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Repeated Shear Startup Response of a Supramolecular Polymer

We explore the behavior of a supramolecular polymer subjected to repeated shear-startup runs. This interesting test was proposed 50 years ago as a measure of disentanglement kinetics in linear polymers. A key experimental finding was that the recovery time (originally attributed exclusively to the relaxation of partially disentangled state) decreased with increasing imposed shear rate. Recent modeling and simulations put the work in perspective by showing that the recovery time mainly reflects chain reorientation. However, for the present supramolecular polymer, the recovery time was found to be rate independent. This drastic difference is attributed to the different mechanism of stress relaxation, which involves a combination of bond breaking/recombination and reptation processes. Hence, the repeated shear-startup protocol may serve as a sensitive indicator of (supramolecular) polymer signatures and a tool to evaluate stress relaxation models.

Introduction

Understanding the nonlinear response of macromolecules has been a formidable challenge for many years because of its implications for non-Newtonian flows. Although substantial progress has been made over the years, there are still a few unsolved challenges regarding the relationship between macromolecular structure and macroscopic behavior [START_REF] Graessley | Polymeric liquids and networks: Dynamics and rheology[END_REF][START_REF] Dealy | Structure and rheology of molten polymers[END_REF][START_REF] Doi | The Theory of Polymer Dynamics[END_REF][START_REF] Watanabe | Viscoelasticity and dynamics of entangled polymers[END_REF]. For linear entangled polymers undergoing simple shear flow, a typical shear-startup run at an imposed shear rate 𝛾̇ in the nonlinear regime, i.e., Weissenberg number Wi= 𝛾τ>1 (with 𝜏 the terminal relaxation time), is characterized by a non-monotonic response of the shear stress growth function [START_REF] Graessley | Polymeric liquids and networks: Dynamics and rheology[END_REF][START_REF] Doi | The Theory of Polymer Dynamics[END_REF]. The peak value has been interpreted as a reflection of segmental orientation or stretching, and the entire transient signal has been described using an integral formulation of the tube model, which includes chain stretch, convective constraint release (CCR) and tumbling [START_REF] Costanzo | Shear and extensional rheology of polystyrene melts and solutions with the same number of entanglements[END_REF]. The same model can describe the shear stress decay function (relaxation) following flow cessation [START_REF] Costanzo | Shear and extensional rheology of polystyrene melts and solutions with the same number of entanglements[END_REF]. The shear startup and relaxation experiments thus provide insights into the polymer deformation and flow and also serves as a critical test to assess constitutive models. A test that is more complicated, but richer in information, was proposed 50 years ago by Stratton and Butcher and consists of repeated shear-startup runs, separated by varying waiting (or rest) times, associated with stress relaxation at zero shear rate [START_REF] Stratton | Stress relaxation upon cessation of steady flow and the overshoot effect of polymer solutions[END_REF]. Importantly, the decrease in peak magnitude with decreasing waiting time (or number of runs) was previously attributed to the loss of entanglements in flow [START_REF] Costanzo | Shear and extensional rheology of polystyrene melts and solutions with the same number of entanglements[END_REF][START_REF] Robertson | Reentanglement Kinetics in Sheared Polybutadiene Solutions[END_REF][START_REF] Roy | Reentanglement Kinetics in Polyisobutylene[END_REF][START_REF] Tsang | The use of large transient deformations to evaluate rheological models for molten polymers[END_REF], but it was recently explained that this is not the full picture, as it was shown that reorientation of the polymeric network also leads to such behavior [START_REF] Ianniruberto | Do repeated shear startup runs of polymeric liquids reveal structural changes?[END_REF]. The latter result was confirmed by slip-link simulations [START_REF] Masubuchi | Primitive chain network simulations for the interrupted shear response of entangled polymeric liquids[END_REF]. The socalled recovery time, which characterizes the recovery of the initial network configuration based on the increase of peak stress value with waiting time, was found to depend on the imposed shear rate and exceed the terminal relaxation time by about a decade [START_REF] Stratton | Stress relaxation upon cessation of steady flow and the overshoot effect of polymer solutions[END_REF]. These developments suggest that the test of repeated shear-startup runs is a useful experimental protocol for assessing the constitutive behavior of entangled polymers (solutions or melts) [START_REF] Tsang | The use of large transient deformations to evaluate rheological models for molten polymers[END_REF][START_REF] Ianniruberto | Do repeated shear startup runs of polymeric liquids reveal structural changes?[END_REF][START_REF] Galvani Cunha | Probing the nonequilibrium dynamics of stress, orientation, and entanglements in polymer melts with orthogonal interrupted shear simulations[END_REF]. Indeed, it has thus far only been applied to conventional polymers, which typically contain covalent bonds between monomers and are characterized by one terminal relaxation time, reflecting reptation (and the necessary corrections) [START_REF] Dealy | Structure and rheology of molten polymers[END_REF][START_REF] Doi | The Theory of Polymer Dynamics[END_REF][START_REF] Watanabe | Viscoelasticity and dynamics of entangled polymers[END_REF][START_REF] Tsang | The use of large transient deformations to evaluate rheological models for molten polymers[END_REF][START_REF] Ianniruberto | Do repeated shear startup runs of polymeric liquids reveal structural changes?[END_REF][START_REF] Masubuchi | Primitive chain network simulations for the interrupted shear response of entangled polymeric liquids[END_REF][START_REF] Galvani Cunha | Probing the nonequilibrium dynamics of stress, orientation, and entanglements in polymer melts with orthogonal interrupted shear simulations[END_REF]. An interesting question is what happens to the recovery time when this test is applied to other kinds of polymeric materials such as supramolecular polymers, which are based on non-covalent bonds between the monomers of the polymer and bare two coupled characteristic times, the breaking-reformation and the terminal time (reptation) [START_REF] Aida | Supramolecular polymers-we've come full circle[END_REF]. Here, we address this question by performing repeated shear startup experiments on a well-characterized hydrogen bond-based supramolecular polymer [START_REF] Van Zee | Potential enthalpic energy of water in oils exploited to control supramolecular structure[END_REF] at different concentrations in the regime where a physical network is formed. We find clear differences from the experiments with conventional entangled polymers and propose that this protocol can serve as a sensitive tool to reveal the relationship between macromolecular structure and its dynamic signatures.

Experimental:

Material:

We investigated the rheology of supramolecular polymers based on an enantiopure biphenyl tetracarboxamide (BPTA) unit at concentrations of c=100 mM and c=20 mM in the apolar solvent dodecane. The chemical structure of BPTA is depicted in Fig. 1. Under these conditions, BPTA assembles via a combination of hydrogen bonding and π-π stacking interactions, leading to long, helical assemblies with a typical contour length of 5 μm and persistence length on the order of 100 nm, forming an amorphous reversible network. This system has been found to be both humidity and temperature responsive [START_REF] Van Zee | Potential enthalpic energy of water in oils exploited to control supramolecular structure[END_REF]. At T=25 °C and relative humidity RH=60%, the network behaves as a living polymer in the fast-breaking limit, according to Cates [START_REF] Cates | Reptation of living polymers: Dynamics of entangled polymers in the presence of reversible chain-scission reactions[END_REF][START_REF] Granek | Stress relaxation in living polymers: results from a Poisson renewal model[END_REF], exhibiting a Maxwellian terminal relaxation (see also Fig. 3 below), which is typical for this family of hydrogen-bonding motifs [START_REF] Cates | Reptation of living polymers: Dynamics of entangled polymers in the presence of reversible chain-scission reactions[END_REF]. However, at a higher temperature of T=35 °C, the BPTA assemblies are at a different regime (slow breaking), as further discussed below [START_REF] Van Zee | Potential enthalpic energy of water in oils exploited to control supramolecular structure[END_REF][START_REF] Vereroudakis | Tunable dynamic properties of hydrogen-bonded supramolecular assemblies in solution[END_REF]. 

Repeated Startup Test Protocol:

The rheological measurements were performed with an Anton-Paar (Austria) Physica MCR-501 rheometer (operating in the strain-controlled mode) that was equipped with a Peltier unit for temperature control, which also forms the bottom plate, and a top cone geometry. All metallic components were stainless steel. Different cones were used with a diameter (angle) of 8 mm (α=1°) and 12.5 mm (α=1°) to increase the torque signal as needed. Samples were loaded at the desired temperature and immediately isolated from the ambient atmosphere with a custom-built humidity control chamber (see Fig. 2). All measurements were performed at relative humidity RH=60%. 5) the sample (green). The dodecane in the trap is used to saturate the environment with dodecane vapor to reduce evaporation. Humidity probe (dark red horizontal line), N2 gas nozzle (thick black horizontal line). The distance between sample edge and inner wall of lowest compartment of the chamber is 10 mm, i.e., quite significant to eliminate concerns of contact. Note that there is no evidence of distortion of the sample's outer edge (see text).

After loading and thermal equilibration of the sample (which was achieved by observing the relaxation of normal force and then waiting for 10 minutes), a rheological rejuvenation test was performed to erase the history of the sample due to preparation and loading on the rheometer and achieve a steady state. The rejuvenation protocol consisted of a dynamic time sweep test at a fixed nonlinear strain amplitude, typically 700%, and a fixed oscillatory frequency (1 rad/s) for a specific time until liquid-like behavior of the system was reached (typically 300 s). The aging kinetics were then followed with consecutive dynamic frequency sweep tests (DFS) in the linear viscoelastic regime, and the subsequent rheological measurements were performed after the sample reached its mechanical steady-state. A typical example is shown in Fig. 3 where the complex viscosity is plotted against oscillatory frequency at different times for a 17 mM BPTA solution in dodecane at 15 °C and ambient humidity. ) and c=17 mM. The sample was loaded from room temperature. With consecutive measurements, the approach of the sample to the steady state (quasi-equilibration) was followed over time. A selection of these measurements are shown in this figure, with the time after the initial loading displayed. Inset: linear viscoelastic spectrum (storage G' and loss G'' moduli versus frequency) of the equilibrated sample (>26 hours) with the terminal region fitted with a single-mode Maxwell mode (τ=0.27 s, G=57 Pa). The strain amplitude was 1%.

To better appreciate that changing behavior of the BPTA solution when altering the temperature from 15°C to 35°C, we show in Fig. 4 below the linear viscoelastic spectra (frequency dependent moduli) at three temperatures. The experimental data are complemented by single-mode Maxwell fits of the terminal regime [START_REF] Vereroudakis | Viscoelastic properties of supramolecular gels based on hydrogen bonding[END_REF]. Clearly, the terminal relaxation is broader than single exponential, and the discrepancy from the single Maxwell model is more significant at the highest temperature of 35 o C; this suggests that the material diverges from the simple fast-breaking single exponential relaxation. This difference in linear spectra seems to correlate with the distinct nonlinear response, and will be discussed in the context of the repeated startup data below. The repeated shear startup test consists of 10 consecutive runs, each involving a step-rate measurement up to a certain deformation time (corresponding to an accumulated strain value), followed by a stress relaxation measurement. The waiting time τw allowed for the stress relaxation measurement was varied logarithmically between τres and τL, with τres being the time resolution of the instrument, and τL being 10 times greater than the longest relaxation of the BPTA solution.

The protocol is similar to that used by Stratton and Butcher [START_REF] Stratton | Stress relaxation upon cessation of steady flow and the overshoot effect of polymer solutions[END_REF] and is illustrated schematically in Fig. 6. We would like to emphasize that we did not observe any (indirect) evidence of edge fracture (see Ref. [START_REF] Costanzo | Shear and extensional rheology of polystyrene melts and solutions with the same number of entanglements[END_REF] and discussion below) during the measurements reported here. The shear stress growth function reached steady state and the respective value of stress was unchanged. This suggests that any distortion of the outer edge of the same, if present, is very small and does not affect the measurements. Inspection of individual step rate tests, even with short τw, their reproducibility and visual inspection of the sample after measurements, were the criteria to confirm that edge fracture should not be a concern. As a final remark on the measurements, this class of supramolecular polymers experience shear banding at shear rates above the maximum value used here. This has been discussed in the literature and may also reflect shear banding (Ref.17 and references therein). For each startup run (ON) the same measurement time (300s) was used. For a range of shear rates from 0.02 to 15s -1 , the respective accumulated strain ranged from 6 to 4500 units. Keeping same time for a large shear rate (yielding a large accumulated strain) was important to ensure that edge fracture was not an issue.

Experimental Results:

In Fig. 6a, the startup measurements are displayed for the BPTA solution at T=25 °C, c=100 mM and ambient humidity. The following experimental protocol was used: (i) Loading and equilibration, (ii) dynamic frequency sweep at equilibrium conditions (dashed line in the plot), (iii) nonlinear shear startups (symbols in the plot), (iv) repeated startup for different shear rates investigated, and (v) nonlinear shear startups after the sample relaxed for time 10τL (lines in the plot). The appearance of overshoot in the transient signal of the shear stress growth coefficient, and evidence of shear strain hardening at high shear rates, is a common feature of this class of materials; it has been discussed at length in the context of wormlike surfactant micelles with different salts, invoking finite extensibility and analogies to conventional polymers [START_REF] Pasquino | On the startup behavior of wormlike micellar networks: The effect of different salts bound to the same surfactant molecule[END_REF][START_REF] Inoue | Nonlinear rheology of CTAB/NaSal aqueous solutions: Finite extensibility of a network of wormlike micelles[END_REF]. Here, we focus on the level of the overshoot and the transition to steady state. The collected results for one shear rate (𝛾=1 s -1 ) are shown in Fig. 5b. It can be seen that the behavior is qualitatively similar to linear covalent (macromolecular) polymers, with the main feature being the decrease of the stress peak value with decreasing waiting time τw. According to previous reports [START_REF] Costanzo | Shear and extensional rheology of polystyrene melts and solutions with the same number of entanglements[END_REF][START_REF] Stratton | Stress relaxation upon cessation of steady flow and the overshoot effect of polymer solutions[END_REF][START_REF] Robertson | Reentanglement Kinetics in Sheared Polybutadiene Solutions[END_REF][START_REF] Roy | Reentanglement Kinetics in Polyisobutylene[END_REF][START_REF] Tsang | The use of large transient deformations to evaluate rheological models for molten polymers[END_REF][START_REF] Ianniruberto | Do repeated shear startup runs of polymeric liquids reveal structural changes?[END_REF][START_REF] Masubuchi | Primitive chain network simulations for the interrupted shear response of entangled polymeric liquids[END_REF], the kinetics of recovery of the original network configuration (due to reorientation and possibly reentanglement) can be derived from the dependence of the peak stress value on the waiting time τw. Experimental results exhibiting this dependence are depicted in Fig. 7. The characteristic time for this process, which we call recovery time τr, is determined by fitting the data of Fig. 7 with the following equation:

𝜎 𝑝𝑒𝑎𝑘 𝜎 𝑆𝑡𝑒𝑎𝑑𝑦 𝑆𝑡𝑎𝑡𝑒 = 1 + 𝐴 (1 -𝑒 - 𝑡 𝜏 𝑟 ) (1)
where 𝜎 𝑝𝑒𝑎𝑘 is the value at the shear stress growth function overshoot, 𝜎 𝑆𝑡𝑒𝑎𝑑𝑦 𝑆𝑡𝑎𝑡𝑒 is the respective steady state, and A is the amplitude of the curve. The recovery times, normalized by the terminal relaxation time from linear oscillatory measurements (DFS) [START_REF] Vereroudakis | Viscoelastic properties of supramolecular gels based on hydrogen bonding[END_REF] at the same conditions, τr/τd, are plotted in Fig. 8 as a function of the imposed shear rate. The latter was normalized by the terminal time, in the form of the Weissenberg number. We note that the behavior exhibited by this supramolecular (i.e., non-covalent) polymer at the two lower temperature (15 °C and 25 °C) [START_REF] Van Zee | Potential enthalpic energy of water in oils exploited to control supramolecular structure[END_REF] clearly differs from that expected for conventional, linear covalent polymers in experiments. In particular, the experimental data with polyisobutylene solution (3% wt) at 25°C, show that τr, decreases from about 50 to about 3 s when the shear rate increases from about 0.2 to about 15 s -1 [START_REF] Stratton | Stress relaxation upon cessation of steady flow and the overshoot effect of polymer solutions[END_REF]. Note that in the lack of information on the terminal relaxation time (which cannot be estimated in the absence of information about the molar mass distribution) [START_REF] Stratton | Stress relaxation upon cessation of steady flow and the overshoot effect of polymer solutions[END_REF], these data cannot be transformed into τr,/τd, versus Wi; however, in that case the terminal relaxation is constant, so a qualitative comparison is possible. We observe a clear qualitative difference between conventional covalently bonded polymers (recovery time decreasing with increasing shear rate) and supramolecular polymers (recovery time practically independent of shear rate). However, we also observe that the value of the ratio τr,/τd, is about 1 for supramolecular polymers. For the PIB solution of Ref. [START_REF] Stratton | Stress relaxation upon cessation of steady flow and the overshoot effect of polymer solutions[END_REF], the characteristic time of stress relaxation upon cessation of steady state flow was extracted ; for lower rates this time should be close to τd, and in that case the ratio τr,/τd attains values around 10 [6], much larger than in the present case. Therefore, the supramolecular polymers exhibit a response in repeated startup shear flow which is distinct from conventional covalent polymers. The same trend is observed when the concentration of BPTA increases by a factor of 5. We attribute this discrepancy between supramolecular and covalent polymers to the interplay of bond breaking/reformation and reptation processes that is characteristic of supramolecular polymers. To explain this difference quantitatively, a classic tube model approach as typically used for conventional polymers [START_REF] Ianniruberto | Do repeated shear startup runs of polymeric liquids reveal structural changes?[END_REF][START_REF] Galvani Cunha | Probing the nonequilibrium dynamics of stress, orientation, and entanglements in polymer melts with orthogonal interrupted shear simulations[END_REF] does not seem to work, and indeed the role of the breaking-reformation process should be considered. In this respect, the recent complete constitutive model of Peterson and Cates [START_REF] Peterson | A full-chain tube-based constitutive model for living linear polymers[END_REF] seems to be the way forward, and at the same time, the present protocol should be a great test for the evaluating this model.

A peculiar feature of BPTA gels at 35 °C is that they deviate from typical "living" polymer behavior as defined by Cates (i.e., the terminal relaxation is not a single exponential decay, and there is a stronger scaling dependence of the terminal relaxation time on concentration) [START_REF] Cates | Reptation of living polymers: Dynamics of entangled polymers in the presence of reversible chain-scission reactions[END_REF][START_REF] Granek | Stress relaxation in living polymers: results from a Poisson renewal model[END_REF] (see also Fig. 4). It exhibits dynamics that are reminiscent of covalent (non-breaking/reforming) linear polymers, a τr,/τd ratio with value well above 1 at low Wi, which decreases with increasing Wi [START_REF] Stratton | Stress relaxation upon cessation of steady flow and the overshoot effect of polymer solutions[END_REF]. In the context of the present repeated shear startup tests, the experimental results for BPTA supramolecular polymers at 35 °C appear to lie between those expected of "living" and conventional polymers, with the initial recovery time being about 4τd and decreasing rapidly with increasing shear rate. It should also be noted that small angle light scattering measurements indicate that temperature affects the conformation of the BPTA supramolecular polymers, being more flexible (nearly Gaussian) at 15 °C and more rod-like at 35 °C [START_REF] Vereroudakis | Viscoelastic properties of supramolecular gels based on hydrogen bonding[END_REF][START_REF] Peterson | A full-chain tube-based constitutive model for living linear polymers[END_REF]. Unfortunately, the available experimental data are limited due to edge-fracture instabilities which restricted the measurements to relatively low shear rates. Whereas this problem can be overcome to some degree with the use of the so-called cone partitioned plate (CPP) geometry [START_REF] Snijkers | Cone-Partitioned-Plate Geometry for the ARES Rheometer with Temperature Control[END_REF][START_REF] Schweizer | A cone-partitioned plate rheometer cell with three partitions (CPP3) to determine shear stress and both normal stress differences for small quantities of polymeric fluids[END_REF], implementation of CPP to the particular single-head rheometer used here is not trivial, but we hope to address these issues in the future. The filled circles correspond to T=25 °C and c=100 mM, while the empty circles to T=25 °C and c=20 mM. The triangles refer to T=15 °C and c=20 mM and the squares to T=35 °C and c=20 mM. All data were obtained at RH=60%.

Conclusions:

The experimental data presented here with repeated shear startup runs suggest that supramolecular BPTA polymers show similarities with conventional macromolecular polymers (decrease of stress peak with waiting time) but also distinct differences (rate dependence of recovery time). Moreover, the ratio of the recovery time to the terminal relaxation time appears to differ (almost 1 for living polymers, about 10 for conventional). Based on the works of Ianniruberto and Marrucci and Masubuchi [START_REF] Ianniruberto | Do repeated shear startup runs of polymeric liquids reveal structural changes?[END_REF][START_REF] Masubuchi | Primitive chain network simulations for the interrupted shear response of entangled polymeric liquids[END_REF], the reorientation process plays a key role in this behavior of polymers subjected to repeated shear stress startups. For supramolecular polymers, it appears that the breaking/reformation events along with relaxation through reorientation of tube segments dictates their response. In this context, we recall that the terminal relaxation time for "living" polymers in the fast-breaking limit is the geometric average of the breaking/recombination time with the reptation time. Simply put, the fact that the supramolecular polymer can spontaneously break and reform will drive it to the equilibrium structure much faster than simple reptation does in the case of conventional polymers (and at times similar to the stress relaxation time since the breaking time is strongly related to the time for stress relaxation). We propose that this old but largely overlooked (or only considered in the debatable context of disentanglement/reentanglement events) repeated shear start up protocol reflects signatures of macromolecular and supramolecular polymer responses and represents a useful test of related constitutive models.

Figure 1 :

 1 Figure 1: Chemical structure of BPTA.

Figure 2 :

 2 Figure 2: Schematic of home-made chamber for humidity control (out of scale). It is made by stainless steel and includes four elements: (1) Sealing ring filled with dodecane (green) and sealing cap, (2) Ring filled with cotton drenched with dodecane, (3) Ring filled with saturated salt solution or solid salt (cyan) for humidity control, (4) Solvent trap to reduce the contact of the test sample with air flow from directly contacting the sample filled with cotton drenched in dodecane and (5) the sample (green). The dodecane in the trap is used to saturate the environment with dodecane vapor to reduce evaporation. Humidity probe (dark red horizontal line), N2 gas nozzle (thick black horizontal line). The distance between sample edge and inner wall of lowest compartment of the chamber is 10 mm, i.e., quite significant to eliminate concerns of contact. Note that there is no evidence of distortion of the sample's outer edge (see text).

Figure 3 :

 3 Figure 3: Complex viscosity as a function of angular frequency for a BPTA solution in dodecane at 15 °C, ambient humidity (about 60%) and c=17 mM. The sample was loaded from room temperature. With consecutive measurements, the approach of the sample to the steady state (quasi-equilibration) was followed over time. A selection of these measurements are shown in this figure, with the time after the initial loading displayed. Inset: linear viscoelastic spectrum (storage G' and loss G'' moduli versus frequency) of the equilibrated sample (>26 hours) with the terminal region fitted with a single-mode Maxwell mode (τ=0.27 s, G=57 Pa). The strain amplitude was 1%.
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Figure 4 :

 4 Figure 4: Linear viscoelastic spectra for the BPTA solution at c=20 mM and three different temperatures T=15 °C (blue triangles), T=25°C (red circles) and T=35°C (black squares). The lines correspond to the best fit single mode Maxwell model with fit parameters T=15 °C : [τ=0.54 s, G=,109.29 Pa] , T=25 °C: [τ= 10.25 s, G= 115.35 ] , T=35 °C: [τ=2.70 s , G=137.93 Pa]. The slight low-frequency upturn of G' data at 35 °C is due to phase angle resolution issues.

Figure 5 :

 5 Figure 5: Schematic illustration of the repeated startup protocol inspired by Stratton and Butcher [6] (out of scale). The waiting time τw (region marked by OFF) between startup tests (which are marked by ON) is progressively reduced, leading to the diminishing magnitude of the stress peak.For each startup run (ON) the same measurement time (300s) was used. For a range of shear rates from 0.02 to 15s -1 , the respective accumulated strain ranged from 6 to 4500 units. Keeping same time for a large shear rate (yielding a large accumulated strain) was important to ensure that edge fracture was not an issue.

Figure 6 :

 6 Figure 6: a) Startup measurements of shear stress growth coefficient before (open symbols) and after (solid lines) repeated startup protocol for a sample of c=100 mM, T=25 °C. The dashed line represents the linear viscoelastic envelope (extracted from the steady-state DFS measurements). The shear rates are (from top to bottom) 0.02, 0.04, 0.07, 0.1, 0.2, 0.4, 0.7 and 1 s -1 . b) Example of analysis of repeated startup run at T=25 °C, RH=60% and 𝛾=1 s -1 . Different lines correspond to different waiting (rest) times, ranging from 0.01 s (open triangles) to 3300s (open circles). The vertical arrow indicated the direction of decreasing rest time) diminishing of the peak).

Figure 7 :

 7 Figure 7: Stress peak (at the overshoot of stress growth function) normalized by the steady state stress value for (a) T=15 °C, c=20 mM , (b) T=25 °C, c=20 mM, (c) T=35 °C, c=20 mM, (d) T=25 °C, c=100 mM, at different shear rates (indicated in the legends). The dashed lines represent best fits of the data with equation (1). RH was maintained at 60%.

Figure 8 :

 8 Figure 8: Ratio of recovery time to terminal relaxation time (τr/τd) as a function terminal Weissenberg number (𝑊𝑖 = 𝜏 𝑑 𝛾).The filled circles correspond to T=25 °C and c=100 mM, while the empty circles to T=25 °C and c=20 mM. The triangles refer to T=15 °C and c=20 mM and the squares to T=35 °C and c=20 mM. All data were obtained at RH=60%.

Acknowledgements

It is a pleasure to contribute to this special issue of JNNFM honoring Professor Evan Mitsoulis, a friend and colleague of many years, who has made significant contributions to computational viscoelastic fluid mechanics and was instrumental in establishing the Hellenic Society of Rheology. Partial support has been received by the European Commission (Horizon2020-INFRAIA-2016-1, EUSMI grant no. 731019).