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Abstract

Multi-scale analyses were carried out on polyamide 66 (PA66) fibres by single fibre mechanical tests, scanning electron microscopy
observations, wide-angle X-ray diffraction (WAXD) characterisation coupled with profile fitting procedure and pi-Raman extensometry. The study
has attempted to reveal the microstructural parameters controlling tensile mechanical performance (i.e. stiffness and damage), to describe the
micro-mechanisms of deformation involved during loading and finally to suggest a microstructural model. The main role played by isotropic
amorphous regions during the first steps of deformation and the initiation of enthalpic deformation modes at higher strain levels were observed
either by WAXD or p-Raman spectroscopy. A crystallization process, induced by mechanical loading, was noted. The final deformation regime,
described as viscoplastic, was seen to be activated beyond a threshold strain-value and to be due to macrofibril sliding. These coupled analyses
have revealed the discontinuous character of the microfibrillar structure and have enabled a microstructural model for the fibre to be proposed.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polyamide 66 fibres (PA66) are complex engineering
polymers used for a wide range of industrial applications. In
such roles the material has to exhibit high resistance to crack
initiation, which imparts high toughness to unnotched
materials. Many studies have been carried out on PAs fibres
in order to correlate macroscopic mechanical properties with
microstructural parameters. Several microstructural models
have attempted to describe the morphological architecture of
semi-crystalline fibres. The microfibrillar structure of PA fibres
has been largely described in the literature [1-4] and the
macrofibrillar entities have been proposed by Oudet et al. [5].
The commonly used ‘Swiss-Cheese’ model of Prevorsek
describes a parallel model in which an oriented amorphous
interfibrillar phase controls stiffness and tenacity [4].

The crystalline orientation and many crystalline morpho-
logical characteristics such as index of crystallinity, degree of
crystalline perfection or orientation, apparent crystallite size,...
have been traditionally measured to a high accuracy and
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precision by wide-angle X-ray diffraction (WAXD) [6].
Thanks to the development of profile fitting procedures,
amorphous domains can now be characterized in the same
way as crystalline domains and permit a more accurate
description of semi-crystalline structures to be made [7-15].
The significance of this procedure has been discussed in a
previous paper which drew on differential scanning calorimetry
and birefringence to confirm the observations [16].

Here, in a first step, the WAXD microstructural comparison
by WAXD of three PA66 fibre grades has been investigated
coupled with mechanical characterisation under tensile loading
conditions, including strain-rates effects. Additionally, the
micro-mechanisms of deformation during tensile loading have
been investigated on an ultra-high performance PA66 fibre
using the WAXD procedure, p-Raman spectroscopy and
scanning electron microscopy (SEM) observations.

An original micro-mechanics approach based on p-Raman
spectroscopy has been applied for the first time to a semi-
crystalline system and has permitted preferentially C—C bond
elongation due to the crystalline or the oriented amorphous
domains to be followed.

This paper attempts to reveal the microstructural par-
ameters, in PA66 fibres, controlling tensile mechanical
performance (i.e. stiffness and damage), to describe
the micro-mechanisms of deformation involved during loading
and finally to suggest a microstructural model of the fibre.


http://www.elsevier.com/locate/polymer

368 A. Marcellan et al. / Polymer 47 (2006) 367-378

2. Materials and experimental methods
2.1. Materials

The materials of interest consisted of three grades of
poly(hexamethylene adipamide) (PA66) fibres produced by
Rhodia (France). Two of them were multifilaments used in tyre
reinforcement, respectively called ultra-high performance
fibre (UHPF) and high performance fibre (HPF), whereas the
last one was a monofilament produced for textile applications
(TM). TM yarns exhibit lower mechanical properties due to the
fibre processing used and contain 0.4 wt%. TiO, fillers
(particle mean size=0.2 pm).

All type of the fibres considered had a consistent mean
diameter along the fibre axis of about 30 um.

As a first step, comparative microstructural analyses were
performed on these three grades in order to better understand
the effects of microstructural parameters on mechanical
performance. In a second step, micro-mechanisms of defor-
mation involved during monotonic loading were analysed on
UHPF, the sample presenting the most interesting mechanical
properties.

2.2. Mechanical testing and scanning electron microscopy

Single fibres were tested under controlled conditions of
temperature and relative humidity (21 °C and 50% RH) with a
universal testing device. The loading was monitored with an
accuracy of +0.05 g and the cross head displacement to +
0.001 mm under tensile conditions [17]. The specimen gauge
length was 50 mm. Fibre diameters were systematically
measured before tests with an accuracy of 0.1 pm. Three strain
rates, given in Table 1, were used in order to study viscoelastic
effects during tensile loading.

Observations of the fibre surfaces after tensile or relaxation
tests were made using a LEO DSM982 Gemini Field Emission
Gun Scanning Electron Microscope at an acceleration voltage
of 2 kV.

2.3. Wide-angle X-ray diffraction (WAXD)

Wide-angle X-ray diffraction measurements were obtained
with a Siemens D500 diffractometer in the transmission mode
using Co K, radiation (A=1.789 A). Detection was ensured by
an Elphyse linear detector.

In order to carry out WAXD measurements under
mechanical loading, a specific sample holder, maintaining
individual fibres parallel to one another has been designed
[18].

Table 1

Strain rates range used for mechanical characterization

Strain rates RH RM RL

de/dt 400% min ™" 100% min ™" 20% min ™!
6.6X107%s™! 1.6X1072s™! 33X107%s7!

Yarns were first submitted to different strain levels using a
tensile machine (MTS, using a force capacity of 5000 N).
For each strain level of interest, the strain was maintained in the
tensile machine for more than 30 min, in order to stabilize the
viscoelastic component of the behaviour. After stabilisation of
stress vs. time, the sample holder was then attached to the fibres
at the extension level fixed by the mechanical device, removed
from the tensile machine and placed directly in the X-ray
goniometer. For different levels of strain, new samples were
used. Only the ultra-high performance fibres, UHPF, have been
analysed at different nominal strain levels: 0, 3.5 and 10%,
three states of deformation noted respectively UHPF-0%,
UHPF-3.5% and UHPF-10%. Beyond 10% of nominal strain,
fibre failures occurred.

The scans were collected between the following diffraction
angles 260=15 and 40°. #-26 scans were obtained with the
sample spinning in its own plane to determine orientation and
evaluate the index of crystallinity. A sequence of #—26 scans
were carried out for variants of azimuthal angle, noted ¢. ¢
values ranged from —90 to 90°, with azimuthal increments A¢
from 2.5 to 10°.

Equatorial scans, conventionally ¢ =0°, were performed to
determine crystalline perfection, phase proportions and
apparent crystallite sizes.

2.3.1. Profile fitting procedure

The 6-20 scans obtained at various azimuthal angles were
resolved into crystalline and amorphous contribution using a
profile fitting program based on the least-square procedure
(Topas P, Briicker). The background was supposed linear, in
order to reduce the number of parameters. Details of the detail
procedure are given elsewhere [18].

After a preliminary study and inspired by recent works on
PAG fibres [7,9-12,14], the Pearson VII function was found to
describe adequately and stabilise the diffracted patterns. The
shape factor was fixed at 2 for all the peaks.

Near the equatorial position, two crystalline peaks, (100)
and (010,110), were seen to emerge from the amorphous halo,
see Fig. 1. The (100) layer and the (010,110) doublet positions
were maintained fixed after an optimisation procedure of their
position in an equatorial scan [18]. The parameters of the
amorphous and crystalline peaks were plotted as a function of
azimuthal angle ¢, in order to determine the different
microstructural characteristics.

2.4. Micro-Raman spectroscopy

Raman spectra were obtained using a Dilor ‘XY’
spectrometer (Lille, France) with a double holographic
monochromator and X-Y micrometric plate allowing 2D
displacements. The source was an Ar*—Kr™ ion laser (model
‘Innova 70’, coherent), used at a wavelength of 647.1 nm and a
power of less of 15 mW (spot size ~1 pum). Aperture slits were
about 60 pm. Excitation and collection were performed with an
Olympus optical microscope (X 1000) used under confocal
conditions. Detection was ensured by a high sensitive nitrogen-
cooled charge coupled (CCD) camera (2000 X 250 pixels with
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Fig. 1. WAXD equatorial (¢ =0°) 626 scan resolved into amorphous (am) and crystalline ((100) and (010)+ (110)) contributions. The baseline is shown as linear,

(UHPF).

rear illumination), giving a resolution of 0.3 cm™'. Low
frequency modes have been investigated from 30 to 500 cm ™'
Raman scans have been treated, using mixed Lorentzian/
Gaussian profile fittings in order to isolate the Rayleigh
diffusion contribution on the spectra.

A single fibre was mounted in a universal fibre tester device
and subjected to different strain levels. Raman spectra obtained
during mechanical loading were monitored after a delay of
300 s, in order to stabilise the viscoelastic component of the
behaviour. Exposure times were about 900 s. The laser was
positioned in the fibre centre and focused on fibre edges in
order to collect the signal from the fibre core. Scans were
collected under polarisation perpendicular to the fibre axis,
noted . Details of the procedure are given elsewhere [19].

3. Results and analysis

3.1. WAXD comparative microstructural characterization

of UHPF, HPF and TM

0-260 WAXD scans were obtained for various azimuthal
angles. Fig. 1(a) and (b) shows, respectively, an example of a
profile fitting of an equatorial pattern and the two dimensional
X-ray diffraction image. WAXD measurements coupled with
profile fitting provided information at different scales: crystal-
line domains and amorphous regions. The amorphous regions
can more accurately be described as non-crystalline, because
these domains have some degree of medium-range order,
which is not expected in a truly amorphous phase. However,
the term ‘amorphous’, distinguishing both ‘isotropic’ and
‘oriented’ amorphous domains will be used, see Fig. 1(b).

Profile results of the 6-26 scans were plotted Fig. 2 as a
function of azimuthal angle for crystalline and amorphous
contributions. Results are summarised in Table 2.

3.1.1. Crystalline domains: phase identification and index
of perfection

The o phase initially defined by Bunn and Garner [20] has
been identified as the major phase in these fibres. Only traces of
the B phase were observed at 20=12° for (002) layers
reflections, and no y phase was seen.

The description of the triclinic unitary cell o (a=4.9 A, b=
54A,c=172 A, a=48.5° 8=77°, y=63.5°, ¢ along the chain
axis [20]) has been refined into o and oy phases [21]. o and oy
phases are described as slight variations of crystallographic
parameters of the o phase, the o phase being more highly ordered

than the oy phase (density of o and oy phases are respectively,
doy=1213 gcm™ > and doy=1.173 g cm ™ > [22]).

The index of crystalline perfection, ICP, is defined under
equatorial configuration as the angular distance between the
(010,110) doublet and the (100) plans:

ICP = 0,610,110y — 0100 (N

The ICP was estimated for all grades and interpreted in terms
of the ratio of o and ay; phases. Therefore, it is assumed that
crystalline perfection was directly proportional to the theo-
retical crystalline perfection of oy and oy crystals (Af,;=1.75°,
Af,;1=0.42°, with Cu K,, radiation [21]). The og phase was
largely predominant in all samples, with TM yarns showing
slightly less o phase.

3.1.2. Crystalline domains: apparent crystallite size (ACS)

Profile analysis of equatorial scans was used to obtain an
apparent crystallite size, ACSy; in the normal direction of (hkl)
layers using the Scherrer’s formula [23]:

0.91
ACS)y=——"—— 2)
Aﬁhkl *COS Hhkl

In which 2 is the wavelength, 0 the peak position and Af, the
full-width at half-maximum of crystalline peak.

WAXD measurements only gave an average value for ACS,
see Table 2. However, WAXD results for equatorial scans
show slightly smaller ACS;( in the TM sample than in the
UHPF and HPF samples. Moreover, according to Fig. 2(b), the
apparent crystallite size, ACS;qg is @ maximum at the equator
and the larger crystallites seem to be oriented along the fibre
axis during processing. The same trend is observed for all
samples. Nevertheless, the UHPF seems to present the
narrowest distribution of ACS.

DSC thermograms have also been published elsewhere [16]
and give an indication of crystallite size or crystallite
distortions based on the melting temperature. DSC measure-
ments clearly confirmed ACS interpretations: two melting
behaviours have been revealed and interpreted in terms of
crystallite size distribution. UHPF and HPF samples
contained similar crystallite morphologies (with respect to a
broad endothermic peak at =257.5°C), whereas, TM
presented an additional majority peak at the lower melting
temperature (7f=250.2 °C).
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Fig. 2. Comparison of UHPF, HPF and TM grades: WAXD peak parameter evolutions. (a) Variations in the amorphous domain: intensity, amorphous position (26,,,)
and full-width at half maximum (A26,,,) with the azimuthal angle. (b) Variations in the crystalline domain: apparent crystallite size (ACS;p), intensity (100) with

the azimuthal angle.

Table 2

Comparative microstructural results: UHPF, HPF and TM (see text for symbol explanation)

Mechanical performance microstructural analysis

UHPF ultra-high performance

HPF high performance

TM textile monofilament

WAXD o 83(+1.5)
X% 46(+2)
Xou% 23(+1)
Xia% 31(£1)
Foq 0.42
fez 0.980(£0.005)
Samz 0.655(£0.01)
Joaz 0.783(10.01)
ACS 109 (A) 55(+1)
20um.g=0° 24.41°(£0.1)
DSsC Xe psc% 45(+0.3)
T (°C) 257.6(40.0)
Birefringence 4 (1073 61.6(+0.7)
Sam = 0.505-0.749

83(£1.5)
39(+2)
200+ 1)
41(+1)

0.33
0.978(+0.005)
0.651(+0.01)
0.857(%0.01)
58(x1)
24.48°(+0.1)
41(+2.8)
2573(+1.1)
60.0(+1.2)
0.511-0.727

76(+1.5)
44(£2)
13(+1)
43(£1)

0.23
0.929(+0.005)
0.639(+0.02)
0.942(+0.02)
51(t1)
24.68°(+0.1)
44(+0.6)
250.6(+0.6)/257.6(+0.8)
S53(£1.1)
0.407-0.636

*—*% The value of f,, , was determined using the intrinsic optical birefringence of amorphous and crystalline domains: *4°,=0.096 et “4°,=0.077 [25] et pour

4°.=4°,=0.073 [26].
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Table 3
Evolution of microstructural parameters during tensile loading: UHPF-0%, UHPF-3.5% and UHPF-10%.
Strain level microstructural domains UHPF-00% UHPF-3.5% UHPF-10%
Crystallites ICP (min) 91.6(£1.2) 90.1(£1.2) 84.2(+1.2)
ACS 100 (A) 55(+1) 56(+1) 48(+1)
ferz 0.980 (£0.005) 0.975 (£0.005) 0.983 (£0.005)
X % 46(%2) 51(£2) 54(£2)
Amorphous 203m,p—0° 24.41° 24.66° 24.56°
20 ,3m,0=90° 23.17° 22.70° 22.60°
Foa 0.42 0.47 0.49
X; % 31(£1) 26(%1) 23(£1)
Xoa%o 23(£1) 23(£1) 23(£1)
Joaz 0.783 (£0.01) 0.865 (£0.01) 0.869 (£0.01)
Samez 0.655 (£0.01) 0.691 (£0.01) 0.718 (£0.01)

3.1.3. Crystalline domains: orientation
The degree of orientation was calculated as the Hermans
orientation factor [24]:

1
fo =5 Bcos’ 9)— 1) 3)

with ¢, the angle between normal of crystal planes diffracting
and the reference fibre axis, z (¢ =7/2 —¢). The mean cos” ¢
was determined from the following expression, assuming
rotational symmetry about the fibre axis:

i} . 2

(cos? ) = Jo 51(/q25)s1n qb cos” ¢dg @
o 1(¢)sin ¢pd¢

with I(¢), diffracted intensity at ¢.

Intensity variations were fitted with a gaussian peak shape,
see Fig. 2(a) and (b). Hermans orientation factor being equal to
0 for a random distribution, 1 for a total alignment of the
identities and — 1/2 if all were perpendicular to the fibre axis.

This function was also applied to calculate the orientation of
amorphous domains f,,, . (including the baseline) and f, .
(subtracting the isotropic component), see Table 2.

Crystalline domains of the three samples were seen to be
parallel to the fibre axis and reached very high values of
ordering (more than 0.9, cf. Table 2).

The ultra-high and high performance fibres, UHPF and HPF,
have revealed higher values of crystalline orientation (respect-
ively, 0.980 and 0.978), compared to the textile monofilament
T™ (0.929).

3.1.4. Crystalline domains: index of crystallinity

The crystallinity index, X, was defined as the ratio between
the intensity diffracted by crystalline regions and the total
intensity diffracted integrated over the ¢ directions, following
previous works of Murthy et al. [9-12].

Crystalline indices showed a high degree of crystallisation
for our samples, with fibres UHPF and TM near to the
maximum of crystallinity.

As it is shown in Table 2, the X, values obtained by WAXD
are in good accordance with the melting enthalpy measure-
ments carried out elsewhere by DSC [16], and validate our
profile fitting method.

3.1.5. Amorphous regions: indices and orientation

The evolution of amorphous peak parameters shown in
Fig. 2(a) such as intensity (/,,), full-width at half-maximum
(Af,,,) and position (20,,,) reveal that part of the amorphous
domain depends on orientation.

Changes in the position of the amorphous halo, with a
maximum value for equatorial scans show that this amorphous
phase consists of denser oriented and less dense isotropic
regions.

Xoa, index of oriented amorphous domain and X;,, index of
isotropic amorphous domain were defined from peak intensity
variations I(¢) assuming that the isotropic amorphous
component remained independent of the ¢ angle (under the
baseline, see Fig. 2(a)). Quantification of the isotropic
amorphous and oriented amorphous regions remained the
prime interest of the WAXD measurements coupled with
profile fitting. The fraction of amorphous phase which was
oriented, F,,, was also defined as the ratio between X, and Xj,.

The ultra-high performance fibre, UHPF, presented the
maximum value of F,,, followed by HPF and TM. The X,
index seems to be quite similar for both UHPF and HPF fibres.
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Fig. 3. Relative variations during loading for (a) amorphous parameters and (b)
crystalline parameters.
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The amorphous orientation function, f,, ., and the oriented
amorphous function, f,, ., were calculated using the Hermans
orientation factor. The f, , function was calculated considering
the diffracted amorphous intensity, subtracting the baseline.

It should be noted that the UHPF fibres show the highest
global amorphous orientation (0.655) despite the lowest
orientation degree of oriented amorphous domains (0.783).

The amorphous orientation function has also been evaluated
elsewhere [16] using birefringence measurements in order to
confirm the WAXD method of calculating f,, ., see in Table 2.

3.2. WAXD analysis of microstructural parameters evolution
during tensile loading (UHPF)

Microstructural evolution during loading was studied by
WAXD. UHPF have been analysed at different nominal strain
levels: 0, 3.5 and 10%, three states of deformation noted

=}
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respectively UHPF-0%, UHPF-3.5% and UHPF-10%. Results
are summarized in Table 3 and in Fig. 3.

3.2.1. Amorphous regions: density, indices and orientation

The evolution of amorphous peak parameters such as the
intensity (I,,), the full-width at half-maximum (Ad,,,) and the
halo position (26,,,) are shown in Fig. 4(a).

In the equatorial position, the amorphous halo position
revealed a weak sensitivity with respect to mechanical strain.
No compaction effect of the oriented amorphous regions was
seen. Whereas, in the meridian position, the peak position was
shifted significantly in the small angle direction between
UHPF-0% and UHPF-3.5%, and then is stabilized between
UHPF-3.5% and UHPF-10%.

As shown in Fig. 3(a), the evolution of the isotropic
amorphous index, Xj,, was seen to be very clear: a large
decrease is observed between UHPF-0% and UHPF-3.5%
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Fig. 4. Micro-mechanisms of deformation: WAXD peak parameter evolutions for UHPF-00%, UHPF-3.5% and UHPF-10%. (a) Variations in the amorphous
domain: intensity, amorphous position (26,,) and full-width at half maximum (A26,,,) with the azimuthal angle. (b) Variations in the crystalline domain: apparent

crystallite size (ACS;p), intensity (100) with the azimuthal angle.
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Fig. 5. Comparison of WAXD scans at different strain levels for (a) the equatorial position, ¢ =0° or (b) the meridian position, ¢ =90°. Scans have been normalized

with respect to the background.

(from 31 to 26%) and then a slight decrease between UHPF-
3.5% and UHPF-10% (from 26 to 23%). Non-deconvoluted
diffractogramms under meridian configuration are shown in
Fig. 5 for UHPF-0%, UHPF-3.5% and UHPF-10%. Moreover,
the independence of the X,, according to the applied strain
level should be noted (Fig. 3(a)).

Concerning amorphous orientation, the relevant parameter
concerning the amorphous orientation was f,, . because of its
independence versus the index of isotropic amorphous
domains. Large reorientation steps in the orientated amorphous
regions were noted during loading, see in Fig. 3(a).

3.2.2. Crystalline domains: crystalline perfection, ACS,
orientation and index

The index of crystalline perfection, ICP, defined under
equatorial configuration as the angular distance between the
(010,110) doublet and the (100) plans, has been seen not to
significantly change when comparing UHPF-0% and UHPF-
3.5%, from 91 to 90 min, whereas, the parameter clearly
decreased between UHPF-3.5% and UHPF-10%, from 90 to
84 min (Fig. 3(b)). The higher the applied strain, the more
disturbed the crystalline domains oriented along the fibre axis.
An overlay of non-deconvoluted equatorial diffractograms is
shown in Fig. 5. An apparent shift of (100) peak is shown with
respect to the relative stability of the (010,110) doublet. This
displacement seems to correspond to a lateral compaction
along the a-axis (hydrogen bond direction) induced by the
loading of the macromolecular chains oriented along the fibre
axis. On the other hand, the interlayer distance do;0.110 remains
constant, caused by the low energy bonding of the Van der
Waals interactions (b-direction).

As for the apparent crystallite size, ACSqo, it can be seen
from Fig. 3(b), that the ACS;oo was quite similar between
UHPF-0% and UHPF-3.5%. At UHPF-10%, the ACSq
decreased greatly, involving lamella damage in the hydrogen
bonding direction (disruption or distortions of the unit cells
along the crystallographic a-axis).

Moreover, the ACS;, distribution was seen to be narrower
at UHPF-10% than at UHPF-3.5% and at UHPF-0%
(Fig. 4(b)).

The index of crystallinity, X., revealed a sensitive increase
during mechanical loading (Fig. 3(b)). A large increase
between UHPF-0% and UHPF-3.5% (from 46 to 51%) and

an incremental increase for UHPF-10% (54%) was noted.
Using profile-fitting methods, this trend has been already
reported by authors on PAG6 fibres submitted to different draw
ratios [11,14]. Moreover, the crystalline orientation was seen to
remain constant at the applied strain levels.

3.3. Micro-Raman extensometry of crystalline and oriented
amorphous C—C chains (UHPF)

Information at the scale of chemical bonds (0.1-1 nm) was
provided by p-Raman spectroscopy. Several micro-mechanical
studies have already been carried out but only dealing on
highly oriented systems [27-29] such as PBO fibres, aramid
fibres, high modulus PE, etc. For the first time, the p-Raman
spectroscopy is here dedicated to the micro-mechanical study
of a semi-crystalline system.

The prime interest of the Raman spectrometry investigation
was to follow crystalline and oriented amorphous C—C chain
elongation during tensile loading through the collective
skeletal motions at ~100cm™'. In this way, p-Raman
spectroscopy has been used as a p-Raman extensometer of
the crystalline and the oriented amorphous domains. Details
of the determination of the vibrational mode and the suitability
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Fig. 6. Micro-Raman extensometry: wavenumber shift plotted as a function of
increasing applied stress, showing onset of main crystalline and oriented
amorphous chain deformation at an applied stress of around 350 MPa, (UHPF).
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Fig. 7. Typical tensile stress—strain curves: (a) mechanical behaviour of UHPF, HPF and TM at a strain rate of RM: 1.6 X 10725~ !; (b)—(d) strain-rate effect at RH:
6.6X1072s~ l, RM: 1.6X1072s " and RL: 3.3X10 3 s~ l, respectively, for UHPF, HPF and TM.

of the 100 cm ™" band for pu-Raman extensometry are given
elsewhere [19].

The vibrational response as shown in Fig. 6 was highly
polarized and confirmed the high degree of orientation of the
system (for parallel polarisation to the fibre axis, noted ||, or
perpendicular, L ).

The UHPF fibre was held in the mechanical device. Spectra
were systematically recorded at the UHPF fibre centre after
stress stabilisation versus time, according the procedure
described above. Two important stages of mechanisms of
deformation can be seen in Fig. 6: first a plateau is observed up
to a threshold of about 350 MPa and then a shift downwards
is obvious. For simplicity the relationship is represented as
a straight line:
Av=v,+ 8" Xo (5)
with §7=—2.46X10">cm™' MPa™".

The initial plateau behaviour is consistent with the
alignment of the macromolecules of amorphous regions:
amorphous regions accommodate strain up to 350 MPa with
no influence on the wavenumber, which implies few
entanglements of the amorphous domains. Above 350 MPa,
the load is then also supported by the crystalline phase and
oriented amorphous regions, from which an influence on the
spectra can be observed, indicating that crystalline and oriented
amorphous C—C bonds are loaded.

3.4. Mechanical properties and scanning electron
microscopy examinations

3.4.1. General mechanical behaviour and UHPF, HPF, TM
comparison

Typical strain stress curves of UHPF, HPF and TM fibres
are shown Fig. 7(a) for the medium strain rate RM (1.6X
107257 h.

The general tensile behaviour is similar for all samples. The
mechanical behaviour is highly non-linear and presents three
main domains defined by a changing concavity. The first part of
the curves, near the origin, is quite linear and the initial
modulus E; is defined. The E; values are quite similar for all
samples and vary from 4.0 GPa for TM to 4.8 GPa for HPF and
5.3 GPa for UHPF. Beyond 2% strain, the curves present a
rubber-like ‘S’ shape. The progressive stiffening of the fibre
during loading is interpreted as being entropic or rubber-like
behaviour, reflecting the progressive alignment of molecules.
The last deformation regime presents a curve with a ‘plateau’
shape and leads to the final failure of the fibre.

Tensile tests were conducted at three strain rates: RH (6.6 X
1072s 1), RM (1.6 X107 ?s ) and RL (3.3X 10 s 1), see
Fig. 7(b)—(d). For all samples a significant strain rate
dependence revealed the viscoelastic component of the
mechanical behaviour under the room temperature (I-T;= —
20 °C). The strain-rate effect is noted to be present from the



A. Marcellan et al. / Polymer 47 (2006) 367-378 375

(a) 10

[1h:]

08

G / Omax

04

02

10 (b) e

084

2
@

082

080

o
@
G / Omax
(G / Omax)l =30s

078

Time (s)

Time (s)

0.7 0.76

o 5 10 15 2 2
Applied strain level (%)

Fig. 8. (a) Typical relaxation curves for different applied strain levels: R-05%, R-10%, R-15%, R-18% and R-20%. The strain rate used to attain the strain set point is
RM: 1.6X107 s~ . The time reference, t=0's, is taken to be equal to zero when the required applied strain level is attained. Curves are normalized using the
parameter /0 ,,x, With o,,,, equal to the maximum stress value (i.e. for =0 s). (b) Stress relaxation ratio a/0,,x versus applied strain level indicating two different

viscous mechanisms.

beginning of the UHPF, HPF curves (Fig. 7(b) and (c)). The
viscoelastic behaviour of TM is seen Fig. 7(d) to be quite
different and seems to be induced after 15% strain.

3.4.2. Stress relaxation: definition of a viscoplastic threshold

Stress relaxation tests consist in maintaining a fixed strain
level and in recording the mechanical response of the material
history. Tests are carried out for various strain levels from R-
05% to R-20%, as shown Fig. 8.

A fixed strain rate is used to attain the applied strain for all
samples (RM: 1.6 X 1072 s~ ). Therefore, the time needed to
reach the imposed strain level is different for each strain level.
The time reference is taken to be equal to O when for the first
time the imposed strain is attained. Curves are also normalized
using the parameter /0 ,,,x, With 0, equal to the maximum
stress value (i.e. for r=0s).

Fig. 8(a) shows the stress relaxation evolution, in terms of
both instantaneous stress (o) and stress relaxation ratio (o/
Omax)- Fig. 8(b) plots the trends of (o/0,.x) at t=30s with
respect to the applied strain. Two different mechanisms of
viscosity are observed in Fig. 8(b). Tests conduced between R-
05% and R-15% show that the stress relaxation ratio (o/0yax)
increases with the applied strain level. This viscoelastic
mechanism can be attributed to the stress relaxation involved
during the delay needed to attain the strain level: the longer the
delay, the more important the cumulated viscous strain at t=

2.00kV_4 mm
@ CdM ENSMP

0's. A second mechanism was noted beyond R-15%, since the
R-18% and R-20% curves revealed relaxation ratio (0/0pax)
clearly lower than for R-15%. The activation of a second
viscous mechanism is therefore, deduced and can be assumed
to be viscoplasticity.

Two viscous mechanisms have been revealed: the first,
assumed to be linear viscoelasticity, and the second, assumed
to be viscoplastic activated beyond a threshold (about 15%
strain).

This second viscous mechanism can be related, at the fibre
scale, to macrofibril sliding, failure or disentanglements, as
shown in the micrograph Fig. 9. Macrofibrillar disruptions can
be seen to appear along the fibre at the fibre surface beyond
15% of strain suggesting large movements in the fibre structure
at the molecular level.

Relaxation tests carried out for levels superior to 15% strain
rapidly led to fibre failure.

4. Discussion

4.1. Microstructural parameters controlling mechanical
performance

Comparison of the UHPF, HPF and TM fibres at the
microstructural scale or at the mechanical scale has revealed
two types of behaviour. Two groups have been distinguished:

2.00kV_4 mm

x10000 @ CdM ENSMP

Fig. 9. Damage inducing the uplifting of the macrofibrillar structure of the fibre. SEM micrographs.
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the first corresponding to the technical fibres (UHPF and HPF),
the second, corresponding to the textile monofilament (TM),
see typical tensile stress—strain curves in Fig. 7.

The TM fibre presents the particularity of possessing a
population of crystalline lamella with an averaged size smaller
than in the technical samples. Despite a very high crystallinity
index, the degree of order of these crystalline regions is poor
compared to the technical fibres. These features are explained by
the additional TiO, particles introduced in the TM fibre,
inducing a heterogeneous crystalline growth (i.e. high crystal-
linity, low ordering with distortions or smaller crystalline areas).
Moreover, the X;, index is the highest and the F,, fraction of
oriented amorphous phase, the lowest. The oriented amorphous
domains identified are at the same time the densest (20, 4= o> =
24.68°) and the most oriented (f,, .~ 0.94), see Table 2.

As for the technical fibres, UHPF and HPF, their mechanical
and their microstructures are very similar. The indices of
crystallinity are high, with a value slightly inferior for the HPF.
The X, is the same in both cases, nevertheless with F, clearly
higher for the UHPF fibre (UHPF ~0.42 and HPF ~0.33).
Finally, the values of f,, . and the densities for the oriented
amorphous domains are a minimum for the ultra-high
performance fibre, UHPF.

In addition to the consequence of the crystalline phase
(index and orientation) on the mechanical behaviour, the X,
and F,, parameters, respectively the index and the fraction of
oriented amorphous phase, appeared to be good criteria for
describing the mechanical properties of fibres (i.e. mechanical
stiffness).

Moreover, the comparison of the three microstructures has
revealed an unexpected feature concerning the oriented
amorphous domains. It should be noted that the most
oriented (fo,,~0.94) and the densest (20,m ¢—o°=24.68°)

1200 el

oriented amorphous domains were found for TM, see Table 2.
In contrast, the UHPF fibre possessed the least oriented
(foaz~0.78) and the least dense (20,m 4—0°-=24.41°)
amorphous domains. In this way the fibre is able to absorb
the effects of excess straining and reduces the damage
mechanisms at the molecular level. Oriented amorphous
regions seem to be identified as the weakest microstructural
link of the fibre responsible for fracture initiation.

4.2. Micro-mechanisms of deformation and microstructural
model

From macro- to nano-mechanisms of deformation, the
mechanical analysis, WAXD and micro-Raman spectroscopy
measurements indicate the same micro-mechanisms induced
under mechanical loading. This is illustrated in Fig. 10 which
shows, schematically, the micro-mechanisms of deformation.

For small strain levels (from O to 3.5%), strain accommo-
dation is ensured by the progressive alignment of the
amorphous regions, whereas crystalline regions seem to remain
unloaded. Isotropic amorphous domains have revealed the
highest sensitivity to initial loading: the index of isotropic
amorphous domains, X;,, greatly decreases (from 31 to 26%) in
order to add to the amount of oriented amorphous regions, X,.,,
see summarized results in Table 3 and Fig. 3. Oriented
amorphous domains are subjected to reorientation (fo,
increases from 0.78 to 0.86), but their density remain
unchanged. The index of crystallinity, X, shows a significant
increase (from 46 to 51%) thanks to the ‘crystallisation’ of
oriented amorphous domains. Macromolecular chains seem to
contribute to crystalline growth along the crystallographic
c-axis, which is the direction of crystallisation induced during
the spinning process [30]. It is interesting to note that the
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Fig. 10. Schematic representation of the micro-mechanisms involved in fibre deformation. For strain range from 0 to 3.5%, the strain accommodation is mainly
ensured by the alignment of isotropic amorphous domains: isotropic amorphous phase is transformed into oriented amorphous phase which can itself change into
crystalline phase. From 3.5 to 10%, the end of alignment of amorphous domains is observed. Above 330 MPa, enthalpic mechanisms are activated: C—C bonds
belonging to crystalline or oriented amorphous regions are elongated. Crystalline domains are affected by the loading: ACS and ICP decrease. Above 15% strain,
viscoplastic mechanism seems to be connected to macrofibril sliding. Damage at the macrofibril scale is noted at the fibre surface.



A. Marcellan et al. / Polymer 47 (2006) 367-378 377

fraction of oriented amorphous phase, F,,, remains insensitive
to strain.

For higher stress—strain levels, above 330 MPa, enthalpic
mechanisms are activated: macromolecular chains belonging
to crystalline or oriented amorphous regions initiate their
extension and C-C bonds are loaded (Fig. 6). Although the
crystalline orientation remains stable, crystalline domains
reveal modifications: ACS g and crystalline perfection, ICP,
are seen to decrease (from 90.1 to 84.2 min), Table 3 and
Fig. 3. Under C—C chain extension, a lateral compaction along
the H bond direction (a-axis) is induced and (100) layers are
brought closer. The crystallinity index, X., undergoes an
additional increase. At the same moment, amorphous domains
finish their extension, becoming more aligned: the X,
decreases from 26 to 23%. The F,, remains constant and the
orientation of oriented amorphous domains is not seen: fo, ; is
stabilized at a value of 0.86/0.87.

At a mechanical scale, the behaviour is assumed to be
‘rubber-like’ coupled with viscoelastic behaviour which seems
to be controlled by the microfibrils.

Finally, above 15% strain, viscoplasticity mechanisms are
activated. At the fibre scale, on the fibre surface many ruptures
of macrofibril are seen. This viscoplastic mechanism seems to
be connected to the sliding of macrofibrils with respect to one
another.

In the analysis carried out in this paper, information
concerning the long distance arrangement of the microstruc-
tural parameters (crystalline regions, isotropic and oriented
amorphous domains) has not been investigated. Nevertheless,
it is interesting to discuss and compare the existing
microstructural models which can be found in the literature
and to analyse their implications with our results. In a recent
paper Prevorsek and et al. [4] have compared the main
microstructural models of nylon fibres. According to the
authors Prevorsek’s model seems to be the most suitable for
high performance PA66 fibres: the oriented amorphous
domains are supposed to control mechanical performance
(i.e. stiffness and toughness). As shown in Fig. 11, Prevorsek
modelled the microstructural arrangement as a parallel model
interconnected with crystalline and isotropic amorphous
regions. The results presented in this paper reveal an important
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Fig. 11. Comparison of the Prevorsek parallel model and the proposed
microstructure.

accommodation of deformation ensured by the isotropic
amorphous domains. These conclusions suggest another
microstructural arrangement, Fig. 11. In this model
the microfibril is considered to be discontinuous and embedded
in an isotropic amorphous matrix.

5. Conclusions

The multi-scale analysis carried out in this study through
single fibre mechanical tests, scanning electron microscopy
observations of the fibre surface, WAXD characterisation
coupled with profile fitting procedure and p-Raman extenso-
metry sheds new light on the relationships between the
microstructure and tensile mechanical behaviour of PA66
fibres.

At the fibre scale to the C—C skeletal movements, several
points are significant:

e During initial deformation, strain accommodation is mainly
ensured by the isotropic amorphous domains. Partial further
crystallisation under load is induced by the alignment of
oriented amorphous regions. At a mechanical scale the
behaviour is assumed to be viscohyperelastic.

e As loading continues, C— C bonds belonging to the
oriented amorphous domains and crystalline regions are
elongated and control the progressive stiffening of the
mechanical behaviour. Enthalpic mechanisms of defor-
mation are activated.

e The last deformation regime, described as viscoplastic, is
finally activated beyond a threshold (last inflexion in the
loading curve) and seems to be linked to macrofibril sliding.
Damage and reinforcement induced by alignment (analo-
gous to stress hardening) are competing mechanisms.

e Besides the effect of crystalline domains (index and
orientation) on the mechanical stiffness, the index of
oriented amorphous phase, X, and the fraction of oriented
amorphous phase, F,, in the fibre appears also to be good
criteria for predicting mechanical stiffness.

e The oriented amorphous domains seem to be identified as
the microstructural weakest-link parameter in the fibre. In
this way, an ideal fibre would contain large amounts of
well-ordered crystallites and a high value of F,,,, but would
also possess relative low orientation and low dense oriented
amorphous domains in order to mitigate damage processes.

e The analysis carried out in this study based on a number of
techniques allows to propose a new microstructural model,
slightly modifying the well-known Prevorsek’s model. In
the proposed model the microfibril is considered to be
discontinuous and connected by isotropic amorphous
domains.
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