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Abstract

It is shown that the application of a chip calorimeter, allowing very fast cooling and heating rates up to 10,000 K/s, can be successfully applied

to study reorganization phenomena in crystallizable polymers. In this research both bulk Polyamide 6 (PA6) as well as an immiscible

(polystyrene/styrene-maleic anhydride copolymer)/Polyamide 6 blend with dispersed Polyamide 6 droplets of sub-micrometer size have been

studied. The blends with sub-micrometer PA6 droplets have been shown to crystallize at low temperature via a homogeneous nucleation

mechanism, due to a lack of heterogeneities in the small droplets.

Upon fast cooling with more than 500 K/s crystallization of PA6 could be totally prevented. No cold crystallization takes place upon subsequent

heating with 500 K/s. Upon fast heating of 2000 K/s after isothermal crystallization, the ‘real’, initial melting of the crystallites formed at very low

temperature could be obtained, which was not possible with standard DSC apparatus or HPer DSC. However, even heating with 5000 K/s was not

fast enough to completely avoid reorganization. Annealing experiments in the melt-range clearly show the fast reorganization of PA6 crystallites,

resulting in improved stability within a timescale in the order of 0.01–0.1 s. Most probably reorganization takes place mainly in the crystalline

state, and only to a lesser extent via a melting–recrystallization–remelting process. The reorganization process is not hindered by the confined

dimensions of the Polyamide 6 droplets, because both bulk PA6 as well as the confined (PS/SMA2)/PA6 blend give rise to identical reorganization

phenomena.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Due to their long chain nature, crystallizable polymers are

usually not in equilibrium. The crystal structure with the lowest

free energy, build up by many fully extended chains, is seldom

realized and the polymer chains are usually crystallized into a

metastable state. Therefore, they usually show significant

reorganization of their crystalline structure when held at

temperatures between Tc and Tm [1–5]. This is especially
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apparent for small and imperfect crystals formed at high

supercoolings, i.e. quenched samples, which are frequently

obtained in industrial processing. However, significant super-

coolings for crystallization can also be obtained when polymer

chain segments are confined in space of small dimensions, even

without quenching. In case dimensions are very small, active

heterogeneities can become restricted to a relatively small

fraction of the material, resulting in supercoolings as large as

150 8C below Tm leading to homogeneous nucleation kinetics

[6–11]. Such crystallization phenomena have been observed for

polymer chains in a wide variety of systems of small

dimensions: block copolymers [6,7,19,12–17], dewetted films

[8,9], polymer dispersions [18–22], and immiscible polymer

blends [23–26] in which the crystallizable component forms

domains of micro—or even nanosized dimensions. Reorganiz-

ation phenomena can be expected to become very pronounced in

these materials. Indeed, evidence for strong reorganization

during the subsequent heating step has been reported [11,16,27]

for crystals formed at high supercoolings.Using standardDSC it
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Fig. 1. Schematic overview (a) and micro-photograph (b) of the frame and

membrane of the chip-calorimeter.
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was not possible to observe the ‘real’ melting point distribution

connected to the low temperature of crystallization of the

crystals because of the fast reorganization process [11].

To regain the relation between the structure obtained in

cooling and the melting behavior there is clearly a need for

higher heating rates. It was shown by Pijpers et al. [28] that via

a number of modifications of a standard power-compensated

DSC setup, named High Performance DSC (HPer DSC),

controlled and constant heating rates up to 500 K/min can be

realized. However, to study reorganization processes, usually

much faster heating rates are necessary, as was shown by

Schick et al. recently. [29]. They showed that heating rates of

more than 2000 K/s were necessary to prevent reorganization

of PET crystals formed at low temperature. These measure-

ments became possible due to developments in thin-film (chip)

calorimetry, allowing very high heating rates up to 100,000 K/

s, as shown by Allen et al. [30,31]. Schick et al. [29,32–35]

developed a chip calorimeter operating under ambient

conditions, allowing both fast, controlled heating and fast

cooling up to 10,000 K/s. Recently, this chip calorimeter

was used to study the origin of the multiple melting behavior of

iPS [36].

In this paper we aim to prevent cold crystallization and

reorganization during heating of Polyamide 6 (PA6) crystals

formed at low temperature, by applying very fast heating using

a thin-film chip calorimeter. Two samples will be compared.

The first one is an immiscible blend, consisting of sub-

micrometer PA6 droplets dispersed in a PS/SMA2 matrix. In a

previous series of papers, Tol et al. [11,25] have shown that the

crystallization of the PA6 droplets was delayed down to 85 8C,

more than 100 8C below the usual bulk crystallization

temperature. The second one is pure, bulk PA6. By using the

chip calorimeter we intend to realize ‘real’ melting of the

highly supercooled crystals and link it to the (confined)

crystallization history.

2. Experimental

2.1. Materials and blend preparation

Polyamide 6 (PA6) with a molar mass of 24,000 g/mol was

provided by DSM, Geleen, The Netherlands (PA Akulon

K123). PS (PS Styron E680) was supplied by DOW Benelux,

Terneuzen, The Netherlands and has a molar mass of

190,000 g/mol. A styrene-maleic anhydride copolymer

(SMA2) (SEA 0579) with molar mass 145,000 g/mol was

provided by Bayer, Dormagen, Germany and is miscible with

PS over the full composition range [37,38]. The number after

SMA denotes the mass percentage maleic anhydride in SMA.

A blend with sub-micrometer PA6 droplets having diameters of

about 0.15 mm was obtained by melt-mixing 25 m% PA6 and

75 m% of a (82/18 m/m) miscible mixture of polystyrene (PS)

and styrene-maleic Anhydride copolymer (SMA2). Further

details on the blend preparation can be found in a previous

paper [39]. The SMA2 copolymer acts as a reactive

compatibilizer and reduces the high interfacial tension between

the two immiscible polymers PA6 and PS, giving rise to a
stable blend morphology with fine and uniform PA6 droplets

dispersed in the PS/SMA2 matrix. Because PA6 crystallization

is strongly sensitive towards melt-extrusion (the PA6 crystal-

lization temperature generally rises about 15 8C after extrusion

[40]), pure PA6 was extruded under identical conditions as the

blends prior to thermal analysis.
2.2. HPer DSC measurements

Fast DSC experiments were performed using a Perkin–

Elmer Pyris Diamond DSC and nitrogen as purge gas. The

instrument was calibrated by Indium and Zinc for temperature

and by Sapphire for heat flow rate. The sample was wrapped

in Aluminum foil of a few milligrams to minimize thermal

lag [28].
2.3. Chip calorimeter measurements
2.3.1. Chip calorimeter set-up

Calorimetric experiments were performed with a thin-film

chip calorimeter, developed by Schick et al. [29,32–35], based

on the thermal conductivity gauge TCG-3880 from Xensor

Integration, The Netherlands [41]. The thermal conductivity

gauge TCG-3880 consists of a 0.5 mm Si3Nx membrane with a

thin-film thermopile and a resistive thin film-heater placed at

the center of the membrane. A schematic overview of the set-

up is given in Fig. 1. To allow fast cooling rates, the cell was

operated under non-adiabatic conditions, in ambient gas.

Because the heat capacities and thermal resistances of the
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Fig. 2. Temperature program for annealing experiments.
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thin film-heater and of the thermopile are negligibly small, the

addenda heat capacity is the effective heat capacity of the

heated part of the membrane. As such, the following heat

balance equation can be used, provided that 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:

ðCCC0Þ
dT

dt
ZF0ðtÞKxðTðtÞKT0Þ (1)

C0 is the effective heat capacity of the central part of the

membrane, C the heat capacity of the sample. T is the

temperature of the heated region of the membrane. F0(t) is

the heat flow rate, provided by the resistive thin film-heater.

x is the heat-exchange coefficient (in W/K), which depends

on the specific ambient gas applied. T0 is the temperature of

the environment, which is close to the temperature of the

sample holder (see Fig. 1A). This temperature is measured

using an additional copper/constantan thermocouple. How-

ever, 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 needs to

be calibrated as described in [32].

To determine whether the sample thickness was small

enough to avoid large temperature gradients in the sample, the

following equation for calculating the temperature gradient

across a plate-like sample of thickness d was used

DT Z ðdT=dtÞðd2rc=lÞ (2)

where r, c and l are the density, the specific heat capacity and

the thermal conductivity of the sample, respectively. For

polystyrene (PS) DT equals 3 K at dZ10 mm and 12 K for

20 mm for a heating rate of 2000 K/s, and a thermal

conductivity of 0.13 W/(m K) [42]. The heat flow rate, F0(t)

is provided by the resistive film-heater, which is determined by

the electrical current in the heater Ih(T) and its resistance Rh(T),

which was calibrated in advance [32]. The electric current in

the heater was monitored during its scanning simultaneously

with the temperature difference T(t)KT0 measured by the

thermopile. The temperature dependence of the thermopile

sensitivity was calibrated as described in [32]. The heat, which

is supplied to the membrane/sample interface, propagates

through the membrane, sample and ambient gas. Because the

membrane is very thin the heat transfer through the ambient gas

is dominant. Furthermore, the heat transfer in the radial

(horizontal in Fig. 1A) direction is small compared to the heat

transfer in perpendicular (vertical in Fig. 1A) direction [32].

Thus, there are three unknown parameters in Eq. (1): x, C0

and C. The parameter C0(T) was determined in advance for the

empty cell. The parameters x and C can be determined from

heating and cooling scans as described in [32]. As the gas

thermal conductivity depends on temperature, the heat

exchange coefficient x is also a function of temperature.

The temperature dependence of the heat exchange coefficient

can be approximated by a smooth monotonous polynomial
function [32] and was determined according to the procedure

described in [29]. To determine the specific heat capacity the

sample mass has to be known. The sample mass was not

measured independently but was determined from the

measured heat capacity and the known specific heat capacity

in the molten state [43]. Here, the heat capacity of the SMA2

copolymer, which is not listed in the ATHAS databank, was

taken equal to the heat capacity of pure PS, assuming that the

low amount of maleic-anhydride groups will not significantly

affect the heat capacity signal.
2.3.2. Sample preparation and measuring conditions

The cell was operated in nitrogen gas to avoid oxidative

degradation of PA6 and the holder temperature was K10 8C.

The sample was moved to the top of the heater of the

calorimetric sensor by a soft copper wire, to avoid damaging of

the sensor membrane. As a temperature gradient exists in the

radial direction along the membrane, the sample has to be

placed just on the heater in order to avoid a temperature

gradient on the periphery of the sample outside the heated area.

The sample was fixed at the position just on the top of the

heater by switching on an electrical current through the heater,

which melted the sample. All samples were heated to about

250 8C for 0.1 s prior to the cooling run. It turned out that this

was sufficient to avoid melt-memory effects (self-seeding).

For the isothermal crystallization experiments the sample

was cooled fast at 2000 K/s from the melt to the particular

crystallization temperature. After crystallization, the sample

was cooled down fast (2000 K/s) to K10 8C prior to heating.

The reorganization experiments were performed as follows:

after isothermal crystallization at 85 8C and fast cooling to

K10 8C, the sample was heated fast (also 2000 K/s) to a

temperature Tann, in the melting region, where the crystals were

allowed to reorganize at this temperature during a time tann..

Then the sample was cooled fast with 2000 K/s to K10 8C to

avoid further crystallization during the cooling. Finally, the

sample was heated fast again. The temperature program is

given in Fig. 2.
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3. Results and discussion

3.1. Fast cooling and subsequent fast heating

Fig. 3 shows the heating curves (500 K/s) after cooling with

500 K/s for bulk PA6 and the (PS/SMA2)/PA6 (62/13)/25

blend with sub-micrometer sized PA6 droplets. As can be seen

both the (PS/SMA2)/PA6 blend and bulk PA6 can be quenched

into the amorphous state by using a cooling rate of 500 K/s.

Upon subsequent heating, (cold) crystallization can be avoided

completely and no melting trace is observed. As such, this

opens up the possibility to study crystallization kinetics in a

way not possible before.
50 100 150 200 250
1.0 via homogeneous nucleation

Temperature / ˚C

Fig. 4. Melting of (PS/SMA2)/PA6 (62/13)/25 blend after 10 K/min cooling to

K10 8C at different heating rates measured with a Perkin Elmer Diamond DSC.
3.2. Isothermal crystallization and subsequent fast heating

Fig. 4 shows the cooling and melting of the (PS/SMA2)/

PA6 blend with PA6 droplets of about 0.15 mm dispersed in

the PS/SMA2 matrix measured with a PerkinElmer

Diamond DSC. We have chosen to use 1 (one and the same)

Cp scale for both cooling andheating (not the sometimes observed

double positive Cp-axis (upwards for heating and downwards for

cooling). The crystallization temperature in these droplets is

strongly reduced. In two previous papers, it was shown that this

was caused by crystallization of PA6 chains confined in droplets

of small dimensions [11,25]. Due to the small dimensions, the

number of heterogeneous nuclei is restricted to a limited portion

of the droplets; the remaining heterogeneity-free droplets force

the PA6 chains to crystallize via homogeneous nucleation, for

which a much higher supercooling is needed. Although most of

the material crystallized at about 85 8C, a melting peak is seen

around 220 8C, after applying a standard heating rate of about

10 K/min. The mismatch between the areas under the crystal-

lization and melting peaks clearly confirms that the crystals

formed show strong reorganization during the heating run, with

an exothermic contribution that is smeared out over the

full temperature range between Tg PA6 (w50 8C) and Tm.

It is, however, clear that also these high performance
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Fig. 3. Specific heat capacities in heating and cooling of approx. 245 ng PA6,

approx. 345 ng (PS/SMA2)/PA6 (62/13)/25 blend. Heating and cooling rates:

500 K/s. Cpc(T): specific heat capacity of crystalline phase from ATHAS
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databank.
DSC measurements, here with a constant scanning rate of

300 K/min, fail to detect the ‘real’ melting behavior of these low

temperature crystallized PA6 crystals, as the shape and position

of the melting peak are not significantly affected by the applied

heating rate. As can be concluded from the differences between

the curves, though themeasurements have been evaluated as heat

capacities, the results are not really quantitative.

Fig. 5 shows the melting behavior after crystallization at

different temperatures for the (PS/SMA2)/PA6 blend and bulk

PA6 measured using the chip calorimeter. The fast cooling rate

of 2000 K/s with the chip calorimeter enables a direct

comparison of the melting behavior after isothermal crystal-

lization for the PA6 in the confined geometry and the PA6 bulk

upon crystallization from the melt at low temperatures, because

no crystallization occurs upon approaching Tiso for bulk PA6

(see Fig. 3). There is a remarkable difference in melting

behavior of both samples as a function of the crystallization

temperature, reflecting the completely different nucleation

mechanism of PA6 in the confined geometry compared to bulk
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PA6; the (PS/SMA2)/PA6 blend does not crystallize at higher

crystallization temperatures, not even at very long crystal-

lization times, but is restricted to the temperature interval

below about 100 8C. This is not the case for bulk PA6, where a

single, broad melting peak is observed even at the relatively

high crystallization temperature of 175 8C, connected to the

‘real’ melting of crystals formed around this temperature. Upon

decreasing Tc, the melting temperature decreases accordingly

and becomes broader. For both samples, however, a broad

double melting peak is observed after crystallization at 85 8C

for 1 h. The first melting peak can be related to the initial ‘real’

melting of the crystallites formed at 85 8C. The second, broad

peak must, however, be interpreted to be connected to

reorganization of the PA6 crystallites during heating. A

heating rate of 2000 8C/s is thus still not enough to completely

suppress reorganization of the PA6. Unfortunately, the initial

melting of PA6 around 120 8C overlaps with an enthalpy

recovery peak of the PS/SMA2 matrix phase in case of the

(PS/SMA2)/PA6 blend. The enthalpy recovery peak is present

because the sample was held just below the Tg of the

(PS/SMA2) phase (which is at approximately 105 8C at a

heating rate of 10 K/min) for 3600 s, by which it undergoes a

relatively rapid physical aging (enthalpy relaxation) process at

this temperature, as is clear from Fig. 6.

Fig. 7 shows the effect of different heating rates on the

melting curves of the PA6 and the (PS/SMA2)/PA6 blend,

crystallized at 85 8C. It is clearly seen that the first ‘real’

melting peak shifts to higher temperature and the second

melting peak—caused by reorganization—to lower tempera-

ture with increasing heating rates. The shift to higher

temperatures of the ‘real’ melting peak around 120 8C with

increasing heating rate probably points to some superheating of

the PA6 crystals. Similar shifts in melting points have been

reported for other polymers when heated at such high rates

[29,36]. The shift of the second, broad melting peak to lower

temperatures clearly points to an increased hindering of

reorganization during heating of the crystals formed at low

temperature. The curves also suggest an increase in area of the

lower melting peak at the expense of the second, higher melting

peak with increasing heating rate, which confirms increasing
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hindering of reorganization. The chip calorimeter experiments

are thus clearly able to visualize the initial ‘real’ melting of the

PA6 crystallites and to prevent reorganization phenomena upon

heating to a large extent for both bulk and confined PA6.
3.3. Annealing in the melting region after isothermal

crystallization

To determine the kinetics of the reorganization process,

isothermal crystallization experiments were performed accord-

ing to the temperature program described in Section 2.3.2. By

heating up the sample at 2000 K/s to a temperature Tann. in the

melting region (between 130 and 220 8C) after crystallization

at 85 8C, the crystallites are allowed to reorganize at this

temperature. Afterwards, the samples are cooled down at

2000 K/s to below Tg and the melting behavior after this

annealing step is recorded at 2000 K/s. The very fast cooling

rate will prevent any further primary crystallization, as was

confirmed in Fig. 3.

In Fig. 8 the final melting run after a very short annealing

time for both the (PS/SMA2)/PA6 (62/13)/25 blend as well as

for bulk PA6 is shown. It can be seen that the initial melting

peak shifts to higher temperatures, so obviously reorganization

is happening on a very short time-scale. Because the blend is

not able to crystallize at temperatures above 100 8C, see

discussion with respect to Fig. 5 (while during cooling and

following heating at 2000 K/s no primary crystallization can

take place), the melting peaks have to be related to the

isothermal crystallization at 85 8C and subsequent reorganiz-

ation at 175 8C. The fact that this process is quite similar for

both the confined (PS/SMA2)/PA6 blend and bulk PA6 points

to the same cause: increasing stability of crystallites by fast

reorganization at 175 8C.

In Fig. 9 the melting curves of bulk PA6 after applying

different annealing temperatures are shown. Here, two effects

can be distinguished. First of all, with increasing annealing

temperatures, the low temperature melting peak shifts
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to higher temperatures, as expected. Interestingly, however, the

heat of fusion strongly decreases with increasing annealing

temperature. This effect can also be (indirectly) observed from

the shape of the Tg transition of PA6, which can be found

around 70 8C; the step in heat capacity at the Tg increases with

increasing annealing times, pointing to a decrease in

crystallinity.

Figs. 10 and 11 give the complete evolution of heat of fusion

and melting temperature for various annealing temperatures.

The heat of fusion of PA6 increases with increasing annealing

time, as can be seen in Fig. 10, due to increasing perfection of

the crystals with time. However, even for very long annealing

times a similar decrease of heat of fusion with annealing

temperature can be observed. As seen in Figs. 7 and 8, part

of the crystals will quickly reorganize at the annealing
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temperature and increase their melting temperature. However,

upon heating to the annealing temperature, part of the crystals

will also melt, and will not crystallize during the annealing

time nor during the subsequent cooling step (at 2000 K/s) as

was shown in Fig. 3. Obviously, upon increasing the annealing

temperature, the amount of material that is molten increases,

which explains the continuous decrease in observed crystal-

linity with increasing annealing temperature. As such, the

results indicate that the main reorganization event takes place

in the crystallites formed at 85 8C, and within a quite short time

scale. This time-scale can estimated to be shorter than

w100 8C/5000 K/sZ0.02 s, because scanning with 5000 K/s

over a temperature range of 100 8C still gives some

reorganization of PA6, as is seen from Fig. 7. Interestingly,
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Fig. 11. Peak melting temperature as a function of annealing temperature for

(PS/SMA2)/PA6 (62/13)/25 blend and bulk PA6. Annealing time was 100 s.
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similar results were recently reported by Röttele et al. [27] for a

confined copolymer system by combining DSC experiments

with real-time AFM. A broad melting range was observed for

nanometer confined PEO domains, which was related to the

melting of individual crystals exhibiting a multitude of possible

metastable states. These individual crystals then have the

choice between complete melting or reorganization of the

crystallites. The experiments presented in this paper clearly

show that similar results can be obtained for a polymer in the

bulk state. The results suggest that also in the case of bulk PA6

reorganization of existing crystallites takes place, though any

melting—recrystallization–remelting process can still not be

excluded.

4. Conclusions

It is shown that fast scanning chip calorimetry allows to

amorphize bulk PA6 by fast cooling and to prevent any cold

crystallization during subsequent fast heating. Using high

cooling rates, it is therefore possible to isothermally crystallize

bulk PA6 at any temperature above Tg. By applying a high

heating rate, it is then possible to determine the ‘real’ melting

of bulk PA6 crystals formed at any temperature chosen. By

dispersing PA6 in droplets having sub-micrometer dimensions

within a PS/SMA2 matrix, homogeneous nucleation of PA6 at

very low temperatures has become feasible. In that way it is

possible to isothermally crystallize PA6 dispersed in the matrix

and bulk PA6 at low temperatures, e.g. at 85 8C. Heating at

high enough rate prevents cold crystallization, by which only

reorganization processes (and possibly also recrystallization)

are possible. By fast heating with 5000 K/s the reorganization

phenomena are largely suppressed, but cannot be completely

avoided. The reorganization process of PA6 crystals in both the

droplets within the blend as well as in bulk PA6 is very fast and

seems to be mainly determined by the crystallization

temperature and not so much by the confined geometry

(150 nm diameter PA6 droplets) as both give rise to identical

reorganization phenomena. Annealing of the structures that

were isothermally crystallized at low temperature, at different

temperatures in the melting region, indicate that reorganization

mainly takes place in the crystallites formed during isothermal

crystallization.
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