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Abstract. Binary fibrillar reinforced composites are obtained by melt-
blending of poly (ethylene terephthalate) (PET) and polyamide 6 (PA6), as
well as polyamide 66 (PA66) and PA6 in the presence of a catalyst, followed
by cold drawing of the bristle to about 3.5 times and annealing at 220 or
240◦C. The blends are studied by DSC and the results suggest cocrystalliza-
tion (solid solubility) of PA66 and PA6 and cooperative crystallization in the
PET/PA6 blend. Annealing at 240◦C, results in phase separation and tran-
sreactions leading to the in situ generation of block copolymers which im-
prove the compatibility of the blend components (particularly in the case of
PET/PA6). These physical and chemical changes affect the mechanical prop-
erties of the fibrillar reinforced blends as demonstrated in a separate study.

PACS number: 83.80.Tc

1 Introduction

Both polymer blends and composites are of great commercial importance, polymer
blends alone constituting currently over 30% of the polymer market [1]. Polymer
blending is of great interest to researchers as well, since it represents an approach to
the achievement of new combinations of desired properties without having to synthe-
size novel chain structures [1,2].

The homopolymer compatibility in blends (i.e., the properties of the inter-phase
layer) is of prime importance for their final properties. The chemical nature, molecular
weight, composition and crystallizability, as well as processing conditions are other
factors determining the final behavior of the blends [2]. Since the vast majority of
polymers are incompatible, there is a constant search for means of improving their
compatibility and/or the suppression of incompatibility [3].

Numerous studies of compatibility, morphology, crystallization and properties of
blends based on semicrystalline and/or amorphous thermoplastic poly-condensates
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have been published [1-3]. However, these studies are directed at elucidating
structure-property relationships mainly in isotropic miscible or immiscible blends.

In a series of recent publications [4-8], we reported on a new type of in situ rein-
forced polymer-polymer composite, the so-called microfibrillar reinforced composites
(MFC). These are formed by melt-blending of two or more immiscible thermoplastic
polymers, followed by cold drawing and annealing. Upon drawing, the components
of the blends are oriented and microfibrils are formed. The structure of the material is
further developed by subsequent heat-treatment, and the temperature and duration of
this processing step have been shown to significantly affect the structure and proper-
ties of the blend. If Ta is set between the melting temperature of the two components,
isotropization of the lower-melting polymer takes place, forming an isotropic, relaxed
matrix, while the microfibrillar regions, involving the component with higher Tm,
preserve their orientation and morphological characteristics [4-7].

In addition to physical changes, the thermal treatment of blends of condensation
polymers might involve chemical changes which, in turn, affect the compatibility of
the components [1,3]. It should be noted that exchange reactions proceed consider-
ably faster in the molten state. The addition of an appropriate catalyst and high an-
nealing temperatures favored the reactions, which occur in the noncrystalline phases
[9]. The in situ copolymers formed in this way affect some physical properties of the
homopolymers (e.g., crystallinity, morphology) as well as the chemical nature of the
blend. The higher the degree of conversion, the stronger is this influence [4-6,10].

The present study aims at a better understanding of the contribution of physical and
chemical processes taking place at the interphases of blends to the structure-property
relationships in drawn PET/PA6 and PA66/PA6 blends subjected to isothermal anneal-
ing below and above the melting point of PA6. These polymers were chosen because
of their great commercial importance for the large scale production of fibers, films,
blends and composites [11,12]. The blends studied here were prepared using extru-
sion parameters and catalyst very similar to those reported in [13] for which chemical
interactions are proven, so that one could assume the occurrence of some degree of
conversion, i.e., the formation of PET-PA6 and PA66-PA6 block copolymers during
melt blending also in the present case.

2 Experimental

2.1 Materials and Sample Preparation

Commercial, engineering grade PET (Yambolen, Bulgaria), PA6 (Vidamid, Bulgaria)
and PA66 (Ultramid – Germany) were dried in an oven at 120◦C for 24 h and two
blends (PET/PA6 and PA66/PA6) were prepared in the same weight ratio of 40:60,
corresponding to volume ratios of 35:65 and 40:60, respectively. A catalytic amount
of p-toluenesulfonic acid (0.35%, based on the weight of PA6) was added, followed
by extrusion in a Brabander single screw (30mm diameter) lab extruder at 15-20 rpm.
The extrudate from a 2 mm capillary die was immediately quenched in a water bath
at 20◦C. The temperature zones in the extruder were 285, 290, 295, 300 and finally
310◦C at the die.
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Table 1. Sample designation and preparation conditions

Sample Draw ratio Annealing in vacuum with fixed ends
designation (λ) Ta (◦C) ta (h)

PET/PA6 blend (40/60 by wt.)
A as-extruded — —
A-0 3.8 — —
A-220-4 3.8 220 4
A-220-8 3.8 220 8
A-240-4 3.8 240 4
A-240-8 3.8 240 8

PA66/PA6 blend (40/60 by wt.)
B as-extruded — —
B-0 3.6 — —
B-220-4 3.6 220 4
B-220-8 3.6 220 8
B-240-4 3.6 240 4
B-240-8 3.6 240 8

All blends were drawn at room temperature on a Zwick 1464 tensile tester at a
strain rate of 50 mm/min to a draw ratio A = 3.5–3.6 and a diameter of about 1 mm,
and then flushed with warm air (60–65◦C) in order to remove internal stresses. Some
of the drawn samples were then subjected to isothermal annealing with fixed ends at
220 or 240◦C for 4 or 8 h in vacuum. The sample preparation conditions are given in
Table 1.

2.2 Differential Scanning Calorimetry

Measurements of all samples (of almost equal weight of 17–18 mg) were carried
out on a Perkin Elmer DSC 7 thermoanalyzer in a heating-cooling mode at a rate
of 10◦/min, in the range of 10 to 290◦C. The respective thermograms served for the
determination of the heats of fusion (DHf) and heat of nonisothermal crystallization
(DHc) from the melt during the cooling.

3 Results

3.1 Thermal Behavior

Figures la and 2 show thermograms obtained during the first heating to 290◦C. It
is seen that the as-extruded and as-drawn blends exhibit broad but clearly expressed
exothermic depressions in the range of 90–180◦C. A crystallization peak is observed
with sample A (Fig. 1a) at about 115◦C, i.e., in the same temperature range, and this
is probably due to the cold crystallization of the PET component in the PET/PA6
blend. The absence of crystallization peaks in the PA66/PA6 blend (Fig. 1a, sample
B) supports this assumption. It should be noted that the melting peak of the PA6

72



Calorimetric Studies on PET/PA6 and PA66/PA6

Fig. 1. DSC thermograms of neat homopolymers and as-extruded PET/PA6 and PA66/PA6
blends taken in a heating mode (a) and in a cooling mode from the melt (b). For sample desig-
nation see Table 1.

fraction is almost absent in the thermogram of the same blend, while a well expressed
peak is observed at 260◦C, corresponding to the melting of PA66. Two melting peaks
appear only after drawing of the PA66/PA6 blend (Fig. 2b, sample B-0) while they are
observed in the thermograms of both the as-extruded and as-drawn PET/PA6 blends
(Figs. la, 2a, samples A and A-0).

It is seen in Fig. 2 that a substantial difference exists in the trends of the melt-
ing curves of the PET/PA6 blend which has undergone additional thermal treatment
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Fig. 2. DSC thermograms taken in a heating mode of drawn and annealed PET/PA6 (a) and
PA66/PA6 (b) blends. For sample designation see Table 1.

at 220◦C. Figure 2a shows two melting peaks with different intensity for each ho-
mopolymer: at about 218 and 232◦C for PA6, and 249 and 257◦C for PET. Prolonged
annealing results in an increase of the intensity of the lower melting PA6 peak (by al-
most as much as the intensity of the higher melting PA6 peak decreases) while that of
the higher melting PET fraction decreases. This dependence is more easily noticeable
in Table 2, where DSC data obtained from the curves of the first heating and cooling
modes of the homopolymers and blends are summarized.

The PA66/PA6 blends annealed under the same conditions reveal three melting
peaks: two low-intensity ones at 226◦C and 256◦C and a quite well expressed peak
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Table 2. DSC melting temperature (Tm), heat of fusion (ΔHf ) and crystallization tempera-
ture Tc (from melt) of the neat homopolymers and their PET/PA6 and PA66/PA6 blends (both
40/60 wt) in heating and cooling mode

Sample Heating Cooling

Tm (◦C) ΔHf (kJ/kg) Init. Max.

PET 238+258 53 214 199
PA6 223 52 192 170
PA66 266 54 242 231

PET/PA6 PA6 PET PA6 PET
A 221 258 61 21 188 183
A-0 224 259 62 32 188 184
A-220-4 218+232 249+257 32+61 40+18 188 183(176)
A-220-8 218+233 249+257 47+40 41+10 188 183(176)
A-240-4 217 263 66 58 183 173(171)
A-240-8 213 263 72 53 180 175(189)

PA66/PA6 PA6 PA66 PA6 PA66
B — — 261 — — 54 221 217(196)
B-0 227 — 262 83 — 88 226 218(198)
B-220-4 226 242 257 12 154+ 34 217 208(201)
B-220-8 226 245 255 23 127+ 34 216 204(201)
B-240-4 216 — 258 35 — 78 219 198
B-240-8 212 — 260 52 — 59 210 176(190)

+Calculated with respect to the PA66 amount

at 243◦C (Fig. 2b). It should be noted that this last peak does not correspond to the
melting of either component in the blend (see Table 2). Furthermore, even the highest
melting peak (256◦C), which should correspond to the PA66 fraction, is by about
10◦C lower than that of the neat homopolymer. These results are likely related to the
presence of cocrystallites in this blend.

As in the case of PET/PA6, an increase of the normalized enthalpy of melting of
the lowest melting (PA6) component is observed by prolonged annealing at 220◦C of
the PA66/PA6 blend; this increase correlates with the decrease in DHf of the cocrys-
tallites melting at 242–245◦C (Table 2).

The trends of the melting curves of both types of blends are quite different after
annealing at 240◦C, i.e., at a temperature above Tm of PA6. As seen in Table 2, the
blends reveal two well expressed peaks of different intensities. These trends suggest a
high degree of perfection of both the matrix PA6 and of the crystallites of the fibrillized
PET and PA66 components. It should be noted, however, that Tm of the PET fraction
in the PET/PA6 samples is higher than that of the homopolymer, while Tm of the
PA66 fraction in the PA66/PA6 blends is slightly lower than the value obtained for
neat PA66 (Table 2). The PA6 fraction in both blends melts at lower temperatures
than Tm of the neat homopolymer.

Prolonged annealing at 240◦C leads to an increase in the normalized heat of fusion
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Fig. 3. DSC crystallization curves of the same samples taken in a cooling mode of PET/PA6 (a)
and PA66/PA6 (b) blends. For sample designation see Table 1.

of PA6, while DHf of the PET and PA66 fractions slightly decreases. However, DHf
of PA6 in PET/PA6 is much higher than the normalized heat of fusion of this same
fraction in the PA66/PA6 blend.

Consider now the nonisothermal crystallization from the melt of the homopoly-
mers and their blends. As seen in Figs. 1b and 3, and Table 2, a broadening of the
crystallization range and decreases (by 10–15◦C) in the onset of crystallization start
and peak temperatures are observed in the exotherms of the blends, compared to PET
and PA66 homopolymers. The as-extruded and as-drawn PET/PA6 blends show only
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one exotherm, while the PA66/PA6 samples with the same prehistory exhibit a major
peak centered near 216◦C and also a broad, weaker exotherm at about 196◦C (Figs. 1b
and 3). After annealing of the PET/PA6 blends at 220◦C, slightly expressed exotherms
appear at about 176◦C, while the major exotherm preserves its position (Fig. 3a). In
the case of PA66/PA6 samples treated under the same conditions (Fig. 3b), the major
peak shifts to a temperature lower by about 10◦C and the slightly expressed one is no
longer present.

A further decrease in Tc of the major exotherms is observed with the two blend
types after annealing at 240◦C: by about 10◦C for PET/PA6 and by about 10 and
30◦C for PA66/PA6 annealed for 4 and 8 hours, respectively (Fig. 3, Table 2). The
thermograms of the blends annealed for 8 hours reveal slightly expressed exotherms
at 190◦C and the maxima of the higher intensity peaks shift quite close to Tc of neat
PA6 (Table 2). Nevertheless, comparison of Tc of the homopolymers and those of
the newly appearing exotherms in the blends annealed at 240◦C for 8 hours shows
a decrease of the latter by 10◦C for PET in PET/PA6 and by 40◦C for PA66 in the
PA66/PA6 blend (Table 2).

4 Discussion

Good miscibility of the blend components is a prerequisite for the occurrence of
cocrystallization [14] and for this reason this process is not possible in the PET/PA6
blends. Figure 2 a and Table 2 show two melting endotherms for each component: at
about 218 and 232◦C for PA6 and at 249 and 257◦C for PET. These peaks indicate
different sizes and degrees of perfection of the PA6 and PET crystallites. Further-
more, at Ta = 220◦C the oriented and fibrillized structure of the two components is
preserved and this is the basic reason for the preservation of the E values, compared
to that of the as-drawn blend [15]. At Ta = 240◦C, i.e., at a temperature higher by
15–17◦C than Tm of PA6, almost complete phase separation of the components takes
place in both blend types, as evidenced by the appearance of two well expressed melt-
ing peaks (Fig. 2, Table 2). At this higher annealing temperature, perfection of the
crystalline structure of PET and PA66 takes place, the two homopolymers still pre-
serving their oriented state, while the PA6 portions in the blends undergo disorienta-
tion, as demonstrated by X-ray analysis for the same samples [15]. PA6 disorientation
is much greater in the PET/PA6 blend but, nevertheless, complete disorientation of
this component is not observed [15]. This preservation of some orientation of PA6
could be related to the “preferred” crystallization of this polymer around and along
the fibrillar PET or PA66 components during cooling after annealing at 240◦C. Such
an epitaxial crystallization is favored by the nucleating effect of the fibrils which re-
main solid at 240◦C; it has been observed with PA6 (from the melt) on the surface
of poly (p-phenylene terephthalamide) filaments by Kumamaru et al. [16] and Kyu
[17]. The columnar structures formed during cooling follow to some extent the fibril-
lar orientation and contribute to the better compatibility of the blends’ components. It
should be noted that this effect is better expressed at the PA66-PA6 interface, where
the occurrence of co-crystallization is also postulated [14].
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The presence of one crystallization exotherm and two or more melting endotherms
in the DSC traces is the fingerprint of cooperative crystallization [18,19]. Co-
crystallization would exhibit one crystallization exotherm and one melting endotherm.
The shapes of the DSC curves of the samples with different prehistory (Figs. 1
and 3, Table 2) suggest cooperative crystallization in the case of PET/PA6 and co-
crystallization in the case of PA66/PA6 blends at temperatures much higher than Tc of
neat PA6 and lower than that of neat PET or PA66. Unlike complete co-crystallization,
where both polymers are accommodated into the same lamellar crystals [20], in coop-
erative crystallization in blends, crystals or crystal colonies grow separately, but with
a common growth front; one envisions adjacent crystals or colonies in parallel [18].

The fact that the initiation of crystallization or the crystallization maxima are ob-
served in the majority of cases at temperatures corresponding to the ends of neat PET
or PA66 crystallization exotherms (Table 2, Figs. 1b and 3) suggests that these poly-
mers play the role of heterogeneous nuclei in the blends. Enhanced nucleation has
been already observed for several blends [13,16,20,21]. It seems reasonable to as-
sume that in PET/PA6 blends, the PA6 crystallites, once formed, will nucleate the less
crystallizable PET, i.e., one deals with a synergistic effect of the crystallization. The
substantially less well expressed exotherms of the blends annealed at lower tempera-
ture are related to the formation of smaller and more imperfect crystallites.

As already mentioned, exchange reactions (transesterification in polyester-
polyester, ester-amide in PET/PA6 and amidolysis in PA66/PA6 blends) are possible
at high temperatures. In the present case, the blends are obtained by melt extrusion
at 280–310◦C for about 5 min, with 0.35 wt% of p-toluenesulfonic acid as a catalyst,
these parameters being very similar to those reported in [13]. For this reason, one can
assume the formation to some extent of block copolymers. The decreased crystalliz-
ability of the higher-melting homopolymers in the as-extruded blends is observed in
the depression of the area of the crystallization peaks from the melt, compared with
the neat PET or PA66 (Fig. 1b, Table 2). These are all consistent with some degree of
copolymerization during melt blending. Such a decrease in the crystallizability of ho-
mopolymers as a result of exchange reactions in the melt has been reported previously
[3,9,13].

The new block copolymer interphase layers play the role of in situ compatibilizers
of the homopolymers in the blends. This holds to the greatest extent for the immis-
cible PET/PA6 blend. Due to the good adhesion between the fibrillized PET and the
partially isotropic PA6 matrix, in this case, the tensile strength values of the samples
annealed at 240◦C are comparable to those of the material annealed at 220◦C [15],
i.e., at the temperature at which both blend components are in the fibrillized state.
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