Bond, Weber and capillary numbers) were carefully
checked to correctly conduct such dilatational measure-
ments for each PIB/PDMS system. The viscosity contrast
(An) between PIB and PDMS phases was 0.1 Pa.s, the den-
sity difference (Ap) was 100 kg/m>, the radius of the nozzle
was 0.5 mm, the interfacial tension was around 2.1 mN/m,
the minimum and maximum frequencies used were 0.02
and 0.4 Hz, respectively, the initial volume (V) of the drop
was 4.8 uL and the AV amplitude was 0.3 pL. Table 7 dis-
plays the range values of each dimensionless number. The
capillary number Ca was in the 10~ to 10~! range and We
was around 1073, which is still very low (< < 1). Therefore,
viscous stress and inertia effects are sufficiently negligible.

On the other hand, the Bond number was calculated
instantaneously by the tensiometer software according to
Eq. (15) and analysed immediately before each measurement
launch. Values of B, were found in the range between 0.3
and 0.5 for all experiments carried out in this study.

Figure 10 shows the frequency sweeps at 25, 45 and
60 °C. For all PIB/PDMS systems, the absence of the loss
modulus was noticed. It is useful to mention that in our case,
the probed interfaces are free (no particles or surfactants
present on the interface), which induces small phase angle
values between interface area oscillations and interfacial ten-
sion variations. This means that the storage modulus E' is
much larger than the loss modulus E” (Lucassen and Van
den Tempel 1972).

From Fig. 10, it was observed that at a constant tem-
perature, the more the viscosity of the coexisting phases
increased, the more the interfacial elastic modulus E’
increased. For the lowest viscosity system (PIB 1v/PDMS
1v), the interfacial elastic modulus E' increased when the
temperature decreased. However, by increasing the vis-
cosity of the coexisting phases (PIB mv/PDMS mv), the
opposite tendency was observed. The interfacial elas-
tic modulus decreased when the temperature increased,
which is in agreement with our observations during the
static drop measurements, indicating a migration phe-
nomenon (El Omari et al. 2021; Tufano et al. 2008). No
data are presented for the PIB hv/PDMS hv interface at
45 and 60 °C. Due to the high difference in viscosities
(An) of PIB hv and PDMS hv when the temperature was
increased (Table 5), high capillary and Weber numbers
were obtained; as a result, the interfacial forces are not
dominant and the measured droplets for these interfaces
are not Laplacian (the drop profile does not follow the
theoretical profile predicted by the Laplace equation).
Therefore, no measurements could be carried out in this
case, as it was not feasible to properly impose a sinusoidal
volume or area variation (Fig. 11).

Interfacial relaxation of PIB/PDMS systems

In this section, the relaxation of the surfaces and interfaces
of PIB/PDMS polymer systems is examined. The response
of the surface or interface is related to its temporal relaxa-
tion. The surface or interfacial tension decreased when a
positive amplitude + AV was applied to return to the equi-
librium state (y,). The temporal variation of the surface/
interfacial tension was fitted using the Kohlrausch law
(Anderssen et al. 2003):
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Fig. 10 Dilational frequency a) b)
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where Ay is an amplitude factor (Fig. 5), 7 is the character-
istic relaxation time and f is the stretching parameter, which
varies between 0 and 1 and describes the width of the relaxa-
tion time distribution (Yousfi et al. 2009). In our case, the
time-decay data of the relaxation processes of PIB/PDMS
systems are better described in terms of a simple exponential
function (f=1) (Eq. (30)), implying that the tested polymers
exhibit monodisperse relaxation characterising the rheologi-
cal model of Newtonian Maxwellian behaviour.

y() =y + Ay.esp<3—;> 30)

This allows us to extract the values of the characteristic
relaxation times of the surfaces and interfaces.

It is useful to mention that the Kohlrausch law has been
widely used in the literature to model several time-decaying
behaviours in the relaxation processes of polymers. For
instance, Yousfi et al. (2009) fitted the evolution of the scat-
tering intensity with time in dPS/PBMA (deuterated polysty-
rene/polybutyl methacrylate) nanoblends using small angle
neutron scattering (SANS) to extract the relaxation time of
the dPS droplets in a PBMA matrix. Boyd et al. (1997) fit-
ted the dielectric data of PVAc (polyvinyl acetate) in the

@ Springer

Air/PDMS and air/PIB surfaces

Figures 12 and 13 show the decay of the surface tension
y with time for all PDMS and PIB surfaces at 25 °C. This
decay in y(f) may be related to a rearrangement of the mac-
romolecules, or the end groups at the surface in contact with
the air molecules, in order to decrease the surface tension
and reach the equilibrium state described by y, (Quintero
et al. 2009; Kleingartner et al. 2013). From Fig. 14, one can
observe that the dilational relaxation times of the surfaces
increased with the viscosity of the coexisting phases, but
they decreased when the temperature increased. Thus, the
higher the viscosity, the longer the time required to create
the new free surface. These results could have been pre-
dicted beforehand. Indeed, recently, E1 Omari et al. (2021),
using similar PDMS and PIB polymers, found that the sur-
face shear viscosity increases linearly with the shear viscos-
ity of the bulk, since the creation of the free surface starts
from the bulk sub-phase.

Several studies that have investigated pure liquid surfaces
or free polymer surface systems with no surface-active agent
(surfactants, nanoparticles, etc.) as in the present work have
confirmed the presence of variations in interfacial tension by
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Fig. 11 Dilational frequency sweep experiment conducted on a Laplacian and non-Laplacian drop (pictures taken from the WINDROP software

of the TRACKER apparatus)

dynamic interfacial tension measurements using the pendant
drop technique (Jiiza 2019; Kwok et al. 1998), by Wilhelmy
plate force tensiometry (Sauer and Dipaolo 1991; Rahman
et al. 2019), and interfacial properties (interfacial moduli)
measured by dilational rheology (Peters et al. 2005).

In the ‘dynamic relaxation’ pulse mode, the tensiometer
imposes square pulse variations of the drop volume and
records the interfacial surface area variation as well as the
results of the variation of the interfacial tension. Compared
to other methods that impose both elongation and shear
stresses on the interface (Verwijlen et al. 2012, 2013), the
square pulse method has the advantage of imposing pure
contractions/expansions that allow a direct measurement
of the dilatational properties of liquid/liquid or air/liquid
interfaces. But it is of paramount importance to point out
that our measurements were performed using a slow dila-
tation/compression rate (¢< 0.1 s™1). In these conditions,
viscous stresses are insignificant (small capillary numbers),
particularly in the case of low to medium viscosity polymers.
Consequently, we expect that the characteristic elongational
relaxation times deduced from the fit of the exponential
decay of y(¢) are related mainly to the dilatational proper-
ties of polymer—polymer and air-polymer interfaces rather
than to bulk extensional rheology.

However, one may accept that these statements can be
debatable in the case of high molecular weight melt sur-
faces (air/PDMS hv and air/PIB hv systems) where Ay is
rather significant. Afterwards, the viscous forces are no
longer negligible (high capillary numbers). Consequently,
we expect that the characteristic elongational relaxation
times deduced from the fit of y(¢) of PDMS hv and PIB hv
are the result of the balance between the relaxation of the
chains on the surface and the viscous force contribution.
But it is quite difficult to deconvolute the two phenomena.

Jalbert et al. (1993) measured the surface tensions of
amine- and methyl-terminated poly(dimethylsiloxane)
(PDMS) with molecular weights ranging from 1000 to
75 000 g/mol by pendant drop tensiometry. It has been
reported that methyl chain ends of PDMS have low surface
energy compared to those of the chain backbone. These
low surface energy chains (‘methyl ends’) have an entropic
preference and attraction to adsorb to the surface, which
in turn was expected to cause the short chains of a poly-
disperse melt to segregate to the surface (Mahmoudi and
Matsen 2017). Moreover, Mahmoudi and Matsen (2017)
demonstrated that in the case of polydisperse melts, the
chain-end segregation simultaneously induced an entropic
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Fig. 12 Fitting of the varia- 212 a)

b)

tion of the surface tension as a
function of time at 25 °C of air/
PDMS surfaces a PDMS 1v. b
PDMS mv and ¢ PDMS hv. The
dots represent the experimental
relaxation measurements using
the ‘pulse mode’, and the con-
tinuous line is the fit using the
Kohlrausch model
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enrichment of short chains at the surface, since they have
more ends per unit volume.

Jalbert et al. (1993) highlighted that the chain ends at the
surface of a polymer melt control the evolution of surface
tension y with molecular weight. For the methyl-terminated
polymer melts, y increased with molecular weight. The
end-group effect was confirmed a year later by Elman et al.
(1994) using neutron reflectivity.

In our study, we used polydisperse methylsiloxy-termi-
nated PDMS melts. We suspect that the kinetics of transport
of short chains and chain ends connected to the chain back-
bone into the surface of a polymer melt of high Mw will be
slower and will require more time to equilibrate compared
to low Mw ones. These interpretations support why high
molecular weight melts lead to longer dilational character-
istic relaxation times. The latter reflect the rate of the chain
ends and short chains to move to the air/polymer interface.

The mobility of the macro-chains at the surface was also
observed in the stability of foams using proteins (Dickinson
2001). Through the hydrophobicity of these macromolecules
and their possible conformational reorganisation, rapid
adsorption at the air/water interface is enabled, leading to
the formation of an elastic adsorbed layer (Dickinson 2001;
Foegeding et al. 2006). Some studies have also highlighted
the role that polysaccharides play at the interfacial film
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regarding enhancement of the stability of foams, due to a
thickening or gelling effect on the aqueous solution (Lan-
gevin 2001; Klitzing and Miiller 2002; Schmidt et al. 2010).

We have also compared the evolution of the relaxation
time of the studied surfaces with respect to temperature. For
this purpose, Ln (z) as a function of 1000/T was plotted.
Figure 15 shows this evolution for PIB and PDMS surfaces.

The variation of relaxation time with temperature (7 in
Kelvin) is calculated using an Arrhenius function (Eq. 31).

Ea
T = 1.exp ﬁ

where E, is the activation energy (representing, in this
case, the temperature sensitivity of the relaxation process),
7, is the pre-exponential factor and R is the universal gas
constant.

Figure 15 shows a linear evolution, demonstrating that
the Arrhenius law fits these curves successfully. For all sur-
faces, regardless of the viscosity of the coexisting phases,
we obtained an identical positive slope indicating that the
activation energy is independent of the viscosity. These acti-
vation energies are higher than the bulk activation energy
of PIB and PDMS (between 15 and 18 kJ/mol) (Table 8)
(Roland and Santangelo 2002).
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Fig. 13 Fitting of the varia-

tion of the surface tension as a
function of time at 25 °C of air/
PIB surfaces a PIB lv, b PIB mv
and c¢ PIB hv. The dots represent
the experimental relaxation
measurements made using the
‘pulse mode’, and the continu-
ous line is the fit obtained using
the Kohlrausch model

Fig. 14 Variation of the surface
dilational relaxation times (in
seconds) as a function of bulk
viscosity at different tempera-
tures for PDMS (a) and PIB (b)

PIB/PDMS interfaces

From Fig. 16, it can be seen that the decrease during pulse
mode sometimes had additional small steps before contrac-
tion. In fact, a deformation transition (between dilatation
and compression steps) takes a short time since it can-
not be instantaneous. Indeed, if that is the case, the drop
will not immediately follow the fast decrease of the vol-
ume (because of its inertia) and it will have an additional
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dilational deformation (not a Laplacian drop) (Molaei and

Crocker, 2020).

temperature than at low

It has been seen that regardless of the type of PIB/PDMS
investigated, the interfacial relaxation is faster at high

temperature, indicating a thermal

dependency of the interfacial tension.

The time dependency of the interfacial tension during
the pulse interface perturbations can be described accord-
ing to the model of Shi et al. (2004). Immediately after
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the formation of a new interface between two immiscible
polymer systems such as PDMS and PIB, which is consti-
tuted of broad molecular weight distribution chains, the
interfacial tension decreases rapidly because of the pref-
erential migration of the shorter chains into the interface.
The effect of this favoured incorporation into the interface
slows down as time proceeds. Therefore, a steady state
is reached (Fig. 16a); i.e. the interfacial tension becomes
constant, as the rates of diffusion of short chains into the
interface and out of it become identical (Shi et al. 2004).
On the other hand, in the presence of high molecular
weight components (i.e. at low temperatures of measure-
ment), the transport of shorter chains into the interface
takes place so slowly that the stationary state cannot be
reached, since it is higher than the imposed expansion/
compression period time of the measurements (Fig. 16c).

It is useful to mention that Shi et al. (2004) measured
the variation of the interfacial tension y with time using the
static pendant drop technique. In their experiments, they
formed a drop and then followed the decrease in interfacial
tension until equilibrium (when the calculated interfacial
tension does not change with time) but without imposing
any variation in drop volume (pulse) as exercised in our
study. They observed that y decreased but with a large
time scale (from minutes to several hours). They ascribed
this drop in the interfacial tension to the molecular weight
and polydispersity of the PIB and PDMS used. According
to the authors, since the interfacial tension depends on
the size of the chain components at the interface, the low
molecular weight chains (especially PIB) can migrate into
the interface, thus lowering the interfacial energy of the
system. Since the PDMS/PIB systems used in our work
are polydisperse, this transport effect might occur in our
experiments as well.

Later, Peters et al. (2005) used confocal Raman spec-
troscopy for the estimation of the thickness of the diffusion
interfacial zone in PDMS/PIB systems and confirmed the
migration and diffusion effect observed in the pendant drop
technique by Shi et al. (2004).

We note that with the increase of the average molecular
weight of both phases (the case of the PDMS hv/PIB hv sys-
tem), the interfacial tension and the interfacial viscosity also
increase (El Omari et al. 2021), and thus substantially slow
down the mobility and migration to the interface of entan-
gled chains, as is observed from the shape of the change of
y with time (Fig. 16).

To conclude, most of these authors came to an agree-
ment that short macromolecules of PIB can migrate from
the bulk into the newly generated interface with PDMS.
Since MwPIB < MwPDMS (Table 2), the chain mobility of
PIB will be higher, and they could diffuse into the interface.
These short chains could act as a surfactant and lower the
interfacial tension.

We suspect that the relaxation times determined by the
pulse method correspond to long relaxation times of mac-
romolecular chains (a few seconds), which are much higher
than stretch time relaxations at the molecular scale (Rouse
time ~ a few ms).

Peters et al. (2005) assumed that the chain migration
could occur also in dynamic shear experiments, but at time
scales much shorter than for the pendant drop method.

According to several studies, the characteristic elonga-
tional relaxation times of interfaces are also higher than the
relaxation times of droplet interfaces measured by dynamic
shear rheology in the case of immiscible polymer blends
(Shi et al. 2004; Peters et al. 2005).

In this study, for all PDMS/PIB interfaces, the character-
istic interfacial relaxation times increased with increasing
viscosity of the coexisting phases, but these times decreased
with increasing temperature (Table 9). Interfacial relaxa-
tion times are higher than those of surfaces. This can be
explained by the higher degrees of freedom of macromo-
lecular chains at the surface compared to the interfaces.
The relaxation shape of PIB hv/PDMS hv systems at 25
and 45 °C was slow, with the relaxation time tending to
an infinite value. This phenomenon could be explained by
the high viscosity of the PIB hv and PDMS hv polymers as
explained above. Moreover, increasing the viscosity induced
an increase in the volume of the drop (compression cycles),
and a significant increase of the interfacial tension at high
temperature was noticed. This is related to the significant
difference in the viscosities of their coexisting phases Ay
(Table 5). The drop of PIB becomes more deformed in the
continuous phase (PDMS), which leads to an imbalance at
the interfaces. Thus, the drop is no longer Laplacian and the
viscous and inertial effects are considerably more important.

Surprisingly, the characteristic dilational relaxation times
of PIB/PDMS interfaces obtained in this work using the
dilational pulse mode measurements were comparable to
those measured on similar polymer systems by other authors
using other techniques such as spinning drop extensiometry
(Joseph et al. 1992) and the retraction of deformed droplets
(Siahcheshm et al. 2018).

Compared to the air/PDMS and air/PIB surfaces, the
PDMS/PIB interfaces presented a relatively low activation
energy value (18 kJ/mol for interfaces versus 31 kJ/mol

Table 9 Variation of the interfacial relaxation times (in seconds) as a
function of temperature

Tempera- PIB Iv/PDMS Iv  PIB mv/PDMS mv  PIB hv/PDMS hv

ture (°C)

25 1.37+0.02 7.90+1.2 Infinite

45 0.84+0.15 5.00+0.85 Infinite

60 0.63+0.09 3.34+0.58 51.76 +5.98
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Table 10 Apparent activation energy of PIB/PDMS interfaces

Sample PIB 1Iv/PDMS 1Iv PIB mv/PDMS mv

E, (KJ/mol) 182+1.8 20.2+0.9

Table 11 Variation of the

X . Temperature PIB hv/PDMS hv
PIB hv/PDMS hv interfacial

°C

relaxation times (in seconds) as O
a function of temperature 25 ~ 116.70
45 ~ 71.90
60 51.76

for surfaces) (Table 10). This result suggests that chain
motion at the interface between PIB and PDMS is different
compared to PDMS and PIB surfaces.

The apparent activation energy varies slightly with
increasing source and receiving phase viscosities. Know-
ing that the relaxation time of the PIB hv/PDMS hv system
was obtained at 60 °C and assuming that the activation
energy is very close to the other systems, the relaxation
times at 25 and 45 °C can be determined by extrapolation.
Table 11 shows an estimation of these relaxation times.

Fig. 17 Sequence of images
of capillary breakup for a PIB
filament

Capillary breakup extensional rheometry (CaBER)

There are two ways to extract the evolution of the filament
diameter. The first way is by using the recording movie
(Fig. 17) of the filament thinning until the breakup—in
other words, by using image software to post-analyse the
saved pictures in order to extract D(?).

The second way is to use the laser micrometre to meas-
ure the diameter of a filament during the experiment. This
latter method was used here to extract D(7).

Figure 18 shows the evolution of the stretched fila-
ment diameter as a function of time for PIB and PDMS at
25 °C. The diameter of the filament decreases during the
experiment time. The raw diameter data were fitted using
Eq. (26) to determine the elongational relaxation time of
PIB and PDMS (Figs. 19 and 20).

It should be noted that the fit of the data did not include
the initial data just after the initial step-stretch; this evolu-
tion of the diameter near =0 is dependent on the initial
elongation rate. Miller et al. (2009) demonstrated that
most of the CaBER experiments were conducted on sur-
factant wormlike micelle solutions and immiscible poly-
mer blends, to obtain a relaxation time that is insensitive
to step-stretch conditions.

0s 3s 58 6s 7s
Fig. 18 Evolution of the a) b)
stretched filament diameter as a 10! e 100
. . - P ’ y
function of time, for PIB (a) and o P n‘“' : gg::: o
A myv
PDMS (b) at 25 °C A PIBhv | 4 PDMShv
10° 4
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a u a
L]
L~ 102 4
1024 ®
A
@
:: :
5
10° 44 T T T T T T T T 10° T
0 5 10 15 20 25 30 35 40 0 5

Time (s)

@ Springer

Time (s)



Rheologica Acta (2022) 61:613-636

631

Fig. 19 Fitting of the varia- i B
tion of the filament diameter

as a function of time of PIB at

25°C.aPIBlv. b PIB mv. ¢

PIB hv

b)
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As mentioned in Fig. 19, there is no data about the
PDMS hv. For this model fluid, we failed to form a fila-
ment and to study the evolution of its diameter. The fila-
ment broke immediately after applying the initial constant

step-stretch. This might be explained by the distribution of
the molar weight that could be bimodal. It can be related to
the presence of a narrow peak for the long macromolecules
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and a wide one for the short macromolecules. Molar mass
measurements are in progress to validate these postulates.

Table 12 summarises the variation of the elongational
relaxation times with the temperature for all the bulk viscosi-
ties of the coexisting phases. We can clearly observe that
the elongational relaxation times for both PIB and PDMS
increase with the molar weight of the bulk and decrease with
temperature. For low viscosity fluids and at high tempera-
tures (PDMS 1v and PIB 1v), the breakup of the filament is
instantaneous, and the saved data are minimal (only three
or four points): the data are not enough for the fit to be car-
ried out.

Wagner et al. (2018) suspected in the case of highly
entangled PS melts that premature breakage of the filament
during the stretching step could happen when the elonga-
tion rate € is significantly larger than the inverse of the
Rouse stretch time ‘7’ of the polymer chain, i.e. an exten-
sion process time scale much faster than ‘z;’. Feng et al.
(2019) demonstrated the same finding using polyisoprene
(PI) melts with various weight average molecular weights
(Mw). They found that in the presence of high molar mass
polyisoprene melts (Mw > 430 K), high extension rates make
the filament break quickly compared to PIs with low Mw.
The authors suggested that chain scission due to finite exten-
sibility effects is the cause of the filament rupture. However,
elucidation of this phenomenon still represents a challenge,
and there is currently no consensus for the description of
the underlying physics in such melt polymer systems (Wang
2019) .

It is worth pointing out that in CaBER experiments, the
normal stress (viscous force effect) happens simultaneously
with the capillary forces in the visco-capillary thinning

domain. Nonetheless, in all our measurements with CaBER,
the relaxation times have been extracted in the elasto-capil-
lary thinning region where the viscous effect is insignificant
(Anna and McKinley 2001). Therefore, the calculated elon-
gational relaxation times are mainly related to the capillary
stress effect in analogy with tensiometry experiments. From
Fig. 21, one can see that the extensional relaxation times
obtained from CaBER measurements are very close to the
dilational relaxation times obtained with the ‘pulse’ method
(several seconds in both cases depending on the viscosity
and molecular weight of the polymer). It might be probable
that the preferential migration of short chains into the bulk
during thinning manifests itself in the same way for the poly-
mer filament as in the rising or pendant drop.

This is not the case when compared to relaxation meas-
urements carried out with other techniques. Recently, Rah-
man et al. (2019), using a Wilhelmy plate force tensiometer,
measured the variation of the bulk relaxation time of differ-
ent liquids with viscosities ranging from 1 mPa.s to 1 Pa.s.
The relaxation time was defined as the time to attain the
equilibrium of the surface tension y during its decay. The lat-
ter was measured with the help of a force sensor connected
to the vertical Wilhelmy plate. Interestingly, they found a
power law dependency between the viscosity and the relaxa-
tion time. Highly viscous fluids take much more time to
attain the equilibrium compared to low viscosity liquids.
However, it should be noted that the dilatational interfacial
relaxation times measured by the pulse relaxation technique
of the present work are much shorter than the bulk relaxation
times obtained by the Wilhelmy plate force tensiometer. For
example, Rahman et al. showed a relaxation time of 54 s in
the case of the liquid with 1 Pa.s, while in our case PDMS

Table 12 Variation of the

on i T (°C) PDMS Iv PDMS mv PDMS hv PIB Iv PIB mv PIB hv
surface relaxation times (in
seconds) as a function of 25 0.290+0.03 2204010 — 0.1840.01  0.52+0.090  6.94+1.70
temperature 45 0.160+0.02 1544002  — 0.09+0.02  028+0.006  236+025
60 —_ 0.65+0.01 _ —_— 0.13+0.005 1.96+0.03
Fig. 21 Elongational relaxation 8 2
times measured by the pulse A
method and CaBER technique 10' 4 .
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.? 10° 4 s
g i —
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or PIB with 2.8 Pa.s gave a dilatational interfacial relaxation
time of 0.3 s or 0.2 s, respectively.

We note that at a specific temperature and due to the dif-
ference in their average molecular weights, the characteristic
elongational relaxation time of PIB lv is lower than that of
PDMS lv, although they have the same melt viscosity since
MwPIB < MwPDMS. The same trend was observed when
comparing PDMS mv and PIB mv, or PDMS hv with PIB hv.

Recently, several authors (Sachsenheimer et al. 2012;
Zell et al. 2010; Rodd et al. 2005) have tried to study the
extensional behaviour using CaBER of PEO solutions (in
solvents) with varying molecular weights in combination
with time-dependent surface tension measurements. In all
cases, they found that the surface tension decreases with
time after a new, fresh interface is created. They explained
that with time, polymer from the bulk diffused and adsorbed
to the interface and reduced the surface tension. Their data
showed that the higher molecular weight PEO took a longer
time to approach equilibrium than the more mobile poly-
mers. On the other hand, it was ascertained that the values
of extensional relaxation times extracted from CaBER meas-
urements for the PEO solutions are seen to increase with
molecular weight, in qualitative agreement with data from
the dynamic surface tension (DST). However, the authors
argued that DST alone cannot explain the difference in the
shape of the curves in the capillary thinning process of
CaBER experiments.

The evolution of the apparent elongational viscosity as
a function of time for the model fluids at 25 °C is also car-
ried out and depicted in Fig. 22. The elongational viscosity
passed through a transient stage before reaching a steady
terminal regime. Using the latter, a Trouton ratio (Tr) of
around 3 was found for the PDMS and PIB melted polymers,
which confirms the reliability of measurements obtained
with CaBER.

Fig.22 Evolution of the appar- a)
ent elongational viscosity as a 10°
function of time, for PIB (a) and
PDMS (b) at 25 °C

L]
'
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Surface shear rheology

In the interfacial shear measurements, the corrected surface
shear viscosities were determined for low Boussinesq values
(By< 1) to reach true surface viscosity values. In this work,
the calculated Boussinesq numbers were in the range of 0.2
to 0.6.

Zero-shear surface viscosities of air/PIB and air/PDMS
are summarised in Table 13.

All the surfaces were Newtonian at the studied shear rate.
Moreover, the surface viscosity of air/PIB and air/PDMS
increased with the viscosity of the sub-phases.

Velandia et al. (2021) found the same tendency when they
studied the link between interfacial and bulk viscoelastic-
ity in reverse Pickering emulsions. For both bulk and inter-
faces, they demonstrate, using the Double Wall Ring (DWR)
[2], that elastic modulus increases with the silica content,
according to a power law dependency.

We also compared the zero-shear surface viscosities
obtained by interfacial shear rheology with the elongational
relaxation times acquired by the pulse relaxation test. Fig-
ure 23 shows the variation of the relaxation times with the
zero-shear surface viscosities of air/PIB and air/PDMS.

One can show that zero-shear surface viscosities of the
studied surfaces increase with the elongational relaxation

Table 13 Zero-shear surface viscosities of air/PIB and air/PDMS as a
function of temperature

Surface viscosity (Pa.s.m)

Apparent elongational viscosity (Pa.s)

I'ime (s)

Surfaces/temperature 25 °C 45 °C 60 °C
Air/PIB Iv 2.3.1073 8.6.107* 7.8.107*
Air/PIB mv 2.4.1072 9.9.1073 7.7.1073
Air/PIB hv 2.0.107! 1.7.107! 1.2.107
Air/PDMS lv 8.6.107* 6.6.107* 48.10™
Air/PDMS mv 9.8.1073 3.5.1072 3.2.1072
Air/PDMS hv 8.8.1072 5.7.107! 3.9.107!
b)
10° 5
E 10*
~895 Pa.s 2 -
—_-E_ =88 Pas
~82 Pas ::_i 10% o e ——— g P
2t <8 Pas
* PIBlv g_: 10° o
+ PIB mv * « PDMS
PIB hv " PDMS mv
- 10 T
10 01 1

Time (s)

@ Springer



634

Rheologica Acta (2022) 61:613-636

Fig. 23 Evolution of the relaxa- 10°- a)
tion times with the zero-shear

surface viscosities of air/PIB (a)
and air/PDMS (b) systems

Shear surface viscosity (Pa.s.m)

b)

Shear surface viscosity (Pa.s.m)

T

0,1

Elongational relaxation time (s)

time. Furthermore, since this tendency follows a power law
dependency, we suspect the existence of a direct relationship
between the interfacial shear and elongational properties in
our air/PIB and air/PDMS systems, described generally
by an interfacial or surface Trouton ratio. Verwijlen et al.
(2012) defined the interfacial Trouton ratio Tr,. Similarly to
bulk fluids, Tr, is defined as the ratio between the surface
dilational 7, and the surface shear viscosity 7,
Haq

Tr, 0 (32)

In our published article (EI Omari et al. 2021), we have
shown a linear correlation between the bulk viscosity and
the surface viscosity in the case of free surfaces of PDMS
and PIB, i.e. air/PIB and air/PDMS. A similar power law
tendency between the viscosity and relaxation time has been
noticed by other authors (Rahman et al. 2019; Zell et al.
2010). These observations require further study with the use
of viscoelastic interfaces allowing reliable interfacial dila-
tional viscosity measurements and will be the subject of an
article in the near future.

Conclusions

In the present work, the rising oscillating drop method has
been used to probe the dilational rheological properties of
PDMS/PIB interfaces. The effects of molecular weight and
temperature have been taken into account. To prevent inertial
and capillary effects, a number of material and experimental
precautions were carefully respected. During the static and
dynamic experiments, the creation of an interphase was evi-
denced in the case of coexisting phases with a high molecular
weight. Then, the characteristic dilational relaxation times of
the studied surfaces and interfaces were extracted using the

@ Springer
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new pulse relaxation method. The empirical Kohlrausch for-
mula was used to fit experimental data showing the evolution
of surface or interfacial tension with time, and the Arrhe-
nius law was applied to validate the temperature dependency
of the relaxation time. It was observed that the surface and
interfacial relaxation times increased with the melt viscos-
ity of the polymer and decreased with temperature. For the
PDMS/PIB interfaces probed at high temperatures, however,
the oscillating drop/bubble method and the relaxation test did
not provide exploitable experimental data due to the presence
of high Weber and capillary numbers caused by the signifi-
cant viscosity differences of the coexisting phases. Capillary
breakup extensional rheometry (CaBER) was used to probe
the elongational rheological properties of model fluids. Thanks
to the fit of D(¢), elongational relaxation times were deter-
mined. The latter were comparable to the characteristic dila-
tional times obtained with the pulse relaxation method. Finally,
the possibility of a Troutonian correlation between shear and
dilational surface rheology was discussed, and a direct link
between zero-shear surface viscosities and relaxation elonga-
tional times was highlighted.

The original method developed in this study could be
applied to a wide range of polymer melts and fluids and to
even more complex polymeric systems.
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