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Abstract

The genesis and stability of different PA6 crystalline polymorphs, dispersed as micro- and submicrometer sized droplets inside an

amorphous polymer matrix, are discussed over a very broad temperature range. Different PA6 droplet sizes lead to different PA6

crystallization events in a 100 8C wide temperature window that extends down to 85 8C. Static WAXD and DSC experiments on micrometer

sized PA6 droplets indicate the formation of a stable g-crystal phase in the region between 175 and 130 8C. Sub-micrometer sized PA6

droplets only crystallize at 85 8C in the b-phase. Upon heating above the PA6 glass transition, these crystals progressively increase their

perfection and ultimately transform into the a-phase around 170 8C.

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

If a semicrystalline polymer is dispersed into confining

droplets, strong effects on its crystallization behavior have

been observed [1–12]. As a result of the lack of active

heterogeneities in the isolated droplets, several crystal-

lization events take place at different lowered temperatures,

also referred to as fractionated crystallization [5]. In two

recent previous papers [11,12], these phenomena for PA6

droplets dispersed inside different amorphous polymer

matrices were investigated. Via reactive compatibilization

of the blends, the PA6 droplet size was strongly reduced,

resulting in crystallization around 85 8C, more than 100 8C

lower than the normal bulk crystallization temperature. In

another paper [13], it has been shown that crystallization at

these low temperatures exhibits sporadic nucleation
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kinetics, characteristic for homogeneous nucleation. As a

result of the low crystallization temperatures and the small

size of the PA6 droplets, imperfect crystals are formed,

resulting in a low final crystallinity.

For polymorphous semicrystalline polymers, like PA6,

the different crystalline structures formed during the cooling

step and their stability, which in general strongly depend on

crystallization conditions like temperature and cooling rate,

are of great importance for the final properties. Browsing the

literature on the crystal structures of PA6 confirms the

complexity of the issue at hand. Contradictory results are

found as well. The monoclinic a- structure is well

characterized and is obtained as the major crystal fraction

in moderately or slowly cooled PA6 samples. It is a stable

structure with a relatively high density of approximately

1.23 g/cm3 [14,15]. The melting enthalpy of 100% crystal-

line a-phase, Dh(Tm8) is found to be 230 J/g [16] with an

experimental melting point, Tm, of 223 8C. The reported Tm8

is 260–270 8C [16]. The stable monoclinic g-phase is also

well characterized and is obtained by a KI/I2 water solution

treatment of a-crystals [17–20]. The melting temperature of

this form is determined to be approximately 214 8C, with a
Polymer 46 (2005) 2966–2977
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density of about 1.19 g/cm3 [19,21,22]. The corresponding

DH(Tm8) equals 239 J/g according to calculations by Illers et

al. [14]. This value, however, is affected by the density

assumed. In addition, several authors have proposed a third

form, b, mostly obtained after fast quenching or cold

crystallization of PA6 [15,23–25]. The precise characteriz-

ation of this structure is heavily disputed, because the

WAXD profile is comparable to that of the g-form. Mostly,

a mesomorphic, (pseudo)hexagonal structure is proposed

[25], which is very unstable compared to the stable g-form
obtained via the aqueous KI/I2 treatment of a-crystals, and
which will give the a-structure upon annealing. Various

authors, however, have come up with different structures

such as paracrystalline monoclinic a [24], pseudohexogonal

g* [14,19], pleated a [26], leading to a confusing

nomenclature.

Another group of authors states that the various

structures found are nothing more than a or g-structures
with various degrees of perfection and can be viewed as

intermediate structures between the two stable forms with

respect to the H-bond setting and chain conformation [27–

29]. Murthy et al. [27] propose a disordered metastable

phase and show that the stable g form can be reversibly

transformed into this form by applying shear.

Penel-Pierron et al. [30] summarize that although the g-
form is crystallographically similar to the unstable meso-

morphic b-form, the b-form chain conformation must

strongly resemble amorphous material as Infrared spec-

troscopy is hardly able to discriminate such material from

the amorphous phase [31]. FTIR, however, is able to

separate g and b-structures [32]. Illers et al. [14] propose a
value of 60 J/g for the DH100% of the unstable form, labelled

g*, based on the specific volume.

The above summary of literature shows the high

complexity of the polymorphous structures of PA6. In

almost all cases mixtures of a-like and g-like phases of

different order are found, strongly depending on the

crystallization conditions, such as the crystallization

temperature, cooling rate [14,19,21,33–37], shear rate [22,

26,29,31,38–40], humidity [22,35,41] and pressure [40].

It will be shown and emphasized in this paper that the

occurrence of crystallization in different separated tempera-

ture intervals for isolated, dispersed PA6 droplets in

amorphous polymer matrices can be an alternative and

very effective approach to study the formation and stability

of the different polymorphous crystalline structures of PA6.

The blend systems considered cover a broad range of both

PA6 droplet sizes (between 0.1 and 10 mm) as well as PA6

crystallization temperatures (between 80 and 185 8C). First,

the determination of the crystal structures of PA6 droplets

during crystallization in different temperature intervals will

be presented. Decomposition of static WAXD profiles will

provide the fractions of the different crystalline phases as

well as the crystallinities of PA6 in the blends. In the second

part of this paper, the stability of the crystal structures

formed at different temperatures is investigated using DSC
at different cooling and heating rates combined with static

WAXD experiments.
2. Materials and methods

2.1. Materials, blend preparation and characterization

Polyamide-6 (PA Akulon K123) was provided by DSM

Research. Atactic polystyrene (PS Styron E680) was

supplied by DOW Benelux and poly(2,6-dimethyl-1,4-

phenylene ether) (PPE) by General Electric Plastics. The

miscible polystyrene/polyphenylene-ether (PPE/PS)

50/50 wt/wt mixture was prepared by mixing PPE and PS

in a Haake Rheocord 90 twin-screw extruder [42]. Styrene-

maleic anhydride copolymer SMA2 was provided by Bayer.

The number after SMA denotes the wt% maleic anhydride

in SMA. Talc powder was kindly provided by DSM

Research. Using optical microscopy, the size of the talc

particles was estimated to vary between 0.1 and 1 mm.

Uncompatibilized PS/PA6 and (PPE/PS)/PA6 blends as

well as reactively compatibilized samples with SMA2 have

been investigated. The two-phase blends were prepared on a

co-rotating twin-screw mini-extruder manufactured by

DSM Research. A complete description of the material

characteristics and processing conditions can be found in a

previous paper [43]. In most of these blend systems, PA6

formed droplets inside the amorphous matrix. Averages and

distributions of PA6 droplet sizes were obtained by image

analysis of SEM pictures, of which a detailed description is

also presented in [43].

2.2. Thermal analysis

DSC measurements were performed with a Perkin Elmer

Pyris 1. The nitrogen flow-rate was 20 mL/min. Tempera-

ture and enthalpy calibration was performed with indium

(TmZ156.6 8C) and tin (TmZ231.88 8C) at a heating rate of

10 8C/min. Furnace calibration was performed between 0

and 290 8C. The samples were first heated at a rate of

40 8C/min to a melt temperature of 260 8C, and kept there

for 3 min in order to erase the sample history. Subsequently,

different thermal procedures were applied. (1) Cooling (at

different rates) (0.1 and 10 8C/min) to below Tg,PA6 followed

by heating with different rates (10, 20, 40, 100 8C/min)

(Section 3.2.1 and 3.2.2). (2) Cooling to different tempera-

tures between Tc,bulk and Tc,hom. at 10 8C/min, followed by

immediate heating at 10 8C/min, to link crystallization and

melting of the different crystallizing droplet fractions

(Section 3.2.3). (3) Cooling with 10 8C/min to different

temperatures between Tc,bulk and Tc,peak 2 followed by

isothermal crystallization and subsequent heating at 10 8C/

min (Section 3.2.1).

Sample masses of about 5 mg were used for a cool-

ing/heating rate of 10 8C/min. Weighing was done with an

AND Hm-202 Balance at an accuracy of 0.01 mg. The
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sample mass was increased or decreased according to the

applied cooling or heating rate (w5 mg for 10 8C/min,

w0.5 mg for 100 8C/min and w15 mg for 0.1 8C/min). For

the various cooling or heating rates used, calibration in

heating at the respective rate was applied. DSC curves were

corrected for instrumental curvature by subtracting empty-

pan curves, measured using identical thermal histories at the

beginning and end of each day. A normal calibration set-up

at 10 8C/min heating rate was used for calibration of

isothermal crystallization but the isothermal temperature

was each time set corresponding to the real sample

temperature (sensor) instead of the DSC program

temperature.

The mass fraction crystallinity of PA6 in the blends after

isothermal crystallization was calculated using the tem-

perature dependent Dh values for fully amorphous and fully

crystalline PA6 available from the ATHAS databank [44]

according to:

ucðTÞZ
DhexpðTÞ

DhðTÞ
(1)

with Dh(T)Zha(T)Khc(T), the difference between the

enthalpy at T of fully amorphous and fully crystalline

PA6, respectively.

In case of calculating the crystallinity from the melting

peak, T was taken equal to Tm (peak max) and recrystallization

exotherms were subtracted for calculating Dhmexp.
For this calculation, the denominator of Eq. (1), Dh(T),

for the monoclinic g-phase of PA6 was taken equal to that of
the monoclinic a-phase of PA6. This is justified by literature
data: Dh(Tm8)a-phaseZ230 J/g [16] and Dh(Tm8)g-phaseZ
239 J/g [14].
Fig. 1. WAXD profile at RT of quenched PA6.
2.3. Static WAXD experiments

Static WAXD measurements at room temperature were

performed on a Rigaku Rotaflex Cu-200B rotating anode

operated at 40 kV and 100 mA. The incident X-rays (lZ
0.15418 nm) from the Cu-target were monochromatized

using a Ni filter. Samples of 1 mm thickness were prepared

by compression moulding at 260 8C (4 min) and sub-

sequently given a thermal treatment in a Mettler FP-90 hot

stage under N2-flow similar to the thermal history as in

DSC. WAXD patterns were recorded in transmission mode

using a Bragg–Brentano focusing diffractometer with a

scintillation counter at a step scan size of 0.058 between 3

and 408 2q, and a measuring period of 30 s. The PA6 pattern

was extracted from the blend diffraction patterns as follows.

First an empty sample holder measurement (background)

was subtracted from all blend measurements and from the

separately measured non-crystallizable components (PS or

PPE/PS) after multiplying the background with the sample

transmission. Next an additional, linear background was

subtracted, connecting the intensities at 2qZ58 and 2qZ
358. Finally, the contribution of the non-crystallizable
component (PS or PPE/PS) was subtracted after scaling

the corrected patterns at 7.5 8 2q since PA6 does not scatter

significantly at this angle.

The PA6 (XcWAXD) crystallinity was estimated from the

ratio of the area under the crystalline peaks to the total area

under the PS or PPE/PS stripped WAXD curve. The

crystalline peaks and the amorphous halo were fitted with

the Origin 6.0 Peak-fitting software package (Microcal

Software Inc. USA). The shape of the PA6 amorphous halo

was obtained from a very thin quenched PA6 film as shown

in Fig. 1 and approximated by a combination of three

separate Pearson 7 peaks, of which the shapes and relative

peak areas were fixed in the fitting procedure of the blends.

The crystalline reflections were fitted with Gaussians.

Examples of fitting results are presented in Fig. 2 for PA6

(A) and a PS/PA6 blend (B), respectively. The fractions of

different polymorphic phases (a,g) in PA6 as indicated in

Fig. 2 (see Ref. [45] for overview of g and a-positions),
were determined by dividing the area under the a or g

typical reflections by the total crystalline area. The PA6

WAXD contributions were normalized to their total area for

representation further in this work.
2.4. Annealing experiments below Tm,peak bulk PA6

Annealing experiments below the bulk Tm of PA6 were

performed both for DSC as WAXD samples. For the

WAXD samples, the compression moulded sample, after

being subjected to the standard DSC thermal treatment, was

heated to the annealing temperature at a rate of 10 8C/min in

the Mettler FP-90 hot stage under N2-flow, and kept at this

temperature during a selected period of time (mostly 4 h).

Afterwards, the sample was cooled down to room

temperature at 10 8C/min and analyzed by WAXD. For

the DSC annealing experiments, the same procedure was

applied, by using the DSC throughout, after the standard

thermal treatment. The latter results were compared to

samples that were quickly quenched below Tg,PA6 and

heated in the DSC with 10 8C/min subsequently.
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3. Results and discussion
3.1. Polymorphous structure and crystallinity of PA6 as a

function of the blend composition using static WAXD

experiments

Fig. 3(A) shows the normalized WAXD profiles of PA6

for different PS/PA6 blend compositions determined at

room temperature after cooling from 260 8C at 10 8C/min.

Besides bulk crystallization of PA6 around 188 8C, a second

crystallization peak is found around 170 8C when PA6

forms droplets inside the PS matrix. This is shown in Fig.
Fig. 3. PA6 WAXD profiles at RT (A) and DSC cooling curves (B) of vario
3(B) showing the corresponding DSC cooling curves. The

170 8C peak grows in intensity the smaller the PA6 droplet

size becomes. The reason for the fractionated crystallization

behavior can be related to the lack of active heterogeneous

nuclei in most of the dispersed PA6 droplets, as discussed in

detail in Refs. [11,12].

The WAXD spectrum of extruded PA6 shows reflections

at 20.0 and 23.98 2q, characteristic of the monoclinic a-
phase of PA6 [45]. A small reflection around 21.48 2q is

observed, typical for the PA6 g-phase [45]. When PA6

forms droplets, the reflections of this phase, found at 21.48

and also at 118 2q [45], grow in intensity and at the expense

of the intensities belonging to the a-phase with decreasing

PA6 concentration. At first sight, the formation of the g-
phase reflections found here, seems to be connected to the

formation of PA6 droplets and concomitant confinement

brought about. More likely, however, is that the formation

of the g-phase is induced by crystallization at a lower

temperature, namely around 170 8C for PS/PA6 blends, as

caused by the fractionated crystallization. A clear proof of

this is obtained when the nucleation density of the blends

with PA6 droplets—of unaltered size—is increased, causing

suppression of the fractionated crystallization phenomena

(see [11]). As a result of such increased nucleation density,

complete bulk crystallization of PA6 around 188 8C is

reintroduced in the droplets. For example, the WAXD

spectrum of the PS/PA6 75/25 blend nucleated with

0.5 wt% talc powder (Fig. 4) shows the presence of the

monoclinic a-phase and an almost complete disappearance

of the g-phase reflections (see also Table 1).

An interesting result is given in Fig. 5 where the DSC

crystallization curves and the related WAXD spectra are

compared for virgin and extruded PA6. It was found that the

crystallization behavior of PA6 changed significantly upon

melt-extrusion in the twin-screw extruder. After extrusion,

PA6 exhibits a higher crystallization temperature; about

15 8C compared to the virgin PA6. This effect has also been

found by other authors, and has been explained by a more

ordered molecular arrangement that persists in the molten

state due to the stabilizing effect of hydrogen bonding after

melt-extrusion of PA6 [46,47]. The virgin material is
us PS/PA6 blend compositions and blend morphologies as indicated.



Fig. 4. PA6 WAXD profiles at RT (A) and DSC cooling curves (B) of a PS/PA6 75/25 blend, with and without talc addition.
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thought to be disordered and to stay disordered in the molten

state, again due to hydrogen bonding. Melt-extrusion is

supposed to yield locally ordered regions, which are

presumed to act as nucleating sites, causing an increase in

the crystallization rate, and also leading to smaller

spherulitic structures. Interesting enough Fig. 5 shows that

almost no g-reflections are observed for the virgin PA6 at

170 8C, contrary to extruded PA6 in the blends that

crystallizes at the same temperature. So the extrusion

processing changed the temperature range in which the

different polymorphous structures were obtained.

Fig. 6 shows the normalized WAXD profiles of the PS/

PA6 blend series after reactive compatibilization with

approximately 5 wt% SMA2, together with the correspond-

ing crystallization curves (cooling rate 10 8C/min). As

shown in [43], compatibilization with SMA2 strongly

reduces the dispersed droplet size of PA6. The crystal-

lization behavior is characterized by a clear transition from

bulk to fractionated crystallization when PA6 forms very

small droplets (w150 nm). Crystallization in these very

small PA6 droplets mainly takes place via a homogeneous

nucleation mechanism, at very low temperatures (in
Table 1

WAXD results for PS/PA6 and (PS/SMA2)/PA6 blend compositions

Blend system Wt% PA6 Dv PA6 (mm) Cooling rate

% a

PA6 100 – 93

PS/PA6 50 Matrix 80

40 25 70

30 7.6 69

PA6 dispersed 25 5.0 63

25C talc 5.2 82

20 3.3 42

15 3.0 22

(PS/SMA2)/PA6 45b Co-cont. 89

40b 0.55 37

PA6 dispersed 30b 0.21 29

25b 0.18 24

25c 0.16 16

a Determined from melting peak.
b w5 wt% SMA2.
c 13 wt% SMA2.
between 85 and 100 8C) [13]. The more SMA2 is added,

the smaller the droplet size, and the stronger the homo-

geneous nucleation peak. The WAXD profiles indicate a

clear transition from the a-phase, obtained when PA6 forms

the matrix or is co-continuous (and thus crystallizes at the

bulk temperature), to an almost complete g-phase in small

droplets, crystallizing at a high degree of supercooling. The

fraction of g-phase thus strongly increases at lower

crystallization temperatures at the expense of the a-phase.
This confirms the observations made by several authors [21,

33–35], indicating the formation of the g-form at low

crystallization temperatures reached by rapidly cooling

from the melt.

The mass percentage crystallinities and relative fractions

of the a and g-phases obtained with WAXD for the

uncompatibilized and reactively compatibilized PS/PA6

blend series are given in Table 1. It is seen that the

crystallinities obtained from the DSC melting data corre-

spond reasonably well with the values obtained from

WAXD, with exception of the data of the very small

droplets, in case of compatibilized blends. Here the WAXD

crystallinity is significantly lower than the DSC
10 8C/min

% g Xc,WAXD Xc,DSC
a

7 36 35

20 35 33

30 33 30

31 24 27

37 27 24

18 34 32

58 22 23

78 22 23

11 33 33

63 25 25

71 23 25

76 17 27

84 16 25



Fig. 5. WAXD profiles at RT (A) and DSC cooling curves (B) of PA6 extruded and PA6 virgin.
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crystallinity. This interesting observation will be discussed

further in Section 3.2.
3.2. Melting and (meta)stability of PA6 crystals in different

temperature domains
3.2.1. PA6 and uncompatibilized PS/PA6 and

(PPE/PS)/PA6 blends: high and intermediate

crystallization temperatures

Fig. 7 shows the DSC melting curves of PA6 and the PS/

PA6 blend series as a function of the blend composition.

The corresponding crystallization curves are presented in

Fig. 3. For pure, extruded PA6 a double melting with

maxima at Tm1 and Tm2 is observed, which is always

accompanied by a small endotherm around 180–190 8C,

prior to full melting. Fig. 8 shows the melting of extruded

PA6 after applying different heating rates. For PA6 a

relative increase of the first melting peak area is found upon

faster heating at the expense of the second one, and, the

other way around, an increase of the second melting peak

area at low heating rates. The melting behavior of PA6 after

crystallization at a low cooling rate of 0.1 8C/min mainly

displays the melting peak at the highest temperature (Tm2Z
222 8C), though the little shoulder resembling Tm1, is still

seen.

These results clearly indicate recrystallization of PA6

crystals as the main origin of the double melting behavior;
Fig. 6. PA6 WAXD profiles at RT (A) and DSC cooling curve
less perfect a-crystals, formed in the cooling step, will melt

(at maximum rate at Tm1) and form more stable crystals by

recrystallization that finally melt around Tm2. Slow cooling

(at 0.1 8C/min) will most likely result in the formation of

crystals of higher perfection. As a result, there is hardly any

recrystallization and a major melting peak is found at the

highest temperature, as shown.

Some remarkable changes in PA6 melting behavior are

found when PA6 forms droplets. A progressive increase of

the first melting peak at approximately 210 8C can be

observed with decreasing PA6 contents. This effect is

accompanied by an exotherm prior to the onset of melting.

For pure PA6 this exotherm was not observed during the

heating scan. When comparing the blend morphology of the

PS/PA6 blend compositions with the obtained melting plots,

it is notable that a strong increase in intensity of the first

melting peak is related to the formation of dispersed PA6

droplets, mostly crystallizing around 160–170 8C. In Fig. 9

it can be seen that the evolution of the lower temperature

melting peak can be connected to the crystallization event

around 170 8C. In this figure the shape of the melting peak is

recorded after different isothermal crystallization tempera-

tures. Fig. 9(A) shows the data for pure PA6. For isothermal

temperatures TisoZ205, 200 and 195 8C (the latter is the

onset of bulk crystallization upon a cooling scan of 10 8C/

min, which is indicated with the horizontal dashed line) one

melting peak is found and a low temperature shoulder. Peak
s (B) of different (PS/SMA2)/PA6 blend compositions.



Fig. 7. DSC melting curves of different PS/PA6 blend compositions.
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1 is the final melting peak of the crystals formed in

isothermal crystallization. The shoulder (peak 3) is the

typical ‘annealing’ peak found after isothermal crystal-

lization, typically about 10 8C above the crystallization

temperature. A second melting peak (peak 2) is observed for

Tiso%195 8C. By lowering to this isothermal temperature,

part of the crystals has been crystallized during cooling. As

such, peak 2 relates to the melting of crystals crystallized on

cooling. The crystals formed during the cooling run can

recrystallize, and finally melt at peak 1*. By lowering Tiso to

175 8C, all material is crystallized during cooling, further

enhancing the recrystallization melting peak 1*.

For the PS/PA6 85/15 blend, shown in Fig. 9(B), the

melting behavior is similar to the PA6 behavior down to a

temperature Tiso of w185 8C. The evolution of the melting

enthalpy down to Tiso w185 8C corresponds to the crystal-

lization of the bulk peak, which area is strongly decreased,

because almost all material crystallizes at a lower

temperature via fractionated crystallization. The second

lower crystallization peak shows an onset at w175 8C upon

cooling at 10 8C/min. These onsets are indicated in Fig. 9

with horizontal dashed lines. For TisoZ175 8C, a change in

melting behavior can be observed. Peak 2 starts to increase
Fig. 8. DSC melting curves of PA6 after different cooling and heating rates.
and an extra melting peak is observed (peak 4),

accompanied by a cold crystallization exotherm. The

position of this extra melting peak decreases with decreas-

ing crystallization temperature. The strong increase of peak

2 must be related to the isothermal crystallization of the

lower temperature (fractionated) peak. Lowering Tiso further

to 170 8C, causes a large part of the second peak to be

realized during cooling and yields about the same melting

enthalpy, compared to TisoZ175 8C.

Together with the results obtained with WAXD (Fig. 3),

these observations lead to the conclusion that the first

melting peak is related to the melting of the monoclinic g-
phase around 210 8C, comparable to the monoclinic g-phase
via iodinization of a crystals, characterized by Illers et al.

[19] (reported melting Tm (g)Z214 8C). The exotherm prior

to melting can probably be related to reorganization of less

perfect g-crystals, which subsequently melt around 210 8C.

This last hypothesis is confirmed by the observation that the

larger the pre-melting exotherm, the larger the first melting

peak becomes. This explanation (relating the origin of the

exotherm to reorganization) is similar to the one recently

proposed by Penel-Pierron et al. [30] for cast PA6 films.

These authors doubted the explanation of Khanna et al. [48],
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relating the presence of the exotherm to the relaxation of

internal stresses, locked during processing.

By applying various heating and cooling rates in the

DSC, clear evidence can be obtained that the melting peak

at 210 8C is mainly related to the melting of g-crystals
formed at 160–170 8C, and less to melting-recrystallization

of imperfect a-crystals. Fig. 10 shows the effect of different

heating rates and cooling rates on the melting behavior of

the PS/PA6 75/25 blend. This blend contains both a and g-
crystallites as can be seen in Fig. 3 and Table 1.

Qualitatively, the effect of the heating rate does not differ

that much from the pure PA6 data (Fig. 8); again the lower

melting peak rises in intensity upon increasing the heating

rate whereas the second one decreases. This effect is due to

the recrystallization of the a-phase only. Closer inspection

of the melting trace recorded at 100 8C/min—when

recrystallization is avoided—reveals that it is very skew

towards low temperatures (210 8C), suggesting an important

fraction of crystals with a melting behavior that is not

influenced by the heating rate (the g-phase crystals).

Moreover, the ratio of the two melting peaks does not

change so much upon slow cooling for the PS/PA6 75/25

blend, contrary to the PA6 behavior. The main effect is that

the exotherm prior to melting disappears. As such, the first

melting peak cannot solely be attributed to the melting of

less perfect a crystals formed during cooling that recrys-

tallize and remelt in the second peak, which was the case for

pure PA6. The amount of g-phase formed upon cooling at

0.1 8C/min is not expected to be very different from the

fraction g-phase obtained after cooling with 10 8C/min in

this PS/PA6 75/25 blend, because the position (and also

intensity) of the second crystallization peak around 170 8C

is very insensitive to the applied cooling rate (between 0.1

and 10 8C/min), as was shown in [11]. This result thus

furthermore confirms the hypothesis made earlier, linking

the melting peak at 210 8C to the melting of the stable g-
phase, which does not convert to a-crystals upon heating

(the stability of the crystals upon heating will be further

investigated in Section 3.2.3 using WAXD annealing

experiments). The low cooling rate increases the perfection
Fig. 10. DSCmelting curves of a PS/PA6 75/25 blend after different cooling

and heating rates.
of the g-crystals formed upon crystallization compared to

cooling at 10 8C/min, which explains the absence of the

reorganization exotherm in this curve. Upon fast heating

(after cooling at 10 8C/min), which likely prevents the

reorganization of the less perfect g-crystals, the exotherm

prior to melting also disappears. The endotherm in this fast

heating scan (see arrow in Fig. 10) can probably be related

to the melting of the less perfect crystals formed during

cooling at 10 8C/min. Similar extra melting peaks for PA6

were also reported by Weigel et al. [21] for crystallization at

lower temperatures, after quick cooling from the melt state

to Tiso. Up to five melting peaks were reported for melt-

crystallized samples at different temperatures and were

related to the melting phenomena of different g or a-crystals
(see Ref. [16], page 70–71 for a summary).
3.2.2. Reactively compatibilized (PS/SMA2)/PA6 blends:

low crystallization temperatures

Fig. 11(A) shows the effect of compatibilization on the

melting behavior of the (PS/SMA2)/PA6 75/25 blends, in

which PA6 is dispersed as droplets. The crystallization

curves are plotted below the melting curves for comparison

in Fig. 11(B). Addition of only a small amount of

compatibilizer SMA2 already significantly reduces the
Fig. 11. DSC melting (A) and cooling (B) curves of different

(PS/SMA2)/PA6 75/25 blends with various SMA2 concentration.
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droplet size, leading to a stronger fractionated crystal-

lization effect. This causes an increase in the relative

amount of the low temperature crystallization peak at 85 8C

with increasing SMA2 concentration, at the expense of the

peaks at 188 8C (bulk) and 170 8C [12]. The melting

behavior shows an interesting evolution as a function of the

amount of compatibilizer added. With increasing amount of

compatibilizer, the relative intensity of the first melting peak

at 210 8C (related to the monoclinic g-phase as discussed in
the previous part) decreases, until finally a single melting

peak is obtained at the highest temperature (w220 8C). It is

quite remarkable that although the PA6 droplets crystallize

at a very low temperature, the melting of the droplets is

found to take place around the normal melting peak, with a

difference DTZ(TmKTc)Z(220–85 8C)Z135 8C. The

melting of these crystals, which showed typical g WAXD

reflections as shown in Fig. 6, apparently does not give rise

to a melting peak of stable g- crystals around 210–215 8C,

as for the uncompatibilized droplets. Interestingly also, the

crystallization exotherm prior to the onset of melting, which

was connected to the cold crystallization of less perfect g-
crystals previously, decreases in intensity upon addition of

more compatibilizer.
3.2.3. Determination of stability of the polymorphous

phases with DSC

The absence of the typical g-peak around 210 8C upon

melting of PA6 crystallized at low temperatures, points to a

lower stability of the g-like crystals upon heating. As such,

the structure formed at the homogeneous nucleation

temperature could be similar to the proposed b-form
found during cold crystallization of PA6, which was

transformed to the a-phase upon heating. The following

DSC experiment has been performed to investigate in which

temperature range the transition from relatively stable g-
crystals to the unstable b/g-like crystals takes place. Fig. 12
shows the melting behavior of the (PPE/PS)/PA6 80/20

blend, cooled to different temperatures. In [11] it was found
Fig. 12. DSC melting curves of a (PPE/PS)/PA6 80/20 blend after cooling

to various temperatures. Bottom curve reflects various fractionated

crystallization events during cooling (1/4).
that this blend composition exhibits up to four crystal-

lization peaks: at 187 8C (peak no.1), 160 8C (peak no.2),

122 8C (peak no.3) and 89 8C (peak no.4), respectively, see

bottom curve in Fig. 12. Upon cooling to about 170 8C, only

bulk crystallization has taken place for this blend, and a

small double-peaked endotherm is measured via the

subsequent heating run, with an area comparable to the

bulk crystallization exotherm. Cooling down to 130 8C

causes an overall increase in the melting endotherm, while it

is seen that especially the first melting peak (Tm1) increases.

This is explained by the crystallization into the g-form at

temperatures between 170 and 130 8C, as a result of

fractionated crystallization, causing a melting endotherm

at 210 8C. Below 130 8C, the crystallization enthalpy starts

to become considerably smaller than the subsequent

enthalpy from the melting peak area resulting from that

crystallization. This can be calculated from the areas under

the crystallization and melting peak, respectively. The

exotherm prior to melting also increases in intensity.

Cooling down to 100 8C causes a further increase in the

melting endotherm due to crystallization of peak 3, but now

especially the second melting peak (Tm2) increases com-

pared to the first one. Crystallization down to room

temperature followed by heating even more increases

melting peak Tm2. The disordered structure formed at

these high supercoolings is obviously very prone to

reorganization during heating, causing the second melting

peak to increase in intensity. The transition between

crystallization into g-crystals, melting around 210 8C, and

crystallization into g-like/b-crystals resulting in a melting

peak around 220 8C with twice the intensity of the

crystallization peak, thus seems to take place around a

crystallization temperature of 130 8C. Interestingly, this

temperature coincides with the reported maximum tem-

perature for homogeneous nucleation in PA6 [2].

3.3. WAXD and DSC annealing experiments

To further investigate the stability of the polymorphous

structures of PA6 formed at different crystallization

temperatures, WAXD and DSC annealing experiments

were performed. Fig. 13 shows the WAXD profiles for the

compatibilized (PS/SMA2)/PA6 75/25 blend that crystal-

lizes at 85 8C and that was given annealing treatments at

different temperatures below the melting point. Prior to

annealing, the samples were first cooled down to room

temperature at 10 8C/min (standard temperature procedure).

Above an annealing temperature of 170 8C, the g-like
reflections at 11 and 21.48 2q completely disappear as a

function of time, resulting in fully a-reflections at 19.8 and

23.98 2q. This transformation is quite fast, and already after

an annealing time of 60 s an appreciable transformation has

taken place into the a-form (18% g-type crystals left after

60 s). These results clearly further confirm the formation of

a less stable structure with an identical WAXD pattern as

the g-form at lower crystallization temperatures, which is



Fig. 13. WAXD crystallinity at RT after annealing as a function of

annealing temperature for PA6, a PS/PA6 75/25 blend and a

(PS/SMA2)/PA6 (62/13)/25 blend.

Fig. 15. PA6 WAXD profiles at RT after different annealing temperatures

of a PS/PA6 75/25 blend (A) and a (PS/SMA2)/PA6 (74/1)/25 blend (B).
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transformed into the a-phase upon heating. Annealing also

results in a remarked increase in crystallinity, from

approximately 10% after cooling to room temperature, up

to 35–40% after annealing below Tm. This points to a

significant amount of reorganization of crystals and cold

crystallization during the heating process, which starts

already above 100 8C, as can be seen in Fig. 14. Continuous

reorganization obscures the real melting of the low

temperature crystals and leads to a final melting temperature

far above the crystallization temperature, as was shown in

Fig.11. Further evidence for these reorganization phenom-

ena in this blend system was already presented in [13].

Reorganization in heating also explains the remarked

difference between crystallinity values obtained with

WAXD after cooling and with DSC after melting as

indicated in Table 1 for blends with small, dispersed PA6

droplets.

Fig. 15 shows the annealing behavior of the PS/PA6 75/

25 blend with droplets of w1–5 mm and crystallizing

between 185 and 170 8C (two peaks), and of the (PS/

SMA2)/PA6 75/25 blend with only 1 wt% SMA2 (74/1/25),

with droplets of w0.5 mm [12], and crystallizing partly
Fig. 14. PA6 WAXD profiles at RT of a (PS/SMA2)/PA6 (62/13)/25 blend

after different annealing temperatures.
around 160 8C and around 85–90 8C (see Fig. 6). The PS/

PA6 75/25 WAXD profile (Fig. 15(A)) is not significantly

changed upon annealing. After annealing at 190 8C, still g-
reflections can be observed around 11 and 218 2q, although
with a somewhat lower intensity relative to the a-reflections
than before annealing. The g-crystals formed between 170

and 130 8C are thus clearly stable and almost no transition to

the a-phase takes place. This observation was actually

already confirmed by DSC showing a real g-melting peak

around 210 8C, see Fig.10. Similar stability to the g/a-
transition was obtained for the monoclinic g-phase obtained
via the KI/I2 treatment of a-crystals [19]. The (PS/SMA2)/

PA6 (74/1/25) blend, given in Fig. 15(B), represents a

mixture of stable and unstable phases. Before annealing,

almost full g-type reflections are found. On annealing, a-
reflections appear. The intensity of the g-reflections in this

blend, however, does not seem to be decreased, as can be

seen from the peak around 2q 11 8. The increase of the a-
reflections after annealing can thus be explained via

transformation during heating of unstable b/g-like crystals

formed at around 85 8C, whereas the peak at 218 2q after

annealing can be related to the stable g-crystals formed at

160 8C. This seems to be confirmed by the ratio of a and g-
reflections after annealing (44/56), which is roughly

comparable to the ratio of the DSC crystallization peaks at

85 and 160 8C (35/65), respectively.



Fig. 17. DSC melting curves before and after annealing of two quenched

PA6 samples (A) and a PS/PA6 75/25 blend and a (PS/SMA2)/PA6

(62/13)/25 blend (B).
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The annealing behavior of quenched PA6 is given in Fig.

16. Earlier results obtained by Penel-Pierron et al. [30] for

quenched PA6 films indicated that a quenched PA6 film was

found to crystallize in the b form. This was concluded from

the complete b/a-transition for annealing at 190 8C. A

1 mm thick PA6 sample, which was quenched in liquid N2,

was used in the experiments presented here. It is clearly

observed in Fig. 16 that for this sample no complete

reorganization to the a phase takes place after annealing at

different temperatures, seemingly contrary to the results of

Penel-Pierron et al. [30]. This result can be explained by

comparing the behavior of a thick (1 mm) quenched PA6

sample with that of a very thin quenched sample using DSC

annealing experiments presented in Fig. 17. Two different

specimens were prepared as such: a thin transparent one and

a thicker opaque one and were annealed in the DSC. As can

be seen from Fig. 17(A) the thin, transparent piece gives a

single melting peak around 221 8C, preceded by cold

crystallization around 70 8C. This melting behavior is

identical to the melting of homogeneously crystallized

sample; only one extra melting peak is found related to the

annealing temperature. The single melting peak obtained

after homogeneous nucleation thus strongly resembles the

melting behavior of thin quenched PA6. The melting of the

thick, opaque PA6 sample, however, results in a double

melting peak, and the cold crystallization peak around 70 8C

is missing. The first melting peak (no.2) does not disappear

upon annealing, resulting in a total of four different melting

peaks of the opaque sample after annealing. The melting

behavior resembles the melting of the PS/PA6 75/25 blend,

with stable g-crystals formed around 170 8C and melting

around 210 8C (note that the DSC annealing once more

confirms the presence of a stable g-form, now melting

around 215 8C). This discussion stresses the importance of

the quenching step on the resulting crystals formed. The

1 mm thick sample used to measure the WAXD annealing

curves presented in Fig. 16 was probably too thick to give a

perfect PA6 quenching, so no completely transparent

sample as in the case of the thin films in the paper of

Penel-Pierron et al. [30] was obtained. As a result of this less
Fig. 16. WAXD profiles at RT of quenched PA6 after different annealing

temperatures.
efficient quenching, it is highly likely that a part of the

crystals is crystallized at a higher crystallization tempera-

ture. In this way stable g-crystals could be formed upon

quenching. The effect of rapid quenching on the semi-

crystalline structures and crystallization kinetics of various

polymers was studied in detail by Brucato et al. [49]. The

mixture of different crystals formed, therefore can be

attributed to the range of actual crystallization temperatures

during rapid cooling of PA6. This study further indicates

that the hexagonal, mesomorphic b-phase can be obtained

by slow cooling of confined, dispersed droplets, and does

not necessary have to result from a freezing-in-process as is

sometimes anticipated [50,51].
4. Conclusions

In this paper, it was clearly shown that confined crystal-

lization phenomena in immiscible polymer blends with

dispersed micro and nanometer sized PA6 droplets form a

very effective way to study the stability and crystalline

structure of PA6 at different supercoolings. Via a detailed

WAXD study, in combination with DSC at different scanning

rates, and annealing experiments, it has been shown that a

change occurs in PA6 crystal structure from an a to a stable
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g-phase for micrometer sized PA6 droplets (1–10 mm),

crystallizing at temperatures between 175 and 130 8C. The

formation of the stable g-phase, with a melting point

somewhat below that of the a-phase, was shown to be

connected with the lower crystallization temperature and not

with the confining volume of the PA6 droplets.

For small, sub-micrometer sized PA6 droplets (100–

500 nm), obtained after reactive compatibilization of the

blend, a less stable crystal structure is formed around 85 8C,

with aWAXD pattern similar to the b-structure proposed for
quenched, cold crystallized PA6. The formation of these

less ordered PA6 crystals can be related to the homogeneous

crystallization mechanism at low temperatures, resulting in

a low final PA6 crystallinity. Via a combination of WAXD

and DSC annealing experiments, it was shown that upon

heating above 50 8C (Tg of PA6), the poorly ordered b-
crystals probably first perfection themselves, followed by a

complete transition into the a-phase around 170 8C. These

crystals finally melt at the melting temperature of a-crystals.
Via DSC analysis of a blend sample with several PA6

crystallization peaks, obtained at different degrees of

supercooling, we were able to show that the transition

between the stable and unstable crystal form approximately

takes place around 130 8C.
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