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Introduction



The relaxation of glasses towards equilibrium is commonly referred to as physical aging or annealing. During aging, changes in many physical properties, such as volume V, enthalpy H etc. take place [1 – 7]. Over the years there has been a growing interest in the volume and enthalpy recovery, also called volume and enthalpy relaxation, because both phenomena are directly related to the microscopic structural rearrangements that govern the mechanisms of glass transition [8 – 10]. The most widely accepted phenomenological models [2 –5] describing the volume and enthalpy relaxations are the multi-parameter Kovacs– Aklonis– Hutchinson– Ramos (KAHR) model [11] and the Tool–Narayanaswamy–Moynihan (TNM) model [12, 13]. These models, which give a satisfactory description of many experimental results, still present a few questionable points [3, 4, 14], and the most important is the effects of the thermal history on the fitting model parameters that describe the nonlinearity and non-exponentiality of the relaxation. This violates some underlying assumptions about the models, e.g. the shape of the relaxation spectrum is invariant as commented by McKenna in a review [3], and this fact cannot be easily reconciled with the original development of the models, which are not explicitly dependent on annealing conditions, as pointed out by Tribone et al. [14]. The recent discovery of spatial and dynamical heterogeneities in supercooled liquids and glassy systems carried out experimentally and by computer simulations [10, 15–26] marks the beginning of a fruitful progress to the understanding of the glass transition. It seems that there are spatial-dynamical cooperative regions (or solid-like clusters (SLCs)) and non-cooperative regions (or liquid-like clusters (LLCs)) in glass formers [16, 17, 20]. The successes of the phenomenological KAHR and TNM models induced the study on the relation between the key parameters of the models and the heterogeneities in glasses, not considered in the models. In fact, Donth [27] and Moynihan et al. [28] have related between the non-exponentiality factor b in the models and the fluctuations of temperature or entropy of the SLCs. *
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Recently we have proposed a heterogeneous coupled dissipation scenario of glass transition, abbreviated for the sake of convenience as HCD, that describes in a unified way the relaxation dynamics, the glass transition and physical aging of supercooled liquids [29, 30]. The key point of this model is the coupled dissipation between the SLCs and the LLCs and, moreover, the parameters that condition the response of materials to perturbation fields are considered non-distributed quantities. There are grounds to believe that the size of the SLCs is a distributed quantity [20] and therefore it is a goal of this work to investigate how the distribution will affect the non-exponentiality of the volume and enthalpy recovery dynamics. Moreover, we have applied the effective temperature, a parameter proposed by Hohenberg et al. [31] to describe the non-equilibrium thermodynamics. The effective temperature plays the same role as the thermodynamic temperature in depicting the non-linearity of the volume and enthalpy relaxation in glass systems. Based upon an ideal experiment, we present a new form for the effective temperature whose average format in a glass is the same as the fictive temperature proposed by Tool [12]. The relation between the effective temperature and Tool’s fictive temperature is discussed. Using the new fictive temperature form and introducing the size distribution of SLCs into the original HCD model, the volume and enthalpy recovery dynamics are studied, and the computed results are further compared with experiments. Furthermore, the present model is compared with the KAHR and TNM models, and the nonlinearity and non-exponentiality in these two models are related with the heterogeneity of glass-formers.



2



Model



A thorough description of the HCD model has been given elsewhere [29, 30], so here only the most important aspects of the model will be presented. Based upon the continuous approximation, the energy of a glass system, U (T , t ) , which is equal to the sum of kinetic and potential energies, can be written as U (T , t ) = Ú u( r, t , T ) dV , where u( r, t , T ) is the energy density at space point r and time t in a glass. A V



temperature scanning process of a glass system in a heat bath and/or an external field can induce u( r, t , T ) to deviate from its equilibrium value, ue (T ). Let this deviation be ud ( r, t , T ), then ud ( r, t , T ) = u( r, t , T ) - ue (T ) . The HCD model has the following basic points: 1. ud ( r, t , T ) will relax to zero value with time and the energy dissipated per unit time arising from random thermal motions of molecules is 2ud /t d , where t d is the relaxation time. This process is called self-dissipation [29, 30]; 2. As a consequence of intermolecular interactions, energy exchanges between different molecules, i.e. there is spatial energy current iE ( r, t ) in the system given by, iE ( r, t ) = - DE —u( r, t , T ) , where DE is a coupling parameter and — is the spatial differential operator. Thus, the energy in a region can be transferred to others where it is dissipated, and this process is called as cooperative-dissipation [29, 30]; 3. A glass system is formed by SLCs and LLCs [16, 17, 20]. Correlations between the molecules are stronger in SLCs than that in LLCs and consequently, the random thermal motions of the molecules are comparatively weak in the former clusters. As a result, the self-dissipation rate is slower in SLCs than that in LLCs. The SLCs can accelerate their dissipation process by transferring their energy to the neighboring LLCs by the cooperative-dissipation. In the HCD model, it was considered that the deviated energy of the SLCs dissipated by the self-dissipation is small enough and can be omitted compared with that by the cooperative-dissipation, i.e. 2ud /t d = 0 in the SLCs. Mathematically, we can express the selfdissipation term 2ud /t d in both the SLCs and the LLCs as, 2q ud /t d , with q = 0 in SLCs and q = 1 in LLCs [29, 30]. Based upon these points, the HCD model gave the following dynamical equation about the energy density deviation from equilibrium ud ( r, t , T ), ∂ud 2q ud + - — ◊ ( DE ◊ —ud ) = -cs R , ∂t td



(1)



where cs = cl - cg , cl and cg are the specific heat per unit volume of the supercooled liquid and glassy states, respectively. R ∫ dT/dt is the cooling/heating rate. © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



1256



C. J. Wang et al.: Heterogeneous coupled dissipation modeling of volume and enthalpy recovery



In this paper, we only focus on the temperature window near the glass transition temperature Tg where the relaxation time of the LLCs is much shorter than that of the SLCs [29]. Thus, the assumption ud = 0 in LLCs is a good approximation, and Eq. (1) converts into the following form that only describes the recovery dynamics of SLCs,



∂ud (2) - — ◊ ( DE ◊ —ud ) = -cs R , ∂t with the boundary condition ud LLC = 0. The solution of Eq. (2) depends on three parameters: DE , spatial coupling parameter; v , the volume of a SLC; and fc ∫ VS /V , the fraction of the total volume of all SLCs VS, and V is the volume of system. Obviously, v and fc are two factors that describe the spatial heterogeneity of glass-formers. A simple exponential distribution of v , p(v) = e - v v0 /v0 , is used in this paper, where v0 is assumed to be constant independent of temperature near Tg and consequently, fc is also a temperature independent parameter. Moreover, DE is taken as a non-distributed quantity. Because glasses are at non-equilibrium state, some internal parameters, besides its temperature, are needed to describe the non-equilibrium dynamics of the system. One of these parameters is the Tool’s fictive temperature and other the effective temperature, proposed by Hohenberg et al. [31], which is a time-scale-dependent quantity. By the elicitation of Hohenberg et al. approach, a new effective temperature form is introduced as follows. Cooling a liquid at a rate fast enough to avoid crystallization can form a glass [2 – 5]. So, let us consider an ideal experiment in which a glass system at equilibrium, with temperature T ° and energy density ue (T °) , is quenched, at t = 0 , into a heat bath at temperature T thus becoming a non-equilibrium system. The energy density is u( r, t , T ) t = 0+ = ue (T ) + ud ( r, t , T ) t = 0+ before aging. On the other hand, the energy density of the system does not change before aging, so that, ue (T °) = u( r, t , T ) t =0+ = ue (T ) + ud ( r, t , T ) t = 0+ . This equation suggests that two temperatures, T ° and T must be used to depict the non-equilibrium system when t Æ 0 + . As the aging time increases, ud ( r, t , T ) changes, and the above equation fails in such a way that T ° cannot describe the system. However, we introduce a new effective temperature form TE ( r, t ) , defined as ue (TE ( r, t )) = u( r, t , T ) = ue (T ) + ud ( r, t , T ) , in which the relation holds, TE ( r, t ) = T + ud ( r, t , T )/cs . According to Kurchan et al. [31], not T only, but both TE ( r, t ) and T determine the internal dynamical parameters of the system. For temperature is a thermodynamic parameter that describes the statistical behavior of a system or subsystem with large enough number of molecules, but the size of SLCs is only of the order of nanometers containing a relatively small number of molecules about 103 [16, 17, 20, 27, 28], the effective temperature in a SLC will be modified by the neighboring LLCs and SLCs. Approximately, the average 1 effective temperature, TE = T + ud ( r, t , T ) dV , is used in the system, its format being the same as csV VÚ that of the Tool’s fictive temperature. So, regarding Tool’s creative and influential work [12], we call it as a new fictive temperature form TF, TF ∫ TE = T +



where uds (t , T ) ∫



1 VS



fc s ud (t , T ) , cs



Ú u ( r , t , T ) dV d



(3) is the average of ud ( r, t , T ) only in the SLCs. One characteristic of



VS



Eq. (3) is the appearance of the heterogeneity factor fc in the new fictive temperature form. On the other hand, the effective temperature in the LLCs will also be modified by the surrounding SLCs, but as a first order of approximation we still use T to describe it because ud = 0 in the LLCs as mentioned above. Based on the effective temperature assumption and according to Ref. [29], the dependence of DE on TF is approximately given by, ATV ˆ Ê DE = D0 exp Á , Ë TF - TV ˜¯ © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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where D0 is a constant, A is the fragile parameter and TV is the Vogel– Fulcher temperature. The approximation originates from: (1) the variation of the effective temperature across the SLCs as mentioned above; and (2) the effective temperature is equal to T in the LLCs so that the value of DE in these clusters is controlled by T and not TF . According to the HCD model, the SLCs can only relax by the cooperativedissipation through the surrounding LLCs, and the energy current transferred through the boundaries separating the SLCs from LLCs is controlled by the values of DE on both sides of the boundaries that depend on both T and TF . In fact, the isostructural shear viscosity measurements show that the relaxation time depends on both T and TF , not TF only [2, 32]. We would like to point out that Hutchinson and Montserrat et al. have presented an enlightening model of this topic [33], and the study of its relation with the present model are in process. The effective temperature mentioned above suggests that the non-equilibrium volume of a SLC vl (T ) at temperature T is approximately equal to the ideal equilibrium volume of the SLC vle (TF ) at TF subtracting the instantaneous volume change Dvg (T ) corresponding to the glassy expansion coefficient, so Dvg (T ) ª vg (T ) a g (TF - T ) and vl (T ) ª vle (TF ) - Dvg (T , TF ) , where a g is the expansion coefficient of the glassy states. By using the following linear expandedness that dv e vle (TF ) ª vle (T ) + l (TF - T ) = vle (T ) + vle (T ) a l (TF - T ), with a l is the expansion coefficient of the dT supercooled liquid states, we obtained that, vl (T ) = vle (T ) + (vle (T ) a l - vg (T ) a g ) (TF - T ) a s fc s ud (t , T ) , where a s ∫ a l - a g . Due to the fact that cs the relative volume change is small enough (~10–3) [1– 3], i.e. (a l - a g ) (TF - T )  1, it only introduced a calculation error about [(a l - a g ) (TF - T )]2 when we used vle (T ) to replace vg (T ) in the above equation. Then, from above equation and Eq. (3) the reduced volume deviation of the system from equilibrium is, ª vle (T ) + vle (T ) (a l - a g ) (TF - T ) = vle (T ) + vle (T )



V (t , T ) - VE (T ) a s fc s ª ud (t , T ) . VE (T ) cs 2



d V (t , T ) ∫



(5)



The numerical calculation method of d V (t , T ) as a function of t and/or T is shown in Appendix I. Usually, differential scanning calorimetry (DSC) measurements under atmospheric pressure are used to study the enthalpy recovery in glasses and the heat flow J to the measured sample is obtained. Moreover, the thermal lag effect, arising from the thermal resistance of both the measured sample and the sample-pan interfaces of DSC devices, should be taken into account [4, 34, 35]. In Appendix II, the reladTF tion between J and (Eq. (3)) that describes the microscopic structural recovery is given after dT the thermal lag is considered in DSC measurements.



3



Calculations and comparisons with experiments



In this section, we will calculate d V (t , T ) vs. time t for different thermal histories, i.e. volume recovery (see also Appendix I), and the variation of the fictive temperature TF with T during heating for different aging time t a , i.e. enthalpy recovery (see also Appendix II). 3.1 Isothermal volume recovery Shown in Fig. 1 are the calculated values of d V (t , T ) (Eq. (5)) vs. time t for a series of temperature downjump processes, as indicated schematically in the inset of Fig. 1, from TD = 40 °C to different aging temperatures TA = 19.8, 22.4, 24.9, 27.5, 30, 32.5 and 35 °C, i.e. isothermal contraction processes [3]. The comparison with experimental results of glassy glucose [1] is also shown. The fitting parameters are presented in the Table 1. The same values of TV , A, t 0 , fc and a s were used in the computation of the © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 1 Calculated d V vs. t after a series of temperature down-jump processes from the same TD to different TA shown schematically as the inset of Fig. 1 and then aging at TA. The experiments of glucose glass are taken from Ref. [1]. The fitting parameters are shown in Table 1.



seven curves represented in Fig. 1. Due to the difficulty of temperature control after temperature downjump or up-jump processes, temperature errors smaller than those presented in Ref. [1] (Table 1) are added to the measured temperature TA . In this way, the fitting of the calculations to experiments is improved. As shown in more detail in the following section, the real cooling rate R of the sample may become smaller than that of ideal quenching processes because of the thermal lag effect and temperature inhomogeneity in the samples [34, 35]. An important characteristic of the isothermal recovery is its non-exponential relaxation behavior that can be described by the stretched exponential function, j (t ) = exp [ -(t/t ) b ] [2 –5]. This means that the effective relaxation time, t eff = t b t 1- b /b , increases with time [30]. According to the present model, the relaxation of a SLC is carried out through the cooperative-dissipation, i.e. its energy is first transferred to its neighbor LLCs where it is dissipated. So, the molecules in the SLC near the neighbor LLCs will relax first, and then more and more molecules located far away from the LLCs will relax through the cooperative-dissipation. Therefore the relaxation time of the SLC increases with time. As a result, the relaxation shows an approximately stretched-exponential feature even for a single SLC [30]. It should be expected that the distribution of SLC volumes will boost up the stretching behavior. Table 1 Fitting parameters for the isothermal contraction in glucose glass.



TV (°C) A



–20 –20 –20 –20 –20 –20 –20



6.6 6.6 6.6 6.6 6.6 6.6 6.6



τ 0−1 (Hz)



fc



a s (104/K)



R (K/min)



TD (°C)



TA (°C)



1.3 × 1011 1.3 × 1011 1.3 × 1011 1.3 × 1011 1.3 × 1011 1.3 × 1011 1.3 × 1011



0.73 0.73 0.73 0.73 0.73 0.73 0.73



8.1 8.1 8.1 8.1 8.1 8.1 8.1



8 16 14 14 14 10 8



40 40 40 40 40 40 40



19.8 22.4 24.9 27.5 + 0.1 30 + 0.2 32.5 + 0.4 35 + 0.7
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Fig. 2 Calculated d V vs. t after up- and down-processes shown as the inset of Fig. 2 but aging at the same TA. The experiments of poly(vinyl acetate) are taken from Ref. [1]. The fitting parameters are shown in Table 2.



3.2 Asymmetry of isothermal volume recovery After a temperature up-jump (from TU to TU + DT = TA ) or a temperature down-jump (from TD to TD - DT = TA) process, the system is aged at the same temperature TA as shown in the inset of Fig. 2. The solid lines, representing the calculated values of d V (t , T ) vs. time t (Fig. 2), indicate that the expansion rate toward equilibrium is always slower than the contraction one. This asymmetry of isothermal recovery [1– 3, 5] is also compared with experiments of poly(vinyl acetate) [1], and the fitting parameters are shown in Table 2. According to Eq. (3), the values of TF for the temperature up- and down-jump processes mentioned above are different even though TA is the same. The values of TF are higher and lower than TA , respectively, for the temperature down- and up-jump processes. This means that DE (Eq. 4) for the up-jump process is always smaller than that for the down-jump process and, as a result, the expansion process toward equilibrium in the former case needs longer time than the contraction in the latter. 3.3 Enthalpy recovery A typical process involving cooling, aging and then heating [4, 14] is schematically presented in the inset of Fig. 3. In this inset the calculated DSC results are also shown, at the cooling and heating rates of 20 K/min., i.e. the heat flow J vs. T on heating for aging temperature TA = 311 K and aging time t a = 18000 sec. with TV = 280 K, A = 5.8, t 0-1 = 3 ¥ 1012 Hz , fc = 0.733 and K E = 1.0 Hz, where K E is the effective thermal conductance between the pan and the sample (see also Appendix II). J undergoes a Table 2



Fitting parameters for the asymmetry of isothermal volume recovery in poly(vinyl acetate) glass.



TV (°C) A



–16 –16



8.3 8.3



-1



t 0 (Hz)



fc



a s (104/K)



R (K/min)



TD (°C)



TA (°C)



1014 1014



0.8 0.8



7.9 7.9



10 10



40



35 + 0.6 35 30



TU (°C)
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Fig. 3 Calculated dTF /dT vs. T on heating after a cooling process followed by aging at TA = 311 K and t a = 18000 sec. with TV = 280 K, A = 5.8, t 0-1 = 3 ¥ 1012 Hz , fc = 0.733, KE = 1.0 Hz. The original calculated heat flow J of DSC results is shown in the inset, and the corresponding temperature cooling, aging and then heating process is also schematically presented in the inset. Both the cooling and heating rates are 20 K/min.



rapid increase just after the heating process that gradually evolves to a steady value J |T Tg with further heating. Near the glass transition region, J goes up again till a maximum, i.e. an endothermic peak, then decreases and finally reaches another steady value at high temperature J |T Tg . These are typical DSC results for glasses during heating [36]. The solid line in Fig. 3 represents the temperature dependence of dTF dTF in heating (see Appendix II). The peak temperature TP is defined as the temperature where dT dT dTF dTF , and the peak width is reaches the maximum value, the peak height is defined as dT T =TP dT T Tg defined as the temperature difference between TP and the temperature where



dTF dTF dT dT



is equal to T Tg



the half of the peak height as shown in Fig. 3. Moreover, the dash line in the figure represents the term dTF for the initial cooling process. dT dTF The calculated values of during heating are plotted as a function of temperature in Fig. 4 for dT dT different K E and for a series of t a . For a fixed K E , the endothermic peak of F shifts to higher temperadT tures while its height increases with increasing t a . On the other hand, for the same t a , the peak temperature shifts to higher temperatures and the peak width increases, though the peak height decreases with decreasing K E . These results are shown in detail in Fig. 5. It is worthy to note that as K E diminishes, the peak height decreases much more rapidly for longer than for shorter values of t a (Fig. 5a). Comparison between the present model and the experiments reveal a significant influence of the thermal conductance on the heat flow in such a way that the fits do not look good unless the thermal quantity © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 4 Calculated dTF /dT vs. T on heating after a cooling process followed by aging at TA = 311 K for different t a and KE with TV = 280 K, A = 5.8, t 0-1 = 3 ¥ 1012 Hz and fc = 0.733. Both the cooling and heating rates are 20 K/min.



K E is considered in the calculations. The DSC results during heating for isotactic PMMA [14] are compared in Fig. 6 with those obtained with the present model. It can be seen that the theoretical results agree quite well with experimental ones. The dash line in the figure represents the calculated DSC results for the initial cooling process. The cooling and heating rate were 20 K/min.



4



Comparisons with other models and discussions



By using the approximation -— ◊ ( DE ◊ —ud ) ª DE ud /v 2 /3 , Eq. (2) becomes, duda ua ª - d - cs R , t dt



(6)



with, Ê vˆ t =t0 Á ˜ Ë v0 ¯



where uds =



2/3



ATV Ê ˆ exp Á , Ë T - TV + uds fc cs ˜¯



(7)



1 ud dv is the average of ud in a SLC with volume v, and t 0 ∫ v02 /3 /D0 . v Úv



Equation (6) has the same mathematical form as the key equation of the KAHR model (Eq. (16) in Ref. [11]). Moreover, the present model predicts an approximately stretched exponential decay [30], a key point upon which the TNM model is based [12, 13]. A very successful form to describe the non-linearity of the structural recovery in the KAHR and TNM models was firstly proposed by Tool [12] who assumed that, t (T , d V ) = A0 exp ( - A1T - A2TF ) = t (T ) ad , with ad = exp [ -(1 - g ) Qd V /a s ], where A0 , A1, A2, g and Q are called as material parameters [2– 5, 11, 12]. Especially, g has also been referred to as the parameter that modulates the non-linearity of glasses. According to the HCD model, the non-linear dependence of the structural recovery on d V is given by Eq. (7). This © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 5 Calculated peak height (Fig. 5a), peak temperature (Fig. 5b) and peak width (Fig. 5c) of dTF /dT peak as functions of KE for different t a with TV = 280 K, A = 5.8, t 0-1 = 3 ¥ 1012 Hz and fc = 0.733 vs. T for TA = 311 K. Both the cooling and heating rates are 20 K/min.



Ê vˆ expression can be rewritten as, t = t 0 Á ˜ Ë v0 ¯



2 /3



i -1 ÏÔ • ¸Ô dV ATV Ê ˆ exp ÌÂ - Á d V ˝. Therefore, ˜ 2 ÓÔ i =1 Ë (T - TV ) a s fc ¯ (T - TV ) a s fc Ô˛ •



i -1



dV 1 Ê ˆ . This expression indicates Â Á fc i =1 Ë (T - TV ) a s fc ˜¯ that g is closely related to the heterogeneity parameter fc of glasses. Moreover, the fact that g depends on d V suggests that this parameter is more or less dependent on the thermal history. Thus, the HCD model bridges the KAHR and TNM models with the heterogeneity in glasses. As shown in Ref. [14], to fit the high endothermic peak at long values of ta, requires that the material parameters g and β, which account for the non-linearity and non-exponentiality in KAHR and TNM models, respectively, must change with the thermal history, a provocative problem in the models [3– 5, 14]. Even so, the calculated endothermic peak is still narrower than the experimental one for long aging times [14]. Figure 6 indicates that the present model fits quite well to the experiments if the thermal conductance is taken into account. Finally, based upon the comparisons of the HCD model with the



g in Tool’s assumption can be written as, (1 - g ) µ
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Fig. 6 Comparisons between the present model and the experiments of isotactic PMMA [14] with TA = 311 K for: (1) t a = 60000 s, (2) t a = 18000 s, (3) t a = 6000 s, (4) t a = 1800 s, and (5) t a = 0 s. Both the cooling and heating rates are 20 K/min.



KAHR and TNM models, it can be concluded that the deficiencies observed in the latter two models will disappear if the thermal lag is considered. We would like to point out that there is a non-neglected deviation of the calculated curve (the line 4) from the experiments in Fig. 6. This deviation may be due either to the poor reproducibility of DSC measurements [4, 34] or to some approximations used in the HCD model. So, further studies are expected.



Appendix I By using the reduced quantities, uˆd ∫ ud /csTV , Tˆ ∫ T/TV and rˆ ∫ r/v0 , Eqs. (2) and (5) become, 1/3



∂uˆd 1 - A /(Tˆ +uˆds fc -1) ˆ 2 R - e — uˆd = - , ∂t t 0 TV



(A1)



d V = a s fc TV uˆds ,



(A2)



2



where uˆds = ud /csTV and t 0 = v02 / 3 /D0 . Let us consider a large enough square region of two-dimension with reduced side length Lˆ ∫ L /v1/3 0 , divided into N C2 small square blocks with side length Dxˆ = Lˆ /N C , a SLC is created as follows. First, an initial small square block labeled by a random position rkl , i.e. a pair of random values of k and l, is created by the random command of the FORTRAN. Then, a small square rk ¢l ¢ block neighbor to rkl is selected as a part of the SLC also by the random command, and so on, till a SLC with the needed area is created. By repeating the above process, many SLCs (including the volume distribution of them) are created in the selected large square region of the system, as shown in Fig. 1a of Ref. [29]. The calculated d V of such a big region is almost the same as that of the ensemble of the small square regions with a single square SLC in as shown in Fig. 1b of Ref. [29]. To save computing time, the calculations were only performed in the ensemble of these simple regions. © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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By using the classical-differential-method [37], the numerical calculation form of Eq. (A1) is, È ˘ DtR Dt -A + exp Í ˙ 2 d ˆ ˆ TV t 0 Dxˆ Î T - fc ud - 1 ˚ ¥ ÈÎuˆdk +1l (t ) + uˆdk -1l (t ) + uˆdkl +1 (t ) + uˆdkl -1 (t ) - 4uˆdkl (t ) ˘˚



uˆdkl (t + Dt ) = uˆdkl (t ) -



(A3)



where Dt is the computation time-step, and k , l = 1… N C . The convergence condition of the numerical calculation is: Dt exp [ - A/(Tˆ - 1 + uˆds fc )]/(t 0 Dxˆ 2 ) £ 0.5 . The boundary condition of Eq. (A3) is uˆd LLC = 0 . The initial condition is to take a high enough initial temperature so that uˆdkl = 0 . T and t are related by R = dT/dt . In fact, the numerical calculation of Eq. (A3) deals with N C2 coupled non-linear differential equations ( N C = 50 in this paper), and it should be expected that the calculation time is very long due to the strict convergence condition of the numerical calculation mentioned above. To save time, the following approximate two-step method was used in this paper: 1st-step) by changing a temperature step d T of the system with an infinite heating/cooling rate, the corresponding calculation equation is uˆdkl (t + Dt ) = uˆdkl (t ) - d T TV from Eq. (A3); 2nd-step) by waiting a time interval d t = d T R with the temperature of the system not changed, the corresponding equation for the numerical calculation becomes, È ˘ Dt -A k +1l k -1l kl +1 kl -1 kl uˆdkl (t + Dt ) = uˆdkl (t ) + exp Í ˙ ¥ ÈÎuˆd (t ) + uˆd (t ) + uˆ d (t ) + uˆ d (t ) - 4uˆd (t ) ˘˚ also from 2 d ˆ ˆ t 0 Dxˆ 1 T f u Î ˚ c d Eq. (A3). For the convergence property of this equation is much better than Eq. (A3), large Dt can be used to calculate and the calculation time is short. However, it should be expected that the calculation errors is relatively large as shown especially in Fig. 3. The method can easily be extended to one and three dimensions, and the calculated results differ very little from those obtained in two dimensions.



Appendix II A thermal lag (temperature difference between the measured sample and the DSC pan) arises from the thermal resistance of the sample and sample-pan interface [4, 34, 35]. Let the temperature of the pan and LLCs as shown in the Fig. 1b of Ref. [29] be, respectively, T and TS. This latter magnitude should be a distributed quantity because of the spatial-dynamical heterogeneity of glass formers. Let each region of the ensemble of the square calculation regions, with volume distribution mentioned in the Appendix I, contact with the pan. Then the heat flow J i from the pan to the ith region is [34], J i = K (T - TS(i ) )



(A4)



This flow will changes TS(i ) and ud(i ) of the region, according to the following thermal balance equation, du ( i ) ˆ Ê dT ( i ) J i = vc Á cs S + fc d ˜ Ë dt dt ¯



(A5)



where K is the effective thermal conductance between the pan and the sample, vc ∫ v0 /fc which is the volume of the calculation region, and ud(i ) is the average of ud( i ) in the SLC of the ith calculation region. Then from Eqs. (A4) and (A5), it is obtained that, dTS(i ) f dud( i ) + c = K E (T - TS(i ) ) dt cs dt © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



(A6)
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where K E ∫ Kfc / v0 cs . Moreover, after the thermal lag is considered, Eq. (2) can be rewritten in the following form for the ith region, ∂ud( i ) dT (i ) - DE —2ud(i ) = -cs S ∂t dt



(A7)



The total heat flow J from the pan to the sample is, N



J = Â K (T - TS(i ) ) ,



(A8)



i =1



where N is the total number of the calculation regions. The numerical calculation procedure involves three steps: 1st) a high enough initial calculation temperadT (i ) ture is taken where T = TS(i ) and S = R ; 2nd) ud(i ) is calculated from Eq. (A7) taking into account that dt (i ) dT TS(i ) = T and S = R (the numerical calculation method is similar to that described in the Appendix I); dt rd (i ) 3 ) TS is calculated from Eq. (A6) used the values of ud(i ) calculated in the 2nd step. Then J is obtained from Eq. (A8); and so on. Acknowledgments This work was supported by the National Natural Science Foundation of China (Grant No. 10274028). This work was also partly supported by the DGIYT through the Grant PB(%-0134-c02-01). One of us (Y. N. Huang) is indebted to the DGICYT (Progama Estancias Temprorales de Cientificos Extranjeros en Espana) for a grant.
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