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The microbond test was used to evaluate the interfacial shear strength (IFSS) of multiscale composites
based on a polypropylene (PP) matrix reinforced with aramid fibers (AFs) chemically treated by two
methods and coated with multiwall carbon nanotubes (MWCNTs). AFs were treated by two types of acid
solutions and coated with oxidized MWCNTSs. Scanning electron and atomic force microscopies were
conducted to observe the failure modes and correlate the fiber roughness to the IFSS. While both acid
treatments caused a small change in fiber roughness, MWCNT deposition largely increased the fiber
roughness. The microbond test results indicate that the acid treated fibers exhibited slightly higher IFSS
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I:g/ev;/f‘;rces/interpl1ase than the untreated fibers and such IFSS is even higher for AFs containing MWCNTs. For chemically
Aramid fiber treated fibers covered with MWCNTS, a rougher surface with matrix cohesive failure at the edge of the

Surface properties sheared droplet suggests that the IFSS improvement is mainly due to the physicochemical interactions
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Micro-mechanics

among AF, MWCNT and PP, in addition to mechanical interlocking.
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1. Introduction

Multiscale hierarchical composites are a new generation of
composite materials comprising a nanometric filler, a micrometric
reinforcement (typically a fiber) and a macroscopic matrix
consolidating the material [1—3]. Although the nanometric filler
may play a variety of roles, it typically enhances a specific property
and/or adds multifunctionality to the composite [4—7]. If the filler is
electrically conductive, as for the case of carbon nanotubes (CNTs),
the resulting multiscale hierarchical composite may have added
capabilities such as electromagnetic shielding and self-sensing of
strain and damage [8—13]. Several recent works have used the
approach of depositing CNTs onto the surface of engineering fibers
to manufacture this kind of electro-conductive multiscale com-
posites. Since in this architecture the CNTs are located at the fiber/
matrix interface, it has been shown that the interfacial shear
strength (IFSS) of the composite is increased by the presence of
CNTs, mainly due to increased mechanical interlocking [ 14—17]. For
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example, LaBarre et al. [17] deposited multiwall carbon nanotubes
(MWCNTs) over Kevlar fibers assisted by N-methylpyrrolidone and
found increased pull-out friction for such Kevlar fabrics. However, it
is generally accepted that the interfacial strength of a composite has
mechanical and chemical components, and the role of the chemical
component in multiscale hierarchical composites has been scarcely
investigated. Furthermore, the large majority of research works
reported to date on multiscale hierarchical composites using CNTs
deal with either glass or carbon fibers and a thermosetting polymer
[15,18—24], and the use of aramid fibers and thermoplastic poly-
mers have been significantly less investigated [16,25,26]. Aramid
fiber (AF)/polypropylene (PP) composites are well known for their
high toughness, which makes them especially suitable for impact
loading scenarios [27]. However, the IFSS of AF/PP composites is
frequently weak, and chemical treatments to the AF have been
attempted to address this issue. Among the fiber chemical modi-
fications reported in the literature to improve the adhesion be-
tween AFs and different polymer matrices are the treatments based
on acids, chlorides, fluorinations and plasma treatments [28—31],
where the selection of a specific treatment depends strongly on the
polymer matrix to be used. For the most common case of epoxy
matrices, amine and oxygen plasma treatments [32], as well as
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treatments with phosphoric acids [33] and chlorides [29] have been
reported. The use of methacryloyl chloride in wet surface treat-
ments has been reported to improve the compatibility with poly-
mer matrices such as epoxy [29], unsaturated polyesters [34] and
polyethylene [28]. Significantly less work has been reported for the
AF/PP material system, where fluorination seems to be the major
surface treatment attempted to date for this material system [25].
Kevlar has been used to coat CNTs [35], but this procedure is
challenging and does not benefit from the mechanical properties of
aramid fibers for composites. Very few research efforts have been
conducted to modify aramid fibers [25,28] to further include these
CNT-modified AFs into advanced polymer composites. Advanced
composites subjected to important mechanical loadings need to
include a continuous fiber such as the aramid one, and the presence
of carbon nanotubes at their interface may not only improve their
IESS, but also allows structural health monitoring through their
electrical conductivity. Therefore, in the present research work, the
microbond test was used to examine the interfacial shear strength
of AF/MWCNT/PP multiscale composites prepared with AF fibers
chemically treated by two methods and coated with MWCNTs.
Scanning electron microscopy (SEM), and atomic force microscopy
(AFM) are also conducted to correlate the fiber roughness to the
measured IFSS of the composite. The fiber surface treatments and
the presence of CNTs at the interface modify the interfacial prop-
erties of the composites, and the main aim of this work is to eval-
uate their effect and investigated the chemical and mechanical
contributions.

2. Experimental
2.1. Materials

The Twaron Aramid fibers (TF) used were provided by Teijin
Aramid Inc. (Emmen, The Netherlands). According to the manu-
facturer, the fiber elastic modulus ranges from 130 to 180 GPa, the
density is 1.45 g/cm> and the diameter of a single filament is
~12 pm. The Twaron yarn is composed of approximately 1000 in-
dividual filaments. Commercial MWCNTs (Cheaptubes Inc., Ver-
mont, USA) with a length ranging from 1 to 6 um, internal diameter
5—15 nm and the external diameter 30—50 nm were used.

2.2. Surface treatments

2.2.1. MWCNT oxidation

MW(CNTs were chemically oxidized with a 3.0 M solution of an
equimolar mixture of nitric and sulfuric acids following the pro-
cedure reported in the literature [36]. Briefly, 0.3 g of MWCNTs
were mechanically stirred with 70 mL acid solution in a hot plate
for 15 min at ~60 °C. The dispersion was sonicated in an ultrasonic
bath (70 W, 42 kHz) for 2 h, and then filtered and thoroughly
washed with distilled water. Finally, the slurry was dried in a
convection oven at 100 °C during 24 h.

2.2.2. Fiber surface treatments

Prior to TF surface modifications, the commercial fiber surface
coating (sizing) was removed by a sequential Soxhlet extraction
with chloroform, ethanol, acetone, and methanol, as reported
elsewhere [37]. The extraction time was 6 h for each solvent fol-
lowed by overnight drying at 70 °C in a convection oven. Two
chemical treatments were carried out on the TF after sizing remo-
tion, one (aggressive) based on a mixture of nitric and sulfuric acids,
and a (milder) second one based on a solution of chlorosulfonic acid
in dichloromethane, as described elsewhere [38]. The first treat-
ment was performed by immersing the TF yarn free of sizing in
490 mL of a 3.0 M mixture of HNO3 and H,SO4 for 1 h. Then, the

fibers were washed with 1.5 L of distilled water. For the second
treatment, the TFs (free of sizing) were treated with 500 mL of a
solution of chlorosulfonic acid in dichloromethane (0.2% w/w) at
room temperature for 2 min; then, the TFs were soaked in distilled
water for 2 min and finally dried for 1 h at 70 °C. This treatment is
expected to generate sulfonic groups (SO3H) at the fiber surface
[38]. The nomenclature used to identify the fibers and their
chemical treatments are listed in Table 1.

2.2.3. Surface coating of aramid fibers with carbon nanotubes

As-received and chemically treated aramid fibers were covered
with MWCNTs by a immersion coating method assisted by ultra-
sound, as described elsewhere [38]. Briefly, 4 mg of previously
oxidized MWCNTs were deposited onto ~550 mg aramid fibers
rolled on a cylindrical frame and immersed into 100 mL of chlo-
roform. The MWCNT deposition onto aramid fibers was conducted
by using an ultrasonic horn for 1 h at 165 W and 20 kHz, drying the
fibers in a convection oven.

2.3. Fiber roughness and microscopy analysis

The surface topography of the fibers was observed by tapping-
mode AFM. Tapping mode, oscillating the tip near its resonance
frequency, was preferred for keeping the probe tip close enough to
the sample while preventing it from sticking to the surface. The
AFM images were recorded with a Bruker SPM8 AFM scanning
probe microscope in air at room temperature at a resonant fre-
quency of 320 kHz. Commercially available silicon cantilevers were
used (TESP-SS nanoprobe, Bruker) with a cantilever spring constant
of 42 N/m, a tip cone angle of 10° and tip radius of about 2 nm, using
a scanning frequency of 1 Hz. AFM analysis was conducted over
3 wm by 3 pm sampled areas on the fiber surface. A statistical
analysis of 2.5 pm by 2.5 um central sections of the AFM sampled
areas was then carried out. To this aim, the 2.5 pum x 2.5 pm area
was divided into 25 sub-areas of 500 nm x 500 nm and the root
mean square (RMS) roughness of each sub-area was measured with
the Bruker “NanoScope” analysis software. The average and coef-
ficient of variation (CV) of the 40 data were calculated using the
RMS roughness of each sub-area as a central metric. For SEM
analysis, the AFs were gold-coated and observed using a JEOL JSM-
630-LV SEM operated at 20—25 kV.

2.4. Microbond test

Specimens for microbond test consisted of six groups of indi-
vidual Twaron fibers (as listed in Table 1) containing a PP micro-
droplet. To this aim, PP powder was previously sieved by using a
Tyler # 100 mesh and sprinkled onto the fibers, held by a
15 cm x 8 cm metallic frame. The frame was then heated to 190 °C
for 1 h in a vacuum oven (Precision Scientific) to melt the PP
powder. Then, the frame was taken off the oven to cool it down to
room temperature. Each microdroplet was observed in an optical
microscope (Leica DMLM) using transmitted light, 20x objective
lens. A picture was captured for each microdroplet, and the

Table 1
Nomenclature of the Twaron fibers and their treatments.
Fiber Treatment
TF As-received (untreated) TF.
TFAC TF modified with 3.0 M mixture of HNO3 and H,SO0,.
TFCL TF modified with chlorosulfonic acid.
TF-MWCNT As-received TF coated with oxidized MWCNTs.

TFAC-MWCNT
TFCL-MWCNT

TFAC coated with oxidized MWCNTSs.
TFCL coated with oxidized MWCNTSs.




18 PI. Gonzalez-Chi et al. / Composites Part B 122 (2017) 16—22

diameter of the monofilament and the embedded length of each
microdroplet was measured using the Image Pro Plus software;
only the symmetric microdroplets were selected.

Specimens for the microbond test were prepared by cementing
one end of the fiber to a metallic stub; the fiber length between the
edge of the stub and the microdoplet was 15 mm. 25 specimens
were prepared for each fiber sample. The microbond test was car-
ried out in a microtensometer equipped with a load cell of 50 g and
two beveled blades forming a slit, whose gap can be adjusted with a
micrometer (Fig. 1). As shown in Fig. 1, the microdroplet was held
into the slit, a 10 um gap was set between the blade tips and the
fiber surface, and the metallic stub of the microdroplet was
attached to the fixture of the load cell. The crosshead displacement
rate was 0.08 mm/s; the microdroplet was pushed against the
blades until it was debonded and displaced along the fiber once the
shearing force exceeded the interfacial bond strength. The load-
displacement curve of each test was recorded and the maximum
pull-out force was determined. The IFSS was calculated using the
maximum pull-out force (F), the diameter of the monofilament (d),
and the embedded length of each droplet (L) as,

F

IFSS = —
55 mwdL
The debonded surfaces of the tested specimens were observed

in a Jeol SEM model JSM 6360LV operated at 20 kV. The sample

surfaces were covered with a thin layer of gold for better imaging.

(1)

3. Results
3.1. Morphological analysis of the aramid fibers

AFM images of the untreated and treated fibers coated or not
with MWCNTs are presented in Fig. 2 and their average RMS
roughness and CV are shown in Table 2. The untreated TF (Fig. 2a)
has a relatively smooth surface with average surface roughness of
3.2 nm and, according to Table 2, the fibers treated with the mixture
of nitric and sulfuric acids (Fig. 2b) and those treated with chlor-
osulfonic acid (Fig. 2c) present similar surface roughness. The data
scattering (CV) of the TF surface is given by the hills and valleys
generated by the fiber manufacturing process. The CV of TFAC is
significantly higher than that for TF and TFCL, indicating that the
aggressive character of the nitric-sulfuric acid treatment caused a
non-homogeneous distribution of affected areas on the fiber
surface.

Regardless of the fiber treatment, upon deposition of MWCNTSs
(Fig. 2d and f) the RMS surface roughness increases one order of
magnitude. The largest surface roughness is observed for the
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Fig. 1. Experimental setup for the microbond test.

untreated fiber with deposited MWCNTs (TF-MWCNT), with an
average RMS roughness of 21.3 nm. This increased roughness is
interpreted as a higher areal density of MWCNTs present on the
fiber surface, and suggests that the functional groups of the
oxidized MWCNTs interact with the sizing of the TF, as has been
previously suggested [39,40]|. For the fibers with deposited
MWCNTs, the CV may be taken as an indicative of the homogeneity
of MWCNT deposition on the fiber surface. The TF-MWCNT surface
yields the lowest CV, suggesting that the deposited MWCNTs on
TFAC and TFCL is less homogeneous than on the untreated TF. This
suggests that the mixture of nitric and sulfuric acids is aggressive
with the fiber surface yielding a large density of oxygen-containing
functional groups in localized zones of the fiber [41,42]; these
groups interact with the functional groups of the oxidized
MWCNTs, probably through hydrogen bonding [43]. However, the
experimental conditions of the chlorosulfonic acid treatment
(although mild) are sufficient to generate a rather homogenous
distribution of functional groups on the fiber surface.

Fig. 3 shows SEM images of as-received, chemically treated, and
MWCNT-modified aramid fibers taken at 1000x (scale bar 100 um)
and 5000x (scale bar 5 um) magnifications. A relatively smooth
surface is observed for the as-received fibers (Fig. 3a) with very few
shallow surface markings which stem from the fiber manufacturing
process. Major fiber damage was not observed among the treated
fibers (Fig. 3b and c); nevertheless, some individual fibers treated
with the mixture of nitric and sulfuric acids showed an increased
surface roughness and peeling off damage (Fig. 3b).

As observed in Fig. 3d and f, the surface of the aramid fibers
significantly changes upon MWCNT deposition on the fiber surface,
yielding a conspicuous change in their surface morphology and
surface roughness. The TF-MWCNT (Fig. 3d) shows a high con-
centration of MWCNT covering the fiber, concomitant with the high
values of RMS roughness described above. The TFAC-MWCNT
(Fig. 3e), however, is quite different, with less concentration of
MWCNTs over the fibers and more heterogeneously distributed.
The TFCL-MWCNT (Fig. 3f) shows also a non-homogeneous distri-
bution of MWCNTSs over the fibers surface, with an areal concen-
tration which seems slightly lower than that of TF-MWCNT.

3.2. Interfacial shear strength

Fig. 4 shows the typical load-displacement curves for the
debonding process of PP microdroplets deposited on the AFs listed
in Table 1. The nomenclature used for the microdoplet specimens is
the same as in Table 1 but adding PP to indicate the material of the
polymer droplet. It can be seen from the figure that TFAC/PP and
TFCL/PP systems require higher shear load to debond the PP
droplets than the TF/PP system. It is also noticed that the failure
load increases upon MWCNT deposition and fiber surface
treatment.

Table 3 summarizes the results from the microbond test. IFSS
was calculated from Eq. (1) using the maximum load from the load-
displacement curves, the length of PP microdroplets (163—185 um)
and the fiber diameter. TFAC/PP and TFCL/PP show comparable
values of IFSS (6.28 and 6.47 MPa, respectively) and higher than
that for TF/PP (5.86 MPa). The untreated fiber (TF/PP) showed a
limited compatibility with PP and the TF-MWCNT/PP mono-
filament composite showed higher IFSS than TF/PP; since this fiber
was not chemically treated, this indicates that the sole presence of
MWCNTs on the fiber surface improves the IFSS, likely because of a
mechanical contribution (friction and/or mechanical interlocking).
The high surface roughness of TF-MWCNT (21.3 nm, see Table 2) is
related to a high density of MWCNTs distributed on the fiber sur-
face, and is expected to play a contributing role on the IFSS.
Nevertheless, these morphological advantages are not enough to
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TFCL-MWCNT

3 um

Fig. 2. AFM topographical images of the Twaron fibers. a) TF, b) TFAC, c) TFCL, d) TF-MWCNT, e) TFAC-MWCNT, f) TFCL-MWCNT.

improve the interfacial strength, probably because the MWCNT are
only weakly bonded to the fiber surface. The higher concentration
of MWCNTs for TF-MWCNT can be explained due to the presence of
the surface coating on Twaron fibers. In fact, initial experiments

(not reported herein) showed that the MWCNTs do not properly
bond to the aramid fiber surface if its sizing is removed and the
fiber surface is not chemically activated. The sizing on the fiber
surface contains ramifications of ethylene and propylene oxide
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Table 2
RMS surface roughness of untreated, chemically treated and MWCNT-modified Twaron fibers.
Statistical metric Sample
TF TFAC TFCL TE-MWCNT TFAC-MWCNT TFCL-MWCNT
RMS (nm) 3.2 3.6 31 213 123 111
cv 0.34 0.60 0.35 0.32 0.56 0.43
006+ | ——TFPP
—e— TFAC/PP
—— TFCL/PP
005 —v— TF-MWCNT/PP
Y97 | ——TFAC-MWCNT/PP
—<— TFCL-MWCNT/PP
0.04
z
- 0.034
©
o
|
0.02 A
0.01
0.00

Fig. 3. SEM micrographs of the Twaron fibers. a) TF, b) TFAC, c) TFCL, d) TF-MWCNT, e)
TFAC-MWCNT, f) TFCL-MWCNT.

functional groups, as well as hydroxyl and carboxyl groups [44,45].
Upon ultrasonic MWCNT deposition at ~70 °C, it is possible that the
hydroxyl and carboxyl groups of the oxidized MWCNTSs react with
the ethylene and propylene oxides through anionic ring-opening
reaction [39,46,47]; hydrogen bonding is also likely to happen be-
tween the OH groups of the fiber sizing and the hydroxyl and/or
carboxyl groups on the MWCNT surface [40]. The thickness of the
MWCNT layer on the fiber surface has also been recently shown to
play a paramount role on the IFSS [48]. For nitric-sulfuric treated
fibers, the deposition of MWCNTSs produced an increase of IFSS from
6.28 MPa (TFAC/PP) to 7.36 MPa (TFAC-MWCNT/PP). The chlor-
osulfonic treatment led to the highest IFSS (average of 6.47 MPa)
which increased 35% by the MWCNT presence (8.71 MPa).

The increase in IFSS of the MWCNT-coated fibers is not pro-
portional to their large increase in roughness upon MWCNT

0.00 0.05 0.10 0.15

Displacement (mm)

Fig. 4. Representative load-displacement curves for the microbond test of Twaron fi-
ber/PP.

Table 3

IFSS of Twaron/PP with different fiber conditions.
Sample IFSS (MPa)
TF/PP 5.86 + 0.49
TFAC/PP 6.28 +0.83
TFCL/PP 6.47 + 1.09
TF-MWCNT/PP 6.79 + 1.14
TFAC-MWCNT/PP 7.36 + 0.80
TFCL-MWCNT/PP 8.71 + 1.54

deposition (Table 2). This means that the increments in IFSS cannot
be explained solely by a roughness component, and an important
chemical component is contributing to the generation of a stronger
interface. The MWCNTs are not bonded to the TF surface but to the
sizing which makes them easily peelled off during the microbond
test; oxygen-containing species on the surface of TFAC could
contribute to the formation of chemical bonds with the MWCNTs,
promoting adhesion at the interface and increasing the IFSS.
Indeed, XPS results (reported in Ref. [38]) suggested that the TFAC
and TFCL present different degrees of oxidation. However, the
aggressive acid treatment produced surface damage to fibers, as
seen on the SEM micrographs (Fig. 3). The chlorosulfonic treatment
has the highest level of IFSS, likely because the interaction of this
fiber with the PP droplet has an important chemical component.
To study the failure mechanism caused by the different chemical
modifications on the fiber surface and MWCNT deposition, micro-
droplets were observed by SEM after testing, as shown in Fig. 5; as
for most typical microbond tests, the crack initiates due to the
localized stress concentrations in the interface, near the region
where the microvise edges contact the PP droplet. The crack
propagates near the matrix/fiber interface along the loading di-
rection before complete debonding occurs. In the first row, images
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Droplet after test

__Load direction a
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TFCL
TF-MWCNT
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11 34 SEI

Fig. 5. SEM images of PP microdroplets after the microbond test.

of TF/PP are presented showing a clean interfacial fracture, which is
a consequence of the poor TF/PP adhesion (section a from the
debonded section). The debonded surface of TFAC is shown in the
second row, where a clean fracture is also observed; however, on
the undisturbed fiber surface (section b) some surface irregularities
are found (caused by the acid treatment), which may contribute to
the increment of IFSS measured. A similar failure mechanism was
observed for TFCL (third row), but with a few indications of matrix
debris attached to the fiber surface, supporting its increased IFSS.
The failure mechanism did not change for TF-MWCNT (fourth row),
TFAC-MW(CT (fifth row) and TFCL-MWCNT (sixth row), but a few
distinctive features can be pinpointed for treated fibers coated with
MW(CNTs. Although on the fiber fracture surface (debonded section
a) no evidence of MWCNT presence was observed, on the undis-
turbed fiber surface (section b) MWCNTSs can be devised, support-
ing the higher level of IFSS shown. It has been argued that the
presence of a CNT layer on the fiber surface yields a stiffness
gradient which may diminish the localized stress concentrations.

The fact that the MWCNTs are not visible at the debonded sections
may indicate that either the crack propagated in a resin rich layer
on top of the fiber/matrix interface or the MWCNTs where pulled
off during the microbond test. From observations of Fig. 5, the
former conclusion seems more viable. Higher improvements may
need of chemical treatments that modify the hydrophobicity and/or
polarity of the polymer matrix.

4. Conclusions

The influence of two chemical treatments (oxidation by a
mixture of nitric/sulfuric acids or a chlorosulfonic acid) and the
presence of multiwall carbon nanotubes (MWCNTSs) on the surface
of aramid fibers (AF) on the interfacial shear strength (IFSS) of AF/
MWCNT/PP multiscale composites were evaluated. Both, acid
treatments and MWCNT deposition increased the fiber surface
roughness, but the effect was significantly larger upon MWCNT
deposition. SEM observations revealed that the MWCNT coating
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depends on the fiber surface treatment. Higher IFSS was found for
treated fibers, regardless of the fiber roughness. The IFSS increased
more upon MWCNT deposition on treated fibers, probably because
of the stiffness gradient formed at the interface. The results suggest
that the higher IFSS observed is mainly due to increased physico-
chemical interactions among the AF, MWCNTs and PP upon surface
treatments and MWCNT deposition, and that a mechanical
contribution exists.
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