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Abstract 

The semi-crystalline state of polymers implies the formation of a non-crystalline interphase beside 

lamellar crystals known as rigid amorphous fraction (RAF). This devitrifies on heating at 

temperatures much higher than the one typical of the bulk-amorphous fraction. Its glass transition 

and physical aging in the glassy state has thus far remained elusive. Here, we study the RAF glassy 

dynamics in poly(L-lactic acid) (PLLA) applying recently developed aging thermal protocols based 

on fast scanning calorimetry (FSC). Specifically, semi-crystalline samples are aged in different 

conditions between the glass transition of mobile amorphous fraction and the crystals’ melting 

temperature (Tm). A distinct endothermic peak at temperatures above that of aging develops with 

time. We provide evidence that in the initial part of aging the origin of this peak is due to the enthalpy 

recovery of glassy RAF. At longer aging times, the aging peak is at least partly associated to 

secondary crystallization. Isochronous experiments at different aging temperatures enable to obtain 

a fair estimate of the RAF glass transition temperature, Tg, whose upper limit is about 135 °C. The 

proposed method holds the promise of gaining new insights on the elusive glassy dynamics of the 

RAF of semi-crystalline polymers. 
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Introduction 

The structure of semi-crystalline polymers, as it results from crystallization, comprises a crystalline 

phase and amorphous fractions of different mobility, as initially highlighted by Wunderlich.1 The 

ordered phase creates restraints on the near amorphous areas, with the result that a rigid and 

disordered nanophase develops at the interphase between crystal lamellae and mobile amorphous 

areas. This rigid amorphous fraction (RAF) vitrifies/devitrifies at temperatures higher than the glass 

transition of the mobile amorphous fraction (MAF) (Tg), which is located farther from the crystalline 

regions.2,3 

The RAF has been discovered in almost all semi-crystalline polymers2,3, as well as in a variety of 

polymeric systems that have alterations in dynamics and glass formation behavior,4,5 like 

nanolayered polymers,6,7 block copolymers,8 or polymer nanocomposites.9–13,11 The alterations 

generally involve a depression in dynamics and an enhancement in Tg when the interface is rigid 

and well coupled to the polymer. 

The RAF largely affects properties of semi-crystalline polymers, like mechanical response, gas 

permeability and electric conductivity.14–19 For example, RAF fraction influences the elastic modulus, 

with a behavior similar to that of the crystal phase, while the gas barrier properties drop because of 

the higher free volume of the RAF with respect to the crystals. Considering that most large-volume 

commodity polymers are semi-crystalline, improving knowledge and controlling the RAF has the 

potential to yield enormous technological and economic benefits. 

Large research efforts have been devoted to date to quantify the RAF in a variety of semi-

crystalline polymers,2,3 to study the kinetics of RAF formation and mobilization,20–26 or the effect of 

the thermal history,27–29 as well as the influence of crystal polymorphism on RAF development.23,30 

Due to the various degrees of coupling between the crystallized and the non-crystallized rigid chain 

portions, RAF vitrifies and devitrifies in a wide temperature range, and progressively decreases with 

increasing the temperature.24,25,31 In general, RAF develops simultaneously with the crystal growth 
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during crystallization at low temperatures, while at higher temperatures it starts to develop during 

the final stages of the crystallization process, or does not form at all. 24 

Conversely, only few studies have been performed on the time evolution of the RAF structure 

after crystallization, that is its physical aging19,32,33 or structural relaxation34 behavior. Recently it has 

been proven that both MAF and RAF contribute to structural relaxation in poly(L-lactic acid) (PLLA) 

upon aging at temperatures below Tg.25,35–38 RAF does not take part into the cooperative segmental 

motions close to Tg, because it devitrifies at higher temperatures. Below Tg, RAF partakes in the 

structural relaxation through small-scale conformational rearrangements, which are barely 

influenced by the confining crystalline regions.  

Due to its glassy nature, RAF can undergo structural relaxation also during aging above Tg, but 

below the temperature of its complete devitrification. For a few polymers, namely isotactic 

polystyrene,39,40 poly(ethylene terephthalate),41 cis-1,4-polybutadiene,42 poly[(R)-3-

hydroxybutyrate],43 poly(3-(2′-ethyl)hexylthiophene)41 and poly(3-hexylthiophene) (P3HT),19,42 a 

small enthalpy recovery peak subsequent to structural relaxation of the RAF was indeed recognized 

at the onset of crystal melting. To our knowledge, besides a recent investigation on P3HT,19 no 

systematic study on physical aging of the RAF at temperatures higher than Tg of the MAF has ever 

been conducted, although the occurrence of aging in semi-crystalline polymers at temperatures 

above Tg was detected by Struik many years ago though the analysis of mechanical properties.46,47 

In the present study, a complete analysis of the RAF physical aging in a wide temperature range 

above Tg is reported and discussed for poly(L-lactic acid) (PLLA). This is a bio-based and 

biodegradable polyester of increasing industrial interest, chosen here for a quantitative analysis of 

the RAF aging kinetics, because of the wide available knowledge on its three phase structure. The 

latter includes quantitative data on the kinetics of RAF vitrification in dependence of crystallization 

temperature22 and crystal polymorphism,23 as well as the temperature evolution of the RAF upon 

non-isothermal crystallization, and the relation with crystal melting.25 
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From the viewpoint of the crystalline phase, PLLA is known to crystallize into two different crystal 

forms upon quiescent melt or cold crystallization: an ordered α-phase produced at temperatures 

≥ 120 °C, and a conformationally disordered (condis) α'-phase that develops at lower 

temperatures.48–50 The two polymorphs have only minor differences in the chain packing, linked to 

conformational disorder and larger unit cell in the α'-modification.50 The kinetics of crystal nucleation 

and growth, including the dependence on molar mass and D-lactide comonomer content, has been 

extensively investigated in the past.51–53 It was shown that the maximum spherulitic growth rate is 

encountered at around 125 °C for the α-phase, while nucleation can occur also below Tg, and 

achieves its fastest kinetics at about 100 °C. 

In the present study, we employ fast scanning calorimetry (FSC), complemented with 

conventional differential scanning calorimetry (DSC) and temperature-modulated differential 

scanning calorimetry (TMDSC), to provide an in-depth characterization of the physical aging and 

upper glass transition of the RAF (Tg,RAF) in PLLA. To this aim, we apply a methodology that relies 

on the fact that the RAF ages in its glassy state also above the MAF Tg. Hence, the manifestation of 

physical aging must show the typical calorimetric signature of this phenomenon, that is, the 

appearance of an endothermic overshoot, implying enthalpy relaxation. This method was firstly 

introduced to investigate the onset of non-equilibrium effects in polystyrene thin films,54,55 and later 

employed to gain insights on the glass transition of P3HT.19 Here, by changing the aging temperature 

between Tg and the temperature at which the RAF is formed, i.e. the RAF vitrification/devitrification 

temperature, we carry out a systematic study on the physical aging behavior of the RAF. In such a 

way, we also provide an estimate of the upper Tg,RAF. Incidentally, the proposed in-depth analysis 

has broader implications for the understanding of so-called “annealing peaks”, commonly observed 

in semi-crystalline polymers thermally treated below the melting temperature. 
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Materials and methods 

PLLA containing less than 1 % D-isomer co-units, grade name L-175, was kindly provided by Total 

Corbion (The Netherlands). The melt-flow index is 8 g / 10 min (210 °C/2.16 kg), mass-average and 

weight-average molar mass are 34 and 106 kDa, respectively, as measured by gel permeation 

chromatography. PLLA was dried in an oven at 60 °C under vacuum overnight, then compression-

molded with a Carver Laboratory Press at a temperature of 190 °C for 2 min, without any applied 

pressure, to allow complete melting. After this period, a pressure of about 20 bar was applied for 2 

min. Successively, the press plates equipped with cooling coils were quickly cooled to room 

temperature. Film with thickness of about 0.25 mm were obtained. 

DSC and TMDSC measurements were performed with a Perkin Elmer Calorimeter DSC 8500 

equipped with an IntraCooler III as refrigerating system. The instrument was calibrated in 

temperature with high purity standards (indium, naphthalene and cyclohexane) according to the 

procedure for standard DSC. Enthalpy calibration was performed with indium.56 To gain precise heat 

capacity data from the heat flow rate measurements, each scan was accompanied by a reference 

empty pan run. The mass of the aluminum sample pan and empty reference pan matched within 

0.02 mg. Dry nitrogen was used as purge gas at a rate of 30 mL min-1.  

Before each analysis, PLLA samples were heated from room temperature up to 200 °C at 20 K 

min-1. An isotherm of 2 min was then performed to erase thermal history. Subsequently, the samples 

were quenched to 60 °C and left at this temperature for 5 min, to promote homogeneous nucleation.51 

This results in a faster crystallization rate,53 as well as a higher RAF content.3 Finally, the samples 

were heated at 100 K min-1 to Tc = 135 °C, and kept at this temperature for 15 min to allow 

crystallization in the -form.  

At the end of the isothermal crystallization at Tc = 135 °C, PLLA samples were cooled at 50 K 

min-1 to 0 °C, before being either heated by conventional DSC (at rate qh = 10 K min-1) or by TMDSC 

(at the average heating rate qh,average = 2 K min-1, with a period of 60 or 120 s, and an amplitude of 

0.5 K) until complete melting. According to the mathematical treatment of TMDSC data, the 

modulated temperature and the heat flow rate curves were approximated to discrete Fourier 
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series.57,58 From the ratio between the amplitudes of the first harmonic of the modulated heat flow 

(AHF) and temperature (AT), the reversing specific heat capacity (cp,rev) was obtained:  

𝑐𝑝,𝑟𝑒𝑣(𝜔, 𝑇) =  
𝐴𝐻𝐹(𝑇)

𝐴𝑇(𝑇)

𝐾(𝜔)

𝑚(𝜔)
        (1) 

where  is the fundamental frequency of temperature modulation ( = 2/p), m the mass of the 

sample and K() the frequency-dependent calibration factor. The average K() values, determined 

by calibration with sapphire, were 1.05 ± 0.02 and 1.00 ± 0.02 for p = 60 s and 120 s, respectively. 

For each measurement, the K() value was chosen, so that the measured Cp,rev values in the glass 

and melt states matched with the solid (Cp,s) and liquid (Cp,l) thermodynamic specific heat capacities, 

as taken from the literature.59 

FSC experiments were performed using the Flash DSC 1 of Mettler Toledo with an intracooler, 

allowing temperature control between −90 and 450 °C, and nitrogen purge. This equipment is based 

on chip calorimetry and, therefore, allows spanning cooling/heating rates between 0.1 and >1000 K 

s-1. PLLA samples with mass ~90 ± 10 ng were directly placed on the active area of the chips, and 

crystallized using the closest possible thermal history used for DSC analyses. As a general rule, all 

samples were first heated up at 1000 K s-1 to 220 ºC, above PLLA melting temperature obtained at 

such rate (~185  ºC), to remove all previous thermal history. Samples were subsequently exposed 

to the same protocol used by DSC, that is cooled down to 200 °C (at 1000 K s-1), kept at 200 ºC for 

2 min, then cooled down to 60 ºC at 1.67 K s-1 (i.e. 100 K min-1) and subjected to a preliminary aging 

of 5 min to promote homogeneous nucleation. After that, they were immediately heated at 1.67 K s-

1 to 135 ºC for 15 min to grow crystals from previously formed nuclei. Finally, samples were cooled 

at 1000 K s-1 to a given aging temperature, ranging from 90 and 130 ºC, where isothermal aging was 

carried out for a wide range of time scales; and subsequently cooled down at 1000 K s-1 to -90 ºC 

and heated up to 220 ºC at the same rate for data recording. For each temperature/time of aging, 

the FSC profiles of aged PLLA were compared to rejuvenated samples, attained by repeating the 

thermal history on the same sample, but without the aging step. The entire thermal protocol for FSC 

experiments is schematized in Fig. 1. 
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Figure 1. Scheme with the employed thermal protocol for FSC experiments. 

Results 

In order to quantify the temperature dependence of the RAF, the PLLA samples were analyzed 

upon heating by DSC and TMDSC, after crystallization at Tc = 135 °C and cooling at 50 K min-1 to 0 

°C. Figure 2 shows the apparent specific heat capacity (Cp,app) obtained with DSC, and the reversing 

specific heat capacities (Cp,rev) determined by TMDSC at two different modulation periods. As proven 

by literature data,35,60 cooling of semi-crystalline PLLA from Tc = 135 °C at 50 K min-1 to below Tg 

does not lead to further crystallization, but only to vitrification of amorphous chain segments. 
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Figure 2. Apparent (Cp,app, qh = 10 K min-1) and reversing specific heat capacity (Cp,rev, qh,average = 2 K min-1, 

modulation amplitude: 0.5 K, modulation period : 60 and 120 s) of PLLA as a function of temperature after 

crystallization at Tc = 135 °C. The thin dotted and dashed lines are the thermodynamic solid and liquid specific 

heat capacities (Cp,s and Cp,l) of PLLA, respectively, as taken from the literature.59 In the inset, an enlargement 

of the curves is depicted. 

Figure 2 shows that the melting behavior of PLLA after crystallization at Tc = 135 °C is composed 

by only a peak with a shoulder on the low temperature side, in agreement with previous studies, 

which demonstrated that when crystallization is performed at Tcs higher than 130 °C, a single melting 

peak is always observed.52,53 In the temperature range between Tg, centered at 63 °C, and about 

130 °C, the perfect correspondence between the Cp,app and the Cp,rev indicates that no reversing 

latent heat is exchanged at temperatures lower than Tc. This proves that, in this temperature range, 

Cp,app and Cp,rev correspond to the thermodynamic specific heat capacities of the semi-crystalline 

PLLA without contribution from latent heat. This allows the quantification of the evolution of the 

melted fraction (wmelt) at temperatures lower than Tc through the following equation:21 

𝑤𝑚𝑒𝑙𝑡(𝑇) =  
𝐶𝑝,𝑟𝑒𝑣(𝑇)− 𝐶𝑝,𝑠(𝑇)

𝐶𝑝,𝑙(𝑇)− 𝐶𝑝,𝑠(𝑇)
        (2) 
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where Cp,s and Cp,l are the solid and liquid thermodynamic specific heat capacities, respectively, as 

taken from the literature.59 Conversely, at higher temperatures, the Cp,rev values are different from 

the corresponding Cp,app data, which demonstrates that fusion and reorganization/recrystallization 

occur upon heating starting from the crystallization temperature, as attested in the literature for other 

semi-crystalline polymers.61 

The crystalline fraction (wC) was determined by using a linear baseline from a temperature slightly 

below 135 °C (Ti) to the end of the melting (Tf), according to the following equation:  

𝑤𝑐(𝑇) =  ∫
𝐶𝑝(𝑇)− 𝐶𝑝,𝑏𝑎𝑠𝑒(𝑇)

∆ℎ𝑚
0 (𝑇)

𝑑𝑇
𝑇𝑓

𝑇𝑖
       (3) 

where hm°(T) is the enthalpy of melting of 100 % crystalline -form.60 Finally, the vitrified fraction 

(wglassy) was quantified by difference, i.e., wglassy(T) = 1– wC – wliquid (T). At temperatures higher than 

Tg, wliquid corresponds to the MAF Below Tg, the mobile amorphous fraction vitrifies, wliquid vanishes, 

and the difference 1-wC corresponds to the total vitrified amorphous fraction. 

 

Figure 3. Temperature dependence of vitrified (blue and light blue curves) and mobile (yellow and orange 

curves) amorphous fractions for PLLA upon heating at 2 K min-1 after crystallization at Tc=135 °C and cooling 

at 50 K min-1 to 0 °C. The constant crystalline weight fraction (wc) value is also indicated. Note that below the 

Tg,, the vitrified fraction corresponds to the sum of the MAF and the RAF, whereas above this temperature this 

is only the RAF. 
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Figure 3 illustrates the temperature dependence of the MAF and RAF fractions after crystallization 

at Tc = 135 °C for 30 min. The Figure reveals that at about 70 °C, the RAF amount, that is the portion 

of material still vitrified, is approximately 0.20. By increasing the temperature, it decreases to become 

zero at approximately 130 °C. Previous studies demonstrated that the RAF does not develop during 

crystallization of PLLA at temperatures higher than 130 °C.37 Thus this temperature was assumed 

as a limit for the presence of RAF in PLLA. Although the RAF does not form during crystallization at 

Tc = 135 °C, it can develop upon successive cooling.35 Due to internal stresses at the 

amorphous/crystal interface, which are not released during crystal growth, and the progressively 

reduced chain mobility, amorphous segments can vitrify during cooling at temperatures higher than 

Tg. This RAF vitrification can occur in a wide temperature range, because the degree of hindrance 

of the amorphous segments depends on the distance from the crystal.62 

With the aim of attaining insights on the structural relaxation of PLLA RAF, samples crystallized 

at 135 ºC by FSC were immediately cooled at 1000 K s-1 to aging temperatures ranging from 130 to 

90 ºC. An overview of the obtained results is shown in Fig. 4, where the heating scans at 1000 K s-1 

after aging at different aging temperatures and times are shown. Inspection of Figure 4 evidences 

the typical calorimetric signature of a semi-crystalline PLLA, that is, the specific heat flow step at ~70 

ºC, associated to the MAF Tg, and the melting peak at ~180 ºC. Furthermore, aging between the Tg 

of the MAF and the melting regions causes the appearance of an excess endotherm with respect to 

the rejuvenated scan. Such endotherm increases in magnitude with the aging time and progressively 

shifts to higher temperature with increasing the aging temperature. 
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 Figure 4. Heating scans after different aging times at the indicated aging temperatures. Insets are 

magnifications of the Tg region and the temperature range in which the development of the endotherm is 

observed. 
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An annealing endothermic peak observed between the Tg of the MAF and primary crystals melting 

in semi-crystalline polymers has been reported earlier in several studies.39–42 In order to unveil its 

origin, we have scrutinized how the evolution of this endothermic peak influences the glass transition 

of the MAF and the melting of the crystalline phase. The former aspect is shown in Fig. 5A (upper 

panel), which considers how aging at 100 ºC, as a showcase, affects the step in the specific heat-

capacity (Cp) at the MAF glass transition and the corresponding Tg, calculated at ½ Cp. As it can 

be observed, both quantities essentially remain unaltered until ~2.103 s. At longer times, both the 

specific heat capacity step and the Tg value show time dependent behavior, exhibiting a decrease 

and an increase, respectively. Similar results are obtained for the modification of the crystallization 

behavior upon aging at 100 ºC, shown in Fig. 5B (lower panel). This evidences no alteration of the 

melting behavior, i.e., melting enthalpy and temperature, until ~103 s. At longer times, both values 

increase, indicating improvement of the already existing crystal and/or further growth of crystals. 

Altogether, these results indicate that while at short aging times the features of the MAF and the 

crystalline phase remain substantially unaltered, at longer times an increase in the crystalline fraction 

(secondary crystallization) takes place at expenses of the amount of the MAF and this alters its 

mobility. 
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Figure 5. (A) Variation of Cp and Tg with aging times for Tag =100 ºC. (B) Variation of crystal’s melting 

temperature (Tm
ag) and melting enthalpy (Hm

ag) with aging time, where Tm
cryst and Hm

cryst are the melting 

temperature and enthalpy of the rejuvenated sample. 

Having identified the connection to secondary crystallization of the endothermic peak at long 

aging time, we now provide insights on the origin of this peak at shorter time scales. In particular, 

our aim was to discriminate between two possible scenarios leading to the formation of endothermic 
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signal, that is, the aging of the RAF or the melting of small crystals formed at large degrees of 

supercooling. To this aim, we have conveniently adapted a thermal protocol recently proposed by 

Androsch and Schick.63 This consists of submitting the samples to multi-step aging experiments at 

different temperatures in reverse order, i.e., performing in one case aging at relatively high 

temperature first, followed by a down-jump and aging at a lower temperature, and viceversa in the 

second case.  

The outcome of this analysis is shown in Fig. 6. The upper scans show the specific heat flow rate 

curves of semi-crystalline PLLA after aging either 90 ºC or at 120 °C for 1000 s and the 

corresponding reference curves (see green vs. yellow curves). As already shown in Fig. 4D, the 

aged samples exhibit an aging peak in the range ~120÷150 ºC.  A first visual comparison of the 

quantity of enthalpy produced after these two thermal treatments already suggests that the observed 

peak is not related to crystallization or ordering phenomena. In fact, given that the crystallization rate 

(primary or secondary) should increase with aging temperature or at worst being constant in this 

temperature range,51 a higher amount of enthalpy should be expected from aging PLLA at 120 °C 

with respect to 90 °C, when equal times are considered. However, if the peak is not related to the 

melting/crystals but to physical aging of the RAF, the observed decrease in recovered enthalpy is 

perfectly understood, in light of the progressively decreasing RAF amount (see Figure 3) and 

distance from equilibrium with approaching the upper Tg,RAF. 

Further arguments against the crystalline origin of the endothermic effect can be derived by 

comparing the curves after direct aging at 90 °C with the dual-step aging carried out at 90 ºC and 

subsequently 120 °C (see green vs. orange curves). In fact, the characteristic peak at around 140°C 

obtained after 1000 s of aging at 90 °C disappears or is smeared out when a further aging is 

performed at 120 °C. If this peak were attributed to the melting of small crystallite, it would be hard 

to understand how these crystals could be erased from the sample by aging it at a temperature (120 

°C) below the onset of their melting/disordering. Furthermore, when aging at 120 ºC is followed by 

aging at 90 ºC, the thermal response is completely different from that induced by simple aging at 

120 ºC (see yellow and red curves). If the process occurring during ageing is exclusively 
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crystallization, the red curve should exhibit an additional melting peak at lower temperature (see 

article by Furushima), and not a higher peak in the same temperature range (red curve). This event 

could be ascribed to the reduced relaxation times at 90 °C, which lead to a higher overshoot upon 

the successive heating.  

In contrast, our complex aging experiments are fully compatible with the physical aging scenario. 

Indeed, it is well known that the appearance of the endothermic overshoot resulting from physical 

aging depends on the aging temperature.37,64–66 Specifically, it shifts to lower temperature as the 

aging temperature is decreased, in line with the outcome of our experiments. 

 

Figure 6. Heat flow rate scans after the indicated thermal protocols. Specifically, when aging is performed only 

at a single temperature, this is indicated as Tag. A number representing the order of chosen aging temperatures 

is added as a pedix (i.e., Tag1, Tag2) for two-step aging experiments. In all cases, the aging time is kept fixed 

among the various steps, and equal to 1000 s. 

Having provided arguments that the aging peak observed at relatively short times between the Tg 

of the MAF and melting temperature is related to RAF physical aging, we now focus on the evolution 
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of the recovered enthalpy. Details regarding the evaluation of the amount of recovered enthalpy are 

reported in Fig. 7. Calculation is based on the enthalpy of melting measured for the crystals formed 

after the nucleation and growth protocol presented in Fig. 1 and the enthalpy of recovery associated 

to the physical aging of the RAF. From both thermal events, a merged curve is obtained, as 

highlighted in the inset of Fig. 7, by subtracting a base line (dotted line). By knowing the enthalpy of 

melting, the enthalpy of recovery is obtained by a simple subtraction from the total area. Firstly, Fig. 

8 shows the enthalpy of recovery at four fixed aging times and for various aging temperatures. It is 

worth noting that for each ageing temperature, only Hrecovery data after low ageing times (i.e. before 

the beginning of the crystallization event) are plotted. As expected, an increase in the aging times 

implies a general increase of the amount of recovered enthalpy. Here, it is worth noting that for aging 

times longer than 1000 s, secondary crystallization occurs for Tag < 110 °C. For the largest aging 

time for which we only observe RAF physical aging, the recovered enthalpy increases linearly with 

decreasing aging temperature, whereas at lower aging times the typical bell-shaped behavior can 

be observed. This trend is the results of the antagonist effects of the distance from equilibrium, which 

increases with decreasing temperature, and of the RAF molecular mobility, exhibiting the opposite 

behavior. Considering that glass transition is not sharp, i.e., it starts few degrees above Tg,RAF 

midpoint,38,67 – which is the temperature corresponding to half of the transition – this set of data 

allows estimating a range of Tg,RAF,onset, that is, the temperature marking the onset of non-equilibrium 

effects of the amorphous segments directly linked to the crystals, that is, the most constrained ones. 

As can be observed in Fig. 8, this is approximately 135 ºC, which agrees well with results by TMDSC 

showing disappearance of the RAF at about the same temperature (see Figure 3). 
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Figure 7. Scheme on the procedure to calculate the recovered enthalpy; here for Tag = 90 °C and tag = 5.104 

s, based on the area matching of the reference and the annealed curve. Red area: enthalpy related to the 

physical aging of the RAF. Blue area: enthalpy of melting related to the crystal formed after nucleation and 

growth steps specified in Figure 1. The hatched area represents the total enthalpy associated to both thermal 

events allowing to obtain the merging curve highlighted in the inset. 

 

Figure 8. Isochronous recovered enthalpy values as a function of aging temperature for different aging times. 

The highlighted area illustrates the temperature range of the Tg,RAF,onset. 
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Secondly, a complementary view on the equilibrium recovery of glassy RAF is provided in Fig. 9, 

where the aging time dependence of the recovered enthalpy at different aging temperatures is 

shown. In this figure, only data at relatively short aging times (blue diamonds) can be attributed to 

the aging of the RAF, whereas, as previously discussed, data at longer times may be, at least partly, 

affected by secondary crystallization. All aging data where fitted by the KWW function, which is 

customarily employed to describe glassy dynamics:68 

Δ𝐻(𝑡) = Δ𝐻𝑡𝑜𝑡𝑒(−
𝑡

𝜏
)

𝛽

          (4) 

where  is the relaxation time of physical aging,  the stretching exponent and Htot the total amount 

of recoverable enthalpy.  As can be observed in Fig. 9, the KWW function provides accurate fit of 

experimental data. Here it is worth mentioning that the KWW fit only accounts for the non-

exponentiality of the relaxation and, therefore, it does not take into consideration the non-linearity of 

physical aging.65 Accordingly, the structure dependence of , is not considered. The latter generally 

provides additional stretching to the physical aging behavior. As the structure of RAF submitted to 

high degree of undercooling is expected to undergo large changes of , a decrease of the stretching 

exponent, , is anticipated. This trend is actually found when fitting our set of data by the KWW 

equation as shown in the inset of Fig. 9D. This analysis further corroborates the interpretation of the 

glassy dynamics nature of the enthalpy evolution observed at relatively short aging times at 

temperatures between the Tg of the MAF and Tm of the crystal. 
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Figure 9. Recovered enthalpy as a function of aging time at different temperatures. Blue diamonds are 

exclusively related to RAF aging, whereas data represented as red diamonds are affected by secondary 

crystallization (see text). Inset of Fig. 9D shows the evolution of the stretching exponent β for each investigated 

aging temperature. The black vertical dashed lines mark the aging time at which secondary crystallization 

starts. 
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To provide insights on the time scale involved in the physical aging of the RAF, the model-

independent time to reach a plateau of the recovered enthalpy can be extracted from the data shown 

in Fig. 9. The outcome of this analysis is reported in Fig. 10, where the typical time scales of several 

processes active in PLLA (primary crystallization, secondary crystallization and physical aging of the 

RAF) are shown as a function of the inverse temperature. As can be observed, the time scale to 

reach the plateau of the RAF physical aging, eq (green circles), exhibits super-Arrhenius behavior, 

which is typical of glassy dynamics behavior. Apart from eq, different time scales associated to PLLA 

crystallization can be compared. In particular, the time scales for the onset of secondary 

crystallization obtained in the present work (see Fig. 4) and those of the half time for primary 

crystallization taken from refs. 48 and 66 are shown. Interestingly, these time scales, while showing 

similar trends, exhibit completely different temperature dependence from eq. This important result 

generally indicates that the RAF aging is decoupled from either the primary or secondary 

crystallization behavior. It is worth noting that, depending on the considered temperature range, the 

process of secondary crystallization might precede or follow the equilibration of the RAF. This 

indicates that secondary crystallization can occur concomitantly and in parallel to aging of the RAF. 

Interestingly, a different situation holds true for the process of primary nucleation, the onset of which 

has been found at times always larger to MAF structural relaxation in a variety of polymers, including 

PLLA.70,71 
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Figure 10. Typical time scales associated to RAF aging and crystallization behavior of PLLA as a function 

reciprocal temperature. 

Discussion and Conclusions 

The present study aimed to unveil the origin of the endothermic overshoot exhibited by semi-

crystalline polymers between the MAF Tg and Tm when subjected to aging between these two 

temperatures. The presence of the endothermic overshoot has been subject of intense debate. Two 

alternative explanations have been proposed: i) one is based on the melting of small crystals formed 

at considerable distance from Tm; ii) a second one relies on the physical aging of the RAF, that is, 

the glassy fraction at the interface between the MAF and the crystalline fraction. Our results on PLLA 

crystallized in the  form provide strong indications in favor of the latter scenario, under most of the 

explored conditions. This conclusion is the results of several experimental observations, which are 

summarized in the following.  

Firstly, we show that neither the step at the glass transition nor the temperature and heat of fusion 

of PLA crystals are modified, once the endothermic overshoot develops. This is the case at least up 
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a to a certain time scale, depending on the aging temperature. Therefore no modification of primary 

crystals nor of the amount of MAF takes place during this first stage of aging. A second argument 

comes from the comparison of the magnitude of the endothermic overshoot after aging for a given 

time at 90 and 120 ºC, which increases with decreasing temperature, in line with what should be 

expected for physical aging in glasses, and at odds with the secondary crystallization/melting 

scenario. Complex aging protocols also provide stringent tests on the nature of the endothermic 

overshoot. In particular, aging to 120 ºC after a previous aging stage at 90 ºC deeply modified the 

range and magnitude of the overshoot, in ways not compatible with the crystal melting interpretation. 

Specifically, there is no reason why crystals formed at 90 ºC and melting above 120 ºC should 

disappear, once further aging at 120 ºC is carried out. Similarly, aging at 120 ºC followed by aging 

at 90 ºC produces an aging peak different from that obtained upon aging directly at 90 ºC. While this 

is an expected result for physical aging, crystallizing at the same final temperature generally provides 

the same calorimetric signature if crystallization is considered as an explanation. Finally, the 

decrease of the KWW stretching exponent with decreasing temperature and the super-Arrhenius 

behavior of the time to reach the plateau in the relaxed enthalpy are two typical signatures of glassy 

dynamics in non-equilibrium. 

Altogether, these results provide convincing evidence that aging between the MAF Tg and Tm 

induces the development of an endothermic overshoot whose nature is essentially connected to the 

RAF physical aging. As an important consequence of this conclusion, our approach also permits 

estimating the upper Tg,RAF, taken as the onset of non-equilibrium effect. This matches with the value 

obtained independently by modulated calorimetry. Hence, the approach followed here can be used 

to provide a complete characterization of the RAF non-equilibrium glassy dynamics in semi-

crystalline polymers, where no heat capacity step linked to the RAF glass transition is observed. 
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