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Cross-ply laminates reinforced with basalt fibers and functionalized multi-walled carbon nanotubes
(MWCNTs) were fabricated from unidirectional epoxy prepregs. MWCNTs with varied surface conditions
were prepared by oxidization or esterification, and then dispersed into a DGEBA epoxy system. The dis-
persion of the MWCNTs in the epoxy was improved by surface modification, resulting in improved com-
posite mechanical properties as well. Significant increases in elastic modulus and strength were observed
for epoxies with functionalized MWCNTs, especially for esterified species. When MWCNT – filled epoxies
were used as matrices for basalt fiber/epoxy laminates, however, the reinforcement effects of MWCNTs
on the composite elastic modulus exceeded micromechanics based semi-empirical predictions and were
independent of surface functionalization. SEM morphological observations and the results of the micro-
mechanical model revealed that nanotube re-distribution and orientation during processing was respon-
sible for the enhancement of fiber-dominated mechanical properties. This work demonstrated the
feasibility of in situ alignment and dispersion of functionalized nanotubes in multi-scale composite
laminates.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Several approaches can be employed to improve the properties
of fiber-reinforced epoxies. One approach is to select fiber rein-
forcements which optimize specific thermal, mechanical, chemical,
electrical, or optical properties [1–3]. A second approach is to
toughen the matrix and overcome the inherent brittleness of epoxy
systems through techniques such as rubber/thermoplastic tough-
ening or epoxy composition modulation [4,5]. A third alternative
is to optimize the fiber–matrix interface to enhance the stress
transfer properties [6,7]. More recently, multi-scale approaches
have been explored to design optimized microstructures at multi-
ple reinforcement length scales [8–11]. These approaches typically
attempt to incorporate both nano-scale and micro-scale
reinforcements.

Fiber-reinforced epoxy composites filled with nano-particles af-
ford the opportunity to improve the bulk composite properties
with minimal sacrifice of other properties of the composites.
Among nano reinforcements, multi-walled carbon nanotubes
(MWCNTs) stand out because of the ultra-high strength/stiffness
[12], large aspect ratio, and relative affordability. Examples of mul-
ti-scale composites utilizing MWCNT-filled epoxies in conven-
All rights reserved.

: +1 213 740 7797.
tional fiber-reinforced composites (FRCs) have been reported. For
example, Thostenson et al. [13,14] demonstrated that the anchor-
age of MWCNTs onto carbon fibers through either direct CVD
growth or electrophoresis selectively tailored the ‘‘interface prop-
erties”. In other work, Qiu et al. [15] and Gojny et al. [16] reported
that MWCNTs enhanced the electrical properties and the interlam-
inar shear strength respectively, while preserving or enhancing
tensile properties, thus improving ‘‘matrix properties”.

Despite the temptation to assemble or organize ordered nano-
tube arrays into composites [17,18], direct dispersion of MWCNTs
with tailored surface properties, offers the most practical route be-
cause of the simplicity and compatibility with existing composite
processing methods. Three key processing challenges are associ-
ated with direct CNT incorporation – nanotube dispersion, interfa-
cial bonding, and alignment [19,20]. The dispersion and interfacial
bonding issues can be addressed by identifying a suitable nanotube
surface modification, which not only disperses the MWCNTs in the
resin system but also facilitates stress transfer at the interface
through the formation of covalent bonds [21,22]. In addition, high
shear force, electric field, and magnetic field have been used suc-
cessfully to align CNTs in polymer matrices [23–25]. However,
these studies have not addressed the influence of processing con-
ditions and CNT surface modification on CNT dispersion and align-
ment, although this is understandable, given the complexity of
composite systems with multiple reinforcement length scales
and processing stages.
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In the present study, multi-walled carbon nanotubes were
grafted with epoxy-compatible surface modifiers [26] before being
dispersed directly into the epoxide. The resultant nanotube-filled
epoxies were used as matrices in composite laminates reinforced
with continuous basalt fibers, selected for the unique thermal,
mechanical, and chemical characteristics. The morphology and
mechanical behaviors of the nanotube reinforced epoxies (NEs)
were analyzed and related to those of NE/basalt laminates in order
to elucidate the composition, processing, structure, and property
relationship in these hierarchically reinforced composites.

2. Experiment

2.1. Materials

Raw MWNTs (raw-CNTs) were obtained from a commercial
source (Nanotech Port Co. Ltd., Shenzhen., China). The nanotubes
were produced by chemical vapor deposition (CVD), and contained
�5 wt% impurities, consisting primarily of amorphous carbon and
transition metals. The nanotubes were 5–15 lm in length and
20–60 nm in diameter. A di-glycidyl ether of bisphenol A (DGEBA)
type epoxy resin (EPON 828, Miller–Stephenson Chemical Co. Inc.)
was selected as the matrix material. The epoxy was used in combi-
nation with a curing agent and an accelerator (DICY and Omicure,
respectively, Air Products & Chemicals, Inc.) to prepare the
composites.

H2SO4, HCl, and HNO3 were generic chemicals (VWR Scientific)
used during the oxidation. Triphenylphosphine (TPP, from Aldrich)
was employed as a catalyst to facilitate the esterification reaction
that attached phenyl glycidyl ether (PGE, Aldrich) onto the acidi-
fied carbon nanotubes. Cellulose acetate and PTFE membranes
(VWR and Fisher Scientific) were used during the filtration of
MWCNTs. DMF, THF, and anhydrous ethanol were used as solvents
(VWR Scientific).

Basalt fiber is made by extrusion (fiber spinning) of molten ba-
salt. Basalt is composed of the minerals plagioclase, pyroxene, and
olivine, and exhibits good and chemical resistance. The fiber also
exhibits high strength and modulus, and is thus competitive with
glass fibers as a composite reinforcement. The basalt fibers used
in this study (Rov 68-680/10/Int/Ext., BASALTEX, a division of
MASUREEL Holding nv, Belgium) exhibited the following proper-
ties: a melting point = 1350 �C ± 100, diameter = 10 lm ± 1.5, ten-
sile modulus = 84 GPa ± 3, and the sizing type was silane.
2.2. Chemical modification of MWCNTs

MWCNTs (5 g) were dispersed in 500 ml of concentrated 3:1
H2SO4/70% HNO3 following the procedure used by Liu et al. [27]
Moderate oxidation while maintaining a high MWCNT aspect ratio
was achieved by 30 min sonication and 30 min stirring at room
temperature. After the acid treatment and exhaustive washes with
deionized water, HCl was added to the acid mixture to facilitate the
termination of CNT surface defects with carboxylic acid groups,
rather than carboxylate. The solution was again extensively
washed with deionized water until the pH value of the decantate
became the same as deionized water. The acid-treated MWCNTs
(denoted as o-CNTs) were collected on a 0.45 lm cellulose acetate
membrane by vacuum filtration and were dried in a vacuum oven
at 80 �C for 24 h.

Some of the o-CNTs were esterified through a procedure similar
to the one reported by Chen et al. [26]. The esterification was car-
ried out by mixing milled o-CNTs and PGE in a DMF solution with
TPP as the catalyst. The mixtures were refluxed in an oil bath
heated to 150 �C under inert gas (N2) atmosphere for 36 h. These
esterified nanotubes with phenyl and beta-hydroxyl functionalities
on the surface were denoted as the PGE-CNTs. After the treatment,
the nanotubes were thoroughly washed with anhydrous ethanol,
collected with the PTFE membrane, and dried in a vacuum oven
at 80 �C for 24 h.

2.3. Composite preparation

2.3.1. Nano-epoxy coupons (NE coupons)
The raw-CNTs, o-CNTs, and PGE-CNTs were milled and dis-

persed in THF using a bath sonication for 10 min. The epoxy was
mixed with THF (1:1 by volume) in a dual-axis high-speed shear
mixer (Keyence HY501). The two mixtures were blended for an-
other 10 min and degassed for 5 min in the mixer. The resultant
suspension was denoted as nanotube-filled epoxy (NE). After-
wards, THF was evaporated at 80 �C in a vacuum chamber for
48 h. Finally, the curing agent and the accelerator were added to
the NE at 4.21 phr and 1.05 phr, respectively. The epoxy system
was then mixed and degassed again in the mixer prior to casting.
The off-stoichiometry epoxy composition was optimized for fila-
ment winding/hot press processes and was used throughout this
work. The blend was cast into an aluminum mold pretreated with
epoxy mold release to produce the NE specimens. The curing cycle
was 1 h at 120 �C and post curing at 160 �C for 3 h. NE specimens
were prepared at 0.25, 0.5, and 1.5 vol% MWCNT loadings (see
Ref. [28] for the estimation of vol%. The percentage of CNTs refers
to the fraction of CNT in epoxy resin throughout this work unless
otherwise stated). Five dogbone-shaped NE coupons
(63.5 mm � 9.53 mm � 3.2 mm, ASTM D638, type V) were cut
and polished from each specimen for tensile test. Residual samples
were milled into powder for Differential Scanning Calorimetry
(DSC) tests. Following the procedure described above, control sam-
ples from pure epoxy resin were also prepared and tested for
comparison.

2.3.2. Multi-scale reinforced laminates (MSRs)
The NEs were also used to fabricate the MSR specimens. Unidi-

rectional prepreg was made on a lab-scale drum-winding machine,
where basalt fibers were pulled through a resin bath before being
wound onto a spinning drum at preset rates. The resin bath con-
tained NE (0 vol%, 0.5 vol% or 1.5 vol% MWCNT loading), the cura-
tive and the initiator, which were prepared beforehand using the
same mixing and degas procedure mentioned above except that
THF was used as diluent at this stage. The unidirectional prepreg
was cut from the drum and heated at 60 �C for 20 min. Four plies
of prepreg were cut and stacked in a (0/90/90/0) sequence. Lamina-
tion was performed using a hot press at 120 �C and 100 psi
(�0.69 MPa) pressure for 1 h, followed by a post-cure at 160 �C
for 3 h. Finally, laminated MSR samples were cut into five tensile
coupons (2.54 cm � 20.32 cm � 0.05 cm) with 3.81 cm tabs glued
to both ends of each coupon.

2.4. Characterization

The o-CNTs and PGE-CNTs were observed by transmission elec-
tron microscopy (TEM, Philips EM420, 120 KV). The weight loss, or
defunctionalization of modified MWCNTs, was recorded by ther-
mogravimetric analyses (TGA) at a temperature ramp of 10 �C
per minute to a maximum of 800 �C under constant nitrogen flow.
The attachment of functional groups on the surface of MWCNTs
was verified by FTIR spectroscopy in transmission mode (Nicolet
4700). TGA and FTIR data were reported in Ref. [26].

DSC tests were performed (DSC2920, TA Instruments) using
milled NE powder. The samples were heated from 25 �C to 250 �C
at 10 �C/min ramp rate with a temperature modulation of ±1 �C/
min. The glass transition temperatures were obtained at mid-point
of the transition step. The microscopic morphology of the NE and
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MR composites was both investigated by SEM (Cambridge 360 at
20 kV). Brittle fracture surfaces (pre-chilled by liquid nitrogen)
were sputter-coated with gold prior to observation. Tensile tests
were performed on NE coupons and MSR composites using a uni-
versal testing machine according to ASTM D638 (specimen type
V, crosshead speed: 0.5 mm/min; gauge length: 7.5 mm) and ASTM
D3039 (crosshead speed: 0.5 mm/min; gauge length: 127 mm)
respectively.

3. Results and discussion

3.1. Functionalized MWCNTs

As described above, MWCNTs were functionalized through
either an oxidation or an esterification scheme, details of which
have been reported elsewhere [26]. The functionalized nanotubes
(o-CNT and PGE-CNT) are shown in TEM images in Fig. 1. Inspec-
tion of the entire sample area revealed that structural integrity of
the graphite layers was preserved and CNT aspect ratios of over
100 were maintained. The observed nanotube diameters range
from �20 to 60 nm, which confirmed the information from the
supplier. Through the introduction of epoxy-compatible surface
Fig. 1. TEM image of o-CNT

Fig. 2. SEM images of fracture surface of NEs. Al
functionalities (such as carboxyls and hydroxyls [29]), solubility
and reactivity compatibilization was attained between the
MWCNTs and the matrix precursor [21]. CNT surface modification
improved nano-particle dispersion and facilitated the interface
stress transfer through the formation of covalent bonds, leading
to the morphological and mechanical properties discussed next.

3.2. Nanotube reinforced epoxies (NEs)

SEM inspection of the NE composite fracture surface revealed
that chemical functionalization improved nanotube dispersion
and appeared to enhance interfacial bonding (Fig. 2). The epoxy
containing raw-CNTs showed CNT agglomerations at the length
scale of micrometers adjacent to extended CNT-devoid regions
(Fig. 2b). Debonded raw-CNTs were also apparent, as shown in
the inset of Fig. 2b (suggest you add outline or frame to inset to
highlight). In contrast, the inclusion of functionalized nanotubes
altered the fracture surface features of neat epoxy dramatically.
Prominent parabolic features and ‘‘ductile” bands surrounding
MWCNTs (indicated by arrows in Fig. 2c and d) were observed in
the o-CNT and PGE-CNT systems respectively, in contrast to the
fast fracture surface of the neat epoxy. These fracture surface
s (a) and PGE-CNTs (b).

l specimens have a CNT loading of 0.5 vol%.



Table 1
Glass transition temperatures (DSC) for NEs at different CNT loadings.

0
vol%

Tg (�C), 0.25 vol%
MWCNTs

Tg (�C), 0.5 vol%
MWCNTs

Tg (�C), 1.5 vol%
MWCNTs

NEcontrol 115.2 – – –
NEraw-

CNT

– 114.3 113.7 113.5

NEO-CNT – 119.5 122.7 119.2
NEPGE-

CNT

– 120.8 126.6 122.1
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characteristics also suggested the activation of toughening mecha-
nisms, such as crazing retardation, crack deflection, and pinning of
brittle fracture propagation [30]. Nanotube agglomerates, debond-
ing, and telescopic pullout [31,32] were absent from the fracture
surfaces of these samples. The MWCNTs appeared as separated
bright, high-contrast spots, with an average tube-to-tube distance
of �1–2 lm (Fig. 2c and d).

Incorporation of less than 1.5 vol% of MWCNTs into the epoxy
matrix triggered divergent changes in the glass transition temper-
ature (Tg) of the NEs. DSC measurements revealed that Tg increased
with increasing MWCNT loading for both o-CNT and PGE-CNT rein-
forced composites, although Tg showed a decrease at 1.5 vol% com-
pared with 0.5 vol% (Table 1). On the other hand, Tg consistently
decreased with nanotube concentration in raw-CNT filled NEs.

The trends observed in the measured Tg values were attributed
to the altered mobility of the molecular chains or chain sectors in
the NEs and were consistent with SEM observations. The increase
in glass transition temperature in o-CNT and PGE-CNT composites
originated from multiple causes. First, the incorporation of
MWCNTs into polymer matrix restricted the mobility of near-
interface molecules, as reported for similar systems [33,34]. Sec-
ondly, carboxyls and beta-hydroxyls on the functionalized MWCNT
surface increased the local cross-linking density [35]. In contrast,
the larger free volume resulting from CNT agglomeration and poor
interface affinity accounted for the decrease in Tg observed for
composites reinforced with raw CNTs. Similarly, the epoxies with
1.5 vol% o-CNTs and PGE-CNTs both exhibited slightly decreased
Tg values compared with lower loadings, and this was also attrib-
uted to the presence of agglomerations at high CNT loading.

The tensile modulus and fracture strength of the NE specimens
are illustrated in Fig. 3 (each point represents the average of five
test values). Linear increases in stress–strain curve and composite
tensile modulus with respect to nanotube volume fractions were
observed for all three systems. Although the composites with
raw-CNTs and o-CNTs exhibited similar increases in modulus, the
tensile strength of the NEs with raw-CNTs decreased, an indication
of CNT agglomerations and poor CNT/epoxy interface stress trans-
fer. The strength data for both o-CNT and PGE-CNT was linear up to
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Fig. 3. (a) Experimental tensile stress vs. CNT volume fraction plotted with theoretical p
0.5 vol% CNT loadings (Fig. 3), but the data ceased to be linear at 1.5
vol%. Nevertheless, PGE-CNT composites with 1.5 vol% CNTs exhib-
ited modulus and strength increments of �30% and �60%, respec-
tively. With judiciously functionalized nano-fillers [35], PGE-CNT
reinforced epoxy exhibited the highest reinforcement efficiency
of the samples tested.

The predicted composite moduli based on Halpin–Tsai (HT)
micromechanics [36,37] were compared with the experimental
values of the NEs (Fig. 3a). For these calculations, a modulus of
700 GPa [12] and an aspect ratio of 100 for MWCNTs was assumed
[27], and the elastic modulus of the epoxy was taken as 3.1 GPa.
The observed modulus values for the NEs ranged between the val-
ues predicted by Halpin and Pagano (H–P model for randomly ori-
ented fibers, 1968) and those given by Halpin–Tsai, which
constitute a lower bond (Eyy). Over-estimation of modulus values
of nanocomposites is not uncommon among recent reports
[38,39], and this variance may be associated with the inherent
nanotube waviness and agglomeration of CNTs, which was not in-
cluded in this model [40,41]. The relevant equations are given
below.

Halpin–Tsai model (Exx and Eyy)

Exx or yy ¼ ð1þ fgVCNTÞEm=ð1� gVCNTÞ
g ¼ ðECNT=Em � 1Þ=ðECNT=Em þ fÞ
f ¼ 2l=t þ 40V10

CNTðforExxÞ and 2w=t þ 40V10
CNTðfor EyyÞ

Halpin–Pagano model (H–P)

Em0 ¼ 3Exx=8þ 5Eyy=8

In the equations, V and E refer to the volume percentage and the
modulus of the individual phase under discussion. x and y refer to
the directions parallel and perpendicular to nanotube orientation,
respectively, l is the CNT length, w, t: width and height of the filler
or CNT diameter here, and CNT, m, and m subscripts’ denote the
property for nanotubes, epoxy matrix, and the NE, respectively. Be-
cause predictions based on the HT model and the HP model fail to
provide an accurate estimate for the elastic moduli of NEs, the
experimental data were linearly fitted and the following empirical
formulae were obtained:

Empirical formula for o-CNT ðEOÞ Em0 ¼ VmEm þ 1=14:5VCNTECNT

Empirical formula for PGE-CNT ðEPÞ Em0 ¼ VmEm þ 1=8:5VCNTECNT
3.3. Multi-scale reinforced composite laminates (MSRs)

SEM images of MSR fracture surfaces revealed that the inclusion
of 0.5vol% MWCNTs in NE enhanced fiber–matrix adhesion and in-
creased surface irregularity (Fig. 4), Incorporation of MWCNTs re-
sulted in fracture surfaces with more ‘‘ductile” appearances
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compared to the clean debonded surface characteristic of the con-
trol samples. For samples reinforced with raw-CNTs, debonded re-
gions were observed on basalt fiber surfaces (indicated by arrows
in Fig. 4b), indicating the CNT-rich region and CNT-free regions
in the raw-CNT filled NE (Fig. 2b). In contrast, the fracture surfaces
of MSR samples containing both o-CNT and PGE-CNT reinforced
MSRs, revealed basalt fibers that were covered with an interfacial
NE layer and a complete absence of debonded regions.

The distribution of o-CNTs and PGE-CNTs on the fracture sur-
faces revealed that re-distribution and re-orientation of the func-
tionalized CNTs had occurred during MSR laminate processing,
which included impregnation, drum-winding, and hot-pressing
(Fig. 4e and f). For example, o-CNT nanocomposites exhibited a
uniform NE layer with individually dispersed CNTs at the basalt fi-
ber fracture surface (Fig. 4e). Based on the average 2-D inter-tube
distance, the local o-CNT loading at the interface was estimated
to be as high as 5–6 vol% (as opposed to CNT loading of 0.5
vol%). The observations revealed a preferential distribution of o-
CNTs around basalt fibers and the formation of an interphase layer
characterized by high CNT loading. The high CNT loading in the
interphase layer was induced by the CNT surface modification
and the processing conditions. In contrast, few PGE-CNTs were ob-
served on basalt fibers exposed on fracture surfaces (Fig. 4f).

Because of strong interfacial bonding between the PGE-CNT and
the epoxy matrix, CNT debonding along the sidewall at the CNT-
Fig. 4. SEM images of basalt fiber fracture surf
matrix interface was not observed. The scarcity of the PGE-CNTs
observed on basalt fiber surfaces was attributed to the alignment
of PGE-CNTs along the fiber direction. Although the exact cause
of the alignment is not well understood and awaits further inves-
tigation, CNT surface functionalities and shear flow within mi-
cron-sized inter-fiber channels during fabrication must play
important roles in aligning and dispersing the PGE-CNTs. Addi-
tional evidence for the alignment of PGE-CNTs comes from the
measured mechanical properties, described next.

Similar to NE samples, the stress–strain curves for MSR speci-
mens are linear, and the results of tensile tests for the multi-scale
composites laminates are summarized in Table 2. Also included in
the table, for comparison, are values for epoxy reinforced with
attapulgite, a rod-like clay nano-particle (ATT-Clay). Increases in
the elastic modulus of approximately 10% were observed for lam-
inates with o-CNT or PGE-CNT modified epoxy at 0.225 vol% overall
nanotube volume fraction (CNTs account for 0.5 vol% of the NE, and
the volume fraction of the NE in the MSR is 45 vol%.). The o-CNT
and PGE-CNT reinforced laminates exhibited similar linear in-
creases in elastic modulus with increasing CNT loadings, irrespec-
tive of the chemical modification. In contrast, no proportional
strength increment was observed at 1.5 vol% CNT loading for both
species, a result of the sensitivity of tensile strength to CNT disper-
sion. In addition, the tensile strength of the o-CNTs reinforced lam-
inates was consistently greater than those with PGE-CNTs. This
ace of MSRs with 0.5 vol% CNT inclusions.



Table 2
Young’s modulus and tensile strength values for MSR specimens.

Epoxy/basalt laminates Young’s modulus
(GPa) % improvement

Tensile strength
(MPa) % improvement

Control laminate 0 vol% 27.65 ± 0.41 0 584.7 ± 10.3 0
raw CNT 0.5 vol% 27.44 ± 0.76 �0.76 564.0 ± 31.0 �3.54
o-CNT 0.5 vol% 30.41 ± 1.31 +9.98 635.7 ± 33.8 +8.72
PGE-CNT 0.5 vol% 29.92 ± 0.83 +8.20 608.8 ± 20.0 +3.98
raw-CNT 1.5 vol% 28.53 ± 1.18 +3.73 504.0 ± 42.0 �13.8
o-CNT 1.5 vol% 36.4 ± 0.97 +31.65 627.7 ± 25.5 +7.35
PGE-CNT 1.5 vol% 34.90 ± 0.77 +26.2 615.1 ± 19.7 +5.20
ATT-clay 1.25 vol% 29.85 ± 1.03 +7.96 530.9 ± 43.4 �9.20
ATT-clay 2.5 vol% 28.06 ± 2.62 +1.48 465.4 ± 94.5 �20.4
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finding was attributed to superior fiber–matrix stress transfer in
the o-CNT MSR samples that resulted from the high CNT loading
at the fiber interfaces.

In order to predict the elastic moduli of the MSRs and analyze
the experimental values reported above, a conventional microme-
chanics approach was employed. In this approach, the elastic mod-
uli for the NE matrices were adopted based on the effective
properties from the EO, EP, and HP predictions. Subsequently, the
Rule of Mixtures (ROM) and Inverse Rule of Mixtures (IROM) was
used to determine the elastic moduli of a single ply at different
CNT loadings (vol% of CNT in NEs).

E011 ¼ Vf Ef þ Vm0Em0 ðROMÞ
E022 ¼ ðVf Ef þ Vm0Em0 Þ�1 ðIROMÞ

In the expression, 1 and 2 refer to the fiber direction and the
direction perpendicular to fiber orientation, respectively. The ba-
salt fiber loading for all samples was calculated to be �55 vol%,
and the elastic modulus for basalt fiber was taken as 85 GPa. The
prime symbol and the subscripts f denote the property of a single
ply and fiber, respectively.

The elastic properties of the multi-scale composite laminates
(denoted Ec, the subscript c refers to the composite laminate) are
calculated using a micromechanics formulation and assuming
plane strain. A composite reinforced with continuous unidirec-
tional fibers in which all fibers are aligned along the one direction
is treated as a transversely isotropic material with three planes of
symmetry.

For layers with fiber direction parallel to one (layer No. 1, 4 in a
0/90/90/0 composite laminate):
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Filling in the elastic constants for transversely isotropic
materials:
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Similarly, for layers with fiber direction perpendicular to 1 (or
layer No. 2, 3):
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D ¼ 1� t12t21 ¼� 0:945 (t12, t21 were estimated based on Refs.
[42,43]).

Because of the symmetry of the MSR composite laminae
(symmetric balanced cross-ply), the calculation of the laminate
elastic moduli for the longitudinal direction (direction 1) is re-
duced to the following relationship when the strain in the direc-
tion 2 is small. A similar result can be deduced for the
transverse direction:

Ec11 ¼ Ec22 ¼ ðE011 þ E022Þ=2D
1.6

iction

rediction
(b) 

(c) 

distribution around basalt fiber and (c) CNT alignment along basalt fiber orientation.
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The Ec vs. CNT loading relationship is illustrated by the mea-
sured values plotted in Fig. 5a. The curves plotted are the predic-
tions from the micromechanics model, which significantly
underestimates the elastic properties for fiber-dominated direc-
tions (both Ec11 and Ec22 for cross-ply laminates). Conventional
wisdom dictates that MWCNT reinforcements should be most
effective in boosting matrix-dominated properties, such as inter-
laminar shear modulus, GIC, and GIIC, particularly when used as
nano-scale additives in fiber-reinforced composites [44,45]. How-
ever, current predictions underestimate the �20% per vol% (vol%
of CNT in NE) increase observed in the elastic modulus of the com-
posite laminates. Therefore, additional reinforcing mechanisms
must be considered.

The o-CNT re-distribution and the apparent PGE-CNT alignment
observed in Fig. 4 and portrayed in Fig. 5b and c provide insight
into the underlying causes of the discrepancies between the mea-
sured modulus values and predictions from the micromechanics
model. The annular interphase regions around basalt fibers (with
high o-CNT loadings) provides a high modulus layer around basalt
fibers, the elastic modulus of which can be as high as 10–20 GPa
(H–P, Exx) based on the estimation of 5 vol% CNT concentration
on basalt fiber surface. A higher interfacial shear modulus (�1/3
of the tensile modulus of the NE) also improves the interfacial
stress transfer properties between the NE and basalt fibers and,
consequently, enhances the elastic modulus and strength. On the
other hand, micromechanical predictions are consistent with the
alignment of PGE-CNTs along the direction of basalt fibers as indi-
cated by the SEM observations (Fig. 4). An effective matrix elastic
modulus of �4.7 GPa can be deduced based on 0.5 vol% of aligned
and straight CNTs (Exx). Using the same micromechanics model
employed above, the estimated Ec11 (at 0.5 vol%) of �29.3 GPa is
within the experimentally measured range of longitudinal elastic
modulus values for PGE-CNT reinforced MSR (Fig. 5a). Thus, the
unusually high reinforcement efficiency of the functionalized
MWCNTs for fiber-dominated properties of multi-scale reinforced
composite laminates is attributed to the re-distribution or re-ori-
entation of CNTs under processing conditions.

4. Conclusions

Appropriate choice of surface groups led to uniform dispersion
and covalent integration of MWCNTs into a DGEBA epoxy system.
Tensile tests of the bulk NEs revealed increases in both elastic
modulus and strength, albeit lower than theoretical predictions
due to natural CNT waviness and partial agglomeration.

Direct incorporation of functionalized MWCNTs into epoxy/ba-
salt composite laminates improved the elastic properties of the
composites, particularly in the fiber direction, and this increase
was not predicted by a classical micromechanics analysis based on
the equivalent matrix properties obtained from NE specimens.
SEM observations revealed an unexpected re-distribution and
re-orientation of CNTs resulting from processing. When properly
positioned and oriented within the matrix, carbon nanotube rein-
forcement markedly influenced properties that are usually domi-
nated by fiber reinforcements. In-situ alignment of carbon
nanotubes and formation of a distinct, hardened, annular interphase
around basalt fibers were instrumental in attaining the high
reinforcement efficiency in the fiber-dominated direction of these
hierarchical composites.
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