
Composites Part B 172 (2019) 143–151

Available online 9 May 2019
1359-8368/© 2019 Elsevier Ltd. All rights reserved.

Shear assisted two phase solvent extraction for high dispersion, filler 
wetting and fracture resistance in quasi-isotropic epoxy nano-composites 

Muhammad A.S. Anwer, Yannan Zhou, Hani E. Naguib * 

Department of Mechanical and Industrial Engineering, University of Toronto, 5 King’s College Street, Toronto, Ontario, Canada   

A R T I C L E  I N F O   

Keywords: 
Particle-reinforcement 
Surface treatments 
Fracture toughness 
Fibre/matrix bond 

A B S T R A C T   

In this work, a novel, simple and scalable methodology, based on in-situ shear assisted solvent exchange in two 
phases, is used to disperse functionalized carbon nanofibres (CNF) within epoxy. Critical stress intensity factor, 
KIC, of composites prepared using this method was more than 2.2 times higher than that of neat epoxy at just 0.5- 
1 wt% filler content. This ranks amongst some of the highest increases observed for such class of nano-composite 
systems. In comparison to conventional surfactant assisted processing, results from this method showed signif
icantly higher dispersion, adhesion, and fracture resistance. The high dispersion and matrix-filler interactions is 
further is also indicated by calorimetric and spectroscopic analysis, and evidenced by an increase in the glass 
transition temperature by almost 10 �C with respect to control through the addition of 1 wt% CNF. The method 
presented herein is expected to be applicable to a wide array of quasi-isotropic nanocomposite epoxy systems.   

1. Introduction 

Polymer nano-composites are a promising solution, as light weight 
materials, to a never ending quest for saving energy. One of the major 
components in these composites is the matrix or resin which plays the 
critical role of stress transfer and increasing resistance to fracture 
propagation throughout the composite. The latter characteristic is 
important in certain matrix dependant fracture modes within contin
uous fibre composites such as interlaminar fracture toughness [1]. Ep
oxies have been a widely utilized choice of matrix resins in continuous 
fibre composites, primarily due in part to their extremely high strength 
of adhesion and capacity for load transfer to the fibre skeleton. However, 
their brittle character results in low fracture toughness (particularly 
interlaminar) of their composites. In order to increase the fracture 
characteristics of the polymer matrix resins, various techniques are 
employed but some of the most common methods remain forming 
quasi-isotropic composites of the matrix itself with high aspect ratio 
nano-fillers [2,3]. This promotes extrinsic reinforcement mechanisms 
during fracture propagation within the matrix like crack bridging, fibre 
pullout, crack deflection etc. [4] In order for such mechanisms to 
operate with full efficiency, the wetting and dispersion of nanofillers 
within the matrix should be complete. Also, adhesion between the ma
trix and filler plays a critical role in crack initiation resistance and 

transmission of load to the fillers. 
Hence, in an effort to achieve high matrix-filler adhesion and 

dispersion, much research has been dedicated and the pursuit of this 
endeavor continues to be of great interest [5–10]. Some of the most 
effective nano-composite fabrication techniques involve reduction of the 
surface tension between the matrix and the nano-filler (increasing 
adhesion) which promotes wetting and transmission of shear energy, 
in-turn facilitating better dispersion. 

Functionalization generally results in both, reduction of surface 
tension and promotion of matrix-filler adhesion. Functionalization in
volves grafting of coupling agents (molecules) onto reactive sites (such 
as –OH, –COOH, -NH2 etc.) on the surface of the filler to potentially 
create covalent linkages between the filler and matrix [11]. These 
linkages are formed by separate entities on the coupling agent molecules 
which bond with the matrix and the sites on the fillers. A number of 
species have been utilized as coupling agents, which contain reactive 
sites for both the polymer and the matrix such as silane based coupling 
agents [5]. Some of the more recent methods include utilization of 
mussel inspired chemistry where dopamine or catechin molecules are 
allowed to polymerize and attach to the surface of organic or inorganic 
substrates. These surface polymer coatings can then be part of a sec
ondary reaction, such as Michael reaction, to introduce thiol or amino 
groups for reaction with polymer matrices [12–17]. However, many of 
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the functionalization methods separate grafting on filler sites from 
incorporation of the grafted fillers into the matrix due to incompatibility 
of the matrix with the carrier solvent used to graft the coupling agent 
and/or create the reactive sites on the surface of the fillers [18–21]. One 
possible route to overcome this limitation is to use solvent exchange, 
which is a class of techniques that involve replacement of one solvent 
with another of a particle solution in-situ. Conventional solvent ex
change procedures for nanocomposites include sol-gel based diffusion 
mediated solvent transfer and are carried out at a slow rate [22,23]. This 
limits their scope only to applications requiring small amount of fillers to 
be exchanged at a time [23–25]. 

Graphitic materials posses rich potential for functionalizability as a 
result of the constituting sp2 hybridized planes of carbon atoms [26]. 
CNTs and Graphenes have had the most intensive research focus for 
functionalization schemes due to their extremely high surface area, 
strength, stiffness, electrical and thermal conductivity [5,27,28]. How
ever, their prohibitively high expense limits their scope in many appli
cations. CNFs have emerged as low cost alternatives and consist of 
stacked-cup carbon nanotubes with high mechanical and morpholog
ical characteristics [29]. Numerous studies have shown the incorpora
tion of CNFs in a range of matrices to increase their thermal, mechanical, 
and electrical properties [30,31]. Recently, Liu et al. prepared com
posites of epoxy and carbon nanofibres wherein polydopamine (PDA) 
was coated on the surface of the carbon nanofibres followed by 
solvent-less mixing of the functionalized carbon nanofibres within epoxy 
using high shear followed by ultrasonication. Compared with unmodi
fied CNFs, the functionalized CNF epoxy composites show higher me
chanical properties and fracture toughness (KIC ¼ 1.42 vs. 
KIC ¼ 1.61 MPa m1/2). Other studies on covalent funtionalization like 
silanization [32,33] and amine funtionalization [34] and non-covalent 
functionalization such as polymer chain wrapping [35,36] also show 
definite improvement in the dispersion and mechanical characteristics 
of epoxy-CNF composites as compared with neat epoxy. 

Herein is reported a novel and facile method to fabricate covalently 
functionalized quasi-isotropic epoxy carbon nano-fibre (CNF) nano
composites with a high level of dispersion and adhesion; a two phase 
solvent extraction process assisted by high shear. In employing this 
process, CNFs were first functionalized using acid treatment to introduce 
–OH containing moeties on the surface. Acetone was directly used as the 
carrier agent for the silane coupling agent. The functionalized CNF-acid 
solution was then neutralized with water and repeatedly solvent 
exchanged with a mixture of acetone and coupling agent through 
ultrasonication and filtration until the aqueous content dropped to 
around 1 wt%. This solution was then mixed with epoxy resin and the 
acetone and remaining water was allowed to vaporize. This permitted 
the inter-filler spaces to then be concentrated and infiltrated respec
tively by the epoxy resin, thus comprising the second phase of the sol
vent exchange process. The morphological, fracture, mechanical and 
thermal characteristics of epoxy-CNF composites prepared using this 
method are evaluated and compared with epoxy-CNF composites pro
duced using conventional surfactant assisted processing. 

2. Materials and methods 

2.1. Materials preparation 

Epoxy composites with carbon nanofibres were prepared by two 
means: 1) Solvent exchange assisted method (S.E.A.) and, 2) Surfactant 
assisted method (S.A.). In the solvent exchange assisted (S.E.A.) method: 
I) carbon nanofibers (PR-XT-PS-19, Applied Sciences) were functional
ized by stirring with a Teflon bar on a magnetic hot plate kept at around 
70 �C for 2 h in an acid bath with the following component ratios 3 
[H2SO4]:1 [HNO3] by volume. II) The fillers were then kept in solution 
and filtered with water excessively until the pH was close to 7. III) 
Acetone with coupling agent ((3-Glycidyloxypropyl)trimethoxysilane, 
KBM-403 ShinEtsu) was added to this neutralized aqueous solution of 

CNFs in the ratio 1:1 with respect to the total solution volume (i.e., 1 
part by volume of acetone added per 1 part by volume of the CNF so
lution being added to). IV) This solution was then sonicated for 5 min at 
an amplitude of 50% (QSonica). This was to ensure diffusion of acetone 
to the surface of the carbon nano-fibers against the high polarity of 
water moeties surrounding the surface of the acid treated fillers. V) This 
overall solution was filtered to half volume before repeating steps III-V 
until the final water content in solution was around 1 wt% as per 
calculation. In this method, the content of the original solvent (water) is 
reduced in a stepwise manner to half its content in the previous step 
while maintaining particle dispersion during each step. In the last step, 
epoxy resin (Fiberglast 2000) was added to the solution and the solution 
sonicated for 50 min at an amplitude of 50%. Upon completion of this 
step, the resulting solution was kept for stirring overnight on a hot plate 
to vaporize acetone and water, leaving behind a solution of epoxy, CNFs 
and, coupling agent. The coupling agent amount was set to around 
0.808 ml per designated wt% of the filler in the final epoxy composite. A 
schematic of the fabrication methodology is presented in Fig. 1. 

For the surfactant assisted preparation (S.A.) of the composites, 
carbon nanofibers were first sonicated in a solution of acetone and 
surfactant (Triton X100) for 1 h at an amplitude of 50%. The surfactant 
amount was kept at 1 ml per 100 ml of acetone and, 2.5 ml of acetone 
was used per 1 ml of epoxy. Epoxy resin (Fiberglast 2000) was then 
introduced and the solution was sonicated for another 1 h. Following 
this, the solution was left to vaporize acetone by stirring overnight on a 
hot plate. For curing the end products from the two procedures, an 
amine based hardener was added (Fiberglast 2060) and the resulting 
mixture stirred and degassed before being cast into the appropriate 
molds for testing. For DSC and TGA testing, control samples were also 
prepared using the two methods mentioned above without the addition 
of carbon nanofibers. Table 1 lists information on the filler content and 
designations for the composites prepared in this study. 

2.2. SENB and tensile testing 

ASTM D5045 was used to obtain the fracture characteristics under 
the single edge notch bend test (SENB) methodology. Liquid epoxy-CNF 
solutions mixed with the hardener obtained from the solvent exchange 
assist (S.E.A.) and surfactant assisted (S.A.) methods were degassed, cast 
into molds and left to cure overnight and further at 60 �C for more than 
4 h. The solid epoxy samples obtained were then machined into rect
angular samples of approximately 8mm � 16mm � 76.2 mm and post 
cured at 100 �C for more than 12 h. The samples were chevron notched 
by a 60� cutter to a depth of 5.08 mm, midway and perpendicular to the 
side that was 76.2 mm in length. Prior to testing, a sharp razor blade was 
slid on the chevron notch to create a fresh pre-crack. A schematic of the 
specimen produced for testing is shown in Fig. 2. 

The machined and notched samples were loaded in a three point 
bending fixture for fracture toughness testing, designed as per the ASTM 
D5045 standard. A loading rate of 5 mm/min was applied and the load 
deflection curves from the test were recorded. For calculation of KIC, the 
maximum load obtained from the load deflection data was utilized. The 
following expressions were used to calculate the KIC and GIC values 
based on ASTM D5045: 

KIC ¼

�
PQ

BW1=2

�

:f ðxÞ (1)  

f ðxÞ ¼ 6x1=2½1:99 � xð1 � xÞð21:5 � 3:93xþ 2:7x2Þ�

ð1þ 2xÞð1 � xÞ3=2 (2)  

x ¼ a=W (3)  

GIC ¼ U=BWφ (4)  

U ¼ UQ � Ui (5) 
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φ ¼
Aþ 18:64

dA=dx
(6)  

A ¼
h
16x2�ð1 � xÞ2

i�
8:9 � 33:717xþ 79:616x2 � 112:952x3 þ 84:815x4

� 25:672x5�

(7)  

dA=dx ¼
h
16x2�ð1 � xÞ2

i�
� 33:717þ 159:232x � 338:856x2 þ 339:26x3

� 128:36x4�þ
h
32x=ð1 � xÞ3

i�
8:9 � 33:717xþ 79:616x2

� 112:952x3 þ 84:815x4 � 25:672x5�

(8) 

Where PQ is the peak load in the fracture toughness testing, B is the 
specimen thickness, W is the specimen width, and a is the measured 
crack length post-fracture testing as shown in the schematic in Fig. 2. UQ 
and is the energy obtained by integrating the flexural load-deflection 
curve of the specimen to fracture initiation and Ui is the correspond
ing energy from indentation testing as per the ASTM D5045. The data 
from fracture testing of individual specimens of the epoxy-CNF com
posites is presented in Supplementary Table S1. 

ASTM D638 was used for tensile testing and dog-bone shaped sam
ples were machined out of degassed and cast epoxy CNF solutions pre
pared using S.E.A. and S.A. methods. The machined samples were post 
cured at 100 �C for over 4 h prior to testing. The loading rate was set to 
5 mm/min as per the ASTM standard. 

2.3. MDSC and TGA testing 

For MDSC and TGA testing, thin slices weighing approximately 
8–25 mg were isolated from the samples prepared using S.E.A (solvent 
exchange assisted) and S.A. (surfactant assisted) methods respectively 
with 1 wt% carbon nanofiber concentration. Slices from 0CNF-S.E.A. 
and 0CNF-S.A. were also prepared for testing (see Table 1). These sli
ces were placed in crimped aluminum pans prior and tested under ni
trogen purge in the DSC cell. The samples were first cooled rapidly to 
25 �C at a rate of 20 �C/min followed by heating at a rate of 3 �C/min 
while modulating the temperature �0.64 �C every 40 s. DSC Q2000 from 
TA instruments was used for the experimental setup and data recording. 
For initially determining conditions for thermogravimetric testing, tests 
were conducted on the samples using a ramp of 20 �C/min to 700 �C to 
determine degradation onset and evolution (data not presented). Based 
on the results, isothermal degradation tests were conducted at 900 �C to 
study mass loss with time. 

2.4. Imaging and spectroscopic analysis 

High resolution SEM images was taken under field emission micro

Fig. 1. Schematic of the fabrication methodology. Steps II, III, and IV together form a cyclic process for increasing concentration with the acetone and coupling agent 
solution while maintaining the state of dispersion through ultrasonication. 

Table 1 
Designations and preparation methodology for the epoxy carbon nanofiber 
composites using two phase solvent extraction and surfactant assisted prepara
tion procedures.  

Designation Final filler content in composites Preparation methodology 

0.1 CNF-S.E.A. 0.1 wt% of CNF Two phase solvent exchange 
0.5 CNF-S.E.A. 0.5 wt% of CNF Two phase solvent exchange 
1 CNF-S.E.A. 1 wt% of CNF Two phase solvent exchange 
0.1 CNF-S.A. 0.1 wt% of CNF Surfactant assist 
0.5 CNF-S.A. 0.5 wt% of CNF Surfactant assist 
1 CNF-S.A. 1 wt% of CNF Surfactant assist 
0 CNF-S.E.A. 0 wt% of CNF Two phase solvent exchange 
0 CNF-S.A. 0 wt% of CNF Surfactant assist  

Fig. 2. Schematic showing the samples prepared for SENB testing according to 
ASTM D5045. B-thickness, b ¼W (width) - a (crack length), and S-Span. 
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scope (FEI Quanta) on surfaces prepared from notched samples frac
tured under SENB tests and from cryo-fracturing the samples under 
liquid nitrogen. The samples were sputter coated with platinum for 
around 2–3 min prior to testing. TEM imaging was also performed on 
diamond microtomed sections between 75 and 100 nm thick on a 
spectrometer enhanced microscope (LEO 912). The sections were placed 
on copper grids prior to being mounted within the airlock stage. FTIR 
was done under reflectance on the samples using Bruker Quantachrome. 
Liquid samples were directly placed on the quartz crystals while solid 
samples were clamped on the crystal surface to increase signal. XRD and 
XPS were conducted on the raw CNF powder, neat epoxy, and epoxy 
with 1 wt% CNF prepared using the S.E.A. and S.A. methodologies. XRD 
was performed on Philips PW3710 X-ray under ambient conditions 
using a filtered Cu-Kα radiation of 1.5406 Å. The generator voltage was 
set to 40 kV and current to 30 mA. XPS was performed on a thermo 
scientific K-Alpha machine, and the imaging surfaces for neat epoxy and 
epoxy with 1 wt% CNFs were prepared prepared using S.E.A. and S.A. 
assisted methods were fracture surfaces obtained from SENB testing. 

3. Results and discussion 

3.1. Morphological characteristics 

Fig. 3 (a and b) show the SEM images of epoxy composites prepared 
with 1 wt% CNF using the solvent exchange assisted (S.E.A.) method 
presented herein (1CNF-S.E.A., Table 1). The sections used for these 
images were prepared by fracturing the samples pre-cooled under liquid 
nitrogen. For comparison images produced using the same sectioning 
procedure on epoxy samples with 1 wt% CNF, using conventional sur
factant assisted dispersion (S.A.) are also presented in Fig. 2 (a and b) 

(1CNF-S.A., Table 1). A marked characteristic of samples with surfactant 
assisted dispersion is the large density of locations with fibers pulled out 
and de-bonded from the matrix. This is a confirmation of the interface 
chemical interaction as a result of surfactant coating of the fillers which 
is solely due to weak dipole moment based interactions. In addition to 
low adhesion strength, areas of CNF agglomorates with incomplete 
impregnation of the matrix and the fillers is seen. Since the CNFs were 
directly mixed into the epoxy, acetone and surfactant solution, the size 
of the agglomerates depends strongly on adhesive interactions between 
the filler and the dispersing solution, with stronger adhesion required for 
promoting greater no-slip condition at the fluid-solid boundary and 
more effective transfer of dispersive shear forces. In stark contrast, the 
SEM images of solvent exchange based preparation described herein 
show much greater and homogenous dispersion and matrix filler wet
ting. Even in regions where the presence of fiber clusters are evident, the 
intra-cluster spaces appear to be well infiltrated with epoxy (Supple
mentary Fig. S1). This is due to epoxy drawn into low pressure inter- 
filler medium created in wake of vaporization of the acetone and 
water. Such behaviour is not present in surfactant assisted processing, 
indicating high adhesion to water and hydrophilicity of CNF after acid 
treatment which promoted penetration of water into the inter-filler 
spaces during acid neutralization. The fractographs of the epoxy com
posites with 1 wt% CNF using both preparation methods are presented 
in Fig. 3 (c and d). The composites with CNFs using the S.E.A. method 
show a uniform rough texture across the entire surface. Mechanisms 
such as crack deflection, crack pinning and fibre pullout are evident on 
the fracture surface. These features are also present on the fractographs 
of surfactant assist processed CNF composites however, a marked dif
ference is the significantly lower adhesion of the fibers with the matrix 
(see Supplementary Fig. S1). Owing to its brittle characteristic in its base 
state, neat epoxy displays a typical mirror like fracture pattern with few 
river marks. 

The morphological characteristics observed in the SEM images also 
correlated with internal images obtained using TEM on the epoxy CNF 
composites slices, as presented in Fig. 4. For the S.A. processed com
posites, the agglomorates and fiber matrix debonding are clearly visible. 
In contrast, the dispersion and adhesion in S.E.A. processed composites 

Fig. 3. Internal morphology of a) surfactant assisted (S.A.) and b) solvent ex
change assisted (S.E.A.) dispersion of 1 wt% of carbon nano-fiber in epoxy 
prepared by fracturing samples cooled under liquid nitrogen. Agglomerates and 
poor fiber-matrix bonding is clearly evident in the former. Fractographs of c) 
surfactant assisted and d) solvent exchange assisted dispersion of 1 wt% of 
carbon nano-fiber in epoxy from fracture toughness testing (see methods). 
Owing to poor adhesion, fiber debonding is significantly greater in the former 
case. Scale bars (μm): a-5, b-2.5, c-5, and d-1. Schematic of surface modification 
of carbon nanofibers is shown above (see also Supplementary Fig. S1). 

Fig. 4. Transmission electron microscopy (TEM) images of epoxy with 1 wt% 
CNF composites prepared using S.A. (a and c) and S.E.A (b and d) methodol
ogies. The difference in adheison and dispersion between the two preparation 
methologies can be clearly seen. 
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was significantly higher as seen from the much lower visible agglomo
rate density and CNF debonding. An important characteristic to note is 
that the CNF length in general is reduced in the S.E.A. processed com
posites as compared with S.A. processing. This is conformative of the 
increase in matrix filler adhesion as seen from the SEM images, which 
results in greater transmission of shear energy and fiber breakdown 
during S.E.A. composite processing. 

3.2. Fracture and mechanical characteristics 

Fig. 5 (a, b, and c) show the load deflection curves, trends is KIC and 
GIC obtained from the fracture toughness testing of the composites of 
epoxy prepared using the S.E.A. and S.A. methodologies. Table 2 sum
marizes the results obtained from fracture and mechanical testing. As 
can be seen, the peak load before catastrophic propagation of failure is 
much higher in composites with just 0.5-1 wt% of CNF in matrix pre
pared using S.E.A. method. The net increase over neat epoxy in crack 
initiation stress intensity factor KIC, is close to 122% with 0.5-1 wt% CNF 
content. Presented in Fig. 4d is the reported increases in KIC obtained for 
nanocomposites fabricated with CNTs, Graphenes and Nanoclay re
inforcements. In comparison, the increase in KIC over neat epoxy re
ported herein is amongst the highest for such class of composites. KIC 
from S.A. preparation is also shown in Fig. 4, which, for 1 wt% CNF 
concentration, is close to 50% lower than KIC using the S.E.A. method. 
For the latter, a threshold in increase in KIC is achieved between 0.5 and 
1 wt%. The S.A. processed composites do not show a threshold at the 
same weight content. This is indicative of the agglomerate/cluster size 
and density reaching disruptive levels at lower weight content in the 
solvent exchange (S.E.A.) processed composites. Agglomerates increase 
the particle size and reduce the overall aspect ratio of the reinforcement, 
hindering the extent of extrinsic reinforcement which would otherwise 
be present (Supplementary Fig. S2). The greater matrix filler adhesion in 
the S.E.A. processed composites transmitted larger shear energy to the 
fillers during ultra-sonication resulting in smaller filler aspect ratio. At 
smaller aspect ratios, the threshold size of agglomerate at which rein
forcement becomes ineffective reduces. The general breakdown of par
ticle size in S.E.A. processing is in conformance with SEM and TEM 

imaging. Nevertheless, the high matrix-filler adhesion resulted in sig
nificant increases in KIC over surfactant assisted (S.A.) processing. 

Fiber pullout is a significant contributor to the overall fracture 
toughness of the nanocomposite. 

However, several parameters in the overall pullout process deter
mine the resultant enhancement of the fracture toughness. In general, 
the pullout process has two mechanisms: i) fibre de-bonding and ii) fibre 
fracture. The fibre debonding stage itself can be divided into the actual 
debonding between the fibre and the matrix followed by fibre pullout. 
The de-bond stress can be expressed as the following expression from the 
Oliver and Pharr’s theory 

σðxÞ ¼ σd þ f ðxÞ (9)  

Where σd is the de-bond stress and fðxÞ is the stress in the fiber caused by 
friction on the surface of the fiber during pullout. The de-bond stress is 
expressed below as: 

σd ¼

�
4Ef G2c

rf

�1=2

(10)  

Where Ef is the young’s modulus of the fibre, G2c is the mode 2 critical 
strain energy release rate for interfacial cracking and rf is the radius of 
the fibre. As a linear approximation, the stress on the surface of the fiber 
f(x), due to interfacial friction, can be expressed as: 

σðxÞ ¼ 2πrf τf x
πr2

f
¼

2τf x
rf

(11)  

Where the τf ¼ μP and μ is the coefficient of friction and P is the average 
compressive stress. As can be seen from eqns. (9)–(11), the primary 
contributor towards increase in the fracture toughness is the strength of 
the interface between the fiber and the matrix (G2c for fiber debonding 
and τf for fiber sliding). For the S.E.A. processed composites, SEM and 
TEM imaging clearly reveal increased adhesion between the fiber and 
the matrix as compared to the S.A. processed composites implying 
greater debonding and pullout stress, hence contributing to the signifi
cantly larger fracture toughness as seen. 

The tensile stress-strain curves properties of the composites prepared 

Fig. 5. a) Flexural load and deflection curves of composites of epoxy with CNF prepared using surfactant assited (S.A.) and solvent exchange assisted (S.E.A.) 
methods (□ neat epoxy, ⋄ 0.1CNF-S.A., ✕ 0.5CNF-S.A., ✳ 1CNF-S.A., ○ 0.1CNF-S.E.A., △ 0.5CNF-S.E.A., ✯ 1CNF-S.E.A.). b) Critical stress intensity and c) energy 
release rate of epoxy CNF composites. d) Comparision of the normalized stress intensity factors from current study with other nanocomposite catagories [40,45–56]. 
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using both methods is shown in Fig. 6 (a, b, c, and d). Compared to S.E.A. 
processing, the S.A. processed composites show in general a slightly 
higher Young’s modulus. Modulus and strength are bulk mechanical 
properties which depend strongly on the filler aspect ratio and distri
bution along with adhesion at the matrix-filler interface [37]. Fracture is 
a localized process with matrix filler adhesion at the site of stress con
centration playing a more predominant role [38]. In composites pre
pared using S.E.A. processing method, strong matrix filler adhesion 
helps in supporting localized stresses at the crack tip; increasing the 
resistance to fracture propagation as already seen [39]. However, the 
lower damage to aspect ratio in the latter case promotes greater load 
transmission to the filler throughout the composite bulk, hence resulting 
in greater stiffness and Young’s modulus. The tensile strength for S.E.A. 
processed composites is also lower compared to surfactant processed 
composites. As in the case of modulus, the tensile strength is also sen
sitive to the initial microstructure of the composites with, higher aspect 
ratio presenting a more significant role than in the case of fracture 
resistance. Unlike KIC, the tensile strength of the epoxy CNF composites 
do not show significant enhancements with the addition of CNFs either 
through the solvent exchange assisted or the surfactant assisted process. 
CNFs generally consist of stacked cup carbon nanotube structure and are 
hence composed of multiple layers of graphitic planes which can slide 
relative to one another. The sliding of graphitic planes is believed to be 
the result significantly greater enhancement in the fracture toughness 
behaviour as compared with the tensile strength. This behaviour has 
also been reported for other layered nano-composites such as GNPs and 
silicate nanocomposites [40]. 

3.3. Thermal calorimetric and degradation characteristics 

In order to determine the effect of the carbon nanofibers on the glass 
transition, modulated differential scanning calorimetry (MDSC) was 
performed. In MDSC, heat energy is applied with sinusoidal intensity to 
determine the material thermodynamic characteristics which have a 
single direction of change with temperature change (“irreversible”) vs. 
those characteristics which change in both directions with temperature 
change (“reversible“). The response to the applied sinusoidal heat flow 
can be deconvoluted to obtain the reversible and irreversible heat flow 
components. Glass transition is a reversible change with temperature 
and is thus obtained as the reversible component of heat flow. The effect 
of coupling agent on the calorimetric behaviour of epoxy is presented in 
Fig. 7a. For this, control samples at 0 wt% CNF were also prepared by 
performing the solvent exchange method for 1 wt% CNF, without adding 
the nanofibers (0CNF-S.E.A., Table 1). The addition of coupling agent 
alone reduces the glass transition temperature of neat epoxy by nearly 
10 �C. This is a result of plasticization due to the incorporation of the 
silane coupling agent, into the epoxy network. Literature on the effect of 
coupling agent alone on epoxy, without the addition of fillers is scant. 
Two possible mechanisms of epoxy modification by coupling agent are: 
1) reaction of oxirane group on the coupling agent with the hardener 
and 2) pendant incorporation of the coupling agent into the epoxy 
molecule. Composites with carbon nanofiber at 1 wt% concentration 
results in a slight increase in the glass transition temperature over neat 
epoxy. This indicates a nearly 10 �C increase in Tg over the composite 
prepared without the CNF and with the coupling agent (0CNF-S.E.A.). 
The large increase in glass transition is due to restriction in chain 
mobility at the well bonded epoxy carbon nanofiber interface as 

Table 2 
Average results from SENB fracture and mechanical testing for the Epoxy-CNF composites.  

Composition KIC (MPa.m1/2) GIC (kJ/m2) Normalized Young’s Modulus Tensile Strength (MPa) Elongation at Break 

Neat Epoxy 0.70 � 0.06 0.246 � 0.041 1 � 0.01 59.82 � 1.63 0.08 � 0.005 
0.1 CNF-S.E.A. 1.22 � 0.16 0.708 � 0.046 1.07 � 0.2 58.2 � 2.82 0.057 � 0.0028 
0.5 CNF-S.E.A. 1.53 � 0.02 1.145 � 0.05 1.09 � 0.03 51.89 � 3.72 0.050 � 0.0057 
1 CNF-S.E.A. 1.54 � 0.11 1.103 � 0.121 1.04 � 0.02 60.34 � 1.5 0.0718 � 0.0103 
0.1 CNF-S.A. 1.06 � 0.16 0.512 � 0.158 1.17 � 0.04 60.34 � 1.5 0.06 � 0.005 
0.5 CNF-S.A. 1.18 � 0.09 0.92 � 0.04 1.19 � 0.03 61.98 � 2.76 0.057 � 0.005 
1 CNF-S.A. 1.32 � 0.15 0.772 � 0.136 1.13 � 0.03 68.59 � 0.59 0.079 � 0.005  

Fig. 6. Tensile stress and strain curves 
of composites of epoxy with CNF pre
pared using surfactant assited (S.A.) and 
solvent exchange assisted (S.E.A.) 
methods (□ neat epoxy, ⋄ 0.1CNF-S.A., 
✕ 0.5CNF-S.A., ✳ 1CNF-S.A., ○ 0.1CNF- 
S.E.A., △ 0.5CNF-S.E.A., ✯ 1CNF-S.E. 
A.). a) tensile strength, b) tensile elon
gation at break, and c) normalized 
modulus of composites with carbon 
nanofibers in epoxy made using surfac
tant assist (S.A.) and solvent exchange 
(S.E.A.) methods. The normalized mou
dulus was calculated by normalizing the 
modulus of the nanocomposites w.r.t. 
the modulus of neat epoxy.   
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evidenced by the SEM images. Control samples of epoxy with Triton 
corresponding to the amount used to prepared surfactant assisted 
composites of 1 wt% CNF, without the CNFs (0CNF-S.A.), were also 
tested and the results shown in Fig. 7a. The glass transition of these 
samples does not change significantly as compared to neat epoxy, 
indicating relatively minor effect on temperature induced modification 
of epoxy network mobility. Thermal degradation behaviour was 
measured by thin slices of the sample to high temperatures under inert 
nitrogen atmosphere. Fig. 7b presents the results of the thermogravi
metric study. The coupling agent and surfactant alone degrade 
completely before 500 �C (not shown) and neat epoxy leaves residue of 
4.2 wt% by 900 �C. However, samples containing epoxy with 1 wt% CNF 
prepared using S.E.A. method have a larger residue difference with 
respect to control, as compared to composites with 1 wt% CNF prepared 
using S.A. method. This indicates greater interaction between the added 
CNF and the coupling agent/epoxy mix, in accordance with large 
adhesion potential as observed from the SEM images and, the expected 
chemical bonding at the surface of the CNF with the coupling agent. 

3.4. Spectral and diffraction analysis 

The FTIR spectra of samples prepared with different compositions 
are presented in Fig. 8. The samples containing epoxy and coupling 
agent using the S.E.A. process without the CNF, show a peak at fre
quency of 1543� 1 which corresponds to one of the peaks of Amide II 

characteristic bending mode associated with N-H bonds. This is absent in 
the composites with neat epoxy, coupling agent and the 1 wt% CNF 
epoxy produced using the S.E.A. method (1CNF-S.E.A.). Amide II 
bending mode is conformationally sensitive [41,42]. The presence of 
such conformational difference is believed to be indicative of alteration 
of the neat resin network with the coupling agent. With the addition of 
1 wt% CNF, the peak at 1543� 1 disappears which indicates the added 
coupling agent (silane species) in part is utilized for chemical bonding at 
the surface of the functionalized carbon nanofibers, which would 
otherwise have been used to modify neat epoxy. 

Fig. 9a) presents the XPS pattern of CNFs, neat epoxy and epoxy with 
1 wt% CNF prepared using the S.E.A. and S.A. methodologies. CNF 
presents two broad peaks centered around 2θ, 26� and 44.8� repre
senting the (002) and (100) planes respectively for graphite [43]. Neat 
epoxy and 1 CNF S.A. display a broad amorphous peak around 2θ, 
17.26� and 16.98� respectively. However, 1 CNF S.E.A. composites show 
a diffraction peak around 18.32�. The upward shifting of the peak of 1 
CNF S.A., as compared to neat epoxy & 1 CNF S.A., is indicative of 
greater interfacial interaction between the CNFs and epoxy through the 
S.E.A. process as compared with the S.A. process [44]. Fig. 9b) and c), d) 
and e) present the XPS spectra of CNFs, neat epoxy, 1CNF S.A., and 1 
CNF S.E.A. The atomic% as calculated from XPS are summarized in 
Table 3. The CNFs display significant peak at C1s followed by O1s with 
minimal Si2p and N1s peaks. As can be seen, the addition of CNFs to 
epoxy either through the S.A. or S.E.A. process results in definite in
crease in the C1s content of the 1 CNF S.A. and 1 CNF S.E.A. composites 
over neat epoxy. 

4. Conclusions 

Solvent exchange has been in use extensively as a stand-alone and/or 
supplementary method to maintain high dispersion of filler particles in 
nanocomposites while transferring to more suitable solvents for further 
processing. However, it is usually based on diffusion which limits its 
wide-scale applicability. This study proposes a novel and facile method 
to carry out solvent exchange on a nanoparticle suspension in two 
phases assisted by ultrasonication. Shearing ensures rapid mixing of the 
solvents at the filler interfaces while maintaining the dispersion of the 
nanoparticles. Results from this method indicate, at 1 wt% CNF content 
in the composite, a significant improvement in the crack initiation 
fracture toughness as compared with neat epoxy. In addition, the 
dispersion and adhesion between carbon nanofibers and epoxy is 
significantly improved in comparision with conventional surfactant 
assisted dispersion as seen from SEM and TEM investigations. 

The processing parameters such as solvent mix ratio, amount and 
ultrasonication shearing conditions can be readily adapted to suit the 
requirement of the final matrix-filler dispersion state. While this study 
was conducted with carbon nanofibers, the technique presented can be 
extended to a range of composite materials systems where the most 
suitable solvents for each component are different. Engineering high end 

Fig. 7. a) Glass transition and b) isothermal 
degradation residual of epoxy-CNF composites 
made using surfactant assist (S.A.) and solvent 
exchange (S.E.A.) methods. The composites 
indicated with 0 wt% carbon nanofibers are 
control samples and have the corresponding 
amount of coupling agent (0CNF-S.E.A.) or sur
factant (0CNF-S.A.) for 1 wt% CNF, without the 
CNF. The dotted lines represent the y-axis value 
for neat epoxy. The values presented were 
extracted from the results of MDSC and 
isothermal degradation tests respectively (Sup
plementary Figs. S3 and S4).   

Fig. 8. FTIR absorption spectra a) neat epoxy, b) epoxy with coupling agent 
prepared using solvent exchange assist for 1 wt% CNF without the addition of 
CNF (Neat-S.E.A.), c) epoxy with 1 wt% CNF prepared using solvent exchange 
(1CNF-S.E.A) assist and d) coupling agent. Epoxy with coupling agent (0CNF-S. 
E.A.) presents an additional peak at 1543� 1 corresponding to modification 
Amide 2 bonding not present in either neat epoxy or 1CNF-S.E.A. This is 
indicative of a chemical modification of the epoxy with the coupling agent 
which is in part “shielded” with the addition of carbon nanofibers. 
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mechanical properties of nanocomposites usually requires high disper
sion and wetting as a pre-requisite. The results of this study could further 
other developments in advanced functional materials previously 
restricted due to requirements of increased matrix-filler dispersion and 
wetting state. 
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