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Abstract: Vitrification and devitrification of the rigid amorphous fraction (RAF) of 
poly(ethylene terephthalate) (PET), analyzed during development and 
disappearance of the three phase structure, are detailed in this contribution. Upon 
cooling from the melt at a constant rate, the rigid amorphous fraction starts to vitrify 
when the crystallization process is almost finished, and continues on further 
cooling. The rigid amorphous fraction is formed in the same temperature range of 
the secondary crystal growth. Analysis of the low melting endotherm that is 
observed in isothermally crystallized PET a few degrees above the crystallization 
temperature reveals a joint contribution of melting and devitrification of the rigid 
amorphous fraction. The results confirm a link between secondary crystallization 
and vitrification of the rigid amorphous fraction in semicrystalline polymers. 
Secondary crystallization takes place in geometrically restricted areas, in which the 
polymer chains undergo large constraints, so that the mobility of the amorphous 
chain portions coupled with the crystal phase is reduced. Similarly, the gain in 
mobility upon partial melting of thinner and/or more defective crystals allows an 
increase in mobility of the coupled amorphous regions, which results in concurrent 
mobilization of the rigid amorphous fraction. 
 

Introduction 
The concept of three-phase structure for semicrystalline polymers was first 
hypothesized in mid ‘80s, upon observation of a deficiency in heat capacity jump at 
the glass transition [1-2]: in addition to the crystalline fraction (CF) and the mobile 
amorphous phase (MAF), a third fraction of nanosized dimensions was introduced. 
The latter, named “rigid amorphous fraction” (RAF), is made of the amorphous chain 
portions that are closely connected to the ordered crystalline phase. The crystal 
phase exerts constraints on the nearby amorphous chain portions constituting the 
rigid amorphous fraction, which has a reduced mobility compared to the mobile 
amorphous phase [3].  
The existence of the RAF has been probed by a number of experimental techniques, 
including 13C solid state NMR [4-8], X-ray diffraction [7], and electron microscopy [5]. 
Despite the high scientific interest that has led to a large amount of studies, recently 
reviewed in Ref. [3], properties of the rigid amorphous fraction are still largely 
unknown.  
The experimental technique most widely used to quantify the rigid amorphous 
content in semicrystalline polymers is calorimetry, both in the conventional and 
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temperature-modulated modes [3]. The glass transition (Tg) of the RAF is often 
located between the Tg of the unstrained amorphous phase and the melting 
temperature, but this is not a general rule. Some semicrystalline polymers may have 
no RAF, or may have a RAF with a glass transition that coincides with melting, or 
even above the melting point [3]. For poly(oxy-2,6-dimethyl-1,4-phenylene) it was 
shown that the RAF glass transition temperature, higher than the melting point, 
delays fusion and shifts it to a higher temperature until enough mobility is present at 
the crystal surface [9]. Similarly, a possible influence of the rigid amorphous fraction 
on multiple melting behavior and reversibility of the melting process was 
hypothesized for poly(butylene terephthalate) [10]. 
The kinetics of formation of the RAF in relation with the other phases has been 
investigated for a limited number of polymers [11-15]. Upon isothermal crystallization, 
conducted at a single temperature, parallel development of RAF and crystallinity was 
probed for poly(3-hydroxybutyrate) and polycarbonate, whereas only partial formation 
of the RAF during crystallization was evidenced for syndiotactic polypropylene [11-
13]. In these studies the concurrent development of both the crystal phase and the 
rigid amorphous fraction was followed at a single temperature. A new method that 
allows to monitor simultaneously the development of crystalline, mobile amorphous 
and rigid amorphous fractions during cooling from the melt, was recently presented 
[16-17]. On the basis of the results obtained by means of this new method, details 
about the devitrification of the RAF in PET, gained on heating by temperature-
modulated calorimetry (TMDSC), are discussed here.  
Glassy materials have a thermodynamic non-equilibrium nature; as a result, the 
physical and mechanical properties of these materials evolve toward the equilibrium 
state. Thus some enthalpy recovery, revealed by calorimetric analysis as an 
endothermic peak, is generally associated on heating to the glass transition of the 
MAF. Similarly also for the RAF, which is an amorphous, and therefore metastable 
state, one would expect a decrease of enthalpy with time, which, during a successive 
heating, should yield an endotherm.  
An endothermic peak (sometimes called ‘annealing peak’) is often observed upon 
heating an isothermally crystallized polymer, at about 10-30 °C above the 
crystallization temperature. Such behavior has been observed for a number of 
polymers, including PET [18], poly(phenylene sulfide) (PPS) [19], and isotactic 
polystyrene [20], but its nature, whether the endotherm is associated to partial 
melting or to enthalpy recovery of the rigid amorphous fraction is still under debate. 
Recently it has been demonstrated that for PET the origin of this endotherm is 
connected with both partial fusion of the crystalline portions and enthalpy recovery 
subsequent to structural relaxation of the rigid amorphous fraction [21]. The result 
was achieved through a new method of analysis of the modulated heat flow rate 
curves from temperature-modulated differential scanning calorimetry (TMDSC). In 
the present paper further considerations on the thermal events occurring in 
correspondence with the ‘annealing peak’ are presented and discussed. 
 
Results and discussion 
The conventional and temperature-modulated calorimetry analyses of PET upon 
cooling from the melt at -2 °C/min are presented in Figure 1 together with 
thermodynamic heat capacity data as taken from the ATHAS Data Bank [22]. The 
conventional DSC plot (cp,tot) reveals a large exotherm starting from 227 °C, with a 
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peak centered at 215.5 °C and a long tail that gradually approaches the baseline 
heat capacity (cp). At lower temperatures the cp,tot evidences the occurrence of the 
glass transition of the MAF (‘bulk’ glass transition), that ranges from about 100 to 65 
°C and is centered at 85 °C. The mobile amorphous fraction at 100 °C, calculated as 
the ratio between the experimental cp step and the cp step of fully amorphous PET, 
which is obtained from the ATHAS Data Bank [22], is equal to 0.37. 
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Fig. 1. Total specific heat capacity (cp,tot) and reversing specific heat capacity (cp,rev) 
of PET in the crystallization region on cooling at -2 °C min-1 as a function of 
temperature. The dotted lines are the crystalline and amorphous specific heat 
capacities as available from the ATHAS data bank [22]. 
 
The reversing specific heat capacity (cp,rev) curve, determined with temperature-
modulated calorimetry, displays a small peak centered at 213 °C, which is much less 
intense than the exotherm measured with standard DSC. Below 170 °C the cp,rev 
trend becomes linear down to the glass temperature. The small peak centered at 213 
°C in the cp,rev curve arises from loss of stationary conditions, changes in 
crystallization rate occurring in the two semiperiods and, perhaps a reversing 
crystallization/melting process [16, 23]. The first effect originates from the intense 
and fast crystallization process, that causes lack of accuracy in the calculation of 
reversing heat capacity with the procedure summarized in the Experimental part, due 
to erroneous description of the modulated signal with a Fourier series [24], the 
second and third effects reveal possible latent heat contributions to the cp,rev curve 
beyond the thermodynamic cp. Only below 170 °C, on completion of this small 
apparent endotherm, the reversing specific heat capacity corresponds to the baseline 
specific heat capacity, i.e. the specific heat capacity without contributions from latent 
heat effects, as previously proven by the analysis of the modulated heat flow rate 
profile, which shows in the temperature range 170-100 °C no deviation from the ideal 
rectangular-shaped wave [16]. Therefore under the chosen experimental conditions, 
a quantitative separation of reversible and irreversible events is possible only at 
temperatures lower than 170 °C [16].  
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The experimental data presented in Figure 1 were used to determine the kinetics of 
evolution of the crystalline, mobile amorphous and rigid amorphous fractions of PET 
during cooling. The enthalpy of a material can be expressed as the sum of the 
thermodynamic enthalpy of the various phases, weighted by the phase content. In 
case only one amorphous phase and one crystalline phase are taken into account 
(two-phase model), the experimental enthalpy is: 

)T(h)T(m)T(h)T(m)T(h AACC +=  (1) 

where mC(T) and mA(T) are the crystal and mobile amorphous mass fractions, with 
[mC(T)+mA(T)] = 1, and hC(T) and hA(T) the temperature-dependent enthalpies of the 
crystalline and mobile amorphous polymer respectively. From eq. (1), the crystal 
content can be determined as: 
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being [hA(T)-h(T)] easily obtained through integration of the experimental heat 
capacity data [25-26] and the difference [hA(T)-hC(T)] available from the ATHAS Data 
Bank for more than 200 different polymers [22]. Similarly, the enthalpy of a three-
phase system comprising also a rigid amorphous fraction can be expressed in terms 
of the enthalpy of the three fractions: 
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where mRA(T) is the mass fraction of the RAF and hRA(T) the corresponding enthalpy. 
Being mC(T)+mA(T)+mRA(T)=1, eq (3) can be rewritten as: 
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from which it results that the crystalline mass fraction for a three-phase model is 
given by the value calculated for the two-phase model [see eq (2)], plus a term 
related to both the content and the specific enthalpy of the rigid amorphous fraction. 
From eq. (4), as detailed in Ref. 16 and 26, the temperature dependence of the 
experimental heat capacity in a three-phase system is obtained: 

[ ]
dT

)T(dm
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CAC,pRAA,pAC,pCp −−++=
(5)

An expression describing the crystalline mass fraction mC as a function of 
temperature during cooling from the melt was derived from eq. (4) [16]: 
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where T1 is a reference temperature in the melt at which no RAF and crystals are 
present, so that h(T1)=hA(T1), and mS is the solid mass fraction, defined as follows: 

)T(m1)T(m)T(m)T(m ARACS −=+=   (7) 

For a three-phase system the crystalline mass fraction mC(T) can be attained from 
eq. (6) with a successive approximations method by using as initial mC(T) function 
the crystalline mass fraction from the two-phase method [eq. (2)] and after 
determination of the total solid content mS(T). The latter can be gained from eq. (7) 
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through the baseline specific heat capacity, cp,base, i.e. the specific heat capacity 
without contributions from latent heat, being: 

)T(c)T(c
)T(c)T(c

)T(m
C,pA,p

C,pbase,p
A −

−
=  

(8) 

As detailed above, loss of stationary conditions in the TMDSC analysis, as well as 
possible latent heat effects, both occurring in the temperature range of the small 
apparent endotherm in the cp,rev curve, allow to obtain the baseline cp only at 
temperatures lower than 170 °C. As a first approximation, the baseline cp was 
extrapolated linearly up to the melt. The mS(T) curve calculated from the linear 
baseline cp is presented in Figure 2 together with the mC(T) curves calculated 
according to the two-phase model [eq. (2)]. Intersection of the mS(T) curve with the 
mC(T) plot occurs at 175 °C. It can be safely hypothesized that the two phase and 
three-phase models can be applied to describe the thermal behavior of PET cooled 
at a rate of -2 °C/min at temperatures respectively higher and lower than 175 °C, i.e. 
above and below the intersection point of Figure 2.  
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Fig. 2. Crystalline mass fraction (mC) from the enthalpy-based two-phase method 
(solid line) and solid mass fraction (mS) calculated with eq (7) and (8) on cooling at -2 
°C as a function of temperature. 
 
Since the mobile amorphous fraction mA(T), and therefore mS(T), can be calculated 
in the temperature range from 100 to 175 °C, i.e. up to the intersection point of Figure 
2, with a small approximation only in proximity of the superior limit of this interval, the 
crystalline mass fraction mC(T) for a three-phase system was determined using 
eq. (6). At temperatures higher than the intersection points, where mS(T) = mC(T), 
being mRA(T) = 0, the integral in eq. (6) is zero and the crystalline mass fraction is 
described by the relationship for the two-phase model. After determination of mC(T) in 
the temperature region in which the three-phase model holds, the RAF content is 
obtained by difference from mS(T). 
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The temperature dependences of mC, mA and mRA in the whole crystallization range 
are presented in Figure 3. The cusps in the mA(T) and mRA(T) curves arise from the 
sharp mathematical switch from one model to the other, as well as from the 
incomplete accuracy of the linear extrapolation of cp,base(T) from 170 °C up to the 
intersection point of Figure 2. From the data shown in Figure 3 it can be drawn that 
non-isothermal crystallization of PET from the melt at -2 °C/min leads to a crystal 
fraction of 0.38 at 100 °C, a rigid amorphous content of 0.25, and a mobile 
amorphous phase amounting to 0.37. Most important is that the kinetics of 
vitrification of the RAF in PET is only partially linked to the crystallization process, as 
the rigid amorphous structure starts to vitrify during the final stages of non-isothermal 
crystallization, with full establishment of the rigid amorphous structure completed 
during the subsequent cooling to room temperature. The simultaneous development 
of the rigid amorphous structure and of the final portions of the crystal phase may 
have implications on the kinetics of devitrification of the RAF, as discussed below. 
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Fig. 3. Crystalline mass fraction (mC), mobile amorphous mass fraction (mA) and rigid 
amorphous mass fraction (mRA) as a function of temperature. The curves in the 
temperature range between 100 °C and the intersection point of Figure 2 are from 
the enthalpy-based three-phase method, those in the temperature range between the 
intersection points and 240 [°C from the enthalpy-based two-phase method. 
 
The procedure used to determine the evolution of the three nanophases of PET 
during cooling from the melt cannot be applied to monitor the mobilization of the rigid 
fractions upon heating at a constant rate, due to the difficulties in obtaining the 
baseline heat capacity curve in a wide temperature range from TMDSC analysis [27]. 
The latter is caused by the large reorganization of the crystal phase during melting, 
that results in an increase of the cp,rev curve [28], and by a high probability of 
occurrence of reversing melting/crystallization events upon heating. 
In order to derive information on devitrification of the rigid amorphous fraction in PET, 
the thermal behavior after isothermal crystallization was investigated. As mentioned 
in the Introduction Section, DSC plots of isothermally crystallized poly(ethylene 
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terephthalate), similarly to other semicrystalline polymers, display a small endotherm 
(annealing peak) a few degrees above the crystallization temperature. Examples are 
shown in Figure 4, which presents the specific heat capacity curves of poly(ethylene 
terephthalate) determined upon heating after isothermal crystallization at the 
indicated Tc’s for 1 h and subsequent quenching to room temperature. Both the 
curves show, besides the main melting peak located around 230-260 °C, a small 
endotherm at circa 10 °C above the isothermal crystallization temperature. The origin 
of the so-called annealing peak has been ascribed either to partial melting or to 
enthalpy recovery of the rigid amorphous fraction [18-20]. Recently it was 
demonstrated that for PET this endotherm is connected with both partial fusion of the 
crystalline portions and enthalpy recovery subsequent to structural relaxation of the 
RAF [21]. The investigation method was based on a new interpretation of the 
modulated heat flow rate curves from TMDSC runs. The procedure consists in the 
analysis of the steady-state heat flow rate signal in the heating and cooling 
semiperiods, with the temperature modulation performed by a sawtooth profile [21]. 
The study was conducted in parallel on the evolution of the total specific heat 
capacity and of the reversing specific heat capacity of PET samples crystallized for 
1 h at various Tc. In order to shed further light on the thermal events occurring in 
correspondence with the annealing peak, and on the possible relation between 
formation and disappearance of the solid fractions in PET, TMDSC experiments on 
samples isothermally crystallized for different times are here presented and 
discussed. 
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Fig. 4. Heat flow rate curves of PET as a function of temperature, after isothermal 
crystallization (1 h) at the indicated Tc (heating rate: 10 °C min-1). The thin lines are 
guides for the eye. 
 
Figure 5 illustrates the total and reversing specific heat capacity curves of PET after 
crystallization at 135 °C for 1 h and 16 h and successive rapid cooling to room 
temperature. Slight changes in the mC, mA and mRA contents with the duration of the 
isotherm can be deduced from these data, as quantified below. The annealing peak, 
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shown by the cp,tot curves and centered at 144 °C after isothermal crystallization for 1 
h, shifts to higher temperatures and increases in intensity after crystallization for 16 
h. Other experiments, reported in Ref. [21], demonstrated that the intensity of the 
annealing peak decreased with reducing the length of the isotherm at 135 °C up to 
the obtainment of complete crystallization (22 min).  
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Fig. 5. Total specific heat capacity (cp,tot: solid line) and reversing specific heat 
capacity (cp,rev: dash line) of PET as a function of the underlying temperature, after 
crystallization for 1 h and 16 h at 135 °C (blue and red lines respectively). (The 
underlying temperature is obtained by averaging the temperature over the 
modulation period.) The crystalline and mobile amorphous specific heat capacities, 
as taken from ATHAS Data Bank [22], are also shown as dot lines. In the insert an 
enlargement of the Figure is reported. 
 
As better evidenced in the insert of Figure 5, in correspondence with the annealing 
peak the cp,rev curves display a step, which appears more intense after the longer 
crystallization time. This behavior, characterized by a jump in the cp,rev plot and a 
peak in the cp,tot curve, is typical of a glass transition coupled with enthalpy recovery 
[29]. However, in case only devitrification and enthalpy recovery occur, one would 
expect that the cp,tot and cp,rev curves coincide after completion of the thermal event, 
which is not observed in Figure 5, as at the end of the transition the cp,rev curves are 
higher than the respective cp,tot plots. Moreover, the cp,rev step exceeds the value of 
the amorphous specific heat capacity, as shown in Figure 5. All these findings 
exclude the possibility that the thermal event under investigation originates only from 
the glass transition of the RAF overlapped with enthalpy recovery. The fact that at 
temperatures higher than the annealing peak the values of cp,rev are higher than cp,tot 
suggests that additional thermal events, involving both endothermic and exothermic 
latent heats, occur during the temperature modulation. In fact, for a power-
compensation calorimeter, the temperature amplitude is not affected by thermal 
events, whereas the amplitude of the heat flow rate (AHF) originates from the sum of 
the absolute values of the reversing endothermic and exothermic events intensity, 
which results in an increase of cp,rev (see Experimental part). Conversely, in the total 
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specific heat capacity the latent heats released or absorbed sum algebraically, so 
that the cp,tot values appear lower than cp,rev [28]. It is worth noting the cp,rev curves 
gained after isothermal crystallization at 135 °C for 1 and 16 h perfectly overlap at 
temperatures higher than the annealing peak, which proves that the ‘reversing’ 
melting/crystallization above the annealing peak is quite insensible of the different 
crystallinity level reached after prolonged annealing at 135 °C. 
From the insert of Figure 5 it can be evidenced that at temperatures lower than the 
annealing peak the experimental cp of the sample crystallized for 16 h is lower than 
that crystallized for a shorter time, which, as expected, witnesses a higher 
percentage of solid material. An approximate estimation of the three fractions 
(crystalline, mobile amorphous and rigid amorphous) present at 135 °C, i.e. before 
the annealing peak, in the PET samples crystallized for 1 h and 16 h respectively, 
was performed. The mobile amorphous content was obtained according to Eq. (8), 
from cp,rev at 135 °C, which can be used as baseline heat capacity values; the values 
of crystalline fraction mc was estimated by integration of the endothermic peaks 
evolved during the TMDSC runs and described by the cp,tot curves; the rigid 
amorphous content was determined by difference. The results are: mA=0.57, 
mC=0.34 mRA=0.09 for PET crystallized 1 h at 135 °C and mA=0.51, mC=0.42 
mRA=0.07 for PET crystallized 16 h at 135 °C. Since the mC values are quite 
approximate, mostly because the baseline used for the integration does not account 
for devitrification of the rigid amorphous fraction and because they include also the 
crystallinity increase occurring during the TMDSC runs, it comes out that the crystal 
and rigid amorphous contents result over- and underestimated, respectively. Anyway, 
the lower mRA content determined after 16 h of permanence at 135 °C is in excellent 
agreement with the findings reported in Ref. [15], according to which crystallinity of 
PET increases during annealing at the expense of the rigid amorphous fraction. 
The presence of RAF at 135 °C attests that the rigid amorphous fraction develops, at 
least partly, during the isothermal crystallization event [15]. In fact, if further RAF 
vitrifies during the cooling that follows isothermal crystallization, this fraction should 
mobilize on heating as a normal glass transition event, that is around the same 
temperature at which it develops. This suggests that the endothermic peak observed 
on heating just above Tc may contain also contributions of enthalpy recovery 
connected to the mobilization of the RAF.  
In order to verify if enthalpy recovery of the rigid amorphous fraction overlaps the 
initial fusion in PET, additional analyses of the TMDSC data were conducted using 
the method proposed in Ref. [21]. Besides the common mathematical treatment of 
the modulated signal by approximation with a Fourier series, that was used to obtain 
the reversing cp plots illustrated in Figures 1 and 5, some unusual description of the 
heat flow rate resulting from the temperature modulation program was attempted. As 
detailed in the Experimental Part, temperature modulation was built with a sawtooth 
program. The modulated heat flow rate curves were analyzed by treating them as 
sequences of conventional DSC steps, obtained with alternating heating and cooling 
segments. Every time the scanning rate is reversed, the TMDSC apparatus 
undergoes a momentary loss of steady-state, evidenced by a sharp increase or 
decrease of the heat flow rate, then, when steady-state is reached, the heat flow rate 
signal contains only contributions deriving from the intrinsic cp of the sample and from 
thermal events that may lead to upward or downward deflections of the heat flow 
rate.  



 10

40 80 120 160 200 240 280

0

40 80 120 160 200 240 280

0

 Tc=135 °C (16 h)
0.

2 
W

 g
-1

HFtot

HF-

HF+he
at

 fl
ow

 ra
te

 (e
nd

o 
   

   
  )

Tunderlying in °C

 

 Tc=135 °C (1 h)

0.
2 

W
 g

-1

HFtot
HF-

HF+

 
Fig. 6. Steady-state heat flow rate curves of PET in the heating and cooling 
semiperiods (HF+ and HF- respectively), after isothermal crystallization for 1 h and 
16 h at 135 °C (blue and red lines respectively) as a function of the underlying 
temperature. The initial points of the steady-state are evidenced by symbols (heating 
semiperiod: ▼; cooling semiperiod: ▲). The total heat flow rate curve (HFtot) is also 
drawn. The dashed lines are the baselines in the melting-
crystallization/recrystallization region. 
 
Using a home-built software, the initial transients of the two semiperiods were 
eliminated, which allowed to analyze the steady-state heat flow rate portions of the 
raw TMDSC. Figure 6 shows the steady-state heat flow rate curves in the heating 
(HF+) and cooling (HF-) semiperiods after isothermal crystallization (1 h and 16 h 
respectively) at 135 °C, together with the corresponding HFtot curves. In Figure 6 the 
initial points of the steady-state are evidenced by symbols, whereas the dashed lines 
are approximated baselines in the melting-crystallization/recrystallization regions. 
Since differences between the two crystallization conditions are not appreciable with 
the scales used in Figure 6, enlargements in the temperature interval in which the 
annealing peak takes place are displayed in Figure 7. 
Starting from about 135 °C and 140 °C, ascendant deviations in the envelopes of the 
initial points of HF+ and HF- are exhibited in Figure 7 by the PET samples 
crystallized for 1 h and 16 h respectively, from which the occurrence of an 
endothermic irreversible process, i.e. a process that takes place continuously during 
both the heating and cooling semiperiods, can be deduced [28]. The event is more 
marked and appreciable after the more prolonged crystallization time, which 
suggests that the intensity of the irreversible process increases with the annealing 
time. As previously proven [21], the irreversible thermal event revealed by the 
annealing peak is due to the enthalpy recovery that accompanies the mobilization of 
the rigid amorphous fraction and that occurs simultaneously with the initial melting of 
the crystals isothermally developed [21]. Thus the annealing peak has to be ascribed 
to initial melting of crystals with overlapping of an enthalpic event associated to RAF 
mobilization. 
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Fig. 7. Steady-state heat flow rate curves of PET in the heating and cooling 
semiperiods (HF+ and HF- respectively), after isothermal crystallization for 1 h and 
16 h at 135 °C (blue and red lines respectively), as a function of the underlying 
temperature in a restricted temperature range (see Figure 6). The initial points of the 
steady-state are evidenced by symbols (heating semiperiod: ▼; cooling semiperiod: 
▲). The total heat flow rate curve (HFtotl) is also drawn. The HF+ and HF- curves 
have been shifted closer to HFtot by fixed amounts. 
 
As demonstrated, the use of the initial steady-state points allows to recognize and 
separate the irreversible thermal events occurring during the TMDSC scan; in 
particular, initial steady-state points dissimilar from the baseline heat flow rate prove 
the occurrence of endothermic or exothermic irreversible processes [21]. From 
Figure 6 it can be evidenced that both melting and crystallization/recrystallization are 
irreversible, i.e. they occur continuously during cooling and heating semiperiods, to 
different extent and in different temperature ranges: melting is highly irreversible from 
about 250 °C to the end of the process while crystallization/recrystallization is 
irreversible from 145 °C to 250 °C. 
Since the initial steady-state heat flow rate points of the heating and cooling 
semiperiods contain information on the irreversible events that continue from the 
previous cooling or heating semiperiods respectively [21], whereas the total heat flow 
rate results from the algebraic sum of all the endothermic and exothermic events 
occurring during both the semiperiods, a comparison between the cp,tot and the 
specific heat capacities from the initial steady-state points can yield to an estimation 
of the relative percentages of fusion-crystallization/recrystallization and enthalpy 
recovery that occur in correspondence with the annealing peak. 
Figure 8 shows cp,tot and the specific heat capacities cp+ and cp- calculated from the 
heat flow rate initial steady-state points for the PET samples crystallized for 1 h and 
16 h respectively, in the temperature range 120-180 °C. The cp+ curves exhibit an 
increase starting from 135 °C and 140 °C respectively, up to approximately 145 °C 
and 152 °C, then the values decrease due to irreversible crystallization. Also cp- 
deviates from the baseline linear trend at 135 °C and 140 °C respectively, but in this 
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case the values reduce since the irreversible thermal event is endothermic. At 
temperatures higher than 145 °C and 152 °C the cp- values increase markedly 
because of the irreversible crystallization process. It is worth noting that the peaks 
described by cp,tot curves appear higher than those relative to cp+ and cp-, which 
confirms that, besides enthalpy recovery, also fusion contribute to the small 
endotherm above Tc. 
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Fig. 8. Total specific heat capacity (cp,tot) and specific heat capacities calculated from 
the initial steady-state points in the heating and cooling semiperiods (cp+ and cp- 
respectively) for PET, after isothermal crystallization for 1 h and 16 h at 135 °C (blue 
and red symbols respectively), as a function of the underlying temperature, in the 
temperature range 120-180 °C. 
 
Due to the overlapping of irreversible crystallization, calculation of the areas under 
the cp,tot, cp+ and cp- curves was performed from 135 °C and 140 °C respectively only 
up to the peak of cp,tot plots, using as baseline the extrapolation of the specific heat 
capacity below the annealing peak. As a consequence the calculated values refer 
only to about one half of the thermal events under investigation. The enthalpy values 
obtained from the cp,tot, cp+ and cp- curves are 0.60 J g-1, 0.22 J g-1 and 0.34 J g-1 
respectively for the PET sample crystallized for 1 h at 135 °C  and 1.4 J g-1, 0.40 J g-1 
and 1.00 J g-1 respectively for the PET sample crystallized for 16 h at 135 °C 
(Obviously the sign of the area under cp- has been changed because it refers to 
cooling steps). It is worth noting that the enthalpy calculated from the cp- data is 
higher with respect to that from the cp+ curve, since the cp- data refer to the intensity 
of the irreversible process in the previous heating semiperiods, in which the enthalpy 
recovery is expected higher [30].  
The average values between the areas under cp+ and the areas under cp- can be 
used to estimate the enthalpy that is retrieved during the TMDSC scan due to 
mobilization of the RAF (0.28 J g-1 for PET crystallized for 1 h at 135 °C and 0.70  
J g-1 for PET crystallized for 16 h at 135 °C). Since the enthalpy calculated from cp,tot 
accounts for both the irreversible enthalpy recovery and the average enthalpy for 
fusion and crystallization/recrystallization, it comes out that for PET crystallized at 
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135 °C for 1 and 16 h, approximately half of the area measured in correspondence 
with the small endotherm arises from the irreversible enthalpy recovery that follows 
the structural relaxation of the RAF. Such estimation is independent of the length of 
the annealing time and demonstrates that during the isotherm at 135 °C the increase 
of crystallinity and the densification of the rigid amorphous fraction go parallel by 
chance. Unluckily, the RAF amount that mobilizes in correspondence of the 
annealing peak cannot be precisely quantified. In fact it is likely that not all the rigid 
amorphous fraction devitrifies in the range 130-160 °C, since the RAF in PET should 
be completely mobilized at temperatures higher than 180 °C [16, 31]. 
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Fig. 9. Total specific heat capacity (cp,tot: solid line) and reversing specific heat 
capacity (cp,rev: dash line) of PET as a function of the underlying temperature, after 
non isothermal crystallization at -2 °C min-1. The crystalline and mobile amorphous 
specific heat capacities, as taken from ATHAS Data Bank [22], are also shown as dot 
lines. In the inset the total specific heat capacity, the reversing specific heat capacity 
and the specific heat capacities calculated from the initial steady-state points in the 
heating and cooling semiperiods (cp+ and cp- respectively) are reported in a restricted 
temperature range. 
 
Figure 9 illustrates the total and reversing specific heat capacity curves of PET from 
TMDSC, after non-isothermal crystallization at -2 °C min-1. No annealing peak 
appears in the cp,tot curve, whereas both cp,tot and cp,rev display a small step from 
about 160 °C. This increase can be connected both with the beginning of the melting 
process, since crystallization was found to extend on cooling down to 140 °C (Figure 
1) and the mobilization of the RAF that occurs progressively and simultaneously with 
the melting of the poorest and/or most defective crystals with which it is coupled. The 
devitrification of the rigid amorphous fraction takes place without enthalpy recovery, 
as also evidenced in the inset of Figure 9, that shows how the cp+ and cp- curves do 
not describe any peak in the temperature interval in which cp,tot and cp,rev display a 
step. At temperatures lower than 160 °C, the mobilization of the RAF could take 
place around the same temperature at which it develops, starting form the bulk glass 
transition and with a trend similar to that reported in Figure 3. Also this experiment 
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proves that the structural relaxation of the RAF occurs during the isotherm at the 
crystallization temperature.    
 
Conclusions 
Our analysis on the kinetics of solidification of PET reveals that, during crystallization 
from the melt, the rigid amorphous fraction starts to vitrify when the crystallization 
process is almost completed and develops further on cooling down to the glass 
transition of the bulk amorphous phase. As seen in Figure 3, most of the RAF vitrifies 
in the temperature range between 175 and 100 °C, in correspondence of only a 
minor increment of the crystal fraction.  
The smooth tail in the low temperature side of the crystallization exotherm seen in 
Figure 1, together with the the slight increment of the mC curve at temperatures lower 
than 180 °C,, quantified in Figure 3, point to the occurrence of secondary 
crystallization in this temperature range. This is confirmed by literature data, that 
prove growth of large amounts of secondary crystals in poly(ethylene terephthalate) 
after primary crystallization [32]. The exact nature of secondary crystallization in 
semicrystalline polymers is still under debate. It has been hypothesized that it can 
include thickening of lamellae, perfection of the crystals, as well growth of defective 
crystallites [32]. It was also suggested that the mechanism can be influenced by 
restrained amorphous regions, where entropy is reduced due to the presence of 
neighboring crystalline stacks [33-34]. Our results of simultaneous development of 
rigid amorphous fraction and secondary crystals confirm this hypothesis. The growing 
secondary lamellae cause geometrical restrictions in the rearrangements of the 
amorphous regions localized in their proximity, which results in formation of the RAF. 
Similarly, our analysis of the small endotherm located a few degrees above Tc shows 
a relation between partial mobilization of the RAF and fusion of the smaller and/or 
more defective crystals. It is likely that melting of secondary crystal is controlled not 
only by constraints exerted by the neighboring crystallites, but also by possible 
induced rigidity in the amorphous chain portions. Upon heating, enhancement of 
chain mobility in the amorphous area favors fusion of thinner lamellae, which in turn, 
reduces geometrical restrictions and allows release of strain in the interfacial area 
between the crystals and the surrounding amorphous regions. After isothermal 
crystallization, this coupled process is revealed by enthalpy recovery and 
mobilization of strained amorphous segments, which occur simultaneously with the 
initial melting of the semicrystalline polymer. 
Summarizing, some mutual influence between RAF vitrification and insertion of 
secondary lamellae, as well as between RAF mobilization and partial melting seems 
to be active. Restrictions of chain mobility in the crystallizing environment parallel the 
end of primary crystal growth, as well as the occurrence of initial devitrification of the 
RAF permits the onset of melting of the thinner and/or more defective crystals.  
 
Experimental part 
Poly(ethylene terephthalate) (PET) of molar mass Mw = 21,400g mol-1 was kindly 
received through the Bank of Crystallizable Polymers of European funded COST 
Action P12 [35]. After drying under vacuum at 100 °C for 16 h, the sample chips were 
compression-molded with a Carver Laboratory Press at a temperature of 280 °C for 3 
min, without any applied pressure, to allow complete melting. After this period, a load 
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of about 0.5 ton was applied for 2 min. Successively the sample was quickly cooled 
to room temperature by means of cold water circulating in the plates of the press. 
DSC and TMDSC measurements were performed with a Perkin-Elmer Differential 
Scanning Calorimeter DSC7. The instrument was calibrated in temperature with high 
purity standards (indium, naphthalene and cyclohexane) according to the procedure 
for standard DSC. The heat-flow rate was initially calibrated with the heat of fusion of 
indium, then refined with a run of two empty aluminum pans, and a calibration run 
with sapphire as a standard for both DSC and TMDSC experiments [36]. Dry nitrogen 
was used as purge gas at a rate of 30 ml min-1. The sample mass was kept small, 
approximately equal to 4 mg, to reduce as much as possible the problems that may 
arise from thermal gradients inside the sample, especially during non-isothermal 
crystallization [37]. A fresh sample was employed for each analysis in order to 
minimize thermal degradation. 
Non-isothermal crystallization was conducted by conventional DSC and TMDSC on 
compression-molded PET samples previously heated from room temperature to 280 
°C at a rate of 30 °C min-1 and maintained at this temperature for 3 min. For the 
conventional DSC analyses the samples were cooled to 40 °C at the scanning rate of 
-2 °C min-1. After the non-isothermal crystallization at -2 °C min-1, a TMDSC analysis 
was carried out on heating at the underlying scanning rate of 2 °C min-1, with a 
temperature amplitude (AT) of 1.0 °C and a period (p) of 60 s (heating semiperiod 
rate: 6 °C min-1, cooling semiperiod rate: -2 °C min-1). The TMDSC measurements 
were designed using the dynamic temperature program that is obtained through a 
sawtooth modulation in the Perkin-Elmer DSC. Non-isothermal crystallization was 
also performed by TMDSC with AT = 1.0°C, p = 60 s at the underlying scanning rate 
of -2 °C min-1.  
Isothermal crystallizations were conducted after melting the polymer at 280 °C for 
3 min and cooling to the desired crystallization temperature (Tc) at a nominal rate of 
200 °C min-1. The lengths of the isothermal step were 1 h and 16 h. After isothermal 
crystallization, the samples were quenched to 30 °C, then DSC and TMDSC 
analyses were performed upon heating. Conventional DSC measurements after 
isothermal crystallization were conducted at a heating rate of 10 °C min-1, whereas 
the TMDSC measurements were performed with AT = 1.0°C and p = 60 s at an 
underlying scanning rate of 2 °C min-1.  
From TMDSC measurements the total specific heat capacity (cp,tot), approximately 
equal to the total specific heat capacity from conventional DSC, and the reversing 
specific heat capacity (cp,rev) can be obtained. The total specific heat capacity (cp,tot), 
is derived from the total heat flow rate (HFtot), obtained by averaging the measured 
heat flow rate over the modulation period [38-39], whereas the reversing specific heat 
capacity (cp,rev) is obtained from the ratio of the amplitudes of modulated heat flow 
rate (AΦ,n) and temperature (AT,n), both approximated with Fourier series [38-39]: 
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where t is the time, n the order of the harmonic, ω the base modulation frequency 
(ω=2π/p), m the mass of the sample and K(n,ω,t) the frequency-dependent 
calibration factor. The reversing specific heat capacity values reported in this 
contribution were obtained from the first harmonics of the Fourier series. From the 
calibration of the heat flow rate with sapphire, the K factor was 1.05 for p = 60 s. The 
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correctness of the calibration factor was proven by the good agreement of the 
measurements with the ATHAS data bank information included in the results. 
The experimental curves shown are the average of four repeated runs. 
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