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Abstract

The structure of the plate specimens obtained from the molten PA6 that was cooled at rates between 2 and 2000 �C/
min have been studied. The cooling rate of 2000 �C/min did not ensure a complete amorphization of the specimens. The

amorphous phase created by supercooling is unstable and at room temperature undergoes a noticeable cold crystalli-

zation. The access of water to the specimen from the surrounding air accelerates this process.

Variations in the cooling rate of the melt reflect in rearrangement of the amorphous phase of PA6. Owing to the

effect of interaction with the crystalline phase, the amorphous regions undergo changes in molecular weight and

MWD of the chain segments between junctions in topological regions, temperatures of the glass transition and b-relax-
ation, compaction, etc.
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1. Introduction

Amorphous and crystalline structures with different

degree of order, packing density, and crystal perfection

may be formed in PA6 [1–8]. This process depends on

the conditions of cooling the melt, a presence of crystal-

lization nuclei and plasticizers, mechanical stresses, elec-

tromagnetic fields, or other factors. Fast cooling may

result in amorphous (or d) structure [9–11] with density

1.097–1.10 g/cm3 [12–14]. It is characterized by a low

degree of ordering of the structural elements. The

arrangement is mainly one-dimensional owing to low

concentration of hydrogen bonds between –NH– and

@CO groups in adjacent chains. A two-dimensional

arrangement can be obtained in certain situations

[9,15,16]. The transition from unstable structures into

stable crystalline ones is studied extensively [2,10,

15,17–20]. PA6 at supercooling of its melt develops a

crystalline c*-form that is unstable toward thermal

exposure [2]. It could be transformed into a monoclinic

one above 150 �C [4,16,17,21,22].

Polymorphic structures and their transformations in

PA6 are usually studied by the X-ray technique [23].

In PA6 objects is observed a structure consisting an

amorphous phase and the two crystalline forms. The
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diffraction maxima of the different crystals and that of

amorphous regions overlap because they are within the

same range of 2H = 15–20� angles. The amorphous por-

tion is characterized by diffuse scattering only.

The information concerning the production of amor-

phous PA6, thermal and other conditions at which the

material structure changes from amorphous to crystal-

line is rather contradictory. The nuclei of crystallization

present in the melt prevent the structure from getting

amorphous even at fast cooling rates. The nuclei could

break down completely, but only during annealing the

melt at 280 �C (the equilibrium melting point of PA6)

for 90 min [11].

Supercooling of a thin layer of the melt makes it pos-

sible to produce a transparent film of PA6 [9] having an

amorphous structure that is stable at room temperature.

The film specimens heated at 110 �C for 3 h does not

show any crystallization. When heated at 175–180 �C
for 3 h, PA6 has crystallized fast and showed equilib-

rium of crystalline structures. According to another

study [10], the chain segments in amorphous PA6 under-

went ordering and nematic, smectic or pseudohexagonal

(c*) structures are formed when the material is heated up

to 50 �C, i.e. to a temperature close to Tg.

The PA6 structures are usually studied on fiber or

film specimens. Information on the structure of PA6

plates is limited [16,23]. The amorphous structural fea-

tures of a plate of PA6 with different crystallinity degrees

and perfection degree of the crystals have been studied

inadequately. The technological capabilities of produc-

ing amorphous material as plates are not clear as well

as the kinetics and thermal conditions necessary for

changing d-amorphous form to crystalline one. The

aim of present work is to perform an analysis of struc-

tural changes, particularly referring to the amorphous

phase, in PA6 plate specimens prepared from the melt

that had been cooled at different rates.

2. Experimental

2.1. Materials

Polyamide 6 (PA6) was supplied by the Khimvolo-

kno Company, Grodno, Belarus. The relative viscosity

of the material in H2SO4 is 2.6; the melting point is

222 �C.

2.2. Specimen preparation

Test specimens were obtained from the melt

(Tm = 240 �C) by injection molding in the laboratory

machine of piston type (injection volume 3 cm3). The

cooling rate of PA6 melt was changed by varying the ini-

tial temperature of the mould. It was determined by

using thermocouples to measure the temperature of the

mould near its cavity that filled with the polymer. A slow

cooling rate was about 2 �C/min; an intermediate one

was about 100 �C/min. The fast cooling (at about

2000 �C/min) was conducted as follows: the metallic

plates were cooled in liquid nitrogen; then molten PA6

in the form of jet that had been heated up to 240 �C
was run between the steel plates having an initial tem-

perature of about �100 �C. In this case, variations in

the cooling rate within the specimen are possible. In cen-

tral zone of the specimen where the thermocouples were

now located, a quenching runs at the lowest rate due to

the lowest heat transfer. Consequently, structural trans-

formations there occur deeper than those in outer zones

contacting a steel surface. Because of this, a cooling rate

in central zone (about 2000 �C/min) is accepted as the

main for the studied process.

For the cooling rates of 2 and 100 �C/min, the speci-

mens for DSC and WAXS investigations were as strips

5 mm wide and 4 mm thick. For the relaxation measure-

ments, test strips in a size of 50 · 5 · 1 mm were used. In

the case of cooling rate of 2000 �C/min, for all the tests,

specimens in the form of plates of about 1 mm thick

were cut with a punching die.

2.3. X-ray analysis

The X-ray analysis was performed by the WAXS

method using the diffractometer DRON (Nauchpribor

Co., Orlov, Russia) with CuKa—radiation source

(k = 0.1542 nm) and Ni filter (slot 10 lm) (Cu anode,

voltage 40 kV, current 30 mA). The diffractograms were

recorded for angles (2H) between 10� and 30�.

2.4. DSC analysis

The structural changes in specimens were estimated

with respect to thermal effects of melting and crystalliza-

tion by differential scanning calorimetry (DSM-10M,

Institute of Biological Instruments, Russian Academy

of Sciences). The specimens as slices were cut from the

central region of PA6 plates; the weight was 7 mg; the

heating and cooling rates were 16 �C/min. The tempera-

ture was measured within the accuracy of ±0.2 �C. The
crystallinity degree was evaluated from the melting

(crystallization) heat of PA6. The working standard

was In (Tm = 156 �C, DHm = 28.45 J/g) [24].

2.5. Relaxation measurements

The relaxation transitions were studied by dynamic-

mechanical loss method using the reverse torsion pendu-

lum device designed at MPRI NAS of Belarus [25]. The

pendulum frequency was 1 Hz. The specimens were

heated at the rate of 1.5 �C/min within temperature

range from �150 up to 200 �C. The temperature mea-

surement accuracy was ±0.1 �C.
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