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Simultaneous memory eects in the stress and in the dielectric susceptibility of a stretched polymer glass

We report experimental evidence that a polymer stretched at constant strain rate λ presents complex memory eects after λ is set to zero at a specic strain λw for a duration tw, ranging from 100 s to 2.2 × 10 5 s. When the strain rate is resumed, both the stress and the dielectric constant relax to the unperturbed state nonmonotonically. The relaxations depend on the observable, on λw and on tw. Relaxation master curves are obtained by scaling the time and the amplitudes by ln(tw). The dielectric evolution also captures the distribution of the relaxation times, so the results impose strong constraints on the relaxation models of polymers under stress and they can be useful for a better understanding of memory eects in other disorder materials.

Aging of amorphous and heterogeneous materials is characterized by a slow relaxation toward a new state after a perturbation has been applied [1]. This relaxation usually spans several orders of magnitude in time and may present memory eects, which depend on the sample history (see Ref. [START_REF] Keim | [END_REF] for a recent review).

Memory eects have been observed in glassy and disordered materials [318], and also in many other disordered systems [1926]. Memory eects may take the form of a Kovacs-like nonmonotonic relaxation, in which the response of a state variable, to an external perturbation, evolves in one direction before turning around at a timescale and an amplitude which depend on the sample history. These Kovacs-like relaxations have been observed in the mechanical [612] and electrical [13] responses of polymer glasses and melts [START_REF] Zapas | Deformation and Fracture of High Polymers[END_REF], in the static coecient of friction [START_REF] Rubinstein | [END_REF]20], in the load on crumpled thin sheets [21,22], and in the mechanical response of granular systems [2326].

Several theoretical models [2732] have been developed to explain, with common underlying physical principles, the similar features of these complex relaxations observed in very dierent systems. One of the key assumptions of these models is the existence in these disordered systems of a distribution of relaxation times (DRT) which is used to explain the origin of aging and of nonmonotonic relaxations. However, it is hard to discern between the different descriptions using experiments in which only one observable is measured. Thus to give more insight into this problem, we performed experiments on a stretched polymer glass where one gets quantitative information on the memory of several observables measured simultaneously and on the evolution of the DRT.

In this Letter we describe these experiments and report the observation that a stretched polymer glass exhibits complex memory eects of both the stress and of the dielectric susceptibility. Specically, we show that, after a perturbation of the strain rate, the relaxation dynamics of the stress and the dielectric susceptibility present nonmonotonic responses which depend not only on the sample history, as in the above-mentioned Kovacs-like memory eect, but also on the observable. Furthermore, from the evolution of the dielectric spectra, we get insights on the evolution of the polymer DRT. Thus our results impose constraints for modeling not only the universal features of memory eects but also the polymer relaxation dynamics under deformation, which is widely studied, both experimentally [3340] and theoretically [START_REF] Mckenna | third Workshop on Non-Equilibrium Phenomena in Supercooled Fluids, Glasses, and Amorphous Materials[END_REF]4145].

In our experiment the investigated polymer is an extruded lm MAKROFOL DE ® 1-1 000000 from BAYER based on Makrolon ® polycarbonate (PC) of thickness 125 µm. The lms are cut into rectangular pieces of size 42 × 21 cm with a dog bone shape before being tied to the tensile machine. During the experiment, we measure the instantaneous stress σ(t) and deformation λ(t) = L(t)/L 0 of the lms. The experiments are performed at imposed λ 10 -4 s and at T = 25 • C much below the glass transition temperature T g = 150 • C. In parallel to the stress measurement we use the dielectric spectroscopy to investigate the dynamics of the relaxation processes at work in the stretched PC lm [START_REF]Polycarbonate is a B-type dipole polymer[END_REF][START_REF] Kremer | Broadband Dielectric Spectroscopy[END_REF].

Dielectric spectroscopy is indeed a convenient way to probe in situ and without destruction the relaxation times of stretched polymers [3840]. It is worth to mention that other techniques, such as NMR measurements [33] or probe molecule experiments [34,35], can be used but dielectric spectroscopy is very versatile. In the rest of the Letter, we will focus only on the loss tangent tanδ(f) = -(f)/ (f), which does not depend on the lm thickness, being the ratio of the imaginary ( ) and real ( ) parts of the dielectric susceptibility, at frequency f . For the dielectric measure of our samples, the lm is sandwiched between two electrodes and conductive gel layers which ensure a uniform electrical contact. The electrodes are connected to a homemade dielectric spectrometer, which measures the dielectric spectrum every 32 s in the frequency range [10 -1 -10 3 ] Hz, simultaneously on all of the frequencies and with an accuracy of a few percent [START_REF] Pérez-Aparicio | [END_REF]. Thus it allows us to follow the evolution of the dielectric spectra during the stretching protocols which lasts more than 2 h. In order to get the required repeatability, we average the results over at least three tests performed in dierent samples submitted to the same stretching protocol. More details about the experimental apparatus can be found in Refs. [38,39,[START_REF] Pérez-Aparicio | [END_REF]. 

Hz and σ(t).

We rst recall the behavior of the stress and the dielectric susceptibility as a function of λ measured at constant strain rate λ, that we have discussed in Ref. [38,39]. Figure 1(a) depicts the stress evolution for polycarbonate at λ = 2.5 × -4 s -1 (black curve). The stress rst increases until the yield stress at about λ = 1.08, then, successively decreases, a regime known as strain softening, reaches a plateau at about λ = 1.20, and nally increases again, which is known as strain hardening. The breaking occurs at about λ = 1.8 -2 [START_REF]The sample deformation is homogeneous and there is no necking until the sample failure which occurs for λ ≥ 1[END_REF]. The dielectric spectra in the range [10 -1 -10 3 ] Hz have been measured every 32 s, during which λ has a negligible increase of less than 0.8% at this λ. As described in Refs. [3840], dielectric measurements give access to the evolution of the dominant relaxation time τ α of the polymer [50] by identifying the lower part of the dielectric spectrum as the high frequency tail of the α relaxation peak. In particular, we have shown in Ref. [39] that the increase (decrease) of the dielectric susceptibility in the range [10 -1 -10 3 ] Hz reects a decrease (increase) of τ α , which depends on λ and the strain rate λ. Therefore, the evolution of tanδ at f = 0.125 Hz depicted in Fig. 1(a) shows an acceleration of the relaxation times until the softening or onset of plastic ow (maximum around λ = 1.15 -1.17) and a slowdown during the strain hardening regime that we have studied in Ref. [39]. The results of the measurements performed at constant λ (black curves in Fig. 1(a)) will be called reference curves.

To investigate the memory eect, we have modied the protocol at constant λ in order to include an aging step at a specic λ in the post yield regime of the lm. More precisely, the lm is rst stretched at λ = 2.5 × 10 -4 s -1 then held at the waiting strain λ w during the waiting time t w , and nally further stretched with the same initial λ. As an example for the case λ w = 1.2 (plastic ow) and t w = 1 h, the evolutions of σ and of tanδ(0.125) are illustrated as a function of λ in Fig. 1(a). The corresponding time evolution is illustrated in Fig. 1(c) and 1(d) where the instantaneous strain rate λ is indicated, too. Three dierent intervals can be distinguished: During the initial one (λ < λ w and t < t wi ), σ and tanδ are identical to the reference curves [Fig. 1(a)]. During the waiting interval (i.e, λ w = 1.2 and t wi ≤ t ≤ t wf ), they decrease logarithmically with time, which is the signature of an aging process [see Fig. 1(b)]. Finally as soon as λ is resumed for t ≥ t wf , they increase again. In Fig. 1(a), the comparison with the reference curves obtained with the constant λ protocol shows that σ and tanδ(0.125)nally recover their reference curves. However, notice that in spite of the fact that σ and tanδ(0.125) have a similar dependence on λ before the aging step, the recoveries of the two observables are rather dierent [Fig. 1(a)]. In addition, we shall see that these recovery processes also depend on t w and on λ w .

Before presenting these results, we point out that Fig. 1(d) shows that the response of tanδ to λ increases by reducing the frequency f . From this frequency dependence we get useful information on the DRT evolution by studying the whole spectrum of tanδ. Thus we plot the tanδ spectra in Fig. 2(a) during the waiting interval at λ w = 1.2 and in Fig. 2(b) during the recovery for t > t wf . We rst notice that the spectra evolve in a signicant way only for f < 100 Hz. Furthermore, we see in Fig. 2(a) that the spectrum at λ = 1.2, at the beginning of the aging (t = t wi ), is identical to the reference one obtained during the constant λ protocol. Then, during the waiting interval for increasing ∆t wi = t -t wi , the spectrum progressively decreases towards the equilibrium spectrum (i.e, the spectrum at λ = 1). Inversely, in Fig. 2(b), the spectra during the recovery interval increase again until they reach the reference spectrum around λ = 1.3, i.e, ∆t = t -t wf = 400 s.

The main relaxation time can be estimated from these dielectric spectra following the method presented in Ref. [39] in which we have shown that at low frequencies tanδ(f) (sin βπ/2)/(2π f τ eff ) β where the characteristic time τ ef f and the exponent β have to be determined. Within the Cole-Cole [START_REF] Havriliak | [END_REF] model, τ ef f is proportional to the main relaxation time τ α of the polymer [52] and the exponent β is related to the width of the distribution of the relaxation times, specically the smallest is β < 1, the larger is the distribution [37,39]. Thus the t of the low frequencies part of the spectra in Figs. 2( To study the evolution of tanδ as a function of t w and λ w , we now select tanδ measured at f = 0.125 Hz as a typical amplitude of the low frequency spectra, which depend on τ α and β. Moreover, we nd that the waiting time has a strong impact on the relaxation. In the case of σ, Figs. 3(a) and 3(b) show that, as long as t w increases, the overshoot peak shifts progressively to longer time and presents a higher and sharper amplitude. In the case of tanδ, Figs. 3(c) and 3(d) show that an increase of t w also shifts the peak time and slows down the relaxation to the reference curve. Also in the dielectric case, we observe that a longer t w aects the peak amplitude.

Besides the waiting time, the choice of the waiting strain also modies the relaxation.

Figures 3(a all the relaxation curves, measured after dierent waiting times t w , can be superimposed on a master curve by scaling ∆σ and ∆t by ln(t w ), for t w > 100 s. Moreover, we observe that this relation holds regardless of the waiting strain value (λ w = 1.2 or λ w = 1.5). As a consequence, this means that the peak time and the peak amplitude depend on ln(t w ). Regarding the dependence of the peak properties on t w and λ w , we note that the peak amplitude ∆σ p is dierent for the two waiting strains, being higher at λ w = 1.2 than at λ w = 1.5 for all t w . In contrast the peak time ∆t p is independent on the waiting strain [Figs.

3(e) and 3(f )].

Finally, it is interesting to see that this way of scaling the data also works for the dielectric susceptibility. In a similar way as before, we have studied the evolution of the dierence between the tanδ curve at f = 0.125 Hz and the reference one ∆tanδ = tanδ -tanδ ref as function of ∆t. Figures 3(e) and 3(f ) show that all the relaxation curves merge on a master curve by rescaling ∆tanδ and ∆t by ln(t w ). This is observed again for the two waiting strains investigated, either at λ w = 1.2 [Fig. 3(c)] or at λ w = 1.5 [Fig. 3(d)]. Note that for the dielectric case, the peak time at λ w = 1.5 is delayed compared to λ w = 1.2, which was not the case for the stress relaxation. The logarithmic dependence on t w shows, in particular, that the memory of the aging history can also occur in tanδ, so that we provide evidence that the memory appears simultaneously in dierent observables but in dierent ways.

Concerning the scaling ∆t/ ln(t w ), we point out that in several systems with nonmonotonous relaxations, the memory eects present a ∆t/t w scaling [START_REF] Keim | [END_REF]22,30], which however is not generic. In several cases [4], a heuristic form of scaling ∆t/t µ w is used, which has been theoreti- cally justied [29]. If µ << 1 then ln t w cannot be distinguished from t µ w , and our scaling ∆t/ ln(t w ) can be understood within this theoretical framework. In these models the DRT does not depend on time whereas our measurements show that it does evolve, thus our measure of the DRT evolution will help in constructing more precise models. It remains to understand why the time scale of the relaxations are dierent for σ and tanδ. It is interesting to notice that for polymers the amplitude of the main yield stress peak also undergoes a similar logarithmic dependence on the aging time tw , which in this case is the time spent in the glassy state after a temperature quench from the melt [5356]. However, in contrast to our experiment, the positions of the yield peak do not depend on tw . This dierence could be related to the way the waiting step is realized. Indeed, when the polymer ages after a temperature quench, no stress is applied to the sample before the measure of the loading curve, whereas in our experiment the polymer ages from the plastic regime at constant strain. From this perspective, it must be concluded that stretching substantially aects the aging and the recovery processes, which is conrmed by the dependence of the memory eects on λ observed in our experiment. The evolution of the dielectric susceptibility and of the DRT when a stress is applied after the time tw has never been measured, and no compari- son with our results can be done. This comparison would be very useful for giving new insights into the polymer relaxations under stress.

In conclusion, we have shown that a stretched polymer presents complex memory eects in the nonmonotonous relaxations of σ and tanδ. Although nonmonotonous responses of σ have been already observed in stretched polymers [712], it is interesting to notice that tanδ behaves in a similar way as a function of λ w and t w . Nonmonotonous relaxation of the dielectric susceptibility has been observed [13] after an electric eld perturbation but never after a mechanical perturbation. This new observation is indeed very useful because the measure of tanδ as a function of frequency allows us to have information on the evolution of the DRT during the stretching, the waiting, and the recovery intervals. The result of this measure strengthens previous observations on DRT [36] and brings new insight to the long-lasting debate on mechanical rejuvenation in polymers (see, e.g, [START_REF] Mckenna | third Workshop on Non-Equilibrium Phenomena in Supercooled Fluids, Glasses, and Amorphous Materials[END_REF]39]).

The observed timescaling and DRT evolution is also use- 
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 1 FIG. 1: (a) Dielectric susceptibility tanδ at f = 0.125 Hz and nominal stress σ = F/So with So = 210 × 0.125 mm 2 as a function of the strain λ. Black lines: constant strain rate protocol λ = 2.5 × 10 -4 s -1 , called reference curves. Red lines: relaxation protocol λw = 1.2 and tw = 1 h. The red line thickness corresponds to one standard deviation. (b) Temporal evolution tanδ at f = 0.125, 1, 7 Hz and σ during the waiting step over tw = 1 h. (c) λ(t) and σ(t) during the relaxation protocol with λw = 1.2, tw = t wf -twi = 1 h. Times twi and t wf delimit the beginning and the end of the waiting interval, respectively. (d) tanδ(t) at f = 0.125, 1, 7 Hz and σ(t).

  FIG. 2: Dielectric spectra tanδ recorded at dierent times for the relaxation protocol at λw = 1.2 and tw = 1 h.(a) Evolution during the aging interval at λ = 1.2 with ∆twi = t -twi and (b) during the recovery interval for λ > 1.2. Dashed lines correspond to the reference spectra recorded at constant λ. The evolutions of τ ef f and β are plotted in (c) and (d) respectively. Black line: constant λ protocol. Red line: relaxation protocol.
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 3 (a)-3(f ) bring more details on the recovery processes by showing dierent results of tests performed with dierent waiting times and wait-ing strains λ w = 1.2 (plastic ow) in Figs. 3(a) and 3(c) and λ w = 1.5 (strain hardening) in Figs. 3(b) and 3(d). When λ is resumed at t wf , we observe that the relaxations of σ and tanδ are both nonmonotonic and exhibit an overshoot above the reference curve before relaxing to it, with dierent shapes of the evolutions of the two observables. On one side, the stress overshoot has a distinct and large amplitude while occurring rapidly after the resumption [Figs. 3(a) and 3(b)]. In contrast, the overshoot of tanδ has a weaker amplitude and occurs much later in time [Figs. 3(c) and 3(d)].

  ) and3(b) show qualitatively that the stress overshoot peak is higher and narrower at λ w = 1.2 than at λ w = 1.5 and at the same time Figs.3(c) and 3(d) show that tanδ recovers much faster the reference curve at λ w = 1.2 than at λ w = 1.5. The dierence is signicant. For example at t w = 1 h and λ w = 1.2, tanδ recovers the reference curve at about λ = 1.45, equivalent to ∆t = t -t wf = 1024 s after the resumption of the stretching. This is much faster than for the case at t w = 1 h and λ w = 1.5 for which the recovery is even too long to occur during our experiment (λ > 1.85 equivalent to ∆t > 1240 s). In particular, this enhancement of the mobility recovery delay with λ w fully supports the long one observed in multicreep experiments[36], in which the aging relaxation is performed in the strain hardening regime.To be more precise regarding the dependence of the relaxations on those aging parameters we analyze the difference between the stress curve and the reference one ∆σ = σ -σ ref as a function of the time ∆t = t -t wf elapsed after resumption. Figures 3(e) and 3(f ) show that
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 3 FIG. 3: (a)-(d) Stress σ and dielectric susceptibility tanδ at f = 0.125 Hz as a function of λ for dierent λw and tw. Curves obtained by averaging three tests with tw = 62 h and four tests with tw = 100 s and 1 h. (a),(c) σ and tanδ at λw = 1.2 (in the plastic ow regime). (b),(d) σ and tanδ at λw = 1.5 (in the strain hardening). The reference curves are indicated in black. Note the stress axis has been expanded in (a) and (b) with respect to Fig. 1(a). (e),(f) Evolution of ∆σ/ ln(tw) (continuous lines) and ∆tanδ/ ln(tw) (symbols) as a function of ∆t/ ln(tw) for t ≥ t wf , at (e) λw = 1.2 and at (f) λw = 1.5 (see text for details).

  ful when one tries to t this observation into the more general models of memory eects which have been developed to explain the experimental observation in glassy and disordered systems. Thus our results, by showing important features of the dynamical processes of two interrelated quantities and of the polymer relaxation dy-

namics, challenge the theoretical models of the memory eect in glassy materials and disordered systems.
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