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Abstract:We show that a confined viscous liquid emits a dynamic thermal response upon applying a low fre-
quency (∼1Hz) shear excitation. Hot and cold thermal waves are observed in situ at atmospheric pressure and
room temperature, in a viscous liquid (polypropylene glycol) at various thicknesses ranging from 100 µm up
to 340 µm, upon applying a mechanical oscillatory shear strain. The observed thermal effects, synchronous
with the mechanical excitation, are inconsistent with a viscous behaviour. It indicates that mesoscopic liq-
uids are able to (partly) convert mechanical shear energy in non-equilibrium thermodynamic states. This
effect called thermo-elasticity is well known in solid materials. The observation of a thermal coupling to the
mechanical shear deformation reinforces the assumption of elastically correlated liquid molecules. The am-
plitude of the thermo-elastic waves increases linearly by increasing the shear strain amplitude up to a tran-
sition to a non-linear thermal behavior, similar to a transition from an elastic to plastic regime. The thermo-
elastic effects do not give rise to any change in stress measurements and thus the dynamic thermal analysis
provides unique information about dynamic liquid properties.
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1 Introduction
From large length scales (geological and even astrophysical scales) down to nanoscale confinement, fluids
play crucial roles definitively at all length scales. But how can we differentiate liquids from solids and does
this difference depend on the scale at which the observation is made? It is conventionally accepted that the
rapid molecular dynamics of (ordinary) liquids do not allow the propagation of low frequency shear waves,
and thus that the (static) shear modulus is a solid-like characteristic. However, the properties of the confined
material can be very different from that of the three-dimensional bulk phase. Recent experimental and the-
oretical developments based on scale dependent analysis challenge the fast dynamics description and point
to the possible existence of a mesoscopic liquid shear elasticity at low frequency (Fig. 1a) [1–17].

We are interested inwhat happens in the low frequency region (∼1Hz) when a viscous liquid is submitted
to a mechanical shear strain at scales where recent developments have pointed out the existence of liquid
shear elasticity (Fig. 1a) [1–17]. The shear elastic dynamic behavior is typically observable in the low strain
region by applying an oscillatory shear strain using the conventional dynamic analysis imposing a sine shape
oscillatory shear strain: γ(t) = γ0. sin(ω.t), where ω is the frequency, γ0 is the imposed shear strain defined
as γ = δl/e, with δl being the displacement and e the gap thickness of the confined fluid. For the confined
viscous liquid polypropylene glycol (PPG-4000), the elastic behavior is visible in the dynamic response below
γ < 100% at 100 µm (Fig. 1b). It is identifiable by a shear modulus G� higher than the viscous modulus G��
in agreement with a nearly in-phase shear stress-shear strain waves illustrated in the left insert of Fig. 1b.
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Figure 1: (a) Scale and frequency dependence of liquid properties and corresponding methods from low to high frequency. We
explore the dynamic properties of liquids in the low frequency domain (∼1 Hz, represented by the red circle) where at meso-
scopic scale, liquids exhibit shear elastic properties. (b) Dynamic mechanical response of polypropylene glycol (PPG-4000) in
terms of shear elastic G� and viscous modulus G�� at 0.5 rad/s as a function of the shear strain (γ). The elastic response is iden-
tifiable at low shear strain (G� > G��) in agreement with the nearly in-phase stress- strain waves (left insert). At large strain
amplitude, the viscous response dominates (G�� > G�) in agreement with the π/2-phase shifted stress wave (right insert). Mea-
surements were carried out in total wetting conditions (alumina substrate), at 100 µm thickness, at room temperature, and far
from the glass transition (Tg = –75 °C).
At large strain amplitude, the elastic-like regime vanishes being progressively replaced by a viscous regime
(G�� > G�), in agreement with the π/2-phase shifted stress wave (right insert of Fig. 1b) indicating a purely
viscous regime. At macroscopic scale whatever the strain amplitude, the liquid exhibits a viscous response
(not illustrated here).

The mesoscopic measurements indicate that the visco-elastic response is not universal but is a function
of the scale at which the fluid response is measured and of the applied strain [1, 9–12, 16, 17]. Themesoscopic
shear elasticity has been identifiable in both simple liquids (Van derWaals andH-bond liquids), complex flu-
ids (polymer melts, molecular glass formers, ionic liquids), and has been recently identified in physiological
fluids [12].

The shear elasticity of mesoscopic liquids highlights the cohesive energy stored in the liquid (elastic en-
ergy). It is experimentally accessible amplifying the liquid interaction to the surface. High energy surfaces
like alumina (Al2O3) lead to a complete wetting (contact angle ∼0 °) [1, 2]. The strong liquid–substrate inter-
action amplifies the transmission of the shear strain to the fluid. In such conditions, the dynamic response
exhibits at mesoscopic scale shear elasticity in the low frequency range (0.1–10Hz) [1–7, 10–12].
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Because of the shear elasticity, fluids resist to a shear field and their resistance depends on the consid-
ered scale, being reinforced when the scale decreases [1, 5–7, 12]. Therefore, when a fluid is submitted to a
shear strain, its elasticity might be actioned, exerting either an expansion or a compression; i. e. changing its
thermal energy. The immediate consequence is that a thermo-elastic coupling becomes possible, challeng-
ing the assumption of an instant dissipation via thermal fluctuations and justifying the search of a thermal
response.

Under the assumption of elastically correlated liquid molecules, we present a thermal approach to an-
alyze the behavior of the liquid to a mechanical shear strain. We use the experimental conditions that have
enabled the identification of the low frequency shear elasticity, i. e., low frequency oscillatory shear strain,
sub-millimeter scale, total wetting substrate/fluid conditions, and nearly insolating surfaces, to focus the
analysis on the thermal behavior.

2 Experimental procedures
Recent instrumental progresses in infrared detection enable now an accurate determination of the tempera-
ture in a wavelength range of 7–14 µm.We use this technique to record the in situ temperature of confined vis-
cous fluids submitted to a controlled external mechanical shear strain delivered by a strain-imposed rheome-
ter (ARES2 – TA-Instrument) (Scheme 1).

The infrared emissivity measurements are carried out at room temperature in real-time conditions with
a microbolometer array of 382 × 288 pixels working at 27Hz in the range of long wave infrared bands (LWIR),
i. e., wavelengths ranging between 7 and 14 µm. The thermal emissivity is measured by radiation transfer
using the Stefan–Boltzmann law: E = em.σ.A(T4 − T4c ), where E is the radiated energy, em is the emissivity
coefficient, A is the radiating area, T is the temperature of the sample, Tc is the temperature of the surround-
ings, and σ is the Stefan constant. The microbolometer is coupled to a home-made objective to magnify the
thermal image that is a combination of 12 Germanium lenses [18]. The focal of this objective is 7.5mm. The
numerical aperture is F/1 and the spatial resolution ellipsoid is 0.1mm. Themicrobolometer array focuses the
liquid confined between two surfaces. The thermal pictures are corrected from the static thermal environment
by subtracting themedian valuemeasured at rest prior the dynamicmeasurements. Each image is processed.
The images are then compacted along the y-axis to build a kinetic picture.

The mechanical dynamic measurements were carried out using the standard procedure for a rheology
experiment, consisting in filling the gap between two co-centered disks (free edges), one surface driven by an
oscillatory motion with respect to the disk center of perfectly controlled frequency ω and of amplitude γ, the
other one fixed (Scheme 1). The liquid periphery is free and in equilibriumwith the atmospheric pressure. The
rheometer is equipped with a normal force sensor enabling the determination of the variation of the normal
force with a precision of +/−0.1 g.

Scheme 1: Setup: The liquid fills the gap between two coaxial discs made of alumina, one of which is driven in an oscillatory
rotational motion and the other is fixed and coupled to a torque sensor. The two coaxial surfaces are separated here from e =
0.100mm (photo). At right, a microbolometer equipped with a macro-lens is positioned so as to observe the liquid layer in the
shear plane (xOz).
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The liquid, PPG-4000 (Sigma-Aldrich), is characterized by a molecular weight of 3500–4500 (68 repeti-
tive units), a glass transition at Tg = −75 °C, and almost no vapor tension (<0.01mmHg at 20 °C). Its viscosity
at room temperature is η = 100mPa.s (values at macroscopic scale). The low frequency range probed in
this study rules out any coupling with molecular relaxation times [19]. The liquid is submitted to an oscil-
latory shear strain using the standard dynamic mechanical analysis. A sine shape oscillatory shear strain is
imposed following the formalism γ(t) = γ0. sin(ω.t), where ω is the frequency and γ0 is the imposed shear
strain [8, 9]. All themeasurements are carried out at room temperature, at atmospheric pressure, andwithout
external heat source. The transmission of the stress from the surface to the sample is reinforced by using high
energy alumina fixtures of 45mm diameter [1, 2]. The excellent wetting procured by the alumina substrate
strengthens the interaction of the liquid molecules to the surface. The high affinity to the substrate reduces
the interfacial gas layer trapped between the liquid and the substrate (“pancake” effect). The relatively poor
thermal conductivity of alumina surfaces (∼30W/mK) enables to work in nearly adiabatic conditions with
respect to the experimental time scales.

3 Results

3.1 Revealing a thermo-mechanical coupling in mesoscopic liquids and its elastic
origin

The liquid is probed at low frequency (0.5–1 rad/s) in the strain range described in Fig. 1b. However, due to
the microbolometer sensitivity limitations the lowest shear strain providing an exploitable thermal image is
200%. These strain conditions correspond to the entrance in the viscous regime (Fig. 1b).

In this regime, it is observed that the temperature of the liquid is no longer homogeneous during the
oscillatory shear stress but that it presents localized thermal variations under conditions for which a viscous
behavior is expected (Fig. 1b). These thermal variations are positive and negative, localized in space and time.
The thermal waves subdivide the liquid gap in three bands parallel to the surfaces called upper, middle and
bottom bands (Fig. 2a).

The thermal waves vary alternatively from cold to hot along the oscillatory period. They reproduce the
waveform of the shear strain input (left insert of Fig. 2b) and can be modeled as ΔT(t) = ΔTA ⋅ sin(ω ⋅ t + Δφ),
where ΔTA is the amplitude of the thermal wave, Δφ is the phase shift with respect to the applied shear strain
wave, andω is the frequency of themechanical excitation (themedian part is not illustrated, the temperature
variation being below the accuracy). The thermal wave is reversible and stable over time. We see that the
hot and the cold parts of the thermal wave are symmetric for different strain values, meaning that the sine
waveform holds true as the deformation is increased, showing the linearity of the thermal response. Thus, we
may propose that the temperature oscillates symmetrically around a temperature which is the equilibrium
temperature,meaning that there is no exchangewith the environment. For a peak-to-peak thermal amplitude
of 0.08K, hot and cold parts have nearly the same absolute value of 0.04K in the regime of linear thermal
response. The thermal signal can be modeled by a sine wave of the same period as the oscillatory strain.

Another remarkable result is that a thermalwave is recorded in the so-called viscous regime. Fig. 2b shows
the evolution of the temperature (full amplitude value from maximum to minimum temperature [peak-to-
peak value]) in bands selected to represent the main different thermal behaviors as the function of the strain
amplitude. The average temperature in the gap is also represented. Finally the phase shift between the im-
posed shear strain and the thermal waves is also analyzed.
– At low strain amplitude (γ < 1000%), the phase shift is negligible Δφ < 10%, indicating a nearly instant

response, in agreement with a “pure” elastic behavior.
– At moderate strain amplitude (1000% < γ < 2000%), the phase shift increases nearly linearly up to a

plateau while being always less than π/4.
– At large strain amplitude (γ > 2000%), the phase shift reaches a value around 42 °; Δφ does not evolve

anymore, meaning that the thermal response remains mainly in phase with the imposed shear strain
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Figure 2: (a) Thermal response of the liquid PPG-4000 recorded along three oscillatory periods (ω = 0.5 rad/s, γ = 2000%,
and e = 240 µm gap thickness, room temperature measurements were carried out on alumina plates, the upper plane was fixed
while the bottom one oscillated). (b) Strain dependence of the maximum of the temperature variation amplitude (peak-to-peak
amplitude) |ΔT(K)|. Sample: PPG-4000 at gap thickness 0.240mm, ω = 0.5 rad/s, as extracted from the sine harmonic fit –
measurements below 400% are below the accuracy. The left insert details the thermal waves recorded at γ = 4000%, at the
same gap thickness (240 µm) and frequency (ω = 0.5 rad/s). The right insert illustrates the phase shift as a function of the shear
strain. The color code is the same for the three figures: Bottom band: ( ), upper band: ( ), and total gap: ( ).

over the entire accessible range of amplitude and that the excess of energy is then dissipated without
identifiable signature.

Fig. 2b shows that hot and cold thermal bands exhibit an almost linear dependence on the shear strain
amplitude up to γ < 4000% while the phase shift never exceeds π/4 (Fig. 2b). These characteristics are
those indicating a thermo-elastic coupling which is in agreement with a previous study [20, and references
therein]. While the thermal signal is hardly accessible below γ < 200%, the linearity of the dependence
of the thermal effect at larger strain amplitude is a strong indication that the thermo-elastic mechanism is
occurring from the smallest values of shear strain. Let us describe the frame of a classical thermo-elastic
behavior.

In shear geometry, the shear strain is given by γ(z) = δl(z)/e, with δl the displacement of one surface,
e the distance between the two surfaces (the gap), and z the considered height in the gap. For the simple
unidimensional case, initially at temperature T0, a uniaxial stretching gives rise to γ(z) = α.|(T − T0)|, where
T is the temperature, T0 is the reference temperature (here T0 is the room temperature), and α is the thermal
expansion coefficient. In the linear region of the thermal response, the ratio Kthermo-elastic = |(T − T0)|/γ(z)
is a constant of nearly similar absolute value for hot and cold thermal bands (Kthermo-elastic ∼ 0.18 10−2 K).
It represents the thermal analogue of the shear stress reported to the shear strain,σ/γ, which defines the shear
elasticmodulus accordingHooke’s law. Therefore, the thermal studymight visualize local elastic responses of
the liquid, i. e., its capability to change locally its density uponmechanical excitation. The thermal approach
reveals at large strain amplitudes an elastic-like behavior that is not identifiable via a rheological analysis
which indicates a viscous behavior (Fig. 2b).
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Figure 3: Influence of the gap thickness on the thermal response (peak-
to peak value) of the liquid upon increasing oscillatory shear strain at
1 rad/s (PPG-4000, room temperature measurements, total wetting con-
ditions [alumina]): Bottom band: ( ), middle band: ( ), upper band: ( ),
and total gap: ( ). (a) e = 340 µm. (b) e = 240 µm. (c) e = 150 µm.
(d) e = 100 µm. The thermal variation of the middle band being much
lower than the other bands (“neutral temperature band”), it is not sys-
tematically represented. Large shear strain amplitudes are not experi-
mentally accessible at 340 µm. (e) Schematic representation of the typi-
cal solid-like behavior submitted to an external stress exhibiting elastic
behavior at low strain and plastic at large one.

3.2 The scale dependence

Sincewe have understood that hot and cold thermal waves exhibit similar characteristic and are both sides of
the same elastic-likemechanism that is observablewhen the liquid is confined,we examinehow this dynamic
effect evolves with the sample size. The peak-to-peak value is an interesting parameter since it corresponds to
the difference between the highest positive (hot) value and the lowest negative (cold) value over a period. This
informs the maximum change occurring during one cycle. Fig. 3 shows the evolution of the thermal response
as a function of the strain at different sample thicknesses from 340 µm down to 100 µm at 1 rad/s.

Up to shear strain values γ < 2000%, a similar sine-like variation of the temperature is observed in each
band (Fig. 3a–d). The amplitude of the thermal waves and thus the average gap temperature exhibits a linear
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Figure 4: Shear stress (blue squares) and shear strain (red circles) waves and normal stress (black crosses) for PPG-4000 at
0.340mm gap thickness, at ω = 1 rad/s and γ = 1500% (thermal waves are nearly in phase with the imposed shear strain). The
shear stress is π/2-phase shifted with respect to the shear strain in agreement with a viscous regime.
relation with increasing strain up to around γ = 2000%. A deviation from the linearity is clearly observed at
higher strain values for the smallest gaps with a pronounced lowering of the thermal variation at lower gap
thickness (Fig. 3d). The deviation from linear thermal response is also dependent on the applied frequency;
the comparisonof Fig. 2b andFig. 3 shows that the transition occurs at smaller strain rates at 1 rad/s compared
to 0.5 rad/s (Fig. 2b) for which the instrumental limitations do not enable to probe larger strain amplitudes.

As reported in different papers [1, 6–8, 16, 17], the shear elasticity is reinforced at low scale (in Figure 5
of [10], the shear elasticity of PPG reaches 200Pa). The low thickness behavior is particularly interesting
since a phenomenological analogy could be made with the strain behavior of solids under strain, showing a
reversible, linear deformation in the elastic regime and, at larger strain values, a plastic-like regime of defor-
mation observable in most solid materials (Fig. 3f) [21]. In this “plastic-like” regime, the thermal modulation
is distorted and exhibits harmonics [20]. However, no specific interfacial effects like interfacial surface slip
zone are visible on the basis of the thermal analysis, thus indicating that the thermal bands are related to a
bulk mechanism; a variation of the liquid density within the limit of the liquid compressibility. This mecha-
nism is likely a precursor of shear induced isotropic-to-nematic phase transitions in liquid crystalline fluids,
which present also a scale dependence [22] and are probably also related to or a precursor of shear banding
instabilities identified in various solutions interpreted as shear induced concentration changes only [23].

While observed in the so-called viscous regime, the thermal wave in phase with the applied strain wave
exhibits elastic-like characteristics. Therefore, it would be of interest to examine a secondary effect of shear
strain in solids that are normal forces.

For a normal force to develop, it is necessary to couple shear stress and normal force. This condition
is fulfilled for solid materials; the hypothesis is that a three-dimensional deformation produces a “strain-
stiffening” effect. In the present case, normal stresses represent less than 0.3% of the shear stress and are
about 6 times below the sensor accuracy given by themanufacturer (Fig. 4); i. e. negligible with respect to the
variation of the shear stress.

4 Conclusions

We have shown that thermal and stress mechanical approaches are complementary ways to characterize
mesoscale liquid properties. The comparison of thermal and stress data shows similarities but also funda-
mental differences. Shear elasticity in confined liquids has been typically measured in the low strain regime
where themechanical perturbation is the lowest. The shear elasticity is nomore accessible by stressmeasure-
ments at large strain rate [1–4, 10]. However, the thermo-elastic signal is observed at large strain amplitude in
the so-called viscous region of the strain-stress region indicating that the liquid responds elastically even in
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the viscous region, while the elastic component is no more observable in the stress measurement. The ther-
mal approach is thus unique in the sense that it evidences indirectly that large strain amplitudes do not shear
melt the elasticity as it is expected in a plastic behavior, but still exhibits an elastic response via its thermal
signature and while the stress measurements indicate a viscous behavior (Fig. 1b).

The thermal effects detailed here reinforce the interpretation of the dynamic properties of the confined
liquid in terms of elastic correlations. The ability of the liquid to convert the mechanical (shear) wave in
symmetrical hot and cold thermal waves oscillating around the equilibrium temperature while maintaining
the waveform and frequency of the mechanical excitation, is undoubtedly an elastic characteristic together
with the linear dependence (at moderate shear rate) of the thermal wave amplitude versus shear strain. A full
and instantaneous dissipation of amechanical action (low frequency) in the noise of thermal fluctuations [24]
rules out but indicates that the thermal fluctuations are dynamically correlated.

Therefore, the viscous regime is more complex than usually accepted; the thermal variation indicates in-
deed that the liquid has an ability to store dynamically the mechanical energy associated to the shear strain.
It proves that shear waves propagate in the liquid, which is a solid-like characteristic. The increase in in-
ternal energy due to the mechanical action is also correlated to a slight change of intermolecular distances.
This change modifies the entropy of the system with possibly a very slight ordering (in agreement with the
existence of a cooling state).

We have also shown that at very large shear strain amplitude, the thermal effect does not evolve anymore
and collapses. This is particularly visible at the smallest gaps (100 µm)where the shear elasticity is reinforced.
The scale dependence is also found experimentally and theoretically for the shear elasticity [1, 3–8, 10, 16,
17, 20].

The scale dependence of thermal and elastic properties require unconventional theoretical considera-
tions. The liquid shear elasticity has independently been established by both experimental and theoretical
approaches; indeed, the scale dependence is in agreement with new theoretical models, foreseeing that liq-
uids can support a limited propagation of shear waves well above nanoscopic scales [13–17, 25]. Liquid elas-
ticity can be also understood in the frame of the non-affinemodels developed to quantitatively predict elastic
and visco-elastic constants in glasses of polymers and colloids (NALD approach [13, 26]). An L−3 law has been
experimentally verified on the basis of published data, for a wide range of fluids at the sub-millimeter scale
(glycerol, ionic liquids, polymermelt, isotropic liquid crystals) [16]. It is also found to be in line with themod-
uli of elasticity published by the pioneering Derjaguin at the scale of several microns [6, 7] or even at the
nanoscopic scale probed by AFM by E. Riedo [3], therefore over a very wide dimensional range.

This novel and scale dependent approach combining both thermal and dynamical properties is certainly
a promising avenue for a better understanding of the complexity of fluids, especially in confined geometry,
which typically corresponds to microfluidic conditions and the search for new small-scale dynamic proper-
ties.
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