. Netsu Sokutei 12(1) 2—20 (1985)
T4 v 6 DELEZEE)

BT, 0T
(B3F 69 4 9 f 26 B3ZRE)
The Melting Behavior of Nylon 6
Minoru Todoki and Tatsuro Kawaguchi

The melting behavior of nylon 6 yarns was studied by three kinds of DSC (differential
scanning calorimetry) techniques; zero- entropy -production (z-e-p), conventional, and con-
straint melting techniques.

The introduction of cross-links into the amorphous part by irradiating the samples with
7-rays in gaseous acetylene proved an effective technique for suppressing reorganization of
the imperfect crystals occurring during the DSC heating. The melting curve thus obtained
was demonstrated to represent the melting point distribution inherent to the original crystal
in the sample, i.e., what Wunderlich calls z-e-p melting point. Effects of drawing and anneal-
ing conditions of the yarns to the z-e-p melting were investigated in detail.

Secondly, origin of the double melting peaks of the drawn yarn observed frequently with
a conventional DSC technique was studied by combining nonisothermal annealing simulating
the DSC heating process and the above z-e-p technique. It was concluded that the double
peaks are the result of superposition of three processes which occur successively during
heating; perfection of the original crystal, melting of the perfected crystal concurrently with
recrystallization, and melting of the recrystallized one.

Finally, the melting of the samples prevented from shrinking during the heating was
studied. The DSC curve exhibiting a single peak at a higher temperature instead of the double
peaks described above is explained quantitatively in terms of the perfecting of the original
crystal followed by monotonic melting of the perfected crystal. The absence of recrystalli-
zation is the main reason for the appearance of the single peak. The melting temperature of
the constrained sample increases linearly with draw ratio, being independent of the z-e-p
melting point. The elevation of the melting temperature can be explained by one of the
entropical superheating models drawn theoretically by Zachmann. This strongly supports
the drawn fiber structure model that the oriented crystals are connected tightly by lots of
tie molecules.
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Fig. 1 Schematic drawing of the Gibbs free energy
of equilibrium and metastable states. The
significance of the melting points symbol-
ized by O, @ and A will be discussed in
the latter part of the text. (Newly drawn
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Fig. 2 Melting curves of 5.0x drawn nylon 6 yarn
(Sample A) irradiated with 7-rays in
acetylene gas.
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Fig. 6 Melting curves of undrawn nylon 6 yarn
irradiated with r-rays in acetylene gas.
Only the melting curve with the lowest
peak temperature is shown for the heat-
treated sample.
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Fig. 7 Effect of irradiation dose in acetylene gas

on the heat of fusion of nylon 6 yarns:
(&) 5.0x drawn yarn; (O) undrawn yarn;
(@) heat-treated (180°C, 1 min) undrawn
yarn. Arrows indicate the heat of fusion
of the sample with the lowest melting
temperature.
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Fig. 8-a Change in melting curve of unirradiated
Sample A with heating rate. The heating
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per full scale) of DSC measurements were
as follows: (2.5, 1); (10, 4); (40, 16).
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Fig. 8-b Change in melting curve of Sample A
irradiated at the optimum dose (5 Mrad)
with heating rate. DSC conditions were
the same as in Fig. 8-a. (Successive curves
are shifted along ordinate.)
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Fig. 9 Thermal shrinkage curves measured under
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K min™" heating with 5 Mrad-Sample A.
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Fig. 10 Z-e-p melting curves of Sample A annealed
at indicated temperatures for 10 s allow-
ing to shrink freely. The corresponding
shrinkage is shown by O in Fig. 9. Prior
to the DSC analysis, the samples were
irradiated with 7-rays in acetylene gas at

each optimum dose.
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Fig. 11 Peak temperature vs. annealing tempera-
ture of the melting curves shown in
Fig. 10. The solid straight line represents
the relation that the peak temperature is
equal to the annealing temperature.
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Fig. 12 Melting curves of the samples shown in
Fig. 10 but obtained without r-rays
irradiation.
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Table 1  Proposed origins of double melting peaks.
Reference Material Type of origin
White (25) Drawn nylon 66 Disorientation and melting
of oriented crystals.
Yoshimoto et al.  (30) | Melt-crystallized annealed nylon 6 Melting of crystals of a
single morphological form
Kanetsunaeral  (31) | Undrawn annealed poly(ethylene differing in size and/or
terephthalate) (PET) perfectness.
Yubayashietal. (32) | Drawn PET Melting of morphologically
Hybart et al. (33) | Drawn, precipitated, and annealed different crystals such as
nylon 66 folded-chain lamellae and
Bell er al (34-36) | Drawn annealed nylon 66, PET, and partially extended-chain
iso-polystyrene crystals.
Roberts (37) | Unoriented annealed PET
Mandelkern er al. (38) Polyethylene (PE) single crystals Partial or complete
Wunderlich eral. (29) | Polyoxymethylene single crystals melting of original
Bair et al. (7) | PE single crystals crystals followed by
lkeda 39) | Unoriented annealed PET recrystallization.
Nakajima etal ~ (40) | Poly-4-methyl-pentene-1 single
crystals
Nealy et al. (41) | Cold- and melt-crystallized PET
Holdsworth ef al. (42) | Unoriented annealed PET
Roberts (43) | Annealed PET
Bell er al. (44, 45) | Annealed PET and as-drawn nylon 66
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Fig. 13 Melting curves of Sample A obtained by
three thermal analysis techniques: (A)
z-e-p technique; (B) conventional tech-
nique; (C) constraint technique. Curves A
and B were reproduced from Fig. 2.
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Fig. 14 Z-e-p melting curves of non-isothermally
annealed Sample A. The maximum anneal-
ing temperature T,, is indicated. The
dashed curve is a reproduction of Curve B

in Fig. 13.
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Fig. 16 DSC diagram constructed for the melting
of unirradiated Sample A. The dashed
curve is a reproduction of Curve B in
Fig. 13. AH,, AH;, and AH, indicate
the heat of exothermic reorganization of
the original crystals in Sample A, the heat
of fusion of the reorganized crystals, and
the heat of fusion (16.5 cal g7!) obtained
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Fig. 20 Z-e-p melting curves of nonisothermally

and under-constraint annealed Sample A.
The maximum annealing temperature is
indicated. The dashed curve is a reproduc-
tion of Curve C in Fig. 13.
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Fig. 21 Constructed DSC diagram for the melting

of unirradiated, constrained Sample A.
Observed curve is a reproduction of
Curve C in Fig. 13.
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Fig. 22 Z-e-p melting curves of Samples B drawn
at 55°C: (a) undrawn; (b) 2.5x; {c) 3.0x;
(d) 4.0x; () 5.0x. (Hereafter this melting
technique is referred to as technique A.)
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Fig. 23 Melting curves of Samples B analyzed with
a conventional DSC technique (technique
B). Key is the same as in Fig. 22.
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Fig. 24 Melting curves of Samples B analyzed with

constraint technique (technique C).
Key is the same as in Fig. 22.
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Fig. 25 Plots of the melting peak temperatures of

Samples B vs. draw ratio. Draw tempera-
tures and thermal analysis techniques used
are indicated. Note the change in scale of
the ordinate.
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Fig. 26 Plots of the melting temperatures of iso-

thermally annealed Sample A vs. annealing
temperature: (@) annealed at constant
length; (O) annealed without tension.
Shrinkage on annealing is indicated in
parentheses. Thermal analysis was carried
out by techniques A and C.
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Fig. 27 Melting curves of Sample A annealed at
constant length at 230°C for 10 scc.
Thermal analysis was carried out by
techniques B and C. Dashed curves are
identical with curves B and C in Fig. 13.
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Fig. 28 Wide-angle X-ray diffraction patterns of
the same samples as in Fig. 27.
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Fig. 29 Melting curves of Sample A anncaled at
constant length at 230°C for 40 h in DSC
apparatus. Arrow indicates the annealing
temperature. Thermal analysis was con-
ducted by techniques B and C.
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Schematic drawing of the change in
entropy of melting of polymers with
changing length of the amorphous seg-
ments N. Cases B and C cause superhecat-
ing. (Drawn after Zachmann.®)
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