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Abstract

At the millimeter scale and above, liquids and viscoelastic liquids are character-
ized by an absence of shear elasticity at low frequency (~Hz) in contrast to solids
or plastic fluids that need to exceed a stress threshold to flow. Below the
millimeter scale, the dynamic response exhibits viscoelastic moduli much higher
than those measured at larger scale and reveals that fluids possess finite shear
elasticity at low frequency. The low-frequency shear elasticity is identified on
unentangled and entangled polymers away from the glass transition, molecular
glass formers, alkanes, and H-bond liquids, from several tenths to hundredths of
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millimeter scales. It indicates that liquid molecules are long-range elastically corre-
lated Consequently the thermal and density fluctuations are also elastically corre-
lated, highlighting on the liquid state new mechanisms to consider to understand the
microfluidic scale. How to conciliate the low frequency shear elasticity and visco-
elasticity theory when the scale goes down to the submillimeter scale? The polymer
viscoelasticity theory is founded on the predominance of the molecular dynamics
(major intrachain contribution). In contrast, the dynamics of simple liquids is
governed by intermolecular forces. How to conciliate intra- versus intermolecular
interactions when the polymer weight decreases down to simple liquids whose
dynamics are governed by intramolecular interactions? What are the underlying
assumptions and their limitations? This entry traces a brief history of the foundations
of the viscoelasticity theory, its empirical origin, and presents new developments
revealing that the conventional viscoelastic and viscous behaviors might be the
asymptotic part of a much broader dynamic response of the liquid state.

Keywords
Microfluidic - Unentangled and entangled polymer melts - Molecular liquids -
Physiologic fluids - Low frequency - Solid-like properties

Definition

Dynamic mechanical relaxation aims at probing the response of a fluid to a mechan-
ical stress by transmitting a shear stress via fluid/substrate contact in conditions as
close as possible to the equilibrium (linear conditions). The characteristic dynamic
variables are the viscoelastic moduli (shear elastic and viscous moduli). The
dynamic profile is built by varying the frequency in a range typically between
1072 and 10° Hz. Dynamic relaxation probes the very low-frequency properties,
while the majority of dynamic analysis techniques accesses MHz and GHz frequen-
cies (NMR, inelastic scattering, Raman, Brillouin scattering, etc.).

The reliability of the dynamic relaxation measurement is entirely dependent on
the quality of the transmission of the stress via the sample via the fluid/substrate
interfacial forces (Fig. 1). This is the weak point of the technique. This entry shows
that the protocol of dynamic relaxation is improvable by optimizing the interaction
conditions between the sample and the substrate. Better measurement performances
are obtained in rheometry leading to the demonstration of elastic properties in the
liquid state previously neglected.

Introduction

Progresses in the dynamic characterization of fluids, polymer melts, or solutions are
essential given their implementation and the importance of their use in optimal
conditions. Among the three states of matter, the liquid state is certainly the most
poorly known, hardly modelled, and predictable. Rheology with the emergence of
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Fig. 1 The shear elastic (G’) modulus of polymer melts exhibits finite shear elastic response at low
frequency at the submillimeter scale. Left figure: dynamic response of a polybutylacrylate
(Mw = 47,000 Da) at room temperature, i.e., at 90 °C above the glass transition (7, = —65 °C)
measured at 0.025 mm using wetting substrate (alumina). The right figure shows that the output
stress wave (blue sin wave) is superposed to the input strain wave (red sin wave)

commercial equipment has quickly emerged as the discipline of characterization of
the fluidic state and of deformable materials at a macroscopic scale (Ferry 1981). Its
principle consists in the analysis of the response transmitted by the material sub-
jected to a dynamic mechanical shear stress. The shear stress being transferred to the
sample by the simple contact to the substrate the technique is entirely dependent on
the energy of interaction between the material and the substrate. However, very few
studies have been aimed at analyzing the influence of the impact of the interaction
between the support (substrate) and the sample on the rheological behavior. Despite
the early works of Young-Dupré (Young 1805), it has long been regarded that the
interaction between a liquid and a surface has no effect on the measurement, as it
seems obvious that a liquid wets any surface and that the obtaining of reproducible
results validate these assumptions.

The emergence of new disciplines combining different techniques as micro-
rheology (Goyon et al. 2008), microtribology, dielectric relaxation (Pronin et al.
2011), NMR (Tracht et al. 1998a, b), X-ray photon correlation spectroscopy
(Chushkin et al. 2008; Conrad et al. 2015), SANS measurement (Watanabe et al.
2007; Noirez 2009b; Korolkovas et al. 2019), and particle tracking velocimetry
(Noirez et al. 2009b; Mansard et al. 2014), but also critical reviews of flow of molten
polymers (Hatzikiriakos 2012), highlights dynamic heterogeneities and relaxation
modes in fluids much lower than the terminal defined by the viscoelastic model. The
impossibility of describing the fluid as a continuum from macroscopic to the
molecular level invites to revisit the assumption of molecular relaxation times as a
relevant parameter to describe flow mechanisms. This entry reminds briefly the
premises of the viscoelastic approach in polymer dynamics and the assumptions
and the difficulties inherent in an empirical approach linked to a mechanical mea-
surement and describes an alternative strategy taking into account microtribology,
adhesion, and wetting parameters to improve the quality of the rheology measure-
ment. These developments point out that fluids contain “static” (low-frequency)
shear elasticity away from phase transition temperature and at a macroscopic length
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scale (Fig. 1). These solid-like properties usually neglected in the fluidic state open
the routes to new theoretical and experimental developments based on collective
dynamics. Examples of spectacular low-frequency mechano-responsive effects due
to the static elasticity are shortly presented including both simple liquids and the
fluidics of physiologic liquids.

Empirical Origins of the Viscoelastic Approach in Polymer
Dynamics and Limitations

Polymer science and technology have made considerable increasing proportions in the
twentieth century. Characterizing mechanical properties of polymers raised new
challenges since the question of viscous-like or solid-like property appears to be
relative to the patience of the observer. The foundations of a systematic study versus
time, i.e., versus frequency, were laid. The principle of a systematic time-dependent
measurement relating the strain to the stress was achieved by Weissenberg and
coworkers (Weissenberg 1948) designing the future rheometer. The commercialization
of instruments for rheology has accelerated the promotion of the technique that rapidly
became the method to expertise the dynamic properties of viscoelastic fluids. The
frequency dependence of experimental curves served as the basis for theoretical
approaches for polymer physics (Doi and Edwards 1978; Ferry 1961; de Gennes
1971) on the basis of the earlier Rouse model (Rouse 1953) linking the perturbation of
chain configurations upon shear stress to the viscoelastic response of noninteracting
polymer chains in dilute solutions. The concept of a direct link between the rheological
viscoelastic properties and the molecular structure was established (Fig. 2).

Polymer viscoelasticity theory is thus essentially based on a single-chain picture
where the frequency dependence of the viscoelastic response is supposed to repro-
duce the intrachain configuration relaxation under shear stress, i.e., the single-chain
dynamics. This fundamental assumption implies correlatively that the interchain

Fig. 2 The Rouse model
proposes that the viscoelastic
spectrum is produced by the
distribution of configurations
of noninteracting polymer
chains in a dilute solution
(Rouse 1953)
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interactions are negligible. In the frame of the Rouse model, the chains are suffi-
ciently diluted in solution to not interact from each other. The solvent contribution is
treated as an independent parameter uncoupled to the chain contribution, while it is
the necessary vector of transfer of the stress from and to the substrate.

The chain is seen as a succession of freely joined elastic springs. Each spring
represents a group of monomers (blob) unperturbed by others (Gaussian statistics).
In this frame, the generalized Maxwell model can be applied, and the viscoelastic
curve is assimilated to it:

Z wZ 1'2

G = nkT —r
(@) =n ;lJra)z.T]%

v z  w
G'(w) = w.ng +n.kT szl T+ 2.2

where G'(w) and G"(w) are the shear elastic modulus and the viscous modulus,
respectively, #, is the solvent viscosity, 7, is the relaxation time of the group p, Z is
the number of springs, n is the number of chain per volume unit, and 7 is the
temperature. At low frequency, G' scales as w’ with a zero-frequency limit
corresponding to the absence of shear elastic component. The zero-frequency limit
of the viscous part gives also rise to a collapse (G” =2 0). The viscoelastic model for
fluids predicts neither shear elasticity nor viscous modulus at the zero-frequency
limit (Fig. 3).The Rouse model for diluted solutions is no more valid at high
frequencies because the w-scaling of the solvent contribution of the viscous term
is limitless that challenges the solid-like response function that every fluid does reach
at sufficiently high frequencies (Scarponi et al. 2004; Hansen et al. 2013; Hasegawa
et al. 2016). Therefore the Rouse model can only account for a low-frequency branch
of the response.

Maxwell model 1

G'

Frequency (o)

Fig. 3 Polymer melts, concentrated to diluted polymer solutions (conventional measurements),
exhibit similar dynamic relaxation spectra which are supposed to be linked to different chain
configurations upon applying shear stress (single-chain dynamics model). The low-frequency behavior
is characterized by G”(w) and G'(w) fitting with w and w* scaling, respectively (Maxwell model)
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The distinction between a viscoelastic liquid and viscoelastic solid is introduced
by adding a finite term G, independent of the frequency, to the shear modulus so that
it does not vanish at low frequency but keeps an invariant shear elastic value (Ferry
1981):

Z a)Z 1.2

G(w)=nkT Y —L 4+ G.(T
() =n ;sz.rf (T)

G, expresses infinite relaxation times.

From an experimental point of view, the distinction between viscoelastic fluids
and solids remains relative since the measuring devices benefit from constant
instrumental improvements both in terms of frequency range and of sensitivity.
Weak shear elastic moduli that could not be hitherto detected might be now detected
and identified. Moreover, it has been demonstrated that the noise inherent to this type
of measurement is a source of failure that does not enable to guaranty the uniqueness
of the solutions of the generalized Maxwell model (Jalocha et al. 2015).

Finally, while the representation of the mechanical behavior of (viscoelastic) fluids
using the generalized Maxwell model is simple, the vanishing of G’ and G” at zero-
frequency limit is debated. It challenges the liquid dynamic description that takes into
account the weak force of intermolecular interactions that determine the cohesion
energy (Lugorski Karle et al. 1944). The cohesive state of the liquid results from the
interacting nature of its constituting molecules. Van der Waals, hydrogen-bonding, and
polar interactions govern the forces of the boundary interactions. Each particle is
submitted to its activation energy. The particle motion becomes allowed when the
friction forces transfer an impulsion that overcomes the mobility energy of the
molecules. In other words, the fluid is supposed to resist to the flow, before flowing.
The energy threshold is nonzero (Ediger et al. 1996) and hardly compatible with a
description in terms of an absence of both viscous and elastic quiescent properties
when the frequency lowers to zero. We present here some experiments that point out
the existence of nonzero shear elasticity at low frequency at the submillimeter
thickness. This “static” elasticity does not preclude conventional viscoelasticity but
relocates it in a wider spectrum depending on the sample dimensions.

Hidden Experimental Difficulties Inherent to a Viscoelastic
Measurement and to the Determination of a Viscoelastic Time

Rheological measurements are generally carried out applying a small amplitude
oscillatory motion to keep the sample as close as possible to equilibrium conditions
(in agreement with the causality-linearity principles). The fluid is placed in contact
with and between two surfaces (generally disk-like fixtures in rotation symmetry),
one oscillating, the other one fixed measuring the shear stress transmitted by the
sample via a sensor (Fig. 4). From the difference between the input and the output
signals, two parameters are extracted in terms of frequency-dependent shear moduli
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Fig. 4 (a) Scheme of the experimental setup. The sample is placed between two surfaces. The
shear strain is transmitted to the sample via molecular contacts with the lower surface which is
animated by an oscillatory motion of given frequency w and amplitude y,. The shear stress is
communicated along the sample thickness and is transferred via molecular contacts to the second
surface coupled to a force (here a torque) sensor (real imposed strain geometry). (b) Simplified
scheme of the transmission chain of the information in dynamic relaxation (in imposed strain
geometry): the transmission of the shear strain to the sample and the transmission of the shear stress
strain of the sample to the sensor are entirely tributary of the interaction forces between the liquid
and the surface onto which it is deposited. This transmission chain can be formalized as follows:
Q is the imposed shear torque.

Q'is the shear torque transmitted to the sample.

Q'= Q — losses from the surface to the sample (slip).

Q' is the shear torque received at the sensor.

Q" = F(Q') — losses of the sample at the surface where F is the transfer function by the sample.

where the shear elastic modulus G'(w) and the viscous modulus G”(w) are the
inphase and out of phase components, respectively.

This stress response is interpreted as the Fourier transform of the stress relaxation
function G(r) of the quiescent state: G'(w)=w [,° G(¢) sinwt.dt, G"(w)=w [;° G(1)
coswt.dt. Under linear strain-stress conditions, the shear stress response does
reproduce the applied strain wave; i.e. it is a simple harmonic function of the applied
wave. G’ > G” indicates a solid-like behavior, while G’ > G’ indicates a viscous or
flow behavior. Liquids and viscoelastic liquids are characterized by a flow behavior
at low frequency, typically within 0.1-10* Hz.

The surface interactions have a key role for the validity of the stress measurement.

In a conventional measurement (millimeter thickness sample probed using alumi-
num, stainless steel, or glass substrates), the dynamic relaxation spectrum of polymers
in the molten state exhibits, versus frequency, the typical Maxwell viscoelastic
response (Ferry 1961). At low frequencies, the response is depicted by a w-scaling
decrease of the viscous modulus (G”) and a w*-scaling of the elastic modulus (G). G/
being negligible compared to the viscous modulus (Fig. 5a bottom), the flow behavior
thus describes the frequency part where the viscous component becomes important.
The interception of the two curves defines the terminal time 7, i.e., the largest time
before the material enters in a flow regime. This characteristic time is interpreted as the
longest molecular relaxation time (Rouse model).
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Fig. 5 (a) The upper figure schemes the viscosity n and the shear stress ¢ versus shear rate (flow
curve). The rheofluidification zone (plateau) is interpreted by a shear-induced alignment of the
chains. The bottom scheme shows the correspondence between the viscoelastic behavior and the
flow curve with the interception of @ and ? scales of the viscoelastic curve defining the viscoelastic
terminal time. (b) Conventional dynamic relaxation measurement of the macroscopic terminal
behavior of the polybutadiene (PBD1,4). The reptation time is Tyerax = 0.7 x 107> s at 26 °C
(cone-plate aluminum fixtures ARES rheometer). (¢) Photograph of the PBD melt filling the
Couette cylinder (gap thickness: 0.1 mm) and indicating that it is strongly shear stressed at
500 s ! (shear-thinning regime). (d) Evolution of the radius of gyration of the PBD1,4 along the
velocity (Rv) and the neutral axis (Rz) versus shear rate. The insets show the 2D neutron scattering
patterns recorded at 30 s~ and 770 s~ (respectively, below and above the conventional terminal
relaxation time) showing unchanged isotropic form factor of the polymer chain (Reprinted with
permission from Noirez et al. 2009a)

However, the apparent generic adequacy of the viscoelastic measurements to the
Maxwell model should not hide the experimental divergences about the terminal
time 7, Over large time scale relaxations (Boué et al. 1987; Wang 2006),
unexplainable spectacular flow instabilities (spurt effect, “shark-skin” instability,
shear-induced transitions) (Graham 1999; Pujolle-Robic and Noirez 2001), hetero-
geneous flows, and slippage at the boundaries (Mansard et al. 2014; Metivier et al.
2012) continue to feed a debate about the pertinence of the viscoelastic relaxation
times to describe molecular dynamics over decades (Rault 1987; Litinov et al. 2013).
The absence of chain deformation under steady-state shear flow in polymer melts at
shear rates exceeding the inverse of the viscoelastic time (Watanabe et al. 2007,
Noirez et al. 2009b — the photograph of Fig. 5 snapshotted at shear rates much larger
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than the inverse of the relaxation time shows optically a shear-thinning effect while
there is no chain deformation) questions the entanglement/disentanglement concept.

These observations point out the shortcomings of the macroscopic description in
terms of molecular relaxation times while other works highlight nonlinear effects or
highlight collective behavior and multiple intermolecular interactions.

The recent consideration of the boundary conditions between surface and fluid
interactions in rheology measurements has proven that the viscoelastic response is
not universal but strongly influenced by the wetting or the anchoring conditions
(Mendil 2006; Noirez, Baroni 2010). A totally different response, stronger and
exhibiting a solid-like response, is obtained using total wetting conditions. The
boundary conditions thus govern the efficiency of the transmission of the stress to
the sample and play a major role in the quality of the measurements. It will be
demonstrated that the optimization of the interaction between the surface and the
material extends the dynamic relaxation spectrum and that the Maxwell viscoelastic
response is actually only a part of a wider dynamic response.

Optimizing the Stress Transmission in Viscoelastic Measurements
and Scanning the Submillimeter Scale Response

Up-to-date progresses in rheology instrumentation allow the access to the measure-
ment of the shear modulus with a high precision over six decades of magnitude.
These improvements have considerably widened the frequency window and the
access to very low stress moduli. Therefore, the detection of properties that would
not been considered at the time of the first concepts of the viscoelasticity become
accessible.

These technical improvements can be conjugated to an optimization of the
stress transmission by working on interfacial fluid/solid boundary conditions.
The surface parameter is rarely taken into account. However, the validity of a
dynamic relaxation experiment is entirely depending on the efficiency of the stress
transmission which is ensured by the molecular contact forces between the sample
and the surfaces. Because of symmetry reasons, interfacial energy differs from the
3D properties. The ideal boundary conditions correspond to lower the energy gap
between two different media; i.e., the surface energy has to be as high as possible.
A good criterion is the observation of a total wetting of the fluid onto the substrate
(de Gennes et al. 2005 — Fig. 6b). The total wetting maximizes the molecular
interactions to the surface. By filling voids, roughness, and asperities, it prevents
the slippage.

The discipline of rheology has grown ignoring the fluid/substrate boundary
conditions on the dynamic measurement, treating in an equal way, wetting or
non-wetting, hydrophilic or hydrophobic surfaces. Rheology supposes that the
fluid wets adequately the metallic surfaces of the fixtures (generally made of
aluminum or stainless steel). However, the determination of the contact angle
shows that metallic substrates do not guaranty an optimal wetting (Fig. 6b, c).
As a consequence of partial wetting conditions, the interfacial forces are reduced to



10 L. Noirez

a Medium surface energy: b Very high surface energy:
metal, glasses, PVC Functionalized surfaces, some
metal oxides

Y PN (XXXXXXXX’
Lt 4+ 1+ 141 4441010111

Partial wetting Total wetting

7010 tact angle O(°)
ontact angle ©(°
60 g

50 .
40

30 i m
20 wcﬂ"ﬂ-.a..i
10 o % @y, .
o . . N

0 20 40 60 80
time (min)

v

Fig. 6 The wide majority of substrates (aluminum, stainless steel, glasses) exhibits partial wetting
conditions. Only few fluid/substrate pairs fulfill the total wetting conditions. These conditions
depend on the nature of both the fluid and the substrate. (a) The partial wetting is characterized
by a finite Young contact angle and an incomplete wetting of the surface asperities (bottom
profilometry scheme). (b) The zero-contact (macroscopic) angle of the total wetting ensures a
complete wetting of the surface asperities (bottom profilometry scheme). (¢) The contact angle is the
angle where a liquid/air interface meets a solid surface. It quantifies the wettability of a solid surface

L . . . . . a*y(1—cosf)
by a liquid and the slippage tendency using the Tolstoi’s relationship b ~ exp (%) -1

where b is the slip length, 6 a molecular constant, and y the surface tension (Tolstoi 1952). The
evolution of the contact angle versus time shows that the alumina substrate (red points: ®) provides a
total wetting (0 = 0), while the angle reaches a stationary value of 20° (partial wetting) for
aluminum (@), glass (O), and stainless steel ().

molecules remaining in contact with the substrate, and the stress is not fully
transmitted to the sample.

Using the total wetting boundary conditions (alumina surfaces) and a conven-
tional rheometer (Mendil et al. 2006; Baroni et al. 2005, 2010; Wang et al. 2007), a
low-frequency solid-like response emerges at the submillimeter scale in a series of
polymer melts (Fig. 7). This observation was carried out on several ordinary
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polymers (polyacrylates, polymethacrylates, polybutadienes, etc.) tested from
smaller to higher molecular weights (unentangled and entangled) up to high
macroscopic scales (up to 0.5 mm gap thickness) and at about 100 °C away from
the glass transition and is in agreement with piezorheometer measurements carried
at lower thicknesses (Derjaguin 1983; Derjaguin et al. 1989; Badmaev et al. 1983;
Collin 2002).

From Surface-Induced Solidification to the Identification
of the Submillimeter Shear Elasticity

Low-frequency elastic behaviors have been reported at several occasions. Since
1991, Granick and coworkers (Hu et al. 1991; Demirel and Granick 2001; Zhu and
Granick 2004) measured, at the molecular scale or a multiple of that, a solid-like
component at nanoscales by SFA (Surface Force Apparatus) using mica surfaces.
Close to a surface, these results were generally interpreted as resulting from
surface-induced effects. The disappearance of the solid-like response at larger
thicknesses is usually interpreted by a transition from surface to bulk properties.
However the Mica (muscovite) surface does not provide strong liquid-substrate
interactions (partial wetting) with organic fluids. Such boundary conditions are
similar to those for conventional viscoelastic measurements. The very first analysis
in terms of physical property is due to Derjaguin (Badmaev et al. 1983; Derjaguin
et al. 1989) revealing in different fluids including polymers and liquid water, an
elastic response at the micron scale that is interpreted as an intrinsic property
generated by intermolecular interactions. At a larger scale, Collin et al. reported,
using treated glass surfaces and small strains delivered by a piezorheometer, on a
gel-like response up to 50 pm thicknesses in low molecular weight polystyrene
melts that was interpreted as a reminiscence of the glass transition, i.e., clusters of
finite size (Collin and Martinoty 2002). Since 2006 the use of optimized fluid/
substrate wetting conditions has facilitated the measurement of the low shear
elasticity, generalizing its identification to ordinary liquids and confirming the
probable origin due to intermolecular forces. The wetting protocol opens an easier
access to the solid-like response usually hidden in conventional measurements of
viscoelastic fluids.

Figure 8 illustrates the response obtained using full wetting conditions for an
H-bond oligomer poly(propylene glycol) (PPG4000) at room temperature. The flow
behavior obtained conventionally on metallic substrate is here replaced by an elastic
response (G’ and G” nearly independent of the frequency and with G'> > G”). The
signal analysis indicates that the shear stress wave is superposed to the strain wave,
confirming the instant transmission of the stress characterizing a solid-like behavior.
This result is coherent with the conclusions in terms of elastic contribution carried
out on the same liquid on the basis of the dynamic of the capillary waves (Chushkin
et al. 2008).
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Fig. 8 (a)Frequency dependence of the elastic G'(w):® and viscous moduli G”(w): [J, measured for
a glass former liquid (poly(propylene glycol) — PPG4000, MW = 4000 Da, T, = —75 °C) at
T =+5 °C (0.075 mm gap thickness — alumina plate-plate fixtures). (b) Superposition of the strain
(green points) and the stress (red points) waves highlighting the instant response of the liquid

Generalization of the Submillimeter Shear Elasticity to Fluids
and Liquids

The low-frequency shear elastic regime is observed away from the glass transition
(above a hundred degrees), on typically 0.025-0.500 mm sample thicknesses,
thus in a liquid state where G, is supposed to be zero. Using improved liquid/
substrate boundary conditions (i.e. high energy surfaces like the alumina to
provide total wetting), the observation of a terminal elastic response has been
also reported in glass formers (PPG-4000; see Fig. 8), o-terphenyl (Noirez et al.
2011), glycerol (Noirez and Baroni 2010), and ordinary alkanes (Noirez et al.
2012)) and even on liquid water. The low frequency shear elasticity cannot be
interpreted by entanglement effects and the vicinity of the glass or of a crystalline
transition but is due to intermolecular interactions ensuring the liquid cohesion.
Being measured at several tenths or hundredths of millimeter and reaching several
thousands Pascals (polymer melts), the low-frequency shear elasticity cannot be
interpreted by a surface-induced solidification. A solid-like response is even
reported up to the millimeter length scale in the isotropic phase of a liquid-
crystalline polymer (Noirez 2005), while the molecular dimensions are less than
100 A. The strong anchoring of the liquid crystal molecules reinforces the
boundary contacts between the fluid and the substrate whereby the stress is
transmitted and facilitates the measurement (Fig. 9). Gallani et al. observed,
using the molecular displacement strain produced by the piezorheometer, an
“abnormal” viscoelastic behavior on tens micron sample thicknesses in the iso-
tropic phase of a liquid-crystalline polymer substrates using a surface treatment
(Gallani et al. 1994; Martinoty et al. 1999).
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Fig. 9 (a) Photograph of the alumina fixtures (surface roughness <1 pm, parallelism <10~> rad
(zero-contact method via normal force and no-light transmission), diameter 40 mm). (b) Shear strain
force (red data points) and normal forces (green data points) are simultaneously measured during the
oscillatory shear strain motion using two multimeters connected to the shear strain and the normal
force transducers (ARES device, ® = 0.1 Hz, y = 5%, e = 0.1 mm, liquid water at room
temperature). (¢) Evolution of the viscoelastic signal with time: the liquid interaction with surface
is progressive (migration of bubbles, interaction with surface). Data points recorded on a polymer
melt at sub-millimeter thickness using alumina surface (total wetting conditions) - P. Kahl, PhD
thesis (https://www.theses.fr/2016LEMA 1002.pdf).

Shear Elasticity and Surface Tension

The access to low-frequency shear elasticity is facilitated by minimizing any process
that alters the stress transmission. Degassed fluids and wetting protocol enable a
better stress transfer from the surface to the sample compared to conventional
measurements. It is however important to point out that the increased moduli values
are not due to interfacial surface tension (Johnston et al. 2013). The surface tension
(peripheral (air/fluid) or surface (fluid/substrate)) is supposed to not change during
the oscillatory motion. These conditions are fulfilled when the sample volume is kept
constant during the shear measurement [complete and homogeneous (without bub-
bles) filling of the gap, rigorous parallelism of the surfaces, and close equilibrium
conditions (low strain amplitudes)]. The simultanecous measurement of the normal
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force is a direct access to the volume variation (or displacement) during the oscil-
latory stress measurement and therefore is directly related to surface tension. Figure 9
illustrates the values of the normal force and of the shear stress measured simulta-
neously and displayed on the same scale. No variation of the normal force is
observed during the measurement, while the sinusoidal waves corresponding to
the shear stress or the shear strain are easily identifiable.

The (linear) low-frequency shear elasticity is accessible upon low displacement
excitation (low strain amplitude regime or low sample thickness) and is prior to the
conventional viscoelastic regime which is obtained at larger strain amplitudes (next
paragraph). A variable waiting time is required prior the terminal elastic behavior
emerges. Close equilibrium conditions are thus much more fulfilled for the
low-frequency elasticity measurement than for the conventional viscoelastic regime
obtained at larger strain amplitudes and even more than in the so-called LAOS (large
amplitude oscillatory strain) regime where interfacial surface tension parameters
might be integrated.

Relationships Between Low-Frequency Shear Elasticity
and Conventional Viscoelasticity

If the shear elasticity of the fluid is observable at submillimeter scale by improving
the wettability of the substrate, it is progressively lost by increasing the strain
amplitude (or by increasing the sample thickness) giving rise in the case of polymer
melts to the conventional flow behavior identical to partial wetting conditions
(Fig. 10). A transition from total to partial wetting conditions is thus achieved by
increasing the strain amplitude. The strain-induced transition can be interpreted as a
selection process with respect to the boundary contacts between the polymer and the
substrate. Fast relaxation time contacts are easily restored and give rise to the
conventional flow behavior, whereas long relaxation (solid-like) contacts bear only
small strains and exhibit the elastic response. The elastic response corresponds to a
primary linear regime. The viscoelastic behavior is thus the nonlinear product of the
first elastic regime.

Similar shear elasticity collapses are observed in other viscoelastic fluids or
liquids as, for example, in the case of the heptadecane (Fig. 11).

The identification of a finite shear elasticity indicates a collective
(intermolecular) response. It rules out an interpretation in terms of single molecular
response solely due to intrachain elasticity modelled by the Maxwell function
(viscoelasticity theory). Low-frequency shear elasticity is the firm demonstration
that intermolecular interactions contribute also to the dynamic response. This
scheme is in agreement with the identification of finite shear elasticity at low
frequency on low molecular liquids as illustrated here in the case of the hepta-
decane (Fig. 12).
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Fig. 10 Scheme gathering the evolution of the shear elasticity (G') versus strain amplitude (the inserts
display the dynamic spectra of the polybutylacrylate PBuA Mw = 47,000 Da, T = 25 °C, 0.060 mm
gap thickness, plate-plate geometry, alumina fixtures) v: (®)0,5%, (>)1%, (¥)2%, (A)3%, (A)5%,
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In this context and considering the major role of the intermolecular interactions
in liquids (Hansen and McDonald 1991; Chandler and Andersen 1972), it is
particularly relevant to consider dynamic approaches taking into account also
interchain non-covalent interactions and not only intrachain interactions. Very
few studies examine the possible contribution of intermolecular chain interactions
in polymer physics. Despite the continuum condition from the unentangled state to
the molecular fluid, the single (noninteracting) chain concept is generally kept to
describe the low molecular weight polymer dynamics (Rouse model). However,
Weiner and Fixman (Gao and Weiner 1991; Fixman 1991) demonstrate by com-
puter simulation that the dominant contribution to the viscoelasticity would be due
to excluded volume interactions, i.e., interchain forces. Their simulation results are
in agreement with NMR experiments (Deloche 1986; Sotta et al. 1987) showing
that a free chain is influenced by an anisotropic chain medium. Other recent
computer simulations still evidence the relevance of considering intermolecular
interactions in unentangled polymer fluids (Guenza 2002a, b). To our knowledge,
the early prediction of long-range elastic correlations in the (generic) liquid state is
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Fig. 11 Shear strain dependence of liquid n-heptadecane at 0.058mm gap thickness including the
low frequency shear elasticity at low strain (a) Transition from solid-like to viscous behavior induced
by increasing the strain amplitude (y,). The data points display the shear (G'(®)) and the viscous (G”
(0)) moduli at 1 rad/s frequency. At low strain amplitudes, a solid-like behavior is observed. The
moduli in the intermediate nonlinear regime are not presented since the signal is not a sinusoidal wave.
At very large strain amplitudes, an apparent viscous behavior is displayed. This right part of the
spectrum (at right from the red right line) corresponds to the conventional viscous behavior (b) From
left to right: input sin wave (l: strain amplitude y(%)) and output shear stress wave (®@: shear stress:
o(a.u.)) corresponding to the liquid response of the n-heptadecane at 24 °C measured at different
imposed strain amplitudes (yo = 2, 10, 1000, and 5000%, e = 0.058 mm). Similar behaviors are
observed with other fluids (polypropylenglycol, water, ionic liquids, etc.). The continuous red line in
the first and the last figures corresponds to a sinusoidal fit. (Reproduced with permission from Noirez
et al. 2012)

due to Volino (1996). Remarkably, the shear elasticity is predicted to be dimension-
dependent, which is in agreement with the observations (Derjaguin 1989; Collin
2002; Mendil et al. 2006).

The solid-like property is usually observable at low thickness and is thus hidden
in conventional mechanical measurements since the conventional measurements
are carried out at thicknesses of Imm or higher (which corrresponds to the
asymptotic branch of the shear elasticity). The sub-millimeter shear elasticity is
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Fig. 12 (a) Snapshots of the isotropic phase of a liquid crystal polymer under low-frequency shear
strain (similar effects are observed for low molecular weight liquid crystals). The different colors are
photographs of the birefringence appearing during the oscillatory motion. (b) Playing with the strain
wave function modulates the transmittance signal (Kahl et al. 2015 and PhD thesis 2016). Link for
the video: https://www.youtube.com/watch?v=0NPjNG6FkTE

however not negligible, reaching several thousands Pascals in polymer melts at
low thicknesses. The consideration of the low-frequency shear elasticity opens the
route to the identification of new behaviors like the mechano-responsive optical
signal in the isotropic phase of liquid crystal polymers (Kahl et al. 2013, 2015)
(Fig. 12), coexisting thermal shear bands and, in particular, the occurrence of
shear-induced cooling in polymer melts under flow and upon applying an oscilla-
tory shear strain (Fig. 13) (Baroni et al. 2013; Noirez et al, 2018). Coexisting
thermal shear bands show that the mechanical energy do not dissipate in the
thermal fluctuations and that the thermodybnamic state can be easily modified
upon applying a low shear rate or a low frequency shear stress. It also demonstrate
that the thermal fluctuations are not simply linked to density fluctuations but also
strongly correlated to the shear elasticity and thus to the ability of changing the
liquid compressibility. The shear-induced cooling has been also observed up the
millimeter scale in liquid water (Fig. 13, Baroni 2013). This is very likely a generic
effect that concerns particularly microfluidic conditions. Biomedicine via the
transport of physiologic liquids is directly concerned. First thermal analysis on
physiologic fluids are very promising proving the coexistence of cold and hot shear
bands in human blood plasma submitted to an oscillatory shear flow mimicking the
human heart rate (Fig. 14, Noirez, Windberger in preparation). These examples
illustrate macroscopic effects induced by the long range intermolecular elastic
correlations and point out the urgent need to propose a new approach integrating
external parameters as the surface boundary conditions and internal parameters as
local compressibility.
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Fig. 13 (a) 2D-thermal imaging recorded in a 2 mm gap produced at a low shear rate (1 s~') by a
low molecular weight polybutadiene contrasts with the expected Newtonian flow and indicates a
nonlinear behavior invisible via other techniques. (Reproduced with permission from Baroni et al.
2013). (b) Vertical section along the velocity gradient showing the temperature profile (shear
induced cooling) at alow shear rate (1s-1).
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Fig. 14 Microthermal cartography of human blood plasma submitted to an oscillatory shear strain
of 10 rad/s which corresponds to the heart rate (gap view, 1.1 mm thickness, 500% strain rate,
alumina fixtures). The moving plate is at the bottom, while the fixed one is at the top. The dotted
sine line is an eye guide to visualize the applied shear strain rate. (Courtesy of L. Noirez and
U. Windberger, Medical University of Vienna, Austria)

Conclusions

This entry is motivated by recent experimental results indicating that a first-linear
elastic regime exists prior in deformation to the conventional viscoelastic or viscous
regime of fluids. The shear elastic regime has been measured at the submillimeter
scale in the molten state of various polymers (non-entangled included) pointing out a
terminal (low-frequency) solid-like response instead of a flow behavior for fre-
quency range between 0.1 and 10 rad/s. The shear elasticity is a change of paradigm
since it means that the flow mechanism is not linked to a molecular process, i.e., to a
relaxation time. As a consequence the zero-frequency shear elasticity that imposes
the Maxwell model has to be revisited. In polymer physics, the existence of a
low-frequency shear elasticity implies that the viscoelastic spectrum cannot be
interpreted as the dynamic signature of a single-chain relaxation but should be
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interpreted as a collective response of the material, thus including the intermolecular
interactions. We believe that taking into account the liquid cohesion may explain
various nonlinear phenomena unpredictable using the conventional single-intrachain
approach. The finite shear elasticity means that the flow is obtained at the price of an
overpassing an elastic threshold. Correlatively the shear viscosity indicates that the
fluid recovers its “static” elasticity after cessation of the constraint. The
low-frequency elasticity may explain unpredictable large time scale relaxations,
flow-induced instabilities (spurt effect, “shark-skin” instability), shear-induced
phases (Pujolle-Robic and Noirez 2001), the correlation between nanoparticles for
polymer melt reinforcement (Cassagnau 2003), nonlocal dielectric relaxation (Pro-
nin et al. 2011) or nonuniform temperatures near a solid wall (Noirez et al. 2017),
and dynamic heterogeneities (Tracht et al. 1998a, b; Fischer 1983, 2002) involved in
the glass process (Brand and Kawasaki 2003).

The consideration of this neglected elastic property enables to predict novel liquid
properties as the shear-induced cooling or the establishment of coexisting tempera-
tures under microfluidic conditions. The microfluidic scale is certainly the scale at
which the elastic effects are the more visible. The shear elasticity has been mainly
detected at the submillimeter scale increasing as the sample dimension decreases.
This dimension dependence is coherent with theoretical models predicting static
shear elasticity in fluids. On the basis of a survey of various published results, Volino
proposed a non-extensive model to describe the liquid shear elasticity and where its
dimension dependence is foreseen (Volino 1997). Revisiting the Frenkel model,
Trachenko shows the viscous term and the solid-like term can be treated on equal
footing in the Maxwell interpolation (Trachenko 2017, Baggioli et al. 2019)
Trachenko et al. introduce the concept of local dynamic compressive stress and
revisits the Maxwell approach showing that a solid-like approach is also valid by
introducing the notion of finite shear wave propagation length (gapped momentum
states) (Trachenko et al. 2016; Pronin et al. 2011). These models converge in
interpreting the macroscopic liquid behavior as an asymptotic branch of a wider
scheme where, at a smaller scale, liquid molecules behave elastically and where the
dynamic role of intermolecular interactions is central (Zaccone 2011).

The existence of elastic correlations opens a new route in the approach of the
liquid state. The liquid behavior is impacted by more parameters (lengthscale
dependence, interfacial force boundaries, compressibilty effects) making its
applitive potential richer in particular thermal applications tuning, the flow energy
in a shear-induced cooling; and concern the flow mechanisms up to the most
confined physiological fluid of the chain of life.

Cross-Reference

Surface Modifiers for Use with Particulate Fillers
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