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Abstract The interfacial micromechanics of Twaron
2200 aramid fibers in an engineering thermoplastic elas-
tomer (Pebax 7033, polyether amide block co-polymer) has
been investigated by determining the distribution of
interfacial shear stress along fibers in single-fiber model
composites using Raman spectroscopy. The effects of
various fiber surface treatments on the interfacial shear
stress and fragmentation of the aramid fibers are discussed.
The fiber average stress increased linearly with applied
matrix stress up to first fracture. Each composite was
subjected to incremental tensile loading up to full frag-
mentation, while the stress in the fiber was monitored at
each level of the applied stress. It was shown that the
experimental approach allowed us to discriminate between
the strengths of the interfaces in the different surface-
treated aramid fiber Pebax matrix systems, but also to
detect different phenomena (interfacial debonding, matrix
yielding and fiber fracture) related intimately to the nature
of stress transfer in composite materials. The efficacy of
the surface treatments was clear by comparing the maxi-
mum interfacial shear stress with the fragment lengths of
the modified aramid fibers. The fiber breaks observed using
Raman spectroscopy were not clean breaks as observed
with carbon or glass fibers, but manifested themselves as
apparent breaks by fiber skin failure. The regions of fiber
fracture were also investigated using optical microscopy.
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Introduction

Aramid fibers have a unique combination of stiffness,
strength, toughness and thermal resistance that the fibers
suitable for reinforcement in many applications such as in
the production of aircraft, automobiles, sporting goods, and
more recently, medical devices [1]. However, a drawback
restricting the use of aramid fibers is poor adhesion with
most polymeric matrices due to their inert chemical
structure and smooth surface, which prevents chemical and
mechanical bonding to various substrates [2].

The behavior of composite materials is, in part, con-
trolled by the nature of the interface, which in polymer-
matrix composites is usually required to be strong thus
imparting efficient load transfer from the matrix to the
fibers. The quality and characteristics of the fiber/matrix
interface needs to be addressed. It is generally accepted
that there are three main factors important in determining
the fiber/matrix adhesion: (i) covalent bonds between the
fiber and matrix (chemical bonding), (ii) wettability of the
fiber by the matrix (physical bonding); (iii) microme-
chanical interlocking. There have been many reviews of
the methods used to evaluate and improve the interfacial
shear strengths of composite materials [3-5]. For the most-
part, however, the literature available for a thermoplastic
elastomer reinforced with aramid fibers is quite scarce. The
stress-transfer mechanisms between the matrix and fiber,
and the interfacial properties for reinforced thermoplastic
materials are becoming exceptionally important due to
their ease of fabrication and reduced costs of manufacture.

Experimental stress or strain transfer profiles along the
fiber in a polymer matrix can be obtained by employing the
technique of Raman spectroscopy. This technique is based
on the fact that the Raman frequencies of the atomic
vibrations of commercial reinforcing fibers such as aramid
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or carbon are stress dependent [6]. In this work, the
application of Raman spectroscopy in the deformation of
aramid-thermoplastic elastomeric composites has made it
possible to obtain fundamental information about the
micromechanics of the fiber/matrix interface, by monitor-
ing the point-to-point variation in fiber stress or strain.

A number of mechanical tests have been developed to
determine the effective adhesion and stress transfer from the
matrix to a fiber in a composite. The most commonly-used
tests on single-fiber composites are the fiber fragmentation
test, the micro-debond test, and the single fiber pull-out test
[7]. The fiber fragmentation test was used in this work due
to the ease of manufacture of the samples. Aramid fibers
historically have not been suitable for the fragmentation test
using conventional methods. It is necessary for a fiber to
break within the transparent matrix, and this break must be
visible using microscopy techniques. Yet, for aramid fibers,
to date it has not been possible to induce a fiber break in an
epoxy matrix (which is the most commonly-studied matrix
use). The reason for this is that Epoxy is a brittle thermoset
material in which the elongation at failure is 1.5-2.5% [8].
The fiber failure strain for an aramid fiber is found to be
greater than 2.7%. Thus, it was not possible for previous
studies in which epoxy matrix was used to apply sufficient
strain to the matrix in order to generate fiber fracture. For
the fragmentation test to be successful, a matrix material
with a larger ultimate strain than the fiber used is required.
Thermoplastic elastomers have a failure strain of ca. 400%,
thus it is possible to apply sufficient strain to the matrix, and
therefore to the fiber, in order to induce fiber fragmentation.

In this present study the surfaces of the aramid fibers were
modified using a variety of methods. Model composites
containing single fibers were loaded in a Raman spectrom-
eter. The data obtained has been used to assess the effect of
surface treatment on the interfacial behavior of model
composites made from the treated fibers and a thermoplastic
elastomer matrix. It was found that multiple fragmentation
occurred on increasing matrix load and that the fragment
lengths were dependent on the surface treatments.

Experimental
Materials

The fiber used in this study was Twaron 2200 a poly
(p-phenylene terephthalamide) (PPTA) aramid fiber, sup-
plied by Akzo Nobel Research (Arnhem). The fibers have
modulus E; = 136 GPa, tensile strength, ¢*; = 3.6 GPa
and a failure strain &¢*; = 2.6%. A Hitachi S-4700 Field
Emission Scanning electron microscope (SEM) was used
to determine fiber diameters. At least 20 fibers were
selected randomly and then examined at three different
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magnification levels. Average diameters and standard
deviations were calculated and the average fiber diameter
and standard deviation was found to be 12.1 £ 0.5 pm.

The matrix used was a thermoplastic elastomer, polye-
ther amide block co-polymer supplied by Atofina known
commercially as ‘Pebax’. These thermoplastic elastomers
(TPE) consist of linear chains of hard polyamide (PA)
blocks covalently linked to soft polyether (PE) blocks via
ester groups. The molecular weight of the PE blocks varies
from about 400-3,000 g/mol and that of the PA blocks
varies from about 500-5,000 g/mol. These poly(ether-
block-amides) are synthesized via a metallic Ti(OR)4
catalyst which facilitates the melt polycondensation of
carboxylic acid terminated amide blocks with polyox-
yalkylene glycols.

The grade of Pebax used was Pebax 7033, with a
modulus E;, = 128 MPa, yield stress o, = 32 MPa, Yield
strain &, = 25%, ultimate failure stress a*m = 67 MPa and
an ultimate strain &, = 400%. A typical stress—strain
curve for Pebax 7033 is shown in Fig. 1.

Fiber surface treatments

The fibers used in this study were subjected to a variety of
surface treatments in order to attempt to improve the
interfacial stress transfer between fiber and matrix. Details
of the various surface treatments are given in Table 1.
Chemical Modification of the fiber surface was carried
out. Chloride end-groups were grafted to the Twaron 2200
fibers using a variation of the method proposed by
Andreopoulos [9]. A 5% w/w solution of methacryloyl
chloride in carbon tetrachloride was added to the aramid
fibers in which they sat for 1 h. The same procedure was
used for succinyl chloride. The carbon tetrachloride was
removed by evaporation at 40 °C and the fibers were
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Fig. 1 Stress—strain curves for Pebax 7033. The method of estimating
shear yield stress, 1, is indicated
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Table 1 Surface treatments used for PPTA fibers (Aramid—Twaron
2200) for single fiber model composites for fragmentation tests using
Raman spectroscopy

Surface treatment Abbreviation
No surface modifications AS
Methacryloyl chloride MC
Succinyl chloride SC

Argon gas plasma treatment Plasma 1
Oxygen gas plasma treatment Plasma 2
Nitrogen gas plasma treatment Plasma 3
Ammonia gas plasma treatment Plasma 4
N-vinyl pyrrolidone UV polymerised NVP

(Neopentyl(diallyl)oxy, tri(N-ethylenediamino)ethyl — Li44
titanate (Lica 44)

Neopentyl (diallyl)oxy, tri(m-amino)phenyl zirconate NZ97

transferred to 1 L of water containing 20 g sodium
hydroxide and 5 g non-ionic surfactant and stirred for
30 min. This process was necessary to neutralise any
unreacted chloride as well as to produce fiber disentan-
gling. Wet fibers were filtered, repeatedly washed with
deionised water and dried for 2 h in an air-circulating oven
at 80 °C. The aramid fibers were washed with a NaOH
solution after the chemical grafting. In this way, all free
chloride end groups were hydrolysed. The fibers therefore
remained non-reactive towards the PA component in the
Pebax matrices and the effect induced is solely that of
enhancing interactions, such as hydrogen bonds, between
the fibers and the matrices in the composites.

Plasma treatment was also carried out using a PS1010
plasma reactor from 4th State Inc., USA. The plasma was
generated by a 150 kHz capacitively coupled discharge in a
cylindrical chamber using a reactor power of 10 W, a
pressure of 0.25 torr, and a gas flow rate of 20 standard
cm® min~'. Samples were placed in the chamber that was
evacuated to a pressure of 107 torr prior to the admission
of the gas. After the plasma treatment, the samples were
left in flowing gas for 15 min before the chamber was
evacuated and air admitted. The Twaron 2200 PPTA fibers
were treated with argon (Plasma 1), oxygen (Plasma 2),
nitrogen (Plasma 3) and ammonia / nitrogen (Plasma 4).

N-vinyl-2-pyrollidinone (NVP) was grafted onto the
aramid fiber surface using a photo-polymerising procedure.
The extent of polymerisation was controlled by varying the
irradiation time. The UV lamp used was a Philips HPM15
(2 kW) at a distance of 15 cm from the sample. Benzo-
phenone (Sigma Aldrich) was used as an initiator (hydro-
gen abstractor), and Irgacure 184 (Ciba Speciality
Chemicals) was used as a cross-linking agent.

Coupling agents and adhesion promoters represent a
group of speciality bifunctional compounds that can react
chemically with both the substrate and the adhesive. The

term “coupling agent” refers generally to additives that
work on fillers or reinforcements within a resin matrix to
improve their properties. Organometallic coupling agents
based on zirconium or titanium have been shown to offer a
wider compatibility with aramid fiber than the more widely
used organosilanes [10]. Lica 44 ((neopentyl(diallyl)oxy,
tri(N-ethy lenediamino)ethyl titanate) and NZ97 (ne-
opentyl(diallyl)oxy, tri(m-amino)phenyl zirconate) from
Kenrich Petrochemicals Inc., USA were used as the cou-
pling agents. About 1% w/w of the coupling agent was
added to a solution of HPLC grade methyl pyrollidinone
and aramid fibers were added. The fibers were soaked
for 18 h then washed with solvent and dried in an air-
circulating oven at 80 °C for 2 h.

Single fibers of Twaron 2200 were prepared for
mechanical testing on a card-type fiber rig as described
elsewhere [7]. The specimens were conditioned in a tem-
perature-controlled room at 50 + 5% humidity and
23 + 2 °C for 7 days in order to allow the adhesive to
completely cure prior to testing. The mechanical properties
for all specimens (10 specimens per sample) were deter-
mined using an Instron 121 universal testing machine
following ASTM D3379-75 with a cross-head speed of
1 mm/min for all gauge lengths. The stress at break (o¢*),
strain at break (&), and modulus (E;) of the fibers were
recorded. The modulus was determined from the initial
slope of the stress—strain curve up to 0.5% strain.

Equipment

A Renishaw 1000 Raman imaging microscope was used to
record the spectra of the fiber monofilaments using the near
IR 785 nm red line of a diode laser. A 50X objective lens of
an Olympus BH-2 optical microscope was used to focus
the laser beam on the specimen surface (spot size ~2 pm
diameter) and to collect 180° back-scattered radiation. A
highly-sensitive Renishaw charge-coupled device (CCD)
camera was used to collect the Raman spectra. The
degree of peak shift and peak broadening under stress of
the 1,610 cm~' PPTA Raman band, corresponding to the
vibration of the backbone p-phenylene ring [6] were
determined. The digital data were processed on a computer
with the Renishaw analysis software in which a mixed
Gaussian—Lorentzian curve fitting procedure was used to
determine the peak position and width.

Microcomposite manufacture

Single fiber model composites were prepared by sand-
wiching a fiber of known length between two films of
Pebax 7033. Pebax films of 200 um thickness were
prepared using a Mooney Plastometer Compression Press
with the platens heated to 200 °C. The Pebax films were
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cooled slowly to room temperature. Typical initial fiber
lengths in the fragmentation samples were of the order of
3.0 mm.

Results and discussion

Mechanical properties of surface modified Twaron
2200 fibers

The mechanical properties of the Twaron 2200 fiber sub-
jected to various forms of surface modification are shown
in Table 2. It was found that surface modification did not
alter the mechanical properties to any appreciable level. In
terms of plasma treatment, our findings followed that of
several other researchers such as Kupper and Schwartz [11]
who used several types of plasma treatments in order to
modify the surface of an aramid fiber. Similarly, Brown
et al. [12] found that plasma treatment (ammonia, nitrogen,
oxygen, carbon dioxide or argon) did not affect the
mechanical properties of the aramid fibers.

It is known also that direct exposure of aramid fibers to
UV light can lead to gradual strength loss of an unprotected
yarn [13]. Brown et al. [14] investigated the light sensi-
tivity of Kevlar 49 (aramid) in terms of yarn strength and
polymer degradation. It was found that there was about a
50% reduction in strength after 100 h exposure from a
1,000 W Philips HPL-N mercury vapor fluorescent lamp.
They also found that strength loss must be accompanied by
polymer degradation via chain scission in the skin region of
the Kevlar filaments. Kevlar is sensitive in the 300-340 nm
wavelength region, however, despite the sensitivity of
aramid fibers to UV radiation, the effect of exposing a
Twaron 2200 fiber to 2 min of UV radiation using a Philips
HPM15 (2 kW) UV lamp at a distance of 15 cm from the
sample did not appreciably affect the mechanical proper-

Table 2 Mechanical properties of surface-modified Twaron 2200
fibers

Fiber treatment Extrapolated Extrapolated Extrapolated

value value value

of E; (GPa) of g¢* (GPa) of &* (%)
AS (as-received) 136.2 £ 54 3.6 0.2 2.6 +0.2
MC 1333 £43 3.7+0.1 25+02
SC 129.0 + 5.3 34+£03 2.6 £ 0.1
Plasma 1 1352 +£4.2 3703 25+02
Plasma 2 133.7 £5.2 33+£03 24 £ 0.1
Plasma 3 1342 = 3.1 35+02 25+0.1
Plasma 4 129.0 £ 4.7 35+0.1 2.6+ 0.2
NVP 140.1 £ 6.1 4.0+03 25+0.2
Li44 1343 £ 34 35+£02 26+0.1
NZ97 1353 £43 3.6 0.1 25+02
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ties. Thus, the application of the UV polymerised NVP
coating on the Twaron 2200 fiber did not significantly alter
mechanical properties.

Single fiber deformation and Raman spectroscopy

A Raman spectrum (from 1,350 cm ! to 1,900 cm_l) of the
fiber Twaron 2200 in a Pebax 7033 matrix is shown in
Fig. 2. The Twaron 2200 fibers give a well-defined Raman
spectrum and the peaks have been assigned by Kim et al.
[15]. Each peak in the Raman spectrum cannot be attrib-
uted to a single mode of molecular deformation but is the
result of many. The main peak of interest is that measured
at 1,610 cm™" that can be attributed mainly to the asym-
metric deformation of the phenylene ring structure and the
stretching of the C—C bonds within the phenylene ring. As
the p-phenylene ring makes up a large portion of the
backbone of the polymer chain, and the rigid rod polymer
chains of Twaron 2200 are aligned along the fiber axis, it
would be expected that any stress applied to the fiber would
result in molecular deformation of the backbone including
the p-phenylene ring. It was found that the peaks shift to
lower wavenumber under tensile deformation, with the
1,610 cm™ peak being the most prominent. It is clear that
the 1,610 cm™' Raman band of the aramid fiber is well
defined and unperturbed by being in the Pebax 7033 ma-
trix. It can also be seen that there is very little fluorescence
occurring in the PPTA-Pebax 7033 composite using the
near IR 785 nm laser. It was also found that there were no
discernable Raman peaks in the 1,610 cm™ region of the
virgin Pebax 7033 matrix. The literature value [6] of stress-
induced peak shift of -4 cm™'/GPa was used to convert
Raman band shift to fibers stress in the subsequent
investigation.
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Fig. 2 The shift of the Raman bands (1,350-1,900 cm’l) at different
strain levels for a single aramid Twaron 2200 fiber embedded in a
Pebax 7033 matrix. Of particular interest is the strong 1,610 cm™!
Raman band of the aramid fiber
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Stress mapping of single fiber composites

The stress transfer profile of a single Twaron 2200 AS fiber
in a Pebax 7033 matrix was determined using Raman
spectroscopy at varying levels of stress applied to the
single fiber composite as shown in Fig. 3. It is seen that at
0 MPa applied stress, the fiber ends are in slight com-
pression, which is as a result of the different coefficients of
thermal expansion, resulting in the matrix compressing on
cooling from its molten state. At a matrix stress of 3 MPa,
there appears to be good elastic stress transfer from the
fiber ends up to a plateau indicating an intact interface.
This type of stress profile is in good agreement with the
shear lag theory as proposed by Cox [16] for a perfectly-
bonded interface.

Upon loading to a higher stress (6 MPa), the fiber breaks
twice, resulting in three fragments of similar length. At a
higher applied stress again of 17 MPa (not shown in Fig. 3
to aid clarity of presentation), it was found that the middle
fragment breaks at around its mid-point resulting in overall,
four fragments from the original fiber length. The shape of
the fragments corresponded to the triangular shape pre-
dicted by Kelly and Tyson [17], in their fully debonded
model. It was found that there was some evidence of stress
transfer across the fiber ends that is shown in detail in
Fig. 3. It should be noted, however, that stress transfer
across the fiber ends is assumed not to occur in conven-
tional shear lag analysis [16—19], which is the reason why
data were fitted using a cubic spline fit.

The interfacial shear stress (ISS) was determined from
the axial stress profiles using a force balance [19]. At
6 MPa matrix stress, the ISS (Fig. 4) shows a plateau from
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Fig. 3 Axial fiber stress distribution for a typical single fiber
composite consisting of an as-received Twaron 2200 (PPTA AS)
fiber embedded in the Pebax 7033 matrix
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Fig. 4 Interfacial shear stress distribution for a typical single fiber
composite consisting of an as-received Twaron 2200 (PPTA AS) fiber
embedded in the Pebax 7033 matrix

the LHS fiber end lasting for about 380 pum that occurs due
to debonding. This is further reinforced by the axial stress
profile of the first fragment at 6 MPa applied stress (Fig. 3)
having a linear slope corresponding to that of a full-
debonding model as predicted by Kelly and Tyson [17]
This model assumes a triangular shape for the entire
fragment length, with the maximum axial stress in the
centre of the fiber. The derived interfacial shear stress from
the spline fit of the stress data, shown in Fig. 4 reaches a
maximum of 15 MPa at 6 MPa applied stress, which oc-
curs at the fiber end. As the matrix stress is increased
further, the matrix in the interfacial region undergoes
debonding. The maximum ISS remains at an almost con-
stant value for each load level, in addition, the ISS remains
at a constant value for some distance along the fiber before
dropping; this distance generally increasing as the matrix
stress is increased. This behavior is characteristic of stress
transfer by frictional slip.

The debond length that occurs at the LHS at a matrix
stress of 6 MPa is 380 um. Generally, it is found that the
frictional transfer stress would be much lower than the
yield stress of the matrix material [20] that in the case of
the Pebax matrix used is of the order of 16 MPa (~0,/2,
Fig. 1).

Figure 5 shows in greater detail the axial fiber stress
versus distance along the fiber for a fragment from Fig. 3 at
an applied stress of 17 MPa. Figure 6 shows the corre-
sponding ISS curves derived from the cubic spline fits of
the stress data for the same fragment. It appears that both
fiber end regions show some degree of elastic stress
transfer and a correspondingly higher ISS than for deb-
onding. Since it was found from Figs. 3 and 4 that
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Fig. 6 ISS plot for a fragment in a PPTA AS fiber embedded in a
Pebax 7033 single fiber composite at a matrix stress of 17 MPa

debonding took place at lower matrix stresses, it could be
argued that this is an apparent “recovery” of the interface.
This “recovery”, however, is due probably to an
“anchoring mechanism”, where the fiber end is of a larger
cross-sectional area than that of the rest of the fiber as
shown schematically in Fig. 7. The fiber end pulls though
the matrix after debonding causing a void, until the fric-
tional resistance increases between the fiber end and
matrix, and the fiber pull-out ceases.

Visual observations

The Olympus BH2 optical microscope of the Raman
spectrometer was used to map visually fiber deformation
occurring within the Aramid—Pebax single fiber composite
system undergoing fragmentation (Fig. 8). It can be seen
that there is some apparent “fraying” where the fiber break
occurred but no clear break can be seen. The aramid fiber
breaks referred to in this work are termed “apparent
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Fig. 7 Proposed “anchor effect” in a fragmentation test sample
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Fig. 8 Optical micrograph of Twaron 2200 fiber in a Pebax 7033
single fiber composite in the region of a fiber break

breaks”. This is because there was no visual evidence of
clean fracture surfaces as would be the case if the fibers
were carbon or glass. This is one of the reasons why aramid
fibers were seen as not suitable for the classical fragmen-
tation test, in which the fragment lengths are counted using
optical microscopy once fragmentation has reached its
saturation state. With the use of Raman spectroscopy, it is
possible to ascertain the actual effective lengths of the
fragments, by measuring the corresponding axial fiber
stress profiles in the fiber. It is clear from the micrograph
shown in Fig. 8 that the “apparent breaks” seem to be
caused by fiber skin failure. As was shown, a fiber break in
an aramid fiber is difficult to assess optically with the fiber
skin fibrillating and with the core of the fiber still intact. As
a result of the break, however, the ability of the fiber to
support load and reinforce the matrix is lost, as in the case
of clean breaks in carbon and glass fibers.

Typical stress transfer in a surface modified Twaron
2200 fiber—Pebax 7033 model composite

Axial fiber stress profiles and their corresponding ISS
profiles for NVP treated PPTA fiber is shown as a typical
example for improved stress transfer response for an
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aramid fiber in a Pebax 7033 matrix in Figs. 9 and 10
respectively. It was found that NVP treatment of the
Twaron 2200 PPTA fiber did not alter the Raman spectrum
or influence the reproducibility of the 1,610 cm™ Raman
band.

Figure 9 shows the axial fiber stress profile of a NVP
UV polymerised treated PPTA fiber and it can be seen that
very high fiber stresses are reached. The average fracture
stress for a Twaron 2200 AS fiber was found to be of the
order of 3.6 GPa (Table 2). However, since the fiber
fracture stress is controlled by the surface integrity, it is
possible that the surface treatment has produced a fiber
with a much improved skin structure, thus reducing the
number of flaws, such that the fiber is able to withstand
higher stresses.

As the matrix stress is increased up to 10 MPa, a typical
axial fiber stress profile results, comparable to the fully
bonded model as proposed by Cox [16], in which an elastic
stress distribution from the fiber ends to a plateau along the
length of the fiber occurs. As the applied stress is increased
further to 13 MPa, the fiber breaks around its mid-point,
resulting in two fragments. The axial fiber stress distribu-
tion still follows the Cox prediction for a fully bonded
system, suggesting that the interface is still intact. At a
higher stress of 16 MPa, the first two fragments formed at
13 MPa break at their mid-points, thus resulting in four
fragments along the original fiber length. There is some
debonding at the fragment ends and this debonding is
further shown when the applied matrix stress is further
increased and the axial fiber stress profile becomes trian-
gular, which follows the Kelly-Tyson prediction for
debonding [17].

The average maximum ISS (shown by the horizontal
dashed lines in Fig. 10) derived from the axial stress profile
is of the order of 20 MPa. The ISS is somewhat higher
than the shear yield strength of the matrix material
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Fig. 9 Axial fiber stress distribution for a NVP Treated PPTA fiber in
a Pebax 7033 single fiber composite
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Fig. 10 Interfacial shear stress distribution for a NVP Treated PPTA
fiber in a Pebax 7033 single fiber composite

(ca. 16 MPa), but this could be a localized effect of
improved interface, and a corresponding interaction
between the PPTA fiber, the NVP interphase and the Pebax
7033 matrix. Strain hardening of the matrix after yield as
seen in Fig. 1 could also lead to increasing ISS values at
higher strains.

Table 3 shows a summary of the main findings from the
fragmentation tests of the single fiber reinforced composite
samples of surface treated aramid Twaron 2200 fibers in
the Pebax 7033 matrix. The maximum axial fiber stresses
and strains are given, along with the maximum average
interfacial stress and average fragment length. Calculation
of the ISS data was conducted using the force balance
assumption [19] on the spline fits of the axial stress
profiles.

Table 3 Summary of observations seen from the fragmentation test
using Raman spectroscopy

Treatment Max fiber Max fiber Average max Average
stress strain (%) ISS (MPa) fragment
(GPa) length (um)
AS 32 2.0 15+1.1 1,450 + 155
MC 5.5 33 2013 900 + 65
SC 3.7 2.25 15+15 1,100 + 65
Plasma 1 3.9 2.3 2320 400 = 85
Plasma 2 3.5 2.3 14 +22 N/A (NES)
Plasma 3 3.5 2.0 20+ 1.8 720 = 80
Plasma 4 3.0 1.8 18 £2.0 940 + 65
NVP 4.7 3.15 20+ 1.5 900 + 40
Li44 3.75 2.25 13+£1.0 1,400 = 75
N97 32 1.75 13+12 1,600 + 80

NFS—Not fully stressed for all breaks to occur
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Figure 11 shows the relationship between the ISS and
the reciprocal of the fragment length. Using this analysis,
ISS determination using Raman spectroscopy can be
analyzed using techniques similar to the classical frag-
mentation method. Long fragments correspond to a weak
interface and shorter fragments to a stronger one [21].

It is clear that the coupling agents (NZ97 and Li44) did
not improve the stress transfer between the matrix and the
fibers. The average fiber fragment length was comparable
to that of the as-received Twaron 2200 fiber, but the max-
imum amount of stress the fragments were able to transfer
was far lower. The MC and NVP treated fibers showed
effective stress transfer after fragmentation had occurred
(3.0 and 2.8 GPa axial fiber stress) while the plasma 1
(Argon) treated fibers had the lowest fragment length and
the strongest interface.

Observations on interfacial stress transfer in aramid
reinforced Pebax composites

Aramid fibers fail by axial fibrillation which makes the
measuring the ISS of the single fiber composite by the
fragmentation test, using conventional techniques, quite
difficult since the fiber breaks are not easy to locate. Drzal
[22] proposed to count the number of regions exhibiting
axial fracture (in his study they appeared with a high
degree of regularity in spacing). Pisanova et al. [23] be-
lieved that their results using the single fiber composite
fragmentation test method were not as reliable as other
micromechanical methods. The use of Raman spectros-
copy, however, for the fragmentation test used in this
research has proved to be an accurate method of deter-
mining the fiber breaks and an effective data acquisition
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vcT NVP
20 |- P3
= -
S os Shear Yielding
= T
o 15 AS }SC . y
@a Debonding
I NZz97
= Li44
£
X 10|
=
(0]
()]
o
g st
<
0 1 L 1 L 1 L 1 L 1
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025

Reciprocal of Fragment Length (um'1)
Fig. 11 Average maximum ISS versus average fragment length for

Twaron 2200 aramid fibers with various surface treatments embedded
in a Pebax 7033 matrix. (Data points taken from Table 3)
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method to assess the stress profiles of the fibers and to
calculate the derived ISS.

The estimated shear yield stress of Pebax 7033 is
~16 MPa. It was possible to examine the influence of
particular fiber sizings on the local interphase and the
corresponding interfacial shear stress. It was seen in
Fig. 11 that for some samples, the ISS plateau that
occurred at a high matrix stress equal to that of the shear
yield stress of the neat resin. It would seem that for most
samples, stress transfer is limited by yielding of the matrix.
At higher applied stresses, however, full debonding of the
fiber or fragment ends resulted, and stress transfer was by
friction. The idea of local yielding is supported by the work
of Gu et al. [24] and Huang and Young [25] using the
Raman spectroscopy technique for fiber fragmentation in
carbon/epoxy single fiber composites, Huang and Young
found that the maximum ISS approximately equals the
shear yield stress of the neat matrix.

This does not explain, however, the reason why for
some samples such as the Plasma treatment and NVP
treated PPTA single fiber composite samples were found to
have a ISS somewhat higher than the shear stress of the
material (Fig. 11). These ISS values were repeatable to
+2 MPa. Melanitis and Galiotis [26] reported from their
Raman experiments on a fragmented carbon fiber in an
epoxy matrix that the ISS can be higher than the shear yield
stress of the neat matrix. They reported an ISS of 66 MPa,
whereas the shear yield stress of the neat matrix (in this
case epoxy) was 35 MPa. They explained this disagree-
ment by use of the interphase concept as proposed by
several researchers [27, 28] The interphase is a region close
to the fiber/matrix interface in which it is assumed that the
chemical composition of the matrix is different from that of
the bulk matrix [29]. Consequently the interphase has
mechanical properties different from the bulk. This argu-
ment is quite plausible considering the evidence of varying
levels of transcrystallinity occurring in the vicinity of the
fiber, dependent on the type of fiber surface modification
(Coffey AB, unpublished). It would also explain the reason
why the Plasma- and NVP-treated fibers have an ISS
greater than the shear strength of the Pebax 7033 matrix.

For the Plasma 1 treatment, the interphase region in
which there is an improved ISS is probably due to
improved surface contact area of the Plasma 1 (argon)
treatment. Since inert gases such as argon exist in their
monatomic state, their reaction with the fiber surface is a
kinetic energy transfer, or in simple terms, a molecular-
scale sand blasting process. Thus the likelihood of any
contaminants on the fiber surface would be diminished,
therefore improving any potential interface with a matrix
material. In contrast for the NVP treated fibers, increased
hydrogen bonding with the polyamide component of the
Pebax matrix could have resulted.
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Conclusions

Raman spectroscopy has been used successfully to investi-
gate, using a fragmentation test, the variation of Twaron 2200
aramid fiber stress and the interfacial adhesion along the
length of the single-fiber embedded composites with an
extensible thermoplastic elastomer (Pebax 7033) matrix. In
previous studies using glassy polymeric resins with aramid
fibers, it had not been possible to fragment the fibers because
of the high failure strain of the fiber. It had only been possible
to fragment aramid fibers by employing Kevlar 149 [30]
which has a lower strain to failure than conventional aramids.

It was possible to detect the fiber breaks in the Twaron
2200 fibers using Raman spectroscopy and a valuable
insight to interfacial stress transfer between aramid fibers
and the ductile thermoplastic elastomer matrix was
achieved. It would not have been possible to determine
accurately the number and position of fiber breaks in the
aramid fibers using conventional fragmentation techniques.

The interfacial shear stress between a non-treated,
as-received aramid fiber (PPTA AS) and the Pebax 7033
matrix was found to equal or even exceed that of the shear
strength of the matrix material, suggesting a good interface.
Fiber surface modification showed some improvement in
increasing the effectiveness of the interfacial, especially in
terms of reducing the critical fiber fragment length, which
is a measure of good interfacial adhesion from the classical
fragmentation micromechanics theory.
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