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Abstract

For poly(ethylene terephthalate) (PET) and other polymers the origin of the multiple melting peaks observed in differential scanning

calorimetry (DSC) curves is still controversially discussed. This is due to the difficulty to investigate the melting of the originally formed

crystals exclusively. Recrystallization is a fast process and most experimental techniques applied so far do not allow fast heating in order to

prevent recrystallization totally. Developments in thin-film (chip) calorimetry allow scanning rates as high as several thousand Kelvin per

second. We utilized a chip calorimeter based on a commercially available vacuum gauge, which is operated under non-adiabatic conditions.

The calorimeter was used to study the melting of isothermally crystallized PET. Our results on melting at rates as high as 2700 K/s give clear

evidence for the validity of a melting–recrystallization–remelting process for PET at low scanning rates (DSC). At isothermal conditions

PET forms crystals, which all melt within a few dozens of K slightly above the isothermal crystallization temperature. There is no evidence

for the formation of different populations of crystals with significantly different stability (melting temperatures) under isothermal conditions.

Superheating of the crystals is of the order of 10 K at 2700 K/s.

q 2004 Published by Elsevier Ltd.
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1. Introduction

A lamellar stack model describes the morphology of

most semicrystalline polymers reasonable well. Although

this morphology feature was discovered already 65 years

ago [1] the question how polymer crystals are formed is still

under debate (see e.g. Refs. [2–6] and references therein). It

is the chain structure of the polymer molecules, which

forces polymers to form morphologies, build up from folded

chain lamellae and spherulites. Because the equilibrium

structure—the extended chain crystal—is commonly not

realized, these structures are not in thermodynamic

equilibrium. The deviation from equilibrium causes signifi-

cant reorganization and recrystallization already at crystal-

lization or at annealing and heating [7]. All this makes a

description of polymer crystallization and melting a very

complex task. Crystallization at large super cooling yields

structures, which are especially far from thermodynamic

equilibrium. Melting – recrystallization – remelting

sequences are often considered to describe the complex

melting behaviour of polymers crystallized under such

conditions. Calorimetry and especially differential scanning

calorimetry (DSC) is commonly applied to study polymer

melting. Other techniques like temperature dependent X-ray

diffraction [7] or in situ atomic force microscopy (AFM)

[8–11] support the idea of melting–recrystallization. But

other models like the creation of secondary lamella or the

relaxation of the rigid amorphous fraction are considered

too to describe the multiple melting peaks occurring in DSC

curves [12–15].

For several polymers like poly(ethylene terephthalate)

(PET) the issue is still not finally resolved even though it

was studied already in 1970 [16]. To investigate the melting

of the originally formed crystals exclusively is difficult

because recrystallization is a fast process and most

experimental techniques applied so far do not allow fast

heating in order to prevent recrystallization totally. Sauer

et al. showed that PET crystallized at low temperatures
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becomes liquid-like according to viscosity at relatively low

melting temperatures [17]. Robertson et al. [18] showed by

special temperature sequences in DSC experiments for

poly(butylene terephthalate) (PBT) that recrystallization is

about two orders of magnitude faster than isothermal

crystallization at the same temperature. To study exclu-

sively the melting of the originally present crystals in a

polymer sample, consequently, requires very high heating

rates. Pijpers et al. extended the heating and cooling rate

range of DSC to rates as high as 500 K/min (Hyper DSCe)

[19]. But for commercial PET these rates are still not high

enough to prevent recrystallization as shown below.

Developments in thin-film (chip) calorimetry [20,21]

allow much higher rates also for low thermal conducting

polymer samples as recently shown by Allen et al. [22–24].

We have developed a chip calorimeter [25,26] based on a

commercially available vacuum gauge TCG 3880 from

Xensor Integration, Nl, [27]. A thin-film thermopile is used

as thermometer and placed on a thin Si3Nx membrane with a

film heater. The measurements are performed in an ambient

gas atmosphere rather than under adiabatic conditions.

Therefore, measurements on controlled cooling are possible

too [25,26]. The calorimeter allows rates up to several

thousand Kelvin per second and was applied here to study

the melting of isothermally crystallized PET.

2. Experimental

The PET sample was from KoSa GmbH and Co. KG,

Germany, and had a molecular weight of 44,000 Da. From

the amorphous granule a tiny peace of the order of a few

hundred nanograms was cut. The sample was moved on top

of the heater of the calorimetric sensor, see Fig. 1. To avoid

damaging of the sensor membrane (ca. 1 mm thick) the

sample was moved by a soft cooper wire (diameter 50 mm).

A stereo microscope was used to control the movement.

When the sample was on the right place an electrical current

through the heater was switched on to melt the sample for

the first time. This way the sample was fixed at a position

just on top of the heater. Because of strong adhesive forces

the sample-membrane thermal contact after a few heating–

cooling cycles was good and very stable, which is important

for calorimetric measurements [28,29].

The thermal conductivity gauge TCG-3880 [27] shown

in Fig. 1 consists of 0.5 mm Si3Nx membrane with a thin-

film thermopile and a resistive film-heater placed at the

center of the membrane. All electrical connections are

covered by an additional 0.7 mm SiO2 layer for electrical

isolation and protection. The six thermopile hot junctions—

the white spots around the central region in the photo-

graph—are placed around the central heated area, ca.

50 £ 100 mm2. The cold junctions are placed at the silicon

frame fixing the membrane, ca. 1 mm from the center. Thus

the cold-junction temperature equals the temperature of the

holder, which is close to the temperature of the thermostat.

An additional copper-constantan thermocouple was utilized

for the measurement of the holder temperature, which was

used as the reference temperature T0:

To allow fast cooling the cell was operated in an ambient

gas. The heat flow from the heated region to the environment

can be described by Newton’s law: F ¼ jDT ; where F is

the heat flow from the heated region, j is the heat exchange

parameter measured in W/K and DT ¼ ðT 2 T0Þ; where T is

the temperature of the heated region of the membrane, T0 is

the temperature of the environment, which is close to the

temperature of the holder. The heat exchange parameter j

equals ca. 2 £ 1025 W/K in air atmosphere at pressures in

the range 102–105 Pa and room temperature [25]. The

parameter j is six times larger, when the calorimeter is

operated in helium gas. Because the membrane is very thin

the heat transfer through the ambient gas is dominant. The

heat transfer through the membrane in radial direction is at

least 10 times smaller than that through the gas in the

perpendicular direction [25]. The measurements can be

performed at atmospheric pressure, as well as at pressures in

the range 10–105 Pa, where the gas thermal conductivity is

still relatively large. In fact, the measurements were

performed in air at 2 £ 103 Pa.

The expected maximal cooling rate ðdT=dtÞmax of a

500 ng sample, with heat capacity C ca. 500 nJ/K, can be

estimated as follows: ðdT =dtÞmax ¼ DTj=ðC þ C0Þ: The

Fig. 1. Thin-film chip calorimeter based on the thermal conductivity gauge

TCG-3880. Scheme (A) and micro photograph of the frame and the

membrane loaded with a sample (B).

A.A. Minakov et al. / Polymer 45 (2004) 3755–37633756



addenda heat capacity C0 equals ca. 150 nJ/K at room

temperature [25]. Thus, ðdT=dtÞmax is of the order of

2 £ 104 K/s at DT ¼ 500 K, which was confirmed exper-

imentally [25,26]. Linear cooling is only possible, when the

scanning rate is several times smaller than ðdT =dtÞmax: On

the other hand, sample thickness d must be small enough to

avoid a large temperature gradient in the sample. The

temperature difference dT across a plate-like sample can be

estimated as follows: dT ¼ ðdT=dtÞðd2rc=l), where r; c and

l are the density, the specific heat capacity and the thermal

conductivity of the sample, respectively. Thus, dT equals

1–3 K at d ¼ 10 mm and dT=dt ¼ 3 £ 103 K/s for PET with

c ¼ 1 2 2 J/gK [30], r ¼ 1:3 g/cm3 and l ca. 0.3 W/K m

[31]. As a temperature gradient exists in the radial direction

along the membrane, the sample should be placed just on the

heater. Otherwise, there will be a temperature gradient on

the periphery of the sample outside the heated area.

The thermal contact between the heater and the thin PET

sample is sufficiently good due to strong adhesive forces.

Nevertheless, the measured temperature does not represent

the temperature of the heater/sample interface, because the

thermopile measures the temperature at the membrane

around the heater. Thus the measured temperature was

calibrated as described in Ref. [25]. The heat capacities and

thermal resistances of the film-heater and of the thermopile

are negligibly small. The addenda heat capacity is, there-

fore, the effective heat capacity of the heated part of the

membrane. Thus, the sample-membrane system can be

described by the following parameters: the effective heat

capacity of the central part of the membrane C0, the heat

capacity of the sample C and the heat-exchange coefficient

j: The resistive film-heater, ca. 600 Ohm, provides the heat

flow F0ðtÞ, which is supplied to the membrane/sample

interface and propagates through the sample, the membrane

and the ambient gas. The heat balance equation is as

follows:

ðC þ C0ÞdT =dt ¼ F0ðtÞ2 j £ ðTðtÞ2 T0Þ; ð1Þ

this equation is correct, provided the thermal thickness of

the sample is small enough, and the heat transfer from the

sample to the thermostat can be described by Newton’s law.

The temperature measured by the thermopile is ca. 10 ms

delayed with respect to the heater current [25]. The duration

of a cooling or heating scan must be large enough with

respect to the delay time t0 < 10 ms, otherwise we have to

consider thermal waves rather than a monotonous heating or

cooling process. Thus, the scanning rate must be much

smaller than DT=t0 < 5 £ 104 K/s at DT ¼ 500 K. This

limitation is of the same order of magnitude as the

restriction, which follows from the limited heat exchange

through the gas. In the present work the scanning rate was

less than 3 £ 103 K/s, i.e. the rate was ca. 10 times smaller

compared to both limits. The heat flow F0ðtÞ is determined

by the electric current in the heater, IHðtÞ; and its resistance

RHðTÞ: The resistance RHðTÞ was calibrated in advance. The

electric current in the heater was monitored during its

scanning simultaneously with the temperature difference

TðtÞ2 T0; measured by the thermopile. The temperature

dependence of the thermopile sensitivity, S ca. 1 mV/K, and

the thermopile thermal lag were calibrated as described in

Ref. [25].

Thus, there are three unknown parameters in Eq. (1)—j;

C0 and C: The parameter C0ðTÞ was determined in advance

for the empty cell. It increases monotonously from ca. 100

to 200 nJ/K in the temperature range 100 to 600 K. The

parameters j and C can be determined from heating–

cooling scans as described in Ref. [25]. As the gas thermal

conductivity depends on temperature, the heat exchange

coefficient j is also a function of temperature. The

dependence jðTÞ, which can be approximated by a smooth

monotonous polynomial function [25], was determined as

follows. First the heating–cooling cycle for an amorphous

sample was investigated. Outside the glass transition range

the heat capacity on cooling equals heat capacity on heating.

This was used to determine jðTÞ. Therefore, the depen-

dences CðTÞ and jðTÞ were determined simultaneously from

cooling and heating curves for an amorphous sample. Next,

the heat capacity of the crystallized sample was obtained on

heating assuming the same dependence jðTÞ as in the

previous experiment, provided the gas pressure was kept

constant. In order to determine the specific heat capacity,

c ¼ C=m; the sample mass m has to be known. The mass was

not measured independently, because it was too small

(100 ng). It was obtained from the measured heat capacity

and the known specific heat capacity in the molten state at

temperatures above 280 8C [30].

The current in the heater and the signal from the

thermopile were monitored in real time during fast scanning

of the membrane temperature as described in Ref. [25]. To

simplify the analysis of the time dependences TðtÞ and dT=dt

we tried to scan temperature almost linearly with time. A

function generator, Stanford Research Systems DS 340, was

utilized to realize approximately constant scanning rate. The

generator output voltage supplied to the heater was

proportional to the square root of time. The data acquisition

and control electronics are described in Ref. [26]. The

temperature of the thermostat was stabilized at T0 ¼ 30 8C.

The scanning range was ca. 350 K.

DSC and Hyper DSCe measurements were performed

utilizing a PerkinElmer Pyris Diamond DSC equipped with

an Intracooler II and nitrogen as purge gas. The instrument

was calibrated by indium and zinc for temperature at the

scanning rate of interest and by sapphire for heat flow. The

sample was wrapped in aluminum foil of a few mg only to

minimize thermal lag [19].

First the crystallization time tC for each crystallization

temperature TC was chosen such that primary crystallization

was completed. For DSC measurements the samples were

crystallized from the melt (melt crystallization). For the fast

scanning experiments (chip calorimeter) the samples were

quenched below glass transition before crystallization (cold

crystallization) in order to allow a simpler scanning

A.A. Minakov et al. / Polymer 45 (2004) 3755–3763 3757



program. No difference between cold and melt crystal-

lization was observed because of the very high cooling and

heating rates applied.

3. Results

The multiple melting peaks in isothermally crystallized

PET are well known since long time [16]. Fig. 2 shows

typical DSC curves for PET crystallized at different

crystallization temperatures TC. At large super cooling

(low TC) a low and a high melting endotherm is observed. At

lower super cooling (high TC) even multiple melting peaks

are seen.

As commonly discussed the second melting peak for PET

is the result of continues melting–recrystallization–remelt-

ing. Therefore, the second melting peak should disappear

when recrystallization could be prevented by fast heating,

provided at the initial isothermal crystallization, a mono-

modal population of lamellae was formed only. In order to

check this, we performed experiments at different heating

rates.

3.1. HyperDSCe measurements

The results from DSC measurements at heating rates up

to 500 K/min for samples melt crystallized at 210 and

130 8C are shown in Fig. 3.

For the PET sample melt crystallized at 210 8C, Fig.

3(A), a very complex melting behaviour is observed. At the

two lowest heating rates two melting peaks at 260 8C and

250 8C, and a broad shoulder around 240 8C appears. The

high temperature melting peak decreases at increasing

heating rate and disappears as a separate peak at heating rate

20 K/min. At higher rates the shoulder at 240 8C develops

and finally only one single peak is observed. The low

temperature peak at 240 8C is hidden at low heating rates

because of continuous melting and recrystallization. Why

we see two peaks at higher temperatures at low heating rates

is not well understood. But all these peaks disappear at high

heating rates. Obviously, there is no indication for any

multimodal distribution in melting temperatures etc. For the

crystallization temperature of 210 8C the rate of 200 K/min

(ca. 3 K/s) is fast enough to reach some limiting curve

shape. The crystals formed at 210 8C do not recrystallize

very fast. Therefore, 200 K/min is fast enough to prevent

recrystallization. The crystals formed at 130 8C, Fig. 3(B),

are less stable. Therefore, even at 500 K/min two well

separated peaks are seen. But the increasing low tempera-

ture peak and the shift of the second melting peak towards

lower temperatures with increasing heating rate strongly

support the melting–recrystallization–remelting model

also for this sample. Obviously, 500 K/min is not fast

enough to prevent recrystallization.

Fig. 2. Temperature dependences of the specific heat capacity of a 12 mg

PET sample in the melting region at heating rate 20 K/min (0.3 K/s). The

sample was crystallized at 1 2 TC ¼ 210 8C, tC ¼ 1 h; 2–170 8C, 5 min;

3–130 8C, 1 h; 4–110 8C, 8 h, and quenched below glass transition. The

curves for completely amorphous and crystalline PET according to Ref.

[30] are shown by dotted lines.

Fig. 3. Temperature dependences of the specific heat capacity of 0.5–16 mg

PET samples at the following heating rates: 1–2 K/min (0.033 K/s) 16 mg,

2–5 K/min (0.083 K/s) 16 mg, 3–20 K/min (0.33 K/s) 6 mg, 4–50 K/min

(0.83 K/s) 6 mg, 5–200 K/min (3.3 K/s) 0.5 mg, 6–500 K/min (8.3 K/s)

0.5 mg. The samples were crystallized at 210 8C (A) and 130 8C (B) for 1 h.

The curves are vertically shifted and the straight lines are guides to the eyes

only.
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3.2. Chip calorimeter measurements

In order to increase heating rate even more, we used the

chip calorimeter described in the experimental part. The

PET sample of 360 ng was molten at 340 8C for a very short

time to minimize degradation of the sample. During heating

and cooling at 2700 K/s the sample was subjected to

temperatures above 300 8C for 30 ms only. After isothermal

cold crystallization the sample was quenched again below

glass transition at 30 8C. The quenching rate was 104 K/s.

Then the measurements were performed at different

scanning rates. The melting curves and the subsequent

cooling curves at the same rates are shown in Fig. 4.

Dramatic changes in the shape of the melting peaks appear

depending on heating rate. On cooling no crystallization

occurs and the glass transition of the amorphous PET is

seen.

To verify the estimates for the temperature gradients

across the sample and the calibration applied, see Section

2, we first checked the influence of thermal lags on the

curves at different high rates. The dynamic calorimetric

glass transition temperature is known to depend on

frequency according a Vogel–Fulcher–Tamman–Hesse

equation [32]. The same is true for the cooling rate

dependence because cooling rate can be transformed to

frequency according f ¼ q=2padT [33] where q is

cooling rate in K/s, a is a constant of ca. 6 [34] and

dT the mean temperature fluctuation, which can be

extracted from the width of the glass transition interval.

For the amorphous PET dT is about 2 K. Then a cooling

rate of 150 K/s corresponds to a frequency of about 2 Hz

and at 2700 K/s to about 36 Hz. For the semicrystalline

sample dT is about 10 K resulting in frequencies between

0.4 and 7 Hz. In Fig. 5, the glass transition temperatures

are shown together with the VFT fits from dielectric

experiments [35].

From Fig. 5, we see that the glass transition temperatures

are in the expected temperature range except the single

value at heating at 1100 K/s for the semicrystalline sample.

For the cooling rate range covered here, we would expect a

shift in glass transition temperature of about 6 K for the

amorphous sample [35,36]. Such a shift is indicated by the

horizontal bar in the inset in Fig. 4. The shift is not clearly

seen in the inset in Fig. 4. Fig. 5 shows that uncertainty in

glass transition temperature is about ^10 K, which is due to

the uncertainty of the determination of Tg (ca. ^5 K) and

the uncertainty of the temperature measurement (ca. ^5 K)

as estimated above.

Although the temperature measurement is not very

precise it is good enough to study melting and reorganiz-

ation of PET as shown in Fig. 4. For the two lowest rates two

separate melting peaks are observed. The high temperature

peak decreases with increasing heating rate and shifts to

lower temperature as for the DSC measurements, see Fig.

3(A). At 1100 K/s only a shoulder remains at the high

temperature flank. Even at rates of 2700 K/s the melting

peak shows a slight shoulder. It may be explained by

reorganization during the scan or a broad distribution in

crystal stability (melting points), which may exist for the

crystals initially formed at 133 8C. To check this we tried to

measure at even higher rates. In order to do so we had to

reduce sample mass further. Unfortunately, sample thick-

ness became so thin that surface effects could not longer be

neglected. The effect of sample thickness, which was

estimated from sample mass and sample area, is shown in

Fig. 6.

Fig. 4. Temperature dependences of the specific heat capacity of 360 ng

PET sample crystallized at 133 8C for 1 h on heating and subsequent

cooling. The measurements were performed at the scanning rates: 1–

150 K/s (9000 K/min)—solid line, 2–550 K/s (33,000 K/min)—dash line,

3 – 1100 K/s (66,000 K/min)—short-dash line, and 4 – 2700 K/s

(162,000 K/min)—dash-dot line. The inset shows the curves in the glass

transition range. The curves for completely amorphous and crystalline PET

according to Ref. [30] are shown by dotted lines.

Fig. 5. Activation diagram for amorphous and semicrystalline (crystallized

for 1 h at 133 8C) PET. The lines represent VFT fits on the data from

dielectric spectroscopy [35]. The points are the glass transition tempera-

tures at different rates from chip calorimetry (solid symbols) and DSC

(open symbols). Left axis holds for Tg of the amorphous sample only, see

text.
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For the thickest sample a well pronounced shoulder

appears above 200 8C, while for the thinnest sample

basically nothing is seen at such temperatures. Sample

thickness of the thinnest sample was about 10 mm. From

trans-crystallinity studies it is known that layers of such

thickness are influenced by trans-crystallinity (see e.g.

Ref. [37] and references therein). It seems that the

morphology in the thinner samples is more stable (does

not reorganize as fast) compared to the thicker sample.

Because of the different behaviour of the thinner samples

we do not discuss the measurements at higher rates here.

In a next step, we measured the melting curves for the

three samples after cold crystallization at different

temperatures. The curves are shown in Fig. 7.

It seems there is some influence of the sample

thickness on the melting behaviour (morphology) as

seen in Figs. 6 and 7. The same is true for the heat of

fusion. For a 12 mg sample (measured by DSC) heat of

fusion equals ca. 45–55 J/g (32–39% crystallinity). The

heat of fusion for the 480 ng (24 mm) sample equals ca.

40–50 J/g (29–36% crystallinity, which is similar to the

bulk 12 mg sample), for the 360 ng, we measure ca. 35–

40 J/g (crystallinity ca. 25–29%) and for the 210 ng

sample ca. 30–35 J/g (crystallinity ca. 21–25%) as

shown in Fig. 7. This holds except for the samples

crystallized at 230 8C where heat of fusion is only about

20 or 10 J/g for the 18 and 10 mm thick samples,

respectively.

For the two lowest crystallization temperatures a

significant broadening of the high temperature flank for

the thick sample is observed. For all other temperatures one

single melting peak is seen only. At 230 8C, the crystal-

lization time of 10 h was not long enough to crystallize the

samples totally. Actually, the effect is more pronounced for

the thinner sample. The presence of a larger amorphous

fraction is also seen at the glass transition as a significant

higher step in the specific heat capacity, see inset in Fig. 7.

Nevertheless, also for these samples a single melting peak is

observed only. For the thin sample generally the same

behaviour is observed as for the thick sample. As already

shown in Fig. 6, the shoulder at the high temperature flank

for the melting peaks of the samples crystallized at high

super cooling disappears for the thin sample. The other

melting peaks become smaller with decreasing sample

thickness indicating some influence of the surface on the

crystallization process.

4. Discussion

From DSC and a chip calorimeter we obtained melting

curves for isothermally crystallized PET for heating rates

ranging from 2 to 162,000 K/min (0.03–2700 K/s). For PET

crystallized at 210 8C a heating rate of 200 K/min (3.3 K/s)

is high enough to prevent recrystallization during the scan

totally, see Fig. 8(A). With increasing super cooling (lower

Tc) higher and higher rates are needed to prevent

recrystallization during the scan. To illustrate the behaviour,

we combine DSC and chip calorimeter results for the

samples crystallized at 210 and 130 8C in Fig. 8.

At increasing heating rate for both crystallization

Fig. 6. Temperature dependences of the specific heat capacity on heating

and subsequent cooling of the following three samples: 480 ng (ca. 24 mm

thick)—solid line, 360 ng (18 mm)—dashed line, and 210 ng (10 mm)—

dot-dashed line at the scanning rate 2700 K/s for heating and cooling. The

samples were crystallized at TC ¼ 114 8C and tC ¼ 10 h. The curves for

completely amorphous and crystalline PET according to Ref. [30] are

shown by dotted lines.

Fig. 7. Temperature dependences of the specific heat capacity of (A) 480 ng

(ca. 24 mm), (B) 360 ng (ca. 18 mm) and (C) 210 ng (ca. 10 mm) sample

measured at 2700 K/s. The samples were crystallized at 1 2 TC ¼ 114 8C,

tC ¼ 10 h; 2–133 8C, 1 h; 3–153 8C, 15 min; 4–163 8C, 5 min; 5–174 8C,

5 min; 6–185 8C, 5 min; 7–196 8C, 20 min; 8–207 8C, 1 h; 9–230 8C for

10 h. The heat of fusion, DHf , calculated from the area under the melting

peak of the curves equals ca. 40–50 J/g for the 480 ng sample, ca. 35–

40 J/g for 360 ng sample (except 20 J/g for the highest TC) and ca. 30–

35 J/g for 210 ng sample (except 10 J/g for the highest TC).
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temperatures the second peak is reduced and shifted to

lower temperatures, while the low temperature peak

increases in area and finally takes over the whole melting

enthalpy. This observation is just as expected from a

melting–recrystallization–remelting model. The situation

is schematically shown in Fig. 9

Let us assume the melting curve at 162,000 K/min

represents the ‘true’ melting of the crystals formed at

isothermal crystallization. This endothermic contribution is

then present in the DSC curve too. In the slow DSC curve,

we see the beginning of the melting, similar to the curve at

fast scanning. But as soon as the first crystals are molten

they recrystallize and contribute with an exothermic effect

to the heat flow rate measured by DSC. In Fig. 9 it is

assumed that the molten crystals recrystallize only once. In

reality, the recrystallized fraction will melt and recrystallize

at slightly higher temperature again. This way a continuous

melting–recrystallization–remelting process occurs yield-

ing a small exothermic net heat flow rate as seen in the flat

portion of the DSC curve. Although this model was

proposed long time ago [38,39] our fast heating experiments

allow us, for the first time, to prove it directly. For PET

isothermally crystallized between 114 and 230 8C the model

describes the observed behaviour correctly.

The peak temperature of the low melting peak depends

strongly on heating rate. This is because the peak

temperature equals the temperature where the difference

between melting and recrystallization rate is maximal. At

slightly higher temperatures—when the heat flow is close to

zero—a steady-state regarding melting and recrystallization

is established. At low rates, as long as a second melting peak

is observed, the maximum is not at all related to some

maximum in the lamella thickness distribution as con-

sidered for the construction of a Hoffman–Weeks plot [40].

See also a detailed discussion by Yamada et al. [41,42].

Very high heating rates are needed to prevent recrystalliza-

tion during the melting of PET and to obtain a meaningful

melting temperature for the lamellae formed at isothermal

crystallization. Under conditions of fast heating super-

heating has to be considered too. It is, therefore, from a

technical point of view alone very questionable if a

Hoffman–Weeks extrapolation can give correct values for

the equilibrium melting temperature of PET.

In the literature, one can find a large number of papers

dealing with the interpretation of temperature modulated

DSC measurements in the melting region of polymers [13,

43]. Generally a large exothermic contribution is found in

the so called non-reversing heat flow close to the beginning

of the high temperature melting peak, which is interpreted

as a consequence of a large amount of reorganizing

material. From our measurements, it follows that reorgan-

ization starts already just after the beginning of the melting

at low temperature. From Fig. 9, we see that all crystals

Fig. 8. Temperature dependences of the specific heat capacity of 0.0005–

16 mg PET samples at the following heating rates: 1–2 K/min (0.033 K/s)

16 mg, 2–5 K/min (0.083 K/s) 16 mg, 3–20 K/min (0.33 K/s) 6 mg, 4–

50 K/min (0.83 K/s) 6 mg, 5–200 K/min (3.3 K/s) 0.5 mg, 6–500 K/min

(8.3 K/s) 0.5 mg, 7–9000 K/min (150 K/s), 480 ng, 8–33,000 K/min

(550 K/s) 480 ng, 9 – 66,000 K/min (1100 K/s) 480 ng, 10 –

162,000 K/min (2700 K/s) 480 ng. The samples were crystallized at

210 8C (A) and 130 8C (B) for 1 h. The curves are vertically shifted and

the straight lines are guides to the eyes only.

Fig. 9. Excess heat capacity for a PET sample isothermally crystallized at

133 8C for 1 h. 1—Fast scan at 162,000 K/min (2700 K/s), 2—DSC curve

at 10 K/min (0.17 K/s), 3—The difference between both measurements

showing the exothermic recrystallization. The curve at 162,000 K/min is

roughly corrected for super heating.
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undergo recrystallization at least once below 210 8C. This is

not at all seen in the TMDSC curves. What is seen in

TMDSC is that close to the final melting peak recrystalliza-

tion becomes slower and comparable with the modulation

frequency. If the time scale defined by the modulation

coincides with the process under investigation it contributes

to the TMDSC signals. This shows again that frequency is

the most important factor in TMDSC, which is, unfortu-

nately, very often neglected. The influence of crystallization

temperature on the rate of recrystallization is directly seen in

Fig. 8. For the sample crystallized at 210 8C the recrystalli-

zation rate is so slow that 200 K/min (3.3 K/s) is fast enough

to prevent recrystallization. On the other hand the sample

crystallized at 130 8C is recrystallizing so fast that even

162,000 K/min (2700 K/s) is not fast enough to prevent

recrystallization totally.

Having a tool in hand to study the melting of isothermal

crystallized PET without interference of recrystallization

allows us to address some more detailed questions. These

are (i) what time is needed for reorganization and (ii) can we

directly measure the superheating of the polymer crystals?

Analyzing the curve of the thickest sample in Fig. 6

yields some fraction of reorganized material also at a

heating rate of 2700 K/s. Let us assume the material

recrystallizing is that melting first around 150 8C. The first

melting of recrystallized material is observed at about

190 8C. The time needed for the temperature increase of

40 K is about 15 ms at heating rate 2700 K/s. This way, we

estimate the time the sample stays between first melting of

the original structure and the beginning of the melting of the

reorganized crystals. The latter one is not well defined and

the estimate can be considered as the maximum time needed

for recrystallization. Most probably the process is even

faster for the sample crystallized at large super cooling.

From our experiment, we have direct evidence that

reorganization occurs at a time scale of the order of 10 ms

even though crystallization needs much longer time. This

result supports the model that there is some remaining order

in the melt just after melting a polymer crystal. This ordered

melt allows a rapid formation of more stable structures

(higher melting temperature) as the original ones. The

kinetics of these processes are now available with the fast

scanning and isothermal chip calorimeter too because well

defined temperature time profiles including cooling steps

can be realized with millisecond time resolution [26]. The

kinetics of the reorganization will be discussed in more

detail elsewhere [44].

The second question, if super heating can be observed

directly, is not as easy to answer. This is mainly due to

the fact that the hot junctions of the thermopile are about

50 mm apart from the heated area of the sensor. To

obtain sample temperature needs, therefore, extensive

modeling of the heat flow through the sensor membrane,

the gas and the sample. All together an uncertainty of

about ^10 K has to be taken into account, as estimated

from the measured glass transitions for the amorphous

sample. In Fig. 8 the rising flanks of the first melting

peak at 2 and 162,000 K/min are shifted for about

30 K. This is significantly larger than the uncertainty of

the temperature measurement. The observed shift of 30 K

corresponds to a delay of melting of the order of 10 ms.

Schawe [45] proposes 0.45 as the slope for the

superheating versus square root of heating rate in K/min

for syndiotactic polypropylene. We get 0.05 as the slope,

significantly different form Schawe’s result. Toda [46] got

from DSC measurements for PET DTsuperheating , ð4KÞq0:15

where q is heating rate divided by K/s. This yields

DTsuperheating < 13 K at 2700 K/s in good agreement with

our data. Thus, it was possible to observe super heating

directly, although the accuracy for the absolute temperature

measurement was not very good.

5. Conclusion

Fast scanning calorimetry utilizing a thin film vacuum

gauge as calorimeter in combination with conventional DSC

covers a scanning rate range between 1024 and 104 K/s.

These 8 orders of magnitude allow studying the kinetics of

different processes. Our results on melting at rates as high as

2700 K/s give clear evidence for the validity of a melting–

recrystallization–remelting process for PET at low scan-

ning rates (DSC). At isothermal melt crystallization PET

forms crystals, which all melt within a few dozens of K

slightly above the isothermal crystallization temperature.

There is no evidence for the formation of multimodal

distributions of crystals with different stability (melting

temperatures) at isothermal crystallization of PET. The

single broad melting peaks at high heating rates show that

broad monomodal distributions of lamellae thickness exist.

This is in agreement with microscopic and scattering results

by Haubruge et al. [47]. Superheating of the crystals is of the

order of 10 K at 2700 K/s. Next, we will investigate the

melting of polymers for which populations of lamellae with

different stability are assumed as the reason for the multiple

melting peaks, like isotactic polystyrene (iPS) [15].
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