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i) it is a reversible process as the chains in the crystals

return to their original position on stress release.

ii) it indicates the underlying switching of hydrogen bonding

between neighbor molecules in the a-form at room temperature

under stress.

iii) this switching process induces, when it occurs, the rotation

of the hydrogen bonds in the direction of stretching.

The load-displacement curves indicate the existence of two linear

elastic regimes with two different moduli at the early stages of the

deformation at room temperature before necking occurs and marks the

onset of plastic deformation. The diffraction pattern discussed above

was obtained for a 15% stretching which lies in the second elastic

regime. This correlation suggests that the second elastic behavior may

originate from the finite and well defined transverse displacement of

the chains in the crystals undergoing the twinning process (lower

modulus)
.

For higher stresses, the elastic regime of the deformation

ends which corresponds to the further lateral displacement of the chains

in both crystalline and amorphous phases in the neck region.

b) Crystal Texture Development at Large Deformations:

Northolt and coworkers first investigated in 1972 the tensile

behavior of quenched nylon 11 thin films at relatively low temperatures

to their maximum draw ratio of about 4^"'". They reported two different
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modes Of orientation for the crystalline phase found xn the deforced and
annealed samples, depending on whether the deformation took place below
or above at about 45^C. They quite normally attributed these

differences to the alternate behav.or of the amorphous phase upon
deformation above and below T^. However, further experimental

observations by the same authors indicated that when annealed at a

temperature above T^, these films would exhibit the same difference

in orientation when deformed above and below the annealing temperature

instead of above and below Considering again the phenomenon to be

associated with the amorphous phase, the authors proposed that the state

of the amorphous hydrogen-bonded network had been strenghten by thermal

treatment, due to partial molecular molecular reorganization for

enhanced hydrogen-bonding. This of course implied that the general

concept of glass transition would have to be revised in the case of

nylons to account for the, more significant dependence of the glassy

state upon thermal histcry^^'

.

According to the p'ublished data^^ the two types of orientation for

the crystals (after annealing) are either uniplanar-axial or simply

axial whether deformation takes place below or above T^, respectively.

Description of these two modes of orientation were given in introduction

(Table 1.2).' Briefly, one particular crystallographic plane, namely the

hydrogen-bonded planes ((010) planes) of the crystal a-form tend to

align parallel to the film plane (in addition of the c-axis alignment in

the tensile direction) when deformation takes place below T . Also the

deformation is inhomogeneous and takes place by necking below T while
a.
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it becomes homogeneous above T Thorofr,.,-^ k ti^. Therefore, below crystals do not
show cylindrical symmetry around the fiber axis. The fact that

uniaxially oriented thxn strxps dont necessarily have cylindrical

symmetry in their final crystal texture is not so surprising, since the
decrease in thickness during stretching may be much more important than

the width reduction^O^ other similar observations have been reported
for other polymers like for example other nylons, PET and lightly

crosslinked polyethylene^°^^' ^' ^ Nontheless, the particularity of

nylon 11 rests upon its alternate behavior depending upon thermal

treatment and temperature of deformation. Figure 4.2 exhibits the

difference by WAXD between the two orientation modes (as they were

reproduced m our laboratory) with the incident X-ray beam parallel to

the tensile direction.

Northclt's interpretation was based cn the assumption that quenched

nylon 11 film.s were "non crystalline". However, it was demonstrated in

Chapter 1 how nylon 11 does in fact crystallize even on quenching to

yield ordered domains of smectic (about 20% smectic) with a melting

point at 187°C. Also, it was shown how thermal annealing gradually

transforms the smectic into a three dimensionally ordered crystal (in

the a- or 6 -form) by molecular reorganization in the solid state. This

process was described as a lateral ordering process. Both the time and

temperature of annealing were found to strongly affect the structure and

stability of the crystals formed, by controlling the extent of

structural rearrangement. For instance, thermograms of specimens of

nylon 11 on heating after annealing at a particular temperature T
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syste..atically exhibit an endothermc peak just above the annealing
temperature (figure 2.7), indicative of the thennal instability of the
crystals formed above T

a

our conjecture is that the alternate orxentability of the crystal
is closely related to the state of hydrogen-bondxng in the crystalline
phase, which as we now know depends upon thennal history. Deformati

at temperatures below involves mechanisms associated with the a-f

induced from the original smectic form during the annealing treatment.

Its layer-like anosotropic structure combines with the assymetric sample

geometry to yield the uniplanar-axial texture. And the expected ma3or

slip plane, i.e. the hydrogen-bonded plane of the a-form aligns parallel

to the film plane. At temperatures above however, the deformation

becomes homogeneous during the course of the deformation (no necking)

and the final crystal texture exhibits cylindrical symmetry. Crystals

in that temperature range have been proven to be of the hexagonal 6 -form

and undergo melting and recrystallization processes. Thus, gest that at

these temperatures, the anisotropic a-form becomes thermally too

unstable (or simply disrupts) to control the crystallography of the

deformation (by slip)
. In summary, the tensile behavior of nylon 11

films in free drawing is sensitive to the type of crystals initially

present, and^ indirectly to their state of hydrogen-bonding. Typical

WAXD and SAXD patterns of the uniplanar-axial texture developed in nylon

11 during free drawing at room temperature (after subsequent annealing

under no tension) are given in Figure 4.3 for two different orientations

of the X-ray beam with respect to the stretched specmen. Note that the
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Figure 4.3. WAXD (A and C) and SAXE- (B and D) patterns (for two
'

orientations of the incident beam) of the uniplanar-axial
texture formed in cold-crystaiiized nylon 11 tensile
stretched below the annealing temperature.



25 °C
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.a.e anisotropy the structure is found at both Wide and Snail anale
X-ray diffraction geometr.es. The "single crystal-li,e" te.ture xn
these doubly oriented stretched ribbon offers the possibility of
reinvestigating the crystalline structure fron the observed wide-angle
X-ray reflections and to cogent on the supen^oleoular morphology fro»
the small-angle X-ray reflections. This is presented in the ne.t
paragraph.

c) Stress-induced Order-Disorder Transition.

Structural investigation by X-ray of specimens deformed at

relatively large draw ratios and low temperatures indicate the

broadening and overlapping of the two X-ray reflections ((200) and (010)

reflections) descriptive of the chain packing perpendicular to the chain

axis. More precisely, this fingerprint of the deformation-induced form

resembles the smectic form found m quenched nylon 11 films (see

Chapter 2)
.

This suggests partial transformation of the crystals from

their original a-form into the smectic form. To further investigate

this order-disorder transition, thermograms of nylon 11 specimens drawn

to several different draw ratios at room temperatures were recorded and

are shown injigure 4.4. The major difference depicted between these

heating scans is located in the temperature region prior to the melting

endotherm. A broad and diffuse exotherm increases in size in that

region as the draw ratio increases. If the exotherm results from the

smectic-to-crystal conversion induced during the heating scan, this
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DSC heating curves at loVmin for tensile drawn nylon 11up to different draw ratios (at room temperature).
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result .3 cons.stent w.th an increase of the c.ystal-s.ect.c conversion
on cold drawxng wxth draw rat.o. Upon annealing, this stress-.nducea
smectic for. transforms bac. .nto the parent crystal it originated fro.
(and with a preferred orientation of the raaxn shear plane, the (010)

crystallographxc plane, parallel to the fil. plane) . These y.elds the
diffractions patterns depxcted in Fagures 4.2 and 4.3. A measure of the
kinetics of the smectic to crystal conversion is shown in figure 4.5,
where heating scans of stretched nylon 11 (at room temperature) were'

compared at various heating rates. The larger the scanning rate, the
lesser the extent of conversion during heating (and the smaller the

exotherm). At high temperatures (above =100=C), no smectic is produced
and crystals of the a-form remain after deformation.

It is not clear yet what mechanism causes the formation of the

disordered smectic on deformation at low temperatures in nylon 11.

Several generic models exist in the literature and helped explain the

same feature in other polymers which are reviewed here:

i) Occurrence of lateral chain packing disorder can result

from the application of large shear stress on small lamellar fragments

with high surface to volume ratio. Such a process should be

particularly_^well suited for polymers with small crystal size and low

crystallinity when deformed to relatively low draw ratio at low

temperature.
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ii. At high d.aw and low temperature, it .ight also simply

r -—a an. puiie, out ^oleo.les .to
the smectic fom due to the large underoooling.

This process is a pr.orx guUe unU.ely in the case of nylon U for
two reasons: The draw rat.o attained without sample .eohanical failure
are too low to ^ust.fy complete molecular unravelling of the charns from
the lamellar crystals. Also, such a process reguire the s^ultaneous
breaking of all hydrogen honds for the pulled out molecular seoment and
thus has a very high actrvation energy, m fact, the easiest and only
molecular movement that can be reasonably considered for nylons rn
general .n crystals .s molecular shearrng parallel to a plane containing
the largest number of hydrogen bonds. In that case, the smallest
possible number of hydrogen bonds needs be disrupted during the shear
process

.

Therefore, the first mechanism mentionned above is believed to be
responsible for the formation of the smectic during deformation at low
temperature. Annealing transforms the stress-induced smectic back into
the parent crystal.

d) Characterization of Crystal Forms in Nylon 11.

i) General Considerations.

Evidence of polymorphism in melt-crystallized nylon 11 has been

cited. The existence of the various ordered forms depends upon the
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the^odyna^c and .inetio conditions of crystallization (see Chapters 2

. 3, and defor^tion (see this chapter, . Pro„ the geo.etr.cal viev^o.nt
Of .olecular structure, the sy^etry of the lattice is function of the
Chain Mode of pacing (parallel versus antiparallel)

, the Side-by-side
:»ode of pacing of the hydrogen bonded sheets (progressive shift versus
staggered shift, and the .oleoular confoonation in the hydrocarbon
segments «hich ^xi^.es hydrogen bonding between andde groups as well
as van der Waals interactions (extended planar zigzag versus pleated
conformation,

. The general nomenclature in nylons is based on these
factors

Odd nylons , such as nylon 11, represent a particular category since
ma::i.um hydrogen bonding .s geometrzcally possible between both parallel
and antiparallel molecules xn the planar extended conformation without
molecular distortion. As a first approximation, both situations can

therefore be a priori equally expected for the molecular packing within
nylon 11 crystals. We propose to review the different fonr.s and assess

the nature of chain packing and the mode of hydrogen bonding from the

structural parameters of the different forms.

ii) The Smectic 8 '-form.

This form exhibits a "smectic-like" order, it crystallizes in

nylon 11 at high undercoolings (Chapter 2), but also partially forms

during deformation at low temperatures (Figure 4.4). Partial disorder

is found in the chains packing perpendicular to the chain axis. It is
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ant.pa.ane: Cains connected ,,,„,en .on.3 of va..ou. st.en,., ana
d..ecUons. ..ere is .oweve. .oiecu.a. ...t., along t.e Cain a^.s
w.t. an identity period sign.neanti, s.o.te. t.an t.e e.pecte. e«en.e.
convocation ,12.9 g instead of K., g, . ,,,3 indicates the :.,o. roie
Of a:t.de groups (and hydrogen-bonds, in controlling the lateral
placement of adjaoent charns desp.te important distortions between
recurring a^de groups along the oharn a.rs. . she^tic description was
displayed on figure 2.3. The average distance between the chains rs
equal to 4.22 2 at room temperature:

The rationale for the formation of thxs phase can be justified as
follows. Different types of molecular pacicing have been found

geometrically possible and are likely to have comparable energies.

Therefore, during quenching, it is likely that the system does not

separate out the most energetically favorable packing, leading to a

mixture of different tj^es of interactions. On deformation also,

crystal shearing to different extent induces partial disorder m the

mode of hydrogen bonding, as was already mentionned in the mechanism

proposed in the former paragraph. Annealing however allows the

molecular segment to rearrange into the most thermodynamically stable

three-dimensionally ordered crystalline a-fom.
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Table 4 .

1

Miller's Indices

hkl

Observed d-spacings Calculated d-spaclngs

001
002

13.19
6.53
4.41
3.90
4.37
2.21
3.87
3.38

4.28

3.97

3.44
2.21

13.16
003 6.58
010 4.38
200 3.88
AOO 4.38

210 2.19

410 3.89

201 2.42

202 4.40

203 3.98

006 3.41
2.19

14.45
(002)

^

(003)
^

(004)
^

(005)
^

7.25

4.87
3.69
2.94

7.32
4.88
3.67

(006)^
c 2.47 2.44
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iii) the Crystalline o-form.

Former investigations showed some disagreement for the crystal
structure of the a-forxn (table 1.4) and suggest reconsideration. Fxgure
4.6 Shows our indexation of all the observed X-ray reflections obtained
for different orientations of the incident X-ray beam with respect to
the tensile stretched specimen in the reciprocal space for the tensile
drawn and annealed specimens with "single-crystal-like" texture. The

unit cell parameters of nylon 11 in this form can be deduced at room

temperature in both real and reciprocal spaces and are given in Figure

4.7:

a=9.8 g; b=4.65 £; c=14.45 £;

0=68.5°; p=90.0° ; v =66.0°;

Each unit cell contains two monomers. The hydrocarbon segments are

close to their most extended 2/1 helix configuration. Table 4.1

compares the experimental and theoretical values obtained for all

d-spacings with our proposed unit cell. Details of the calculations of

the d-spacings and diffraction angles are given in Appendix B. Some

important implications are subjacent to the geometry of the unit cell.

Since p = 90°, a and c are normal vectors, which indicates that

hydrogen bonding preferentially takes place between antiparallel

molecules. Also, hydrogen bonded sheets are parallel to the (a,c)

plane. Because a 90°, they are progressively shifted by a constant

value (1.7 2) along the c-axis direction. Again, these layers are
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oriented parallel to the olans nf ^ ^plane of the deformed sample and the chains are
parallel to the tensile a.is. rioure 4.8 describes the molecular
confiauration of the unit cell. .:„ong the unit cells previously
reported, the one proposed by Dosiere and Point for rolled and annealed
Nylon 11 samples^" agrees best, but has different parameters. It
contradrcts the original structure proposed by Slichter^' and deprcted

- figure 4.9, Which assumes hydrogen bonding between parallel chains to
be preferred over antiparallel ones. Our result thus indicates that the
most stable configuration is given by the antxparallel arrangement of
molecules in the hydrogen bonded planes. Moreover, we mxght expect this
feature to be cruite general srnce, for nylon 11 and other "odd" nvlons,
maxima, hydrogen bonding can be achieved for srmilar conformation of the
hydrocarbon segments, wnich therefore should not affect the final

result

.

It IS of interest to recall the known structures adopted by "even"

nylons and compare them from the viewpoint addressed above. "Even"

nylons with short CH^ sequence (nylons 4 or 6) usually contain the a-

form with antiparallel arrangement"^' ^^^^ whereas the ones with long CH^

sequence (nylons 8, 10 or 12) appear preferentially in the y-form with

parallel conformation^^^' This difference corresponds to a radical

modification of the molecular conformation since molecules adopt a

pleated structure which permits maximum hydrogen bonding. However,

recent studies showed that crystallization (or annealing) at high

pressure or solution casting of these polyamides^^^"^^^ can also induce
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Triclinic Unit Cell assuming antiparallel

Chains and Shifted Sheets Packing

Figure 4.8 Suggested molecular structure in nylon 11 a-form It
assumes hydrogen bonding between antiparallel segments andshifted sheets packing. Hydrocarbon segments are also
slightly distorted from the perfectly extended planar
zigzag conformation.



Figure 4.9 Tricl.inic Unit Cell assuming Parallel Chains

and Shifted Sheets Packing
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th. apparition of the .-for. for these nylons. These observations lead
to the following conclusions:

For chort CH^ sequence, the fraction of amide groups is high and
hydrogen bonding between antiparallel molecules is preferred.

inversely, as the length of the CH^ sequence between amide groups
increases, the relative amount of Van der Waals interactions between

hydrocarbon segments of adjacent chains also increases in proportion to

hydrogen bonding interactions. Their input contributes largely in

defining the structure of lowest energy. And, hydrogen bonding between

parallel segments is experimentally found to be preferred. Nontheless,

by allowing these systems to crystallize under conditions which favor

maximum coupling by hydrogen bonds between amide groups, antiparallel

arrangement is again favored.

Therefore our result for odd nylons may be generalized to all co-

amino-carboxylic acid polyamides, in that the thermodynamically

preferred arrangement dictated by hydrogen bonding is the antiparallel

one

Another aspect of the diffraction patterns also deserves particular

attention. The prominent reflections situated diagonally on either side

of the meridian were indexed according to the triclinic unit cell and

were attributed to the progressive shifting in the packing of the

hydrogen-bonded layers. In addition to these, streaks can be seen along

several of the observed layer lines (mainly first and second) . Similar

observations have been made earlier, although they were considered as


