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Abstract

Polycarbonate/poly(3-caprolatone), PC/PCL, amorphous miscible blends with 90/10 and 80/20 composition in weight, have been studied

by X-ray diffraction and broad-band dielectric spectroscopy. The molecular dynamics for the high Tg component segmental mobility have

been followed by analyzing the isothermal dielectric losses as a function of frequency with Havriliak–Negami distributions. The PCL

plasticization effect is observed as a lowering of the Vogel–Tammann–Fulcher terminal temperature without any significant change in the

other relaxation parameters. The isothermal crystallization process of the 90/10 PC/PCL blend has been studied in real time both by

following the decrease of mobile amorphous material from the variation of the dielectric losses, and by wide angle X-ray scattering to follow

the crystal growth. Quantitative comparisons show the disappearance of much higher amounts of mobile amorphous chains than those that

are transferred to the crystallites. The existence of a rigid amorphous phase in the blend is established in non-negligible amounts as the

isothermal crystallization of PC develops. The remaining mobile amorphous phase has unchanged dynamics.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Bisphenol-A polycarbonate/poly(3-caprolactone),

PC/PCL, blends present various compatibility degrees in

the amorphous phase as the crystallization degree of the two

blend components varies [1,2]. As the composition and

temperature change one can encounter semicrystalline–

semicrystalline, semicrystalline–amorphous and amor-

phous–amorphous states. In several previous calorimetric

works on this system [3–6] a single dynamic glass transition

temperature upon cooling, at intermediate temperatures, has

been found. Thus, the existence of a homogeneous mixture

of the two polymers in their amorphous phases has been

established. However, in a study where the blends were

found to be miscible [1] the heat capacity step found in the

differential scanning calorimetry, DSC, traces showed an

anomalously broadening as the PCL content increased

according to the Lodge and McLeish [7] self concentration
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model prediction’s for miscible blends. The model is based

on the existence of intramolecular connectivity which

affects the composition of the neighborhood of each

member’s chain of the system. Each component of a

miscible blend is surrounded by regions of local compo-

sition which differ from the bulk composition. In the system

under study, if the PCL amorphous chains are surrounded by

regions richer in PCL than the bulk nominal composition,

then the dynamics of the low Tg component will show

segmental dynamics which should be faster than that of the

bulk. For the higher Tg component, PC in our case, the

segmental dynamics should be slower than that correspond-

ing to the bulk composition. The length scale relevant to the

self-concentration model has been found to be close to the

Kuhn segment length [8,9].

A second study [2] on the molecular dynamics of this

system by dielectric relaxation techniques, i.e. thermally

stimulated depolarization currents (TSDC) complemented

by DSC, WAXS (wide angle X-rays scattering), trans-

mission electron microscopy (TEM) and polarized optical

microscopy, using slow cooled samples, showed the

existence of two well defined TSDC peaks located near

the glass transition temperature of each component, together

with two calorimetric steps in the DSC traces. These
Polymer 46 (2005) 6532–6542
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findings were indicative of a phase-separated system where

each mixture component shows its own segmental

dynamics. Also, the WAXS results showed the crystal-

lization of both PC and PCL in the thermally treated films.

The quenched samples where the PC component barely

crystallizes, showed very broad relaxation peaks which are

indicative of large concentration fluctuations.

TSDC experiments on extruded samples without any

further thermal treatment are currently under study and will

be published elsewhere. These blends have been found to be

miscible in the whole composition range as the DSC traces

present a single enthalpic step at intermediate temperatures

between the Tg’s of the homopolymers. It has also been

found that PC is always amorphous and the TSDC spectra

presents the two distinct segmental dynamics predicted by

Lodge and McLeish [7] for miscible blends in the whole

composition range.

In order to study the effect of the PC progressive

crystallization on the dynamics of the blend, broad band

dielectric spectroscopy, BBDS, experiments were per-

formed on the amorphous neat PC and on the 90/10 and

80/20 PC/PCL blends. First, a series of experiments were

carried out as a function of temperature and frequency on

extruded samples which showed a single calorimetric Tg.

Then, isothermal crystallization of the PC rich blends as a

function of time was followed in a dielectric spectrometer

and in the high temperature chamber of our X-ray

diffractometer. The aim of this work is to gather information

on the molecular dynamic changes as the crystal structure

develops in an originally amorphous matrix, and on the

plasticization effect of the PCL component on the PC. The

combined results of the development of crystallinity as seen

by WAXS and the disappearance of the amorphous mobile

phase followed by BBDS at the same temperatures, should

provide a complete overview on the transformations that

occur at the chosen temperatures.
2. Experimental section

2.1. Materials

Bisphenol A polycarbonate (PC) (Makrolon 2807) and

poly(3-caprolactone) (PCL) (Tone P787) homopolymers

used in the present study were supplied by Bayer and Union

Carbide, respectively. The weight average molecular weight
�Mw is 30,000 g/mol for PC and 120,000 g/mol for PCL.

The PC/PCL blends were prepared by melt extrusion

after drying the PC in a vacuum oven at 373 K for 4 days.

Thin ribbons of the blends were prepared after mixing the

homopolymers in a laboratory scale screw extruder, at

temperatures in the range 453–468 K in the die and 463–

488 K in the barrel zone, depending on the composition. The

temperatures employed for the preparation of the blends are

too low for the occurrence of transesterification reactions

between PC and PCL. This was verified by FTIR and both
1H NMR and 13C NMR and the results confirm that no

chemical modification has taken place within the resolution

of the spectroscopic experiments performed.

Two compositions, i.e. 90/10 and 80/20 were studied in

addition to the PC homopolymer. DSC experiments on these

extruded samples confirm that the components are forming

an homogeneous amorphous mixture for these compositions

with a single glass transition temperature intermediate

between the homopolymers Tg.

Samples for BBDS and WAXS experiments were

compression molded films prepared between stainless

steel plates covered with a polyimide film (Kapton). These

films were prepared directly from the freshly extruded

samples. WAXS experiments established that the molding

procedure did not change for these compositions the original

amorphous state of the extruded ribbons.

2.2. WAXS experiments

Wide angle X-ray scattering (WAXS) experiments were

performed in a Philips automatic diffractometer by using

Cu Ka Ni filtered radiation, (40 kV, 40 mA). The spectra

are recorded in an angular range 58!2q!358 at a speed of

0.0133 8/s. The high temperature runs were performed in an

Anton Paar high temperature camera, under a nitrogen

atmosphere. The temperature stability was better than 0.1 K.

Once Tc is reached, consecutive runs were programmed.

The crystallinity degree (Xc) of the PC component was

determined by a peak decomposition of the WAXS spectra

which includes the PC crystalline peaks and the contri-

butions from the PC and PCL amorphous phase. This latter

contribution was evaluated from the intensity recorded on

the initial run at 418 K when the blend is 100% amorphous

by assuming that its profile does not change, only its

intensity is modified during isothermal crystallization.

2.3. BBDS experiments

The BBDS experiments measuring the complex dielec-

tric constant 3*Z3 0Ki3 00 were performed in a Novocontrol

Concept Twelve Spectrometer with frequencies ranging

from 10K2 Hz to 3.16 MHz. The system is based on a

Schlumberger frequency response analyzer (FRA SI 1260)

with a broad band dielectric converter remote interface and

a temperature controller which provides a stability of better

than 0.1 K. The sample is located between two horizontal

metallic electrodes and a permanent gaseous nitrogen flux is

the exchange gas. The samples are disks 30 mm in diameter

and 100 mm thick with sputtered gold electrodes. First, the

three samples with compositions 100/0, 90/10 and 80/20

were studied over a wide temperature range, from 133 K up

to 473, 443 and 373 K, respectively. Isothermal runs were

performed every 5 K. Second, a crystallization temperature,

Tc, was chosen which has to comply with several

requirements: the main relaxation mode should be centered

in the selected frequency window; the lowest frequency
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should be high enough so as the time for the frequency

sweep should be small as compared to the crystallization

kinetics at the chosen working temperature. Temperatures

of 408 and 418 K and frequencies ranging from 100 Hz to

3.16 MHz were used.
Fig. 1. Wide angle X-ray diffraction spectra for the extruded PC

homopolymer, the 90/10 and 80/20 PC/PCL blends and the PCL

homopolymer taken at 295 K with Cu Ka wavelength.
2.4. Analysis of dielectric results

The analysis of the dielectric spectra was carried out by

decomposing the experimental trace of the imaginary part of

the dielectric constant as a function of the angular

frequency, 3 00(u), recorded at different temperatures, into

up to three relaxation modes. Havriliak–Negami (H–N)

distribution of relaxation times was used in the case of the

main relaxation mode in the spectra. The contribution of the

conductivity, s0, is added and taken as proportional to uK1.

The experimental trace recorded at constant temperature, is

thus fitted to the following expression [10].

300ðuÞZ
X3

kZ1

D3ksinðgkfkÞ

½1C2ðu �tkÞ
ak cosðpak=2ÞC ðu �tkÞ

2ak �g=2

K
s0

30u

� �
(1)

with

fZ tanK1 ðu �tkÞ
ak sinðpak=2Þ

1C ðu �tkÞ
ak cosðpak=2Þ

� �
(2)

and where 30 denotes the permittivity of free space and with

D3kZ(3sK3N)k being the dielectric strength for the kth

mode.

At each temperature a value of the mean relaxation time,

�tkðTÞ, is found for the modes present in the frequency

window used here. The relaxation diagrams are plots

representing the variation of log �tkð1=TÞ which will be

linear in the case of Arrhenius dependence for the relaxation

time and curved for Vogel–Tammann–Fulcher, (VTF), ones

according to their expressions:

tðTÞZ t0exp½EA=kT� (3)

tVTFðTÞZ t0VTFexp½EVTF=kðT KT0Þ� (4)

t0 and t0VTF are the preexponential factors, EA and EVTF are

characteristic parameters (eV) for the Arrhenius and VTF

relaxation times, that describes the temperature dependence

of the local and segmental relaxation, respectively.

The fitting procedure is complicated because of the

presence, of very often incomplete peaks in the frequency

window of more than 8 decades used here. As the

temperature increases, the relaxation peaks shift to higher

frequencies and sweep the frequency window.
3. Results and discussion
3.1. X-ray diffraction results

The extruded ribbons were found to be completely

amorphous for blends with less than 40% in PCL weight.

For the 50/50 blend the Bragg diffraction peaks character-

istic of the PCL orthorhombic non-planar structure with

space group P212121 [11] are clearly visible. Fig. 1

illustrates the absence of any crystalline structure in the

extruded samples for the compositions studied here.

The isothermal crystallization experiments were per-

formed on the 90/10 PC/PCL amorphous blend at 418 K;

each angular sweep lasted 38 min. In Fig. 2 selected runs are

plotted where the X-ray reflections, due exclusively to the

monoclinic structure of PC (space group Pc) [12], are

clearly visible. The crystallization temperature chosen here

is above the ideal melting temperature of PCL and no

evidences on the formation of mixed crystals are detected.

After 10 h most of the intensity variations observed in the

WAXS spectrum have taken place. The crystallinity is now

increasing at a very much-reduced rate for this temperature

and composition. The plots in Fig. 3 represent the initial and

final crystallization states reached after the isothermal

annealings performed in the dielectric spectrometer at 408

and 418 K; the spectra are recorded at room temperature.

Now that the time scale and the amount of the crystallization

of the PC initially amorphous phase have been established,

changes in the chain dynamics induced by the crystal-

lization are studied in these same conditions.
3.2. Dielectric study of PC/PCL blends

The results for the dielectric losses obtained for pure PC

and the PC/PCL blends with compositions 90/10 and 80/20

studied here are presented in Fig. 4(a)–(c) as 3 00(T) for nZ1

Hz, 100 Hz, 1 MHz, respectively. As expected for a

miscible blend, there are clear differences between the



Fig. 2. Selected Wide angle X-ray diffraction spectra for the isothermal

crystallization of the 90/10 PC/PCL blend at 418 K as a function of time.

The time elapsed from the beginning of the experiment for each spectrum is

indicated in the figure.

Fig. 3. Wide angle X-ray diffraction spectra of the 90/10 PC/PCL blend

before and after isothermal crystallization in the dielectric spectrometer at

408, 418 and 433 K, spectra are recorded at room temperature.

Fig. 4. Dielectric loss, 300(T) at constant frequency: (B) for the PC

homopolymer, (&) the 90/10, and (6) the 80/20 PC/PCL blends for

selected frequencies: (a) nZ1 Hz, (b) nZ100 Hz, (c) nZ1 MHz.
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dielectric spectra of pure PC and its blends with PCL. The

dielectric traces of pure PC clearly show the presence of a

well-defined peak around 400 K, which corresponds to the

dielectric manifestation of the dynamic glass transition, the

a mode [13]. At 1 Hz the a mode appears on the rise of 3 00(T)

associated to dc conductivity; at higher frequencies, as the

peak shifts to higher temperatures, it becomes wider due to

the overlap with a different relaxation process, which is

labeled a 0. This high temperature peak is very intense and

has been related to the transport of free charges and further

accumulation either on internal or external boundaries [14].

Additionally to these high temperature peaks, the secondary

modes, g1 and g2, in pure PC appear as a very broad band

which ranges from the low temperature limit of our

dielectric experiments (133 K) up to 250 K at 1 Hz. In

addition to these local modes a very weak sub-glass



Fig. 5. Examples of the trace decomposition of 3 00(n) at selected

temperatures: (a) PC homopolymer, (b) 90/10 PC/PCL blend, (c) 80/20

PC/PCL blend. Contributions from the low frequency conductivity have

been subtracted; only the resulting aHT profile is represented by a dashed

line. The continuous line is the result of the fitting when all contributions

have been added.
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transition, the b mode, is barely visible in the low frequency

spectra (1 and 100 Hz) around 360 K.

When PCL is added to PC the dielectric isochrones show

very distinct features from that of the PC homopolymer as

seen in Fig. 4. The highest temperature region of the

dielectric loss, 3 00(T), is dominated by dc conductivity or the

merging of different processes [15] which start at tempera-

tures lower than in the PC homopolymer. According to the

Lodge–McLeish model the presence of two dynamic Tg’s

are expected due to the distinct effective concentrations

around the chains of each blend component. The high

temperature a mode, aHT, appears as a shoulder in the

conductivity rise at nZ1 Hz and is more visible at higher

frequencies. As to the lower temperature a mode, aLT, it

could be assigned to the broad peak located in the b zone of

PC, in the low temperature tail of the aHT mode, where a

steep increase of the signal is recorded as PCL concentration

increases. The superposition of the b and aLT modes with

different temperature dependences for their relaxation

times, explains the difficulty encountered in fitting this

zone of the spectra in frequency domain, in order to extract

the relaxation parameters. In addition, the profile of the

composite local relaxation band changes as the PCL content

in the blend grows.

The existence of two segmental dynamics and the

significant shifts of the aHT and aLT relaxations, as the

PCL content increases, indicates that in both PC/PCL

amorphous blends each component has its own effective

segmental mobility. These mobilities are distinct from that

of the neat homopolymers and from that of the bulk mean

value which is detected by DSC. A detailed analysis of the

relaxation dynamics in these blends, to study the changes

induced by the progressive PCL increase, will be performed

by decomposing the isothermal traces, 3 00(log(n)), for the

three PC/PCL compositions studied here. In Fig. 5(a)–(c)

the isothermal 3 00(n) spectra for the PC/PCL blends studied

are represented at temperatures where the main relaxation

mode is visible. The spectra are decomposed in the

contributions associated to the different relaxation modes

present in the selected frequency zone. The conductivity

contribution, s0, is subtracted from the total spectrum. In

these figures, for the sake of clarity, only the aHT mode

resulting from the decomposition has been plotted (dashed

line). In this way the profiles of the segmental modes for the

homopolymer and the blends could be compared and the

variation on the shape parameters and dielectric strength as

PCL is added, followed. Also, from the result of the best fit

of the isotherms, 3 00(log(n)), the average relaxation time for

the main relaxation process is found at each temperature and

the results are plotted as, tHN (1/T), for the PC/PCL blends

in Fig. 6. The experimental temperature dependence of tHN

was fitted to the VTF equation, (Eq. (4)) for both blends and

pure PC, confirming the cooperative character of the a and

aHT modes associated to the segmental mobility [16]. As

shown in Table 1, by defining Tg as the temperature at which

the dielectric t is equal to 1 s, agreement is obtained with
previous results from TSDC for the 80/20 blend [2]. The

values of TVTF are about 50 K lower than Tg as expected

[16]. The observed VTF behavior in Fig. 6 shows the shift of

tHN to higher values as T decreases, as the PCL content in

the blends increases. This effect establishes the enhanced

molecular mobility in the blends due to the plasticization of

PCL over PC. The relaxation parameters for the VTF

dependence of t(T), EVTF and t0VTF, are similar for the

three materials; the only difference is in the position of this

mode in the temperature axis, i.e. a difference both in Tg and

TVTF. It is worthwhile to note here that the only composition



Fig. 6. Relaxation map, tHN(1/T), for the segmental mode: (B) a mode for

the PC homopolymer, (&) aHT for the 90/10, and (6) aHT for the 80/20

PC/PCL blends. The lines are the fittings to the VTF equation which

parameters are reported in Table 1.

Fig. 7. Variation with reduced temperature of the HN parameters for the

segmental relaxations: (B) for the PC homopolymer, (&) the 90/10, and

(6) the 80/20 PC/PCL blends; (a) symmetrical broadening, (b)

asymmetrical broadening, (c) dielectric strength.
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dependent parameter in the VTF dependence of the

segmental dynamics is the TVTF temperature. This is the

experimental proof that the hypothesis recently used [8,9] to

calculate the VTF relaxation time variation with tempera-

ture is reasonable. It was assumed that among the VTF

relaxation parameters, i.e. t0VTF,i, EVTF,i (Bi/k in their

notation) and T0VTF,i(f) for each component, only the last

one was composition dependent and it represents the Vogel

temperature for the i component.

The width and asymmetric shape of the relaxation mode

are characterized by the aHN and gHN parameters,

respectively; their variations with temperature are rep-

resented in Fig. 7(a) and (b), against normalized tempera-

ture, T/Tg. The broadening of the blends relaxation mode is

evidenced by the reduction in the aHN parameter as the PCL

concentration increases. Besides, as the temperature

increases, a clear difference appears among these materials;

both pure PC and the 90/10 PC/PCL blend show some

degree of narrowing in their aHT relaxation mode. On the
Table 1

Relaxation parameters for the a mode in PC/PCL blends

PC/PCL a

80/20 t0VTF(s) 10(K11.3G0.6)

EVTF(eV) 0.11G0.01

TVTF(K) 292G3

Tg
a(K) 342G3

90/10 t0VTF(s) 10(K12G1)

EVTF(eV) 0.13G0.03

TVTF(K) 316G10

Tg
a(K) 369G10

100/00 t0VTF(s) 10(K12.9G0.5)

EVTF(eV) 0.12G0.01

TVTF(K) 364G3

Tg
a(K) 413G3

a The Tg values are calculated from the relaxation plot for t(Tg)Z1 s.
contrary, the width of the segmental mode of the 80/20 PC/

PCL blend is very large (close to 0.2) and remains nearly

constant through the entire temperature interval. In miscible

blends, the variation in the spectral broadening with

temperature has been studied by Miura et al. [17] and

Katana et al. [18] among others. These authors establish that

the narrowing effect for the segmental mode as the

temperature increases usually observed in homopolymers

is not present in blends. They attribute the observed

broadening to the presence of concentration fluctuations

[17].

For the 80/20 blend the increase in the width of the

segmental peak is so large that its definition in the frequency

window used here is very poor as seen in Fig. 5(c).

Moreover the low frequency rise observed in this same

figure is predominant over the segmental peak. The errors

assigned to the shape parameters of the 80/20 blend are

consequently large and discussing the asymmetry and

dielectric strength for this mode does not seem reasonable.

The variation of the asymmetrical broadening with

temperature, shown in Fig. 7(b) for the homopolymer and

for the less PCL rich blend agrees with what one expects for

amorphous polymers and super cooled liquids which present
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an unsymmetrical and less broad relaxation peak for

temperatures well above Tg [19], i.e. a Cole–Davidson

distribution of relaxation times has often been found to be

adequate. It is to be noted that the estimated errors in the

shape factors determination are not large enough to modify

the general trends reported on Fig. 7 as the temperature

increases for PC and the 90/10 blend where the peaks under

study are well defined.

Finally, the dielectric strength also shows differences as

the blends become richer in PCL, as plotted in Fig. 7(c).

Both pure PC and the two PC/PCL blends show the usual

decrease in D3 as T increases above Tg in amorphous

polymers [20]. This is caused by the decrease in the size of

the rearranging regions of cooperative motion, CRR, [16] as

the temperatures increases above Tg.

The strength increase when 10% of PCL is added to PC

can be attributed to several causes: (a) the number of mobile

dipoles increases simultaneously with the increase in their

mobility due to the plasticization of PC by PCL; for

example, if a constrained amorphous phase exists which

would relax in the presence of PCL. (b) the Onsager–

Kirkwood–Fröhlich g factor which reflects the orientation

correlations between molecules could be different in the

neat PC and in the 90/10 blend due to the extrusion

procedure. However, the molding process at 513 K should

have been sufficient to erase the preferential orientation.

All the evidence presented above establishes that the

amorphous 90/10 and 80/20 PC/PCL blends are miscible

with relevant concentration fluctuations that affect the

behavior of the intensity, width and asymmetry of the

cooperative a mode corresponding to the high Tg com-

ponent. The understanding of the variation of these

parameters needs a wider composition range and these

studies are currently performed by TSDC and DSC

techniques.

3.3. Dielectric studies during the isothermal crystallization

of the 90/10 PC/PCL blend

PC in PC/PCL blends is known to exhibit an enhanced

rate of crystallization with respect to pure PC, due to the

PCL plasticization effect, and this morphological change

seems to play an important role in the homogeneity of these

blends [2]. The study of the isothermal crystallization of a

90/10 PC/PCL blend is possible by using BBDS and the

results will help the understanding of the changes in the

molecular dynamics as the crystallites develop. The kinetics

of crystallization are studied by recording in real time the

evolution of the dielectric spectra of the a process, for

samples heated from the glassy state at room temperature up

to Tc. The analysis of the cold crystallization in polymers by

dielectric methods has been performed by several groups,

specially in the case of rigid main chain crystallizable

polymers, like PET [21] or PEEK [22], which can be

obtained in a completely amorphous state by quenching

from TOTg from the equilibrium supercooled state. As the
motions in the amorphous phase are greatly affected by the

formation of the crystallites, the crystallization process is

easily detected. The crystalline phase growth is visualized

through the decrease in D3(t), which is proportional to the

amount of mobile amorphous material at the crystallization

time t. The mobile amorphous amount is formed by the

amorphous chains which cooperatively reorient in the

presence of an electric field. If the mobility of the whole

amorphous phase is assumed, then, Xc, the volume fraction

of the newly formed crystalline phase can be expressed as

Xc Z 1K ½D3ðtÞ=D3ð0Þ� (5)

Massalska-Arodz et al. [23] use an alternative way for

estimating the degree of crystallinity in isooctyloxycyano-

biphenyl, i.e. the decrease in the dielectric strengths ratio

being taken as proportional to the ratio of the dielectric loss,

3 00(t)/3 00(0). The two ratios are proportional only if the profile

of the a mode does not change through the crystallization

process. In the blend system studied here, and in all the

previous dielectric studies of in situ crystallization on

various polymer systems, the spectral line shape of the

segmental mode changes drastically as we shall discuss

below.

Fig. 8(a) and (b) show the data for 3 00(n,t) for the

crystallization of the 90/10 PC/PCL blend at 408 and 418 K,

respectively. At both temperatures the WAXS experiments,

see Figs. 2 and 3, indicate that crystallization develops in

times compatible with the experimental time scale. Both

Fig. 8(a) and (b) present similar features: at both crystal-

lization temperatures the dielectric loss spectrum decreases

in intensity up to a time where the aHT mode is no longer

distinguished in the relaxation spectrum. This final state is

reached after 72 h at 408 K and 21.2 h at 418 K.

Additionally, in the case of the lower crystallization

temperature no relevant shift to lower frequencies of the

3 00 maximum value is visualized as PC crystallizes. The

exact changes in the dielectric strength and in the shape and

position of the aHT mode with crystallization time can be

extracted by performing the similar detailed analysis

described above, i.e. adjusting the relaxation spectra to a

Havriliak–Negami distribution. In Fig. 9(a) and (b left axis,

filled symbols) are represented the time evolutions of the

dielectric strength, D3(t) for TcZ408 and 418 K, respect-

ively. In both cases there is a large reduction in D3(t) values,

i.e. 58% at 408 K and 77% at 418 K which represent the

amount of amorphous material which is now not contribut-

ing to the relaxation phenomena. The crystallinity degrees

calculated for the 90/10 blends whose WAXS trace is

reported in Fig. 3 are 17% for both crystallization

temperatures. In Fig. 9 (b, right axis, empty symbols) the

variation of the crystallinity degree as a function of time has

been plotted. From the comparison of the two plots in this

figure, it is readily seen that the primary crystallization takes

place simultaneously with the disappearance of the entire

mobile amorphous phase. This is an indication on the



Fig. 8. Variation of the dielectric loss, 3 00(n), at selected times during

isothermal crystallization for the 90/10 PC/PCL blend: (a) for TcZ408 K,

(b) for TcZ418 K. Time is increasing from top to bottom.
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parallel formation of the crystalline regions and an

amorphous fraction which does not contribute to the

segmental relaxation. After 10 h at 418 K the remaining

mobile amorphous phase has reached its lowest value

whereas the crystallinity is still growing at a lower rate. The

filling of space with spherulites and the formation of a
Fig. 9. Variation of the dielectric strength of the a mode as a function of the

crystallization time in 90/10 PC/PCL blend calculated from the HN fitting

of the dielectric loss spectrum: (a) for TcZ408 K, (b) for TcZ418 K; ($)

variation of the crystallinity degree, right axis. Typical error bars are

indicated.
constrained amorphous phase occur during the same time

scale. After this crystallization time of about 10 h, the slight

changes observed in the crystallinity do not affect the

strength of the dielectric a mode. The large discrepancy

observed between the relative decrease of the dielectric a

relaxation strength, associated with the reorientable seg-

mental population, and the crystalline material obtained

from WAXS measurements indicates that the disappearance

of the mobile amorphous phase is not only coupled to the

crystalline growth visible by WAXS. As the primary

crystallization progresses, only a small fraction of the

remaining amorphous phase is able to perform the

segmental motions characteristic of the a relaxation.

The loss of mobile amorphous phase estimated after

dielectric measurements minus the relative amount of

crystalline material has been rationalized as the rigid

amorphous fraction. The topological constraints imposed

by crystal formation results in chain stiffness effects that

hinders the segmental mobility. This effect has been

reported previously in cold crystallization processes

followed by dielectric measurements in PEEK by Nogales

et al. [24], in PEKK by Ezquerra et al. [25] and by TSDC

measurements in crystalline BAPC by Laredo et al. [13].

The existence of a rigid amorphous fraction was originally

proposed to explain the discrepancies between the theoreti-

cal and experimental heat capacity changes at Tg, DCp,

determined by differential scanning calorimetry [26,27].

This constrained amorphous phase would be able to attain

the characteristic mobility of the supercooled liquid well

above Tg near the melting region, remaining immobile at

temperatures around the glass transition. Several others

works have reported discrepancies between the total amount

of amorphous material and the mobile fraction capable of

segmental motion in partially crystalline polymers [28–30].

A general understanding of this behavior is still lacking, but

the presence of immobile amorphous chains in partially

crystalline polymers has been frequently associated to the

presence of irregular interfaces between crystalline and

amorphous phase at a nanometer scale, resulting from

interfacial strains that concentrates at the crystalline

lamellae boundaries [31].

The evolution of the shape parameters of the HN

distribution during isothermal crystallization is reported in

Fig. 10(a) and (b) for TcZ408 and 418 K, respectively, and

their behavior is very similar. The width of the distribution

increases as the aHN parameter varies from 0.44 to 0.2 or

from 0.55 to 0.3 for the higher crystallization temperature.

This parameter is related to the long range motions

connected with intermolecular interactions [32] and its

decrease in the early crystallization stages evidences the

strong effect of the 3D order formation on the segmental

dynamics. On the contrary, the asymmetrical parameter,

gHN, levels off at its maximum allowed value of 1, as shown

in these figures, at times where the crystallites have nearly

fully developed as seen by the decrease in the D3HN values.

This is an interesting result as the loss of asymmetry in the



Fig. 11. Variation for the 90/10 PC/PCL blend of the relaxation time at the

loss maximum (empty symbols), tmax, and its average in the HN model: (a)

for TcZ408 K, (b) for TcZ418 K; tHN, as a function of time (filled

symbols).
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relaxation time distribution when the fully amorphous state

is lost justifies the use of Cole–Cole distributions for the

analysis of the segmental mode in semicrystalline polymers.

In Fig. 10 the variations of the product aHNgHN are also

plotted and their changes are very small over the entire time

range. This product has been related by Schlösser and

Schönhals [32] to the intramolecular interactions which

mainly affect the short range chain dynamics. The smooth

variation of this product establishes the weak effect of the

crystallization upon the small scale motions which contrib-

ute to the aHT mode.

The results of the fitting of the dielectric spectra 3 00(n,t)

reveal other important features for PC crystallization in the

90/10 PC/PCL blend and its effect on the dynamics of the

segmental motion. Fig. 11(a) and (b), empty symbols,

represent the variation of the relaxation time measured at the

maximum loss, tMax, of the aHT mode as a function of

crystallization time for both crystallization temperatures. It

has been extensively argued that crystallization hinders the

overall mobility of chain segments in the amorphous phase

attached to the crystals [33]. However, the magnitude of the

slowering of the motion is variable and depends on several

factors such as the crystallization time and temperature, and

mainly the polymer structure and morphology. Polymers

like PEEK [34] show an increase in tMax by a 100 factor.

Other polymers like PEKK [25] or low molecular weight

compounds [35] reveal a more discrete evolution of less

than a decade after complete crystallization. Finally, in

copolymers like P(HB-co-HV) [36] or block copolymers

like PBT-b-PC [37] no differences are observed between the

values of tMax in the amorphous sample and after cold

crystallization. Comparing PC crystallization at 408 and

418 K for the 90/10 PC/PCL blend, it is observed that the
Fig. 10. Variation for the 90/10 PC/PCL blend of the HN relaxation

parameters: (B) gHN, (,) aHN, (6) aHNgHN: (a) for TcZ408 K, (b) for

TcZ418 K. Typical error bars are indicated.
tMax variation becomes more relevant as Tc increases,

indicating that the effect of crystallization on segmental

dynamics increases with crystallization temperature. At the

lowest Tc studied here, the average dynamics of the a

relaxation is nearly unaffected by crystallization. By

contrast, at 418 K, the significant increase of tMax by a

factor of 50, indicates that the constraints imposed by the

crystallization process on the segmental mobility are very

important. As it has been shown in the previous section for

amorphous samples, the main effect of the addition of PCL

to the PC phase is the increase in the segmental mobility as a

result of plasticization. In fact, a consequence of this

plasticization is that the PC cold crystallization occurs

during the experimental time scale used here. Thus, the

differences observed at both crystallization temperatures

can be related to the competing effects due both to the PCL

plasticization effect and to the level of constraints imposed

by the PC new morphology (i.e. lamellae and rigid

amorphous phase) over the mixed mobile amorphous

phase. Since, there is no evidence of phase separation

during PC crystallization, the development of a phase of

pure PC crystals, necessarily, must result in a PCL

enrichment in the mixed amorphous phase, resulting in

more plasticization that compensates the effects of the

crystallization process. In previous works, on P(HB-co-HV)

copolymers [36],the invariance of tMax as the crystallization

progresses has been associated to the absence of an efficient

secondary crystallization process, which has been proposed

as responsible for the restrictions of the crystals over the

segmental dynamics of the amorphous phase [38]. In Fig. 11

(b, filled symbols) the variation of tHN(t) has been added.
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Even though the traces of tHN(t) and tMax (t) are

significantly different at the initial crystallization state,

they merge as the crystallization advances. This is another

evidence on the transition from an asymmetric to a

symmetric relaxation time distribution as the initially

amorphous polymer crystallizes.

It is worth noting that Fukao et al. [21] have proposed a

different interpretation of the changes observed by dielectric

measurements on the a mode during crystallization. In

isothermal cold crystallization studies in PET, these authors

have proposed a dynamic transformation of the a mode,

associated to the glass transition, into another relaxation, a 0,

which coexists with the first during crystallization and

finally prevails over the a mode. All these modifications

occur before observable 3D order will be detected in X-ray

scattering patterns. In our case there exists also a significant

change in the 3 00(n,t) low frequency tail as can be seen in

Fig. 8. After a steep initial decrease in the signal intensity at

the lowest border of our experimental frequency window,

the intensity tail grows steadily during crystallization. This

tail is attributed to the effect of both the dc conductivity

contribution and to the development of an a 0 mode due to

the formation of an interfacial polarization as the crystalline

lamellae develop. If there is a second dynamical process

slower than the a mode hidden under this tail, it would be

very difficult to extract due to the other contributions which

are very intense.

Wurm et al. [39] propose a different experimental

approach to study dielectrically the early stages of crystal-

lization. The development of additional interfaces would

result in a Maxwell–Wagner–Sillars polarization different

from electrode charge accumulation in supercooled equili-

brated melts. This effect is best observed in the traces of the

real part of the dielectric constant, 3 0(n,t) where a maximum

occurs at the early crystallization times. In our case the

frequency window selected here is not wide enough to

follow this possible effect and complementary work is

carried on at this time.
3.4. Crystallization kinetics of the 90/10 PC/PCL blend

We have tried to fit the dielectric data plotted in Fig. 9(b)

to the Avrami equation [40,41]:

XcðtÞZ 1KexpðKKtnÞ (6)

where Xc(t) is the relative crystalline fraction of the polymer

as a function of time. The parameters K and n are dependent

on the nucleation type and the crystal growth geometry, K

can be considered an overall transformation rate constant

and n is the Avrami index. In order to apply the equation, the

reduction in the amorphous phase mobility (as determined

by reduction in the dielectric strength of the a mode) has to

be considered as exclusively related to the crystallization of

the material (Eq. (5)). In other words, the possible formation

of a rigid amorphous phase has to be ignored.
The Avrami equation was only able to describe the data

for a restricted relative conversion to the crystalline state of

approximately 3–20% and an Avrami index of approxi-

mately 2 was obtained. This result does not represent the

physical events during crystallization since optical

microscopy experiments have shown for the 90/10

PC/PCL blend the presence of spherulites. Furthermore,

the long induction times for crystallization are consistent

with sporadic nucleation, therefore an Avrami index of 4

was expected. We believe that the reason behind the failure

of the Avrami equation to represent the collected data is due

to the formation of the PC rigid amorphous phase. While the

final degree of crystallinity obtained after isothermal

crystallization at 418 K was 17%, the amount of amorphous

phase that fails to contribute to the a primary relaxation is

around 70%. Therefore, the data from Fig. 9(b) cannot be

converted to relative crystalline fraction without the

knowledge of the amount of amorphous phase that is

transformed into crystals as a function of time, or without a

detailed knowledge of the rigid amorphous phase appear-

ance kinetics.

Finally, an attempt was made to apply the Avrami

equation to the WAXS data presented in Fig. 8. Even if the

quality of the fit improved, the results once more were not

satisfactory since an Avrami index of 2.2 was obtained. The

Avrami equation describes the progressive transformation

of a liquid to a crystal taking into account nucleation and

growth dimensionality. Since in the present case liquid PC

transforms into two different phases (crystalline and rigid

amorphous), a kinetic model that takes into account this

type of complex condensation would be more appropriate.

We conclude that the crystallization of PC within the PC/

PCL blend studied here is a very complex process that is

affected by the simultaneous formation of a rigid amorphous

fraction and therefore cannot be described by a simple

kinetic treatment such as described by the Avrami equation.
4. Conclusions

The segmental dynamics in the extruded samples for the

100/0, 90/10 and 80/20 PC/PCL blends which are 100%

amorphous, show the plasticization effect of the PCL. The

cooperative mode thoroughly analyzed here corresponds to

the high Tg component segmental dynamics of the self-

concentration model for miscible blends [7]. The relaxation

parameters extracted from the HN relaxation time distri-

bution as a function of temperature show the following

characteristics as the PCL content increases: (a) the

relaxation times have a VTF energy and preexponential

factor which remain approximately constant, but there is a

strong decrease in the VTF temperature, (b) the profile of

the HN distribution is much wider for the blends than for the

homopolymer which points to the existence of increasing

local heterogeneities in the homogeneous blends.

The comparative real time studies by WAXS and BBDS
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on the polycarbonate rich PC/PCL blends lead to a better

knowledge of the crystallization process either by recording

the growth of the crystalline X-ray reflections or by

following the decrease in the dielectric strength of the

blend primary relaxation mode as a function of time. The

isothermal crystallization as seen from the decreasing

dielectric strength of the aHT mode and the increase in the

intensity of the Bragg peaks due to the crystalline PC

component show that a two phase model is inadequate. A

three phase model where a constrained amorphous phase

forms by the time that the blend is undergoing its primary

crystallization agrees better with the results found here. This

constrained amorphous phase which does not contribute to

the number of relaxing entities originating the a mode, is

more important at 418 K than at 408 K. Its formation is

simultaneous with the 3D ordering of the PC. The relaxation

dynamics of the mobile PC chains at 408 K is unaffected by

the combined effect of the PCL plasticization effect and by

the rigidization of the PC as crystallization progresses.

However, at 418 K, where the amount of rigid amorphous

phase is more important, the segmental mobility is slowed

down indicating that the rigidization effect is predominant

on the plasticization even though the Xc final value is the

same at the two temperatures. The more abundant rigid

amorphous phase at 418 K also constrains the amorphous

material able to undergo cooperative motions. On the

morphology of this immobile fraction, one may propose that

it could include an amount of crystal precursors which are

too imperfect to contribute either to the 3D order detected

by WAXS nor to the cooperative relaxation of the

amorphous chains. Finally, we have found that the Avrami

equation does not provide a suitable description of the

crystallization kinetics experienced by this three phase

material which develops in PC/PCL blends rich in PC as

isothermal crystallization progresses.
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