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Solid-state coextrusion draw was carried out for films of aggregates of solution- and melt-grown crystals of nylon-
6 with «- and+y-forms. Under ordinal crystallization conditions, the crystal form was primarily a monoclinic
a-form. Thus,a-crystals were converted to theform by iodine treatment, followed by treatment with aqueous
solution of sodium thiosulfate. The maximum extrusion draw ratio achieved (P& temperatures in the range

of 100-180C was greatly affected by both the crystal forms and the initial morphologies. At a given crystal
morphology, the EDR, for the y-crystals was higher than the-crystals. Further, the efficiency of draw
evaluated from the crystalline chain orientation was higherforystals tharx-crystals. For films withu-cry6

the intercrystalline network has an important role in transmitting the stress on draw. On the other hand, for films
with y-crystals, the effect of intercrystalline network on the efficiency of draw was less prominent. These results
were almost independent of the extrusion temperature studied. The effect of crystal form on the ductility is
explained based on the difference in the interchain interactions due to hydrogen bonding in the crystalline regions.
© 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION In this study, solid-state coextrusion was carried out for

Extensive work on the deformation of nonpolar semicrystal- f'lfﬂslg:]_g%:ﬁg?;i% ?;O??Agt'f)rﬂ'e 22% tirgtrell_t—gr;(;\?vvr\incrcrsﬁtlgls
line polymers has established that the entanglement densit)P y @ v X 9 Y

is one of the crucial factors determining the ductility of ;vfr;ebeﬁoé??r?tsé?\(jerﬁ)i; Ii?;eélﬁgingﬁgin%h I:mg]r:?sl,mgﬂqch
polymers™. We have shown that an effect of entangle- g g '

ments was also applicable to polar polymers including a relatively simple structure is suitable for the evaluation of

poly(ethylene terephthalafe) Further, Lin and Argoh € deformation mechanism of semicrystalline polymers
- P . with strong interchain interactions.

reported that the interchain interactions, such as hydrogen : o . .
bonding, suppress the shear slip of the crystalline chains Under ordinal c_rystalllzatlon conditions, the crystalline
during deformation. The ductility of polymers is primarily fsor‘,T r?]lcc:gggll' ns.(éluf]'cg?r:naq_?] ";elt:grm;‘t’gl:rysetf‘elscgfnnglr?gf
determined by the competition between the shear deforma—f[O the -folrn: O‘b iodineu t’rgatrze AP \',rvhe re(;/omi-
tion resistance and the tensile strength of the samples. Thushant mevchanism ¥or the moroholo iC;’i| transf%rmation of
a systematic study is necessary for the understanding of P 9

the effects of interchain interactions on the deformation iﬁ??ﬂ;ﬁ;ﬁa& filEtrgruasctisézusdgfrecrlss(tj;‘l(i:r?sser?alslsretl)a“?:gnt'\c-)
mechanism of semicrystalline polymers. y P y

Nylon-6 crystals can exist in two major forms; mono- paring the deformation behaviour ofcrystals with that

clinic o-form and monoclinic or pseudo hexagonal of y-crystals.

~v-form’=. The principal difference between the two

forms is a molecular packing. In the-form, hydrogen EXPERIMENTAL

bondings are formed between antiparallel chains. In the .

v-form, molecular chains have to twist away from the zigzag Sample preparation

planes to form hydrogen bonding between parallel chains. Nylon-6 (intrinsic viscosity = 1.0 dl/g) was kindly

As a result, the crystal density for theform is smaller than supplied by Toyobo, as polymer chips, free of additives.
that for the a-form. In addition, the distance between The chips were dissolved in hexylene glycol at A®0and
adjacent amidic groups, where hydrogen bondings aresolutions containing 0.07 wt.% of polymer were prepared.
formed, is longer for they-form than for a-form. These The crystals were precipitated from solution during slow
results suggest that interchain interactions in{Herm is cooling from 190C to room temperature. Oriented films
smaller than thex-form. Thus, the deformation behaviour of solution-grown crystals (SGC film) were prepared by
of the two crystalline forms may give useful information slowly filtering the crystal suspension at room temperature.
on the effect of interchain interaction on the ductility of The wet films were washed with methanol to exchange

semicrystalline polymers. hexylene glycol with a more volatile solvent, then they were
dried at 40C for 12 h under vacuum. Films of melt-grown
*To whom correspondence should be addressed crystals (MGC film) were obtained by a compression
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(B)

molding of the polymer chips at 220, followed by slow

(C)

Figure 1 WAXD and SAXS photographs of the original SGC film (A), iodine-treated film (B), and sodium thiosulfate-treated (reduced) film (C)

that the preferential orientation of theaxis (the chain axis)

cooling to room temperature. The SGC and MGC films of is perpendicular to the film surface. In addition, #zeand

~0.1 mm thickness were immersed in an iodine—potassium c-axes are randomly oriented within the plane parallel to the
agueous solution for 168 h at room temperature. The film surface. In the SAXS patterns, the intensity maxima
aqueous solution was composed of 39 g of iodine, 47 g of appeared on the equator, indicating the anisotropic orienta-
potassium iodide and 300 cc of distilled water. The iodine tion of lamellae with their fold surface parallel to the film
was washed out from the films by keeping them in a 0.13- surface. In this study, the direction of coextrusion was
mol/l sodium thiosulfate solution for 120 h at Z& After parallel to the surfaces of lamellae and SGC film. Thus at
the treatment of wash solution, no trace of iodine was the initial stage of deformation, the averaged angle between
detected in the films by elemental analysis. the extrusion direction and the lamellar normal) (vas
Melt-crystallized polyethylene or poly(4-methyl-1- about 90. It was revealed in our previous papgrthat
pentene) billets were cut in half, the SGC and MGC films the mechanism of morphological transformation from a
were then placed between the halves of the split billets, andlamellar to a fibrous structure during extrusion was almost
the assembly was coextruded at a constant temperature inndependent ofw. The iodine-treated film showed no
the range of 100-18C. The extrusion draw ratio (EDR) WAXD from the «-crystals and no SAXS maxima,
was evaluated by a measuring the separation between laterasuggesting that the sample was amorphous. Instead, weak

ink marks on the samples before and after the coextrusion.but new diffraction arcs appeared at a low angie+212).

Measurements
Wide-angle (WAXD) and small-angle X-ray scattering

Neither of these new peaks corresponds to the diffractions
from thea- or y-crystals. Several papérs*’report that the
nylon-6 iodine complex has an unigue structure character-

(SAXS) measurements were carried out on a Rigaku ized by three diffraction peaks at arourtl2 5.3, 11.5, and

RU-200 diffraction unit with a Ni-filtered Cu & radiation

23.C. In this study, however, the details of the unique

generated at 50 kV and 150 mA. The longitudinal crystallite structure were not discussed, since such work was out of

sizes were determined from (0 14,0and (0 2 0) reflec-
tions for the a- and y-forms, respectively, by using the
Scherrer equation.

Sample densities were determined at@B0n a density
gradient column to an accuracy of 0.001 g/cr, using a

the scope of the present study.

The~-form crystals appeared when the iodine molecules
were eliminated by sodium thiosulfate and, simultaneously,
the SAXS intensity maxima reappeardeigure 1Q. It is
interesting that the direction of the crystal fiber axes in the

mixture of n-heptane and carbon tetrachloride. The weight -form is again perpendicular to the film surface, and that
percent crystallinity was calculated from the observed the fold surface of the lamellae is oriented parallel to the
density on the basis of a two-phase model. The crystalline film surface, as observed for the initial SGC film. Such

densities were taken to be 1.24 and 1.16 g/dor the
a-crystal’ and they-crystal®, respectively. The amorphous
density was taken to be 1.08 g/¢th

orientation is similar to that of the untreated original SGC
film (seeFigure 1A). After crystal conversion frona- to
vy-form by the chemical treatments (reduced film), the long

The dynamic mechanical analyses were performed on aperiod as well as crystallite size along the chain direction

Rheovibron DDV-II-EP visco-elastometer (Orientec) at a fre-

were increased. Although the sample density decreased,

guency of 110 Hz. The measurements were carried out over ahe degrees of crystallinity were increased with chemical

temperature range of 30—2Z@at a heating rate o C/min.

RESULTS AND DISCUSSION

Pre-drawn morphology

Figure 1 shows WAXD and SAXS photographs of the
original SGC film Figure 1A, the iodine-treated film
(Figure 1B), followed by the sodium thiosulfate-treated
film (reduced film,Figure 1Q. These photographs were
obtained with an incident X-ray beam parallel to the film
surface. For the original film, the WAXD patterns showed
that the crystals were predominantly in thdorm, and the
intensity maxima of both the (20Q)and (202+ 002),

treatment, reflecting the lower crystal density of théorm
compared with that of-form. These are summarized in
Table 1

For the MGC film, the structural changes caused by
the chemical treatments were slightly different from
those observed in the SGC filmBigure 2 shows WAXD
and SAXS photographs of the original filrRigure 2A and
reduced film Figure 2B). These photographs were obtained
with the incident X-ray beam parallel to the film surface.
The WAXD patterns of original film Eigure 24 showed
that thea-crystals oriented randomly within the film. After
the iodine treatments, the-crystals disappeared, similar
to the case of SGC film (data not shown). With the sodium

reflections appeared on the meridian. The profiles suggestthiosulfate treatment Figure 2B, ~-crystals with an
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anisotropic orientation appeared. The degree of orientationfilm. Further the degree of crystallinity for the MGC film
increased with increasing the concentration of iodine increased from 46 to 68% with chemical treatments (see
molecules in the solutions (data not shown). At present, Table J).

however, the reason for the appearance of an anisotropic In order to evaluate the structural changes in noncrystal-
arrangement of the crystals is not clear. Contrary to the caseline regions with chemical treatments, dynamic mechanical
of the SGC film, the scattering intensity maxima in the measurements were carried owfigure 4 shows the
SAXS profile were not reproduced by the sodium thiosulfate temperature dependences of storag®) (and loss E")
treatment. The missing intensity maxima in the SAXS moduli for the original SGC and MGC films witt-crystals
profile of the reduced sample indicates that the difference in (SGC, and MGG, and the reduced SGC and MGC films
electron density between the crystalline and noncrystalline with y-crystals (SGG, and MGG,)). As can be seen in
regions is small. Thus, the reduced sample was stained byFigures 1 and 2for the SGG,, SGC,, and MGG,,, the
RuO, vapor for 54 h, which selectively absorbed in the molecular chains in the crystalline regions orient almost
amorphous regions, leading to the observation of a long perpendicular to the film surface. In this work, the direction
period of scattering maxima. The resultant SAXS patterns of dynamic stress was parallel to the film surface. Thus the
are shown inFigure 3 After the staining, the intensity data for the SG;), SGC,) and MGG, shown inFigure 4
maxima appeared with a slight anisotropic character. The involved anisotropic characteristics. For the SGC films,
long periods calculated frofigure 3AandC were 93 and both the original and reduced samples show, qualitatively,
91 A, respectively. Although, the change with chemical similar temperature dependencesEfandE”". At a given
treatment is quite small compared with the case for the SGCtemperature, the two samples exhibited different values of
samples, the value of 91 far the reduced sample is similar E’. This arises because of the difference in the crystal
to that for the reduced SGC film. Unfortunately, for the modulus along the chain direction, since the crystal modulus
original MGC film the reflection intensity from (0 14 Q) of the y-form is only 20% of that for thex-form in the
plane was too weak to calculate the crystallite size. original samplé®. On the other hand, for the MGC films,
However, the longitudinal crystallite size of the reduced the temperature dependencesEdfandE” for the reduced
sample was 72 Acomparable to that of the reduced SGC sample are quite different from those for the original
sample. With the chemical treatments (reduced sample), the
a-dispersion curve, corresponding to the onset of micro-
Brownian motions of noncrystalline segmeéritdecame
broader and shifted to a higher temperature. Simultan-
eously, the drop oE’ around thex-dispersion became less
prominent.

The results clearly indicate that the noncrystalline
segments in the reduced film are highly strained, compared
with those in the original film, suggesting that a large
structural change was induced by the chemical treatments.
The interesting fact is that the temperature dependences
of E" andE" for the MGC¢y) are similar to that of SGGj.

As already mentioned, degrees of crystallinity, long

Figure 2 WAXD and SAXS photographs of the original MGC film (A) period, and I_OngitUdinal crystallite size for the MG@(
and the reduced film (B) are also similar to those for the SG@( These results

Table 1 Structural factors of the original and reduced SGC and MGC films

Sample Density (g/cﬁ) Crystallinity (%) Long period ZA Crystal size EA""
SGC

Original 1.166 58.7 64 45

Reduced 1.135 70.6 93 73
MGC

Original 1.146 45.9 93

Reduced 1.133 68.1 91 72

2 Along the chain direction

L=92.5A L=90.8 A

Figure 3 SAXS photographs of the original MGC film (A), reduced film (B), and the stained film (C)
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suggest that the morphology of MG{J(is similar to that
of SGCf).

Several mechanisms have been proposed for the trans-
formation of thewa- to the y-form by iodine treatments,
followed by the removal of iodine molecules with sodium
thiosulfaté®~2 The explanations, however, are sometimes
controversial. As stated, the WAXD and SAXS results
revealed that the iodine-treated SGC and MGC films
were almost amorphous. When these amorphous films were
treated with the aqueous solution of sodium thiosulfate,
characteristic crystalline morphologies appeared in the
treated films (reduced state). Further, the morphologies
developed were dependent on the conditions for the
treatments. With increasing treatment temperature and
decreasing concentration of sodium thiosulfate in the
solution, the fraction ofa-crystals increased (data not
shown). These results suggest that crystallization proceeds
during the removal of iodine molecules by sodium thio-
sulfate from the amorphous films. The crystallization
condition is a function of treatment temperature and the
concentration of sodium thiosulfate. Therefore, the crystal-
line morphology developed in the reduced films is deter-
mined by the treatment conditions, independent of pre-
treated morphology. This consideration is partly supported
by the experimental facts that MGE( has a similar
morphology to SGCY).

Deformation behaviour

In Figure 5 the maximum achieved extrusion draw ratio
(EDRmay is plotted against extrusion temperatuiig)(for
SGQy), SGG,), MGC,) and MGG, films. It can be seen
that, for each set of SGC and MGC films, the ERRfor
the films with y-crystals is higher than for films with
a-crystals. In addition, for the same crystalline form, the
EDRaxis higher for the SGC than for the MGC films. The
results clearly indicate that the apparent ductility of nylon-6
crystals is higher for the-form than for thea-form. In
addition, as has been observed in several polymers, the
lower the entanglement density in the pre-drawn films,
the higher the apparent ductility.

Numerous studies have been made of the deformation
behaviour of nylon-6. However, most of them were limited
to samples withx-crystals. Little work has been reported
on the deformation mechanism pfcrystals of nylon-6 and
the morphological characteristics of the drawn fiB&r&®
Arimoto reported® that they-crystals were destroyed and
converted into the fiber structure of the uswaform by
drawing. On the other hand, Miyasaka and Ishik&va
suggest that the stress-inducgdo o conversion is a first-
order crystal—crystal transition. However, none of the above
mechanisms are correlated with the ductility of crystalline
regions.

Figure 6 shows WAXD and SAXS photographs of
the extrudates from the SGE The extrusion was made at
18C°C. As can be seen iRigure 5 the SGG,) showed the
highest EDR,,xamong the samples. At a small strain (EDR
< 2), the intensity maxima in the WAXD profiles from the
a-Crystals appeared on the equator, but there still existed a
strong intensity of reflection due to thecrystals keeping
their initial orientation. The SAXS intensity maxima on the
meridian became evident even at a small strain. At a larger
strain (EDR> 4), they-crystals still exist, but the crystal
fiber axes rotated from the original position to the extrusion
direction. This means that a part of thecrystals cannot
deform completely, even at the highest deformation ratio of
6.7 achieved in this work. At a higher EDR, the long period
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Pre-drawn
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: Te=180"C

EDR=4.9
EDR=6.7

Figure 6 WAXD and SAXS photographs of the extrudates from S&C
obtained aff, = 180°C

Draw direction

along the fiber axis of the extrudate, calculated from the
SAXS profiles, was determined only by the functionTgf
independent of EDR and of morphology of predrawn films
with different crystalline forms and different lamellar
thickness. The higher th&,, the longer the long period

100
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Figure 7 Relation betweef, and long period of the extrudates from the
SGC and MGC films withx- and+y-forms (EDR~4.0)

From SGC( a) From SGC(r)

Draw direction

Te=180C

EDR=4.9

EDR=4.9

Figure 8 WAXD and SAXS photographs of the extrudates from SGC
and SGG,

From MGC(a)

Draw direction

Te=180°C

EDR=3.8

Figure 9 WAXD and SAXS photographs of the extrudates from SGC
and MGGy

EDR=3.8

as shown inFigure 7. These results can be explained by
the destruction of the original lamellae followed by a
reorganization af,, similar to the case of polyethylene and
polypropylenéd”?2 and in accordance with the considera-
tion by Arimotc®,

The efficiency of draw in the crystalline regions was also
affected by the initial crystalline form and the crystalline
morphology. Figure 8 shows the WAXD and SAXS
photographs are shown for two extrudates with the same
EDR of 4.9, but obtained from different crystalline forms,
SG(C, and SGG,. For the SGG,, the crystal fiber axis
oriented both parallel and perpendicular to the extrusion
direction. In the SAXS pattern, the intensity maxima were
observed on both meridian and equator. These results
indicate that a part of the original lamellae was not
deformed and stayed at the original position even after the
extrusiot”. On the other hand, for the SG§ most of
the crystal fiber axis oriented parallel to the extrusion
direction and the intensity maxima from the original
lamellae disappeared in the SAXS profiégure 9provides
WAXD and SAXS photographs of two extrudates with the
same EDR of 3.8, but obtained from different crystalline
morphologies, SGf and MGG, It can be clearly seen
that the efficiency of draw, as evaluated by the chain
orientation in the crystalline regions, is higher for the
MGC, than for the SGG,. It is well known that bulk
crystallized morphology has many more intercrystalline tie
molecules, compared with those in the solution-grown
crystals. The present results suggest that the intercrystalline
network plays an important role for the deformation of
a-crystals of nylon-6. On the other hand, for therystals,
the effects of intercrystalline networks on the efficiency of
draw seem to be less prominent, because the WAXD and
SAXS profiles of the extrudates from SgCare quite
similar to those from MGG, as revealed ifrigure 1Q
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From SGC( ) From MGC(7)

Draw direction

Te=180C

EDR=4.9

Figure 10 WAXD and SAXS photographs of the extrudates from S C
and MGG,

Kanamoto et al reported® that the intercrystalline
network and entanglements of the original samples of
polyethylene have a remarkable effect on ductility, but do
not have an important effect on the efficiency of draw.
Further, they suggested that the interfacial friction and

adhesion between crystalline lamellae is the primary 9.
mechanism for the deformation. In nylon-6 crystals, the 10.

chain sliding and/or slippage are severely restricted by the 1

hydrogen bonding, which induces a high stress on draw. ;5.

Thus, for nylon-6, the force of interfacial friction between

lamellae is not large enough to pull out the chain from 13.
crystalline phases. In this case, the intercrystalline network 14-
is likely to play an important role in transmitting the stress 7z’

: 3031 16.
on draw. Based on the crystallographic dafa3®3*of the 17

a- and y-forms, the number of hydrogen bondings per

volume and the distance between adjacent amidic groups inl8-

the crystalline regions were calculated. The numbers of the 19

a- andy-forms are 8.2x 1072 and 6.2x 1072 (per A%, 20.
respectively, and the distances for theandy-forms are 1.6
and 2.1 A respectively. 21.
Such differences might enhance the ductility as well as gg
the efficiency of draw in the crystalline regions of nylon-6 5,
with the y-form. 25,
26.
CONCLUSION 27.

(1) The crystalline form of solution-grown crystals of og.
nylon-6 could be transformed from the- to the 29.

y-crystal form without a large scale molecular
rearrangements.

(2) The deformability of nylon-6 was greatly affected by
the crystalline form; the-form is more ductile than the
a-form.
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EDR=4.6 3

Noa

©

(3) However, they-type crystals were not completely
deformed, even at the highest deformation ratio of 6.7
achieved in this work.
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