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bstract

A new method to simultaneously monitor the development of crystalline, mobile amorphous and rigid amorphous fractions during cooling from
he melt in semicrystalline polymers is here presented. The method, which allows the determination of the temperature evolution of the three
anophases, is the development of a previous enthalpy-based procedure founded on a two-phase description of the semicrystalline polymers, with
nly one crystalline phase and one amorphous phase accounted for. The proposed method has been applied to determine the development of the
anophase structure in poly(ethylene terephthalate) (PET) upon cooling from the melt. In addition the temperature-dependent enthalpy of the rigid

morphous phase has been calculated. For the cooling rates investigated, it was found that the rigid amorphous fraction starts to vitrify when the
rystallization process is almost finished and continues further on cooling to the glass transition of the bulk amorphous phase. A possible connection
etween secondary crystallization and initial vitrification of the rigid amorphous phase has been hypothesized for PET.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Semicrystalline polymers have a metastable nanophase struc-
ure, where the various nanophases can be crystal, liquid, glass,
r mesophase [1–4]. This multi-level structure is determined by
competition among self-organization, crystallization, and vit-

ification and is established during material processing. Early
nvestigations of semicrystalline polymers based their descrip-
ion on a two-phase model, where the two phases, an amorphous
nd a crystalline one, may have nanometer dimensions in one
r more directions. Recently, more detailed analyses revealed
hat an intermediate nanophase must be present at the inter-
ace between the crystals and the surrounding melt [4,5]. The

ntermediate phase is non-crystalline, and arises from the con-
inuation of the partially crystallized macromolecules across the
hase boundaries, as the polymer molecules are much longer

∗ Corresponding author. Tel.: +39 050 3152068; fax: +39 050 3152230.
E-mail address: righetti@ipcf.cnr.it (M.C. Righetti).

t
b

w

w
a

040-6031/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2007.06.003
gid amorphous fraction; Enthalpy

han the crystal nanophases. This phase, that includes portions
f macromolecules whose mobility is hindered by the near crys-
alline structures, is generally named “rigid amorphous fraction”
RAF), being its mobility lower than that of the unstrained amor-
hous phase, which is usually addressed as “mobile amorphous
raction” (MAF). The temperature at which RAF mobilizes is
ften located between the Tg of the unstrained amorphous phase
nd the melting temperature, but this is not a general rule. Some
emicrystalline polymers may have no RAF, or may have a RAF
hich mobilizes in correspondence of the melting, or even above

he melting point [5].
The amount of rigid amorphous fraction in a semicrystalline

olymer is generally quantified by difference, after determina-
ion of the crystalline and mobile amorphous phase contents,
eing:
C + wA + wRA = 1 (1)

here wC, wA, and wRA are the crystalline, mobile amorphous,
nd rigid amorphous weight fractions, respectively.

mailto:righetti@ipcf.cnr.it
dx.doi.org/10.1016/j.tca.2007.06.003
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Up to now some studies have been performed on the kinet-
cs of formation of the RAF and its devitrification [6–10].
or some polymers like poly(3-hydroxybutyrate), polycarbonate
nd isotactic polystyrene, parallel development of the RAF with
rystallinity has been detected, whereas only partial formation
f RAF during crystallization has been evidenced for syndio-
actic polypropylene and poly(ethylene terephthalate) at some
articular crystallization temperatures [7–10]. In these studies
he simultaneous development of the crystal phase and the rigid
morphous fraction has been monitored at a single temperature.

It has been also demonstrated that generally devitrification
f the RAF occurs simultaneously with melting [6–8,11] even
f there are some exceptions. For poly(oxy-2,6-dimethyl-1,4-
henylene), for example, it has been shown that the RAF glass
ransition temperature, higher than the melting temperature, can
elay fusion on heating until enough mobility is present at the
rystal surface [12].

The proof that formation and loss of rigid-amorphous fraction
nd crystals go parallel is of great importance for the under-
tanding of polymer physical properties [13,14]. It would be
ery advantageous to develop a method able to determine quan-
itatively the interrelation between crystalline, rigid and mobile
morphous phase contents not only at a given temperature, but
n a wide temperature range, also during heating and cooling at
ontrolled rate.

An interesting procedure, based on a model that needs some
orphological assumptions about the structure of a semicrys-

alline polymer, was introduced few years ago with the aim of
etermining the temperature dependence of crystalline, rigid-
morphous and mobile amorphous fractions during fusion [6].
he approach, that was proposed for samples of low-density and
igh density polyethylene, involves an adjustable parameter, the
hickness of the RAF layer, assumed temperature independent,
nd other quantities that, connected to the thermodynamics of
rystallization, are not easily accessible for all the polymers.

A new and simpler method to simultaneously monitor the
evelopment of crystalline, mobile amorphous and rigid amor-
hous fractions during cooling from the melt in semicrystalline
olymers is proposed in the present study. The method is the
evelopment of a previous enthalpy-based procedure founded
n a two-phase description of semicrystalline polymers, with
nly the crystalline and the mobile amorphous phase accounted
or [15,16].

According to the two-phase model, the experimental enthalpy
f semicrystalline polymers, h(T), can be expressed as [15,16]:

(T ) = wC(T )hC(T ) + wA(T )hA(T ) (2)

here wC(T ) and wA(T ) are the crystal and mobile amorphous
eight fractions, with [wC(T ) + wA(T )] = 1, and hC(T) and

A(T) the temperature-dependent enthalpies of the crystalline
nd mobile amorphous polymer respectively. Opportune elabo-
ation of Eq. (2) brings to:
C(T ) = hA(T ) − h(T )

hA(T ) − hC(T )
(3)

ccording to which wC(T ) can be calculated for a two-phase
odel, being [hA(T) − h(T)] easily obtained through a simple
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ntegration of the experimental heat capacity data [15,16] and
he difference [hA(T) − hC(T)] available from the ATHAS Data
ank for more than 200 different polymers [17].

The temperature derivative of Eq. (2) defines the specific heat
apacity:

p(T ) = wC(T )cp,C(T )+wA(T )cp,A(T ) − [hA(T ) − hC(T )]

×dwC(T )

dT
(4)

here cp(T) is the measured specific heat capacity, cp,C(T) and
p,A(T) the thermodynamic values of the crystalline and mobile
morphous specific heat capacities and [hA(T) − hC(T)] the heat
f fusion, all tabulated in the ATHAS Data Bank [17].

Since it was proposed, very little improvement of the above
etailed enthalpy-based method has been published, the only
xception being its adaptation to multi-component polymer
ystems [18]. In this article we propose a reworking and devel-
pment of Eqs. (2)–(4) applied to a three-phase system, in
rder to determine the crystalline, mobile amorphous and rigid
morphous phase contents of a semicrystalline polymer during
on-isothermal crystallization.

Poly(ethylene terephthalate) (PET) was chosen as a model
olymer to test the method, since PET can form relatively large
mount of RAF, the different contents of the three nanophases
eing easily modulated in dependence on crystallization condi-
ions [5].

. Experimental

Poly(ethylene terephthalate) of molar mass Mw = 21 400 g
ol−1, was kindly received through the Bank of Crystallizable
olymers of European funded COST Action P12 [19]. After
rying under vacuum at 100 ◦C for 16 h, the sample chips were
ompression-molded with a Carver Laboratory Press at a tem-
erature of 280 ◦C for 3 min, without any applied pressure, to
llow complete melting. After this period, a pressure of about
.5 t was applied for 2 min. Successively the sample was quickly
ooled to room temperature by means of cold water circulating
n the plates of the press.

DSC and TMDSC measurements were performed with a
erkin-Elmer Differential Scanning Calorimeter DSC7. The

nstrument was calibrated in temperature with high purity stan-
ards (indium, naphthalene and cyclohexane) according to the
rocedure for standard DSC. The heat-flow rate was initially cal-
brated with the heat of fusion of indium, then refined with a run
f two empty aluminum pans, and a calibration run with sapphire
s a standard for both DSC and TMDSC experiments [20]. Dry
itrogen was used as purge gas at a rate of 30 ml min−1. The sam-
le mass was kept small, approximately equal to 4 mg, to reduce
s much as possible the problems that may arise from thermal
radients inside the sample, especially during non-isothermal
rystallization [21]. A fresh sample was employed for each

nalysis in order to minimize thermal degradation.

For DSC runs the following test procedure was used: each
ompression-molded PET sample was heated from room tem-
erature to 280 ◦C at a rate of 30 ◦C min−1, maintained at this
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emperature for 3 min, then cooled to 40 ◦C at various scanning
ates, ranging from 2 to 20 ◦C min−1. Each experimental curve
hown below is the average of at least four repeated runs.

TMDSC analyses were designed using the dynamic temper-
ture program that is obtained through a sawtooth modulation in
he Perkin-Elmer DSC7. Measurements were conducted using
temperature amplitude (AT) of 1.0 ◦C, the chosen modulation
eriod (p) was 60 s, and the underlying cooling rates were 2 and
◦C min−1. Higher cooling rates are not used with the TMDSC

echnique because the results would be extremely approximated.

. Results

.1. DSC and TMDSC measurements

To determine the kinetics of vitrification of the rigid amor-
hous fraction during growth of the crystal phase with the here
roposed enthalpy-based procedure, it is necessary to obtain
uantitative calorimetric data. Fig. 1 shows the influence of cool-
ng rate on the specific heat capacity of PET during cooling from
he melt.

As expected, with increasing the cooling rate (q), the crystal-
ization curves shift to lower temperatures: at lower cooling rates
here is more time to overcome the nucleation barrier, so crys-
allization starts at higher temperatures, whereas at higher rates
uclei become active at lower temperatures [22]. The exother-
ic peaks are quite sharp and steep at the beginning of the phase

ransition, especially at the lowest cooling rates, which reveals
he presence of a large number of active nuclei. Then, at tem-
eratures lower than the peak position, these exotherms become
moother with a long tail that gradually approaches the baseline
eat capacity. For the analyzed range of cooling rates, the crys-

◦
allization process extends from about 230 to 125 C. At lower
emperatures, the cp step at the glass transition overlap for all
he curves, proving that, under the chosen experimental condi-
ions, the amount of mobile amorphous phase that remains after

ig. 1. Specific heat capacity of PET in the crystallization region on cooling
t different rates (−20 ◦C min−1: short dash dot line; −10 ◦C min−1: dash dot
ot line; −5 ◦C min−1: dash line; −3 ◦C min−1: dash dot line; −2 ◦C min−1: dot
ine) as a function of temperature. The solid lines are the crystalline and mobile
morphous specific heat capacities, as available from ATHAS data bank [17].
n the insert the entire curves down to 40 ◦C are shown.
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rystallization and possible vitrification of the rigid amorphous
raction is independent of cooling rate. The glass transition, cen-
ered at 85 ◦C, extends from about 100 ◦C to almost 65 ◦C, where
he specific heat capacity approaches the baseline cp of the solid
olymer. The mobile amorphous fraction at 100 ◦C, calculated
s the ratio between the cp step of the sample and the cp step of a
ully amorphous sample [6], which is obtained from the ATHAS
p,A and cp,C data, is equal to 0.37.

From the data of Fig. 1, the evolution of crystal fraction was
alculated using the classical enthalpy-based procedure summa-
ized in Eq. (2), neglecting, as a first approximation, a possible
itrification of the rigid amorphous fraction [15,16]. Results
xhibited in Fig. 2 range from the onset of crystallization to
00 ◦C, i.e. to immediately above the glass transition tempera-
ure of the mobile amorphous phase. As expected, cooling rate
ffects not only the starting temperature of crystallization, but
lso the maximum value of crystallinity, which diminishes with
ncreasing the cooling rate [2,22]. Most important is the shape of
he curves, all showing a maximum around 150 ◦C: the apparent
rystal fraction seems to increase from the onset of crystalliza-
ion to reach a maximum, then continuously decreases as Tg is
pproached.

Since no latent heat seems to be exchanged in the temperature
ange from 125 to 100 ◦C (Fig. 1), some errors seem to occur in
ata processing of Fig. 2, causing a decrease in crystallinity with
ecreasing temperature. As will be detailed in the next section,
his discrepancy is due to vitrification of the rigid amorphous
hase [16], which is ignored in the calculations based on Eq.
2).

To confirm the absence of crystallization on cooling in
he temperature range from 125 to 100 ◦C, TMDSC experi-

ents were performed at the underlying cooling rates of 2
◦ −1
nd 3 C min . According to the mathematical treatment of

MDSC data, the modulated temperature and the heat-flow-rate
urves can be approximated to a Fourier series and separated
nto an underlying component, approximately equal to the con-

ig. 2. Crystalline weight fraction (wC) from the enthalpy-based two-phase
ethod [15,16] on cooling at different rates (−20 ◦C min−1: short dash dot line;
10 ◦C min−1: dash dot dot line; −5 ◦C min−1: dash line; −3 ◦C min−1: dash

ot line; −2 ◦C min−1: dot line) as a function of temperature. In the insert the
olid weight fraction (wS) curve, calculated by Eq. (20) using the extrapolated
inear baseline cp from the cooling rates 2 and 3 ◦C min−1, is overlaid (see text).
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entional DSC curves at the same underlying scanning rate, and
periodic component [23,24]. From the periodic components

he reversing specific heat capacity can be calculated:

p,rev(ω, n, t) = AΦ,n(t)

mnωAT,n(t)
(5)

here ω is the base frequency of temperature modulation, n
he order of the harmonic, A�,n(t) and AT,n(t) the amplitudes
f the harmonics of the periodic heat-flow-rate and temperature
odulation respectively and m the mass of the sample. As well

nown, cp,rev gives information about the processes that can
e ‘reversed’ by temperature modulation. Since the sawtooth
emperature profile consists only of odd harmonics, the fact that
he even harmonics of the heat-flow-rate response were found
ractically equal to zero in the whole temperature range covered
y the modulated scans was an indication that deviations from
inearity and stationarity were negligible and cp,rev was well
escribed by the ratio of the first harmonics of the heat-flow-rate
nd temperature [25].

The reversing specific heat capacities, measured at the under-
ying cooling rates of 2 and 3 ◦C min−1 and found nearly
dentical, are compared in Fig. 3 with the corresponding data
btained by conventional calorimetry. Starting from the melt, the
p,rev curves show a peak at about 210 ◦C, which is considerably
ess intense than the crystallization peaks obtained from stan-
ard DSC. From approximately 170 ◦C the cp,rev trend becomes
inear down to the glass temperature.

In absence of reversing crystallization/melting processes, the
ffect evidenced by a TMDSC scan during crystallization is gen-
rally the change of the specific heat capacity, which evolves
rom the melt value towards lower values characteristic of a sam-
le of higher crystallinity and possibly higher rigid amorphous

hase content [4]. Thus the reversing specific heat capacity cor-
esponds to the baseline specific heat capacity (cp,base), i.e. the
pecific heat capacity without contributions from latent heats.
ctually, even if crystallization and melting of linear macro-

ig. 3. Specific heat capacity of PET in the crystallization region on cool-
ng at different rates (−5 ◦C min−1: dash line; −3 ◦C min−1: dash dot line;

2 ◦C min−1: dot line) and reversing specific heat capacity (−2 ◦C min−1: –�–;
3 ◦C min-1: –©–) as a function of temperature. The solid lines cp,base, cp,A and

p,C are the extrapolated baseline (see text) and the crystalline and the amorphous
pecific heat capacities respectively, as available from ATHAS data bank [17].
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olecules are largely irreversible events, a small percentage of
eversing crystallization/melting processes can be found in some
olymers also during crystallization, that generally is conducted
n conditions of supercooling [5,8,26]. Since both the develop-

ent and absorption of latent heat produce an increase in the
odulation amplitude of the heat-flow-rate, independently of

he direction of the heat exchanged, the reversing specific heat
apacity cannot discriminate between exothermic and endother-
ic processes occurring during the temperature modulation.
ore detailed information can be gained from the modulated

eat-flow-rate profiles.
Fig. 4 shows the modulated heat-flow-rate curve obtained

t the underlying scanning rate of −2 ◦C min−1 together with
ts periodic component in different temperature ranges. In the
emperature interval 220–210 ◦C exothermic and maybe also
mall endothermic effects can be observed in the cooling and
eating semiperiods. On the contrary, in the temperature range
70–154 ◦C no distorsions of the modulated signal appear in
oth the semicycles, with the periodic heat-flow-rate curve
ssuming perfectly the shape of a rectangular function. The same
bservation can be done down to 100 ◦C. As a result (i) the
mall peak in the cp,rev curve, extending from 220 to approx-
mately 170 ◦C, originates from changes in crystallization rate
ccurring in the two semiperiods and, perhaps, a reversing crys-
allization/melting process induced by temperature modulation
nd (ii) the measured reversing specific heat capacity in the tem-
erature range 170–100 ◦C corresponds to the baseline specific
eat capacity (cp,base).

Moreover, from the comparison with Fig. 1, it can be clarified
hat the crystallization process starts in the range 230–215 ◦C
depending on the cooling rate) and extends down to approx-
mately 125 ◦C. In the temperature range 125 > T > 100 ◦C
rystallization does not occur on cooling, because the experi-
ental cp from DSC runs is equal to the reversing specific heat

apacity from TMDSC scans, both corresponding to the baseline
pecific heat capacity.

The crystallization data presented in Figs. 1 and 3 were used
o determine the kinetics of evolution of the three nanophases
f PET during cooling, as detailed below.

.2. Enthalpy-based method for the determination of
rystalline, mobile amorphous and rigid amorphous
raction contents

The experimental enthalpy value, h(T), can be expressed
n terms of hC(T), hA(T) and hRA(T) which represent specific
nthalpy values of crystalline, mobile amorphous and rigid
morphous fractions, respectively:

(T ) = wC(T )hC(T ) + wA(T )hA(T ) + wRA(T )hRA(T ) (6)

Being wC(T ) + wA(T ) + wRA(T ) = 1, Eq. (6) can be rewrit-
en as:
C(T ) = hA(T ) − h(T )

hA(T ) − hC(T )
+ wRA(T )

hRA(T ) − hA(T )

hA(T ) − hC(T )
(7)

rom which it results that the crystalline weight fraction for
three-phase model is given by the value calculated for the
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Fig. 4. TMDSC data obtained with the following operative conditions: period = 60 s, temperature modulation amplitude = 1.0 ◦C, underlying cooling rate = 2 ◦C min−1.
(A) Modulated and underlying heat-flow-rate curves (solid and dashed lines, respectively) in the temperature range 225–205 ◦C as a function of the underlying
temperature. The modulation temperature profile, referred to the right Y-axis, is also shown. (B) Periodic heat-flow-rate curve in the temperature range 225–205 ◦C.
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C) Modulated and underlying heat-flow-rate curves (solid and dashed lines, res
he temperature range 170–155 ◦C.

wo-phase model (see Eq. (3)) plus a term related to both
he content and the specific enthalpy of the rigid amorphous
raction.

From the fundamental relationship (6) the specific heat capac-
ty for a three-phase system can be obtained:

p(T ) = dh(T )

dT

= wC(T )cp,C(T ) + wA(T )cp,A(T ) + hC(T )
dwC(T )

dT

+hA(T )
dwA(T )

dT
+ d[wRA(T )hRA(T )]

dT
(8)

here the derivative of the product wRA(T )hRA(T ) has to be
efined.

Certainly the enthalpy of the rigid amorphous phase is con-
ected to the thermal history of the sample, since, at each
emperature, it is the weighted sum of the enthalpy of the RAF
hat is produced at that temperature and the enthalpy of the RAF
ormed previously at higher temperatures during the cooling
un. The enthalpy of the RAF that solidifies at a given tempera-
ure T is equal to the enthalpy of the mobile amorphous fraction

t that temperature, as prescribed by thermodynamics for the
lass transition [27]. As regards the enthalpy of the RAF formed
t higher temperatures, its temperature derivative is known by
ssuming, with good approximation, that the heat capacity of
he glassy material is equal to that of the crystal phase, being
oth considered as solid fractions [6,16,28].

t

s
a

ely) in the temperature range 170–155 ◦C. (D) Periodic heat-flow-rate curve in

Therefore, according to the definition of derivative:

d[wRA(T )hRA(T )]

dT

= lim
�T→0

wRA(T + �T )hRA(T + �T ) − wRA(T )hRA(T )

�T
(9)

nd by setting

RA(T + �T ) = wRA(T ) + �wRA (10)

nd

hRA(T + �T )

= wRA(T )[hRA(T ) + cp,C(T )�T ] + �wRAhA(T + �T )

wRA(T ) + �wRA
(11)

t can be obtained:

d[wRA(T )hRA(T )]

dT

= lim
�T→0

wRA(T )cp,C(T )�T + �wRAhA(T + �T )

�T
(12)

hat becomes:

d[wRA(T )hRA(T )] = w (T )c (T ) + h (T )
dwRA (13)
dT
RA p,C A

dT

Thus, by substituting this result in Eq. (8), it is demon-
trated that the specific heat capacity of a three-phase system that
ccounts for the crystalline, mobile amorphous phase and rigid
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morphous phases respectively, is described by the following
quation:

p(T ) = wC(T )cp,C(T ) + wA(T )cp,A(T ) + wRA(T )cp,C(T )

−[hA(T ) − hC(T )]
dwC(T )

dT
(14)

Eq. (14) has already been reported in the literature, even if
btained with a different mathematical treatment [16].

Being defined the two fundamental relationships for a three-
hase system (Eqs. (6) and (14), respectively), an expression to
alculate hRA(T) can be attained starting from the temperature
ependence of the experimental enthalpy h(T):

(T ) = h(T1) +
∫ T

T1

cp(T ) dT ′ (15)

here T1 is a reference temperature in the melt (T1 > T), at
hich no RAF is present, so that h(T1) = hA(T1), and cp the

xperimental specific heat capacity expressed by Eq. (14).
The substitution of Eq. (14) in Eq. (15), after integration by

arts of the term [hA(T ) − hC(T )] dwC(T ), yields:

(T ) = wC(T )hC(T ) + [1 − wC(T )]hA(T )

+
∫ T

T1

wRA(T )[cp,C(T ) − cp,A(T )] dT ′ (16)

By equalling Eqs. (6)–(16), the following final expression is
btained:

hRA(T ) − hA(T )

= 1

wRA(T )

∫ T

T1

wRA(T )[cp,C(T ) − cp,A(T )] dT ′ (17)

rom which the difference between the enthalpies of the rigid
morphous and the mobile amorphous fractions can be deter-
ined once the wRA(T ) function is known.
Lastly, Eq. (7) can be rewritten by substituting the term

hRA(T) − hA(T)] and introducing the solid weight fraction
S(T ) = wC(T ) + wRA(T ), to yield:

C(T ) = hA(T ) − h(T )

hA(T ) − hC(T )

+
∫ T

T1
[wS(T ) − wC(T )][cp,C(T ) − cp,A(T )] dT ′

hA(T ) − hC(T )
(18)

Eq. (18) is a relationship of fundamental importance since
t permits to obtain the crystalline weight fraction for a three-
hase system with a successive approximations method if the
otal solid content wS(T ) is known. This latter can be gained
rom the baseline specific heat capacity. In fact, in absence of
atent heat contributions, the baseline cp can be expressed from

q. (14) as:

p,base(T ) = wC(T )cp,C(T ) + wA(T )cp,A(T )

+wRA(T )cp,C(T ) (19)

E
d
t
a
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roper reorganization of Eq. (19) yields:

A(T ) = cp,base(T ) − cp,C(T )

cp,A(T ) − cp,C(T )
(20)

Being wS(T ) = [1 − wA(T )], Eq. (20) easily allows to deter-
ine the mobile amorphous and the solid fractions respectively

tarting from the baseline cp.
A last observation can be added about the baseline specific

eat capacity. Since its derivative with respect to temperature is
iven by:

dcp,base(T )

dT
= wA(T )

dcp,A(T )

dT
+[wC(T )+wRA(T )]

dcp,C(T )

dT

+ [cp,A(T ) − cp,C(T )]
dwA(T )

dT
(21)

t comes out that the slope of cp,base(T) is intermediate between
he slopes of cp,A(T) and cp,C(T) only if the weight fractions of
ll the phases are constant. If not, an additional term has to be
onsidered.

For the cooling rates 2 and 3 ◦C min−1, the baseline cp, which
s known only in the temperature range 170 > T > 100 ◦C (Fig. 1),
s a first approximation can be extrapolated up to the melt by
ollowing the same linear trend displayed from 100 to 170 ◦C
Fig. 3). Moreover, it can be hypothesized that the baseline cp at
and 3 ◦C min−1 also holds for the cooling rate 5 ◦C min−1. The
S(T ) curve calculated from the linear baseline cp is depicted in

he insert of Fig. 2 together with the wC(T ) curves from the two-
hase model (Eq. (3)) for all the cooling rates investigated. The
ntersection of the wC(T ) curves at 2, 3 and 5 ◦C min−1 with the

S(T ) curve occurs at temperatures slightly and progressively
igher than 170 ◦C (see Table 1).

A hypothesis can be formulated according to which the poly-
eric system PET cooled at 2, 3 and 5 ◦C min−1 has to be

escribed by a three-phase and two-phase model at tempera-
ures, respectively, lower and higher than the intersection point
f Fig. 2. In other words in a PET sample cooled at 2, 3 and
◦C min−1, the rigid amorphous fraction would develop at tem-
eratures lower than 180 ◦C, i.e. during the final stages of the
rystallization process. This finding is in perfect agreement with
esults from heating and cooling scans reported in ref. [29]
ccording to which RAF in PET disappears between 160 and
80 ◦C, depending on the thermal history of the sample. Else-
here it has been proposed that RAF could be glassy up to about
20 ◦C, but the hypothesis has not been undoubtedly confirmed
10]. The fact that in Fig. 2 the wC(T ) curves for the cooling
ates 10 and 20 ◦C min−1 do not intersect the wS curve should
e due to a different baseline cp(T).

Since the mobile amorphous fraction wA(T ), and therefore
S(T ), can be calculated without approximations in the tem-
erature range from 100 to 170 ◦C, that is to approximately
he intersection points of Fig. 2, the crystalline weight fraction

C(T ) for a three-phase system can be calculated by means of

q. (18) in this interval with a successive approximations proce-
ure, using as initial value the crystalline weight fraction from
he two-phase method, calculated from Eq. (3). The successive
pproximations method is reiterated until no further change of
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Table 1
Cooling rate dependence of (i) wC(T ) − wS(T ) curves intersection points and (ii) maximum values of the crystalline weight fraction from the two-phase (wC,max)
and the three-phase models (w0

C)

Cooling rate
(◦C min−1)

Intersection point of wC(T ) − wS(T )
curves in ◦C from Fig. 2

wC,max, two-phase
model from Eq. (3)

w0
C, three-phase model

from Eq. (18)

2 175.2 0.370 0.379
3 177.5 0.364 0.370
5 179.5 0.352 0.362
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he small digits are non-significant figures.

C(T ) is obtained. After determination of the crystalline weight
raction, the RAF content can be obtained by difference. It is
orth noting that Eq. (18) can be applied only in the temperature

ange in which the baseline cp is available, as the knowledge of
he correct wA(T ), and as consequence wS(T ), is indispensable
or the calculation of wC(T ). The fact that wRA(T ) is achieved
y difference from wA(T ) and wC(T ) does not allow to operate
ith also the baseline cp(T) as variable function subjected to suc-

essive approximations, since at the end of each iterative cycle,
he cp,base(T) calculated by Eq. (19) would come out unchanged.

In order to link the crystalline fractions from the two-phase
nd three-phase models respectively, a linear extrapolation of the
aseline heat capacity, that is found linear from 100 to 170 ◦C, is
erformed in a very narrow temperature range beyond 170 ◦C up
o the intersection points reported in Table 1. The extrapolation
nterval is so small, that minor uncertainty about the determi-
ation of the temperature at which the rigid amorphous phase
tarts to develop is expected.

Fig. 5 shows the wC(T ), wA(T ) and wRA(T ) curves in
he whole crystallization range for the cooling rates 2, 3 and

◦C min−1, respectively. From the melt down to the intersec-

ion points of Fig. 2, wC(T ) and wA(T ) are from the two-phase
ethod (Eq. (3)) whereas at lower temperatures the three-phase
ethod (Eq. (18)) is applied. The presence of cusps in the wA(T )

ig. 5. Crystalline weight fraction (wC), mobile amorphous weight fraction
wA) and rigid amorphous weight fraction (wRA) as a function of temperature
−5 ◦C min−1: dash line; −3 ◦C min−1: dash dot line; −2 ◦C min−1: dot line).
he curves in the temperature range between 100 ◦C and the intersection points
f Fig. 2 are from the enthalpy-based three- phase method (see text), those
n the temperature range between the intersection points and 240 ◦C from the
nthalpy-based two-phase method [15,16].
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nd wRA(T ) curves is due to the sharp mathematical switch from
ne model to the other and to the incomplete accuracy of the lin-
ar extrapolation of cp,base(T) from 170 ◦C up to the intersection
oints. Smoother curves are certainly more probable, even if not
redictable a priori.

As expected, cooling rate affects the final value of crys-
allinity, which diminishes with increasing the cooling rate. The

obile amorphous fraction decreases with decreasing tempera-
ure whereas the rigid amorphous fraction has an opposite trend.

oreover in the temperature range 180 > T > 100 ◦C wRA(T )
epends on the cooling rate: as expected, lower contents of
igid amorphous phase are found after crystallization at the low-
st cooling rates. In fact it has already been reported that RAF
ontent is higher under crystallization conditions that promote
ormation of imperfect crystallites [30]. In addition, it is worth
oting that the average rigid fraction content calculated at 100 ◦C
approximately equal to 0.25) is identical to the value reported
n ref. [6] for PET samples crystallized at different temperatures.

The comparison between the crystalline fraction from the
hree-phase and the two-phase models is shown in Fig. 6 for the
ooling rate 3 ◦C min−1.

The decrease of the two-phase wC(T ) observed as the tem-
erature lowers towards the glass transition is ascribable to the

ormation of RAF that reduces the baseline cp and consequently
he term [hA(T) − h(T)] in Eq. (3), calculated by integration of
he cp curves (see also ref. [16]). The concomitant increase of
he experimental enthalpy value h(T) with respect to the case in

ig. 6. Comparison between the crystalline weight fraction (wC) from the
nthalpy-based two-phase method (dash line) [15,16] and the enthalpy-based
hree-phase method (solid line) (see text) for the cooling rate 3 ◦C min−1.
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Fig. 7. Temperature dependence of the crystalline (hC − h0), experimen-
tal (h − h ), mobile amorphous (h − h ), and rigid amorphous (h − h )
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Fig. 8. Specific heat capacity of PET in the crystallization region on cooling
at different rates and the relative baseline specific heat capacity cp,base(T), cal-
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nthalpies for the cooling rates 2, 3 and 5 ◦C min−1. The crystalline and mobile
morphous enthalpies are from ATHAS data bank [17] the rigid amorphous and
xperimental enthalpies are from Eqs. (22) and (23), respectively.

hich RAF is not produced has not to be ascribed to an improb-
ble fusion process, as could appear from the two-phase wC(T )
rend, but arises from the higher enthalpic content of the RAF.

In fact, being the function wRA(T ) accessible in the whole
rystallization range for the cooling rates 2, 3 and 5 ◦C min−1,
he specific enthalpy of the rigid amorphous phase produced
nder these experimental conditions can be calculated via Eqs.
17) and (22):

hRA(T ) − h0] = [hRA(T ) − hA(T )] + [hA(T ) − h0] (22)

here h0 is the unknown enthalpy of the crystal at 0 K, at which
ll the enthalpy values are referred and [hA(T) − h0] the tabulated
obile amorphous fraction [17].
Also the experimental enthalpy, i.e. [h(T) − h0] can be

btained starting from the measured [hA(T) − h(T)] curves:

h(T ) − h0] = [hA(T ) − h0] − [hA(T ) − h] (23)

The temperature dependence of [hRA(T) − h0], [h(T) − h0],
hA(T) − h0], and [hC(T) − h0] can be shown in Fig. 7 for the
ooling rates 2, 3 and 5 ◦C min−1.

A significant aspect that immediately comes out is that the
pecific enthalpy of the rigid amorphous phase results higher
han that of the mobile amorphous phase, converging towards it
n proximity of the temperature at which RAF starts to develop
see also arguments provided in ref. [16]). For the cooling rates
nalyzed, the curves [hRA(T) − h0] almost overlap each other,
ndicating that the slightly different experimental conditions
ffect very little the enthalpic content of the RAF. Moreover,
regular trend with the cooling rate is found for the curves

h(T) − h0], with a little lower enthalpic contents showed by the
amples which, cooled at the lowest rates, are characterized by
higher crystalline fraction.

As final result, Fig. 8 reports the baseline specific heat capac-

ty, cp,base(T), calculated according to Eq. (19) for the cooling
ates 2, 3 and 5 ◦C min−1 with the data from Fig. 5. As expected,
he baseline specific heat capacity shows a sigmoid shape in
orrespondence of the crystallization peak.

b
F
s
a

ulated from Eq. (19) (−5 ◦C min−1: dash line; −3 ◦C min−1: dash dot line;
2 ◦C min−1: dot line).

. Discussion

It has already pointed out that the most striking feature of
he wC(T ) versus T plots shown in Fig. 2, calculated with the
lassical procedure based on a two-phase model, is the shape of
he curves, all showing a maximum followed by a continuous
ecrease until the onset of the glass transition is reached. This
rend might be explained paradoxically with the occurrence of
artial fusion of the already crystallized material, but neither
he DSC nor the TMDSC curves display any evidence of this
mpossible endothermic event. This suggests that some errors
ccurred in the data processing that led to the curves of Fig. 2. An
bvious source of error may be found in the possible vitrification
f amorphous chains at temperatures higher than Tg, a process
hat could overlap or immediately follow crystallization and that
as been ignored in the calculations based on Eq. (2).

However the crystallinity values of PET at the end of crys-
allization at 2, 3 and 5 ◦C min−1 from the three-phase model
w0

C) are only slightly higher than the crystalline values exhib-
ted at the maximum of the curves in Fig. 2 (wC,max) (see in
able 1 and the example given in Fig. 6). Such similarity is due

o the fact that vitrification of the rigid amorphous fraction in
ET starts during the final stages of the crystallization process,
o that from the beginning of the crystallization down to about
80 ◦C the two-phase model is valid for PET cooled at 2, 3 and
◦C min−1.

The three-phase method here proposed allows to determine
he temperature at which vitrification of the rigid amorphous
hase begins and the kinetics of the process by taking into
ccount the change of the baseline cp during crystallization.
his change, as described above, is due to both the growth of the
rystal phase and the vitrification of the rigid amorphous phase.
uantitative separation of the irreversible latent heat effects

rom the diminution of baseline cp due to solidification can
e gained from TMDSC curves. Reversing cp data taken from

ig. 3 allow to know the temperature variation of the baseline
pecific heat capacity. When cooling is conducted at rates of 2
nd 3 ◦C min−1, the temperature dependence of the baseline cp is
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ot accessible in the whole crystallization temperature range, but
nly in the interval 170 > T > 100 ◦C, as discussed above. There-
ore in principle the crystalline and rigid amorphous fractions
ontents could not be attained by means of the enthalpy-based
ethod here proposed because the integral of Eq. (18) has to

e calculated starting from the melt temperature. Luckily it has
een demonstrated that for PET cooled at 2, 3 and 5 ◦C min−1

he classical two-phase model can be applied correctly in the
emperature range in which the baseline cp is not available, so
hat the wC(T ), wA(T ) and wRA(T ) curves can be calculated in
he whole solidification interval.

If the baseline cp is totally indefinite in the whole temperature
ange in which crystallization occurs, an estimation of the final
rystalline weight fraction can be constituted by wC,max from the
wo-phase model (Table 1). In the temperature range in which
he crystallization process is completed, the constant crystalline
eight fraction can be set equal to wC,max and the approximate
A(T ) and wRA(T ) curves can be determined from Eq. (20)

nd by difference, respectively. The results of this procedure
pplied to PET in the temperature interval 125 > T > 100 ◦C are
llustrated in Fig. 9 for all the cooling rates investigated. As
xpected lower contents of rigid amorphous phase are found
fter crystallization at the lowest cooling rates.

The experimental results here reported reveal that the kinet-
cs of vitrification of the RAF in poly(ethylene terephthalate)
s only partially linked to the crystallization process. The rigid
morphous structure starts to vitrify during the final stages of
he non-isothermal crystallization, with the full establishment of
he rigid amorphous structure completed during the subsequent
ooling to room temperature, in excellent agreement with results
eported in ref. [10]. The possibility of parallel development of
rystalline and rigid amorphous phases has been analyzed up-

o-date for a few polymers. For poly(3-hydroxybutyrate) (PHB),
isphenol-A polycarbonate (PC) and isotactic polystyrene (iPS)
simultaneous increase of the crystal phase and solidification of

he RAF was found during cold crystallization (PHB, iPS) and

ig. 9. Approximate crystalline weight fraction (wC), mobile amorphous weight
raction (wA) and rigid amorphous weight fraction (wRA) in the tempera-
ure range 125 > T > 100 ◦C (see text) (−20 ◦C min−1: short dash dot line;

10 ◦C min−1: dash dot dot line; −5 ◦C min−1: dash line; −3 ◦C min−1: dash
ot line; −2 ◦C min−1: dot line).
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elt crystallization (PC) [7–9]. This led to the conclusion that for
hese polymers vitrification of the RAF results from the morpho-
ogical changes associated to the crystallization process. In these
ases it is probable that the presence of rigid amorphous phase
imit further growth of the crystals. On the contrary, similarly
o PET, in syndiotactic polypropylene (sPP) RAF was found to
itrify partly together with the growth of the crystal phase dur-
ng cold crystallization and partly upon cooling in a temperature
ange of about 40 ◦C [7,8]. Hence, for PET as for sPP, the lim-
tation of crystal growth due to vitrification of the surrounding

elt material could be excluded.
As shown in Figs. 1 and 3, melt crystallization exotherms

n PET displays a smooth tail at low temperatures, probably
ue to slow secondary crystallization. In effect the three-phase
nthalpy-based wC(T ) reported in Fig. 5 for the cooling rates 2,
and 5 ◦C min−1 are found to increase slightly with decreasing

emperature in the range 180 > T > 100 ◦C, suggesting that crys-
allization, almost finished at 180 ◦C, continues slowly through a
econdary crystallization process after spherulite impingement
2].

Up to now, the exact mechanism of secondary crystallization
n PET has not been totally clarified yet. During a cooling it
hould involve only further growth of crystallites more defec-
ive, being the perfection process through thickening of the
amellae unlikely under such operative conditions [2]. A few
ifferent models have been proposed, including the insertion of
hin lamellae into the interlamellar region and/or the insertion
f thin lamellar stacks between the stacks of lamellar crystals
ormed in the primary crystallization [31]. Despite the ongo-
ng debates, some correlation of vitrification of the amorphous
hase with secondary crystallization seems acceptable, being
he interlamellar amorphous layers often claimed as the most
ikely “geographical” locations for RAF [32]. It is likely that
efore spherulite impingement the polymer chains have a suffi-
iently high mobility so that not large constraints are imposed
n the amorphous phase. Once spherulite impingement has
ccurred, further crystallization can take place only in geometri-
ally restricted areas, where the amorphous fraction experiences
arger constraints, which in turn results in vitrification of the rigid
morphous phase [9,32,33].

As regards the temperature dependence of the enthalpy of
he rigid amorphous phase, calculated by Eq. (17) and shown
n Fig. 7, it is important to point out that this finding is a
ignificant experimental proof of the theoretical hypotheses for-
ulated in refs. [6,16]. The enthalpy of the rigid amorphous

hase results higher than that of the mobile amorphous phase
ue to a higher free volume [34] and/or energy content of the
onstrained system. It is well known that during vitrification
he free volume freezes as a consequence of severe restriction
n the macromolecular segmental mobility, so that at each tem-
erature the volume of the RAF results higher than that of the
orresponding MAF.
. Conclusions

The enthalpy-based determination of crystal and amorphous
ractions that relies on a two-phase description of semicrys-
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alline polymers is often applied also in the presence of a
igid amorphous fraction [4,5]. The errors so produced can
e minor when a small amount of rigid amorphous phase is
resent, or relevant for polymers where a large fraction of amor-
hous phase is solid above Tg. To avoid these errors, Eqs.
2)–(4) should be applied only above the glass transition of the
AF, but this requires an a priori estimation of the tempera-

ure range of devitrification of the RAF, which is usually not
nown.

For a limited group of semicrystalline polymers this infor-
ation is available, like poly(oxy-2,6-dimethyl-1,4-phenylene),
hose RAF has a glass transition above the melting point [12]
r poly(butylene terephthalate), where the Tg of the RAF is cen-
ered around 102 ◦C and extends over a range of ca. 70 ◦C [28].
owever, the exact locations of vitrification and devitrification
f the rigid amorphous structure are generally not directly iden-
ifiable from DSC curves because, unlike the main transitions
nvolving the mobile amorphous phase and the crystal phase, for-

ation and disappearance of the RAF are generally associated to
he continuous changes of structure of crystal and mobile amor-
hous phases occurring during or after partial crystallization and
usion [7–9].

The enthalpy-based three-phase method here presented has
een used to determine the kinetics of crystallization and vitri-
cation of the RAF in PET during non-isothermal solidification
rocesses. The rigid amorphous fraction was found to develop
artly during the final stages of the crystallization process and
artly during cooling down to Tg.

The results shown seem to confirm the existence of a link
etween vitrification of the rigid amorphous phase and sec-
ndary crystallization in PET.

By comparing data from various polymers, as detailed
bove [7–10] it is evident that different polymers and different
rystallization paths affect the amount of RAF produced simul-
aneously to crystallization. Although some similarities exist,
ach polymer, due to its particular molecular structure, has spe-
ific peculiarities in the primary and secondary crystallizability
s well as in the connected vitrification of the rigid amorphous
hase.
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