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a  b  s  t  r  a  c  t

Cellulose  nanofibril  (CNF)  and  epoxy  nanocomposites  with  high  visible  light  transmittance  and  low  water
sensitivity  were manufactured  by  laminating  thin  layers  of  epoxy  resin  onto  CNF  films  prepared  through,
pressurized  filtration  in  combination  with  oven  drying.  Scanning  Electron  Microscopy  (SEM)  studies
suggest  that  the resin  component  bonded  to  the CNF  substrate  well.  Atomic  Force  Microscopy  (AFM)
observation  reveals  that  the  resin  lamination  led  to smoother  film  surface,  which  helped  enhance  UV–vis
transmittance.  The  addition  of epoxy  resin  had  little  effect  on  the  static and  dynamic  mechanical  strength.
anocomposite
tatic and dynamic mechanical properties
isible light transmittance
etting and water contact angle

However,  crystalline  and  interconnected  CNFs  significantly  reduced  the loss  factor  and  shifted  the  glass
transition  of composite  to a high  temperature.  Compared  to pure  CNF  films,  the  CNF/epoxy  composites
showed  a 20%  improved  transparence  in  the  visible  light  range.  The  CNF/epoxy  composites  demonstrated
a  sufficient  water  resistance.  This  composite  film  could  be considered  as a potential  substrate  material
in  the  application  of flexible  electronics  substrates.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Cellulose is an abundant, self-generating biomass which is cre-
ted through photosynthesis in trees, bamboo, grass, reeds, and
ther plants. Cellulose can also be obtained from organic crea-
ures such as crab and bacteria. With an annual production of
.5 × 1012 tons, cellulose has been considered an inexhaustible
nd sustainable raw material (Klemm et al., 2005). In particular,
ecent increase in concerns for environmental protection and sus-
ainability of resources promptes researchers and entrepreneurs
o develop and utilize renewable resources. Cellulose nanofibril
CNF), the novel cellulose derivation, was isolated from natural
ellulose and successfully produced as early as in 1980s (Herrick
t al., 1983; Turbak et al., 1983). The CNF is disintegrated by
elamination of pulp fiber into microfibrils and microfibril bundles
ith nano-scale diameter, under repeated high-shear mechanical
omogenization (Herrick et al., 1983; Spence et al., 2010; Zhao
t al., 2015), in combination with chemical (Saito et al., 2009),
r enzymatic pretreatment (Pääkkö et al., 2007). In addition to

he advantages of abundance, renewability, biodegradability, and
ight weight, CNFs exhibit other impressive features including high

∗ Corresponding author. Tel.: +86 731 85623301; fax: +86 731 85623301.
E-mail addresses: wuyq0506@126.com, wuyiqiang@csuft.edu.cn (Y. Wu).

ttp://dx.doi.org/10.1016/j.indcrop.2015.08.016
926-6690/© 2015 Elsevier B.V. All rights reserved.
aspect ratio, excellent mechanical strength, large surface area, high
light transmittance and available surficial groups.

Extensive research has been conducted to design and fabricate
neat CNF films and CNF-reinforced biocomposites, which are con-
sidered as potential alternatives in the fields of packaging, coating,
medical devices, electronics, automation, visual display substrate
and filtration (Syverud and Stenius, 2009; Zhu et al., 2014). Similar
to the papermaking processes, CNF suspension is filtrated through
a membrane (Nakagaito and Yano, 2005; Qing et al., 2015) or casted
in a mould (Syverud and Stenius, 2009; Aulin et al., 2010), to
remove the excess water and prepare sheets and films. The resul-
tant films, composed of interconnected nanofibrils, forms networks
in plane and laminated structure in thickness. This unique morphol-
ogy offers CNF films with outstanding mechanical strength, high
stiffness, improved light transmittance, and high barrier capability
to oil and gas. Notably, Fukuzumi et al. (2009) prepared TEMPO-
oxidized CNF films, which had tensile stress and elongation of
233 MPa, and 7.6% respectively, while the light transmittance at
600 nm for the films was 90%. Coating 0.4 �m-thickness nanofibrils
onto PLA films dramatically decreased the oxygen permeability
from 746 to 1 mL  m−2 day−1 Pa−1. For enhancement with crys-
tallinity of nanofibrils, the CNF film is comparable to commercially

synthetic polymer (PVdC coated oriented polyester) in oxygen
transmission rate, as low as 17 ml  m2 day−1 (Syverud and Stenius,
2009). However, because large number of hydrophilic carboxyls
are present on the surface of CNFs, neat dry CNF films are sensitive
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o moisture. The absorption of moisture reduces the intermolecular
nteractions between CNFs, resulting in thickness swelling, reduced
trength and stiffness, and accelerated air permeability (Aulin et al.,
010). This factor has become the major obstacle restricting CNF
lms from utilization in packaging, conductor substrates, electron-

cs and displays.
Many efforts have been devoted to overcome the drawback

f moisture sensitivity of CNF films. Surface silylation (Andresen
t al., 2006; Lu et al., 2008; Galland et al., 2014) and acetylation
Tingaut et al., 2010; Cunha et al., 2014) modification convert
he hydrophilic groups on CNFs into hydrophobic ones, which
ecreases surface energy and wettability. Nevertheless, chemi-
al treatment is a complex process and hydrophobic fibrils may
ave a negative influence on the formation of hydrogen bonds,

eading to low mechanical strength. Another approach is to impreg-
ate water-based resin into CNF films (Nakagaito and Yano, 2005;
enriksson and Berglund, 2007), or mixing the resins with CNF

uspensions. Thermosetting resins such as phenol formaldehyde
PF) and melamine formaldehyde (MF) well dispersed among CNFs
estrains moisture absorption and thickness swelling. However,
he dark color of the CNF/PF systems and brittle characteristics of
NF/MF films are the primary disadvantages. Furthermore, the film
reparation process of such approaches is time consuming, usually
aking 3–4 days to prepare one film. It is still challenging to better
isperse hydrophilic fibrils into nonpolar polymers.The nanocom-
osites produced from CNF reinforced hydrophobic polymers can
ventually exhibit improved moisture resistance.

Epoxy is a hydrophobic resin widely used in coatings, adhe-
ives, composites and construction. Works has been reported in
ecent literature regarding the preparation of CNF/epoxy compos-
tes (Lu et al., 2008; Omrani et al., 2008; Tang and Weder, 2010;
iao et al., 2012). CNF/epoxy nanocomposites exhibited high ther-
al  conductivity and low thermal expansion with a resin content

f 42 wt% (Shimazaki et al., 2007). The introduction of nanofibers
ad little effect on the light transparence of CNF/epoxy composites.
owever, to better disperse CNFs and improve interfacial adhe-

ion, CNF chemical modification (Lu et al., 2008; Tang and Weder,
010), electrospinning, and other techniques (Liao et al., 2012)
re required. In present work, we reported a commercially feasi-
le approach to prepare flexible, transparent, and water-resistant
NF/epoxy nanocomposites through, coating epoxy resin directly
nto dry TEMPO oxidized CNF film. The objective of the study was
o systematically characterize the composite morphology, mechan-
cal strength, UV–vis transmittance and hygroscopic property. The
ong-term goal of the current research is to develop basic technol-
gy for manufacturing and characterizing of multilayer CNF/epoxy
omposites.

. Experimental

.1. Materials

The 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO) oxidized
NF suspension was prepared according to the work reported
y Saito et al (Saito et al., 2009) and is briefly described below.
ommercially-supplied bleached eucalyptus pulp was  carboxy-

ated in TEMPO/NaClO/NaClO2 oxidation system, using NaBr as
atalyst, under neutral condition. The oxidation reaction was per-
ormed at a temperature of 60 ◦C for 48 h. After carboxylation, the
xidized fiber was thoroughly washed in distilled water and then
efined in a disperser with further isolation of fibril bundles. The
ber slurry was diluted to facilitate separation of coarse and fine
ractions under centrifuging at 12 000 × g. The obtained fine frac-
ions were concentrated to a solid content of approximately 0.4%
y ultrafiltration. A final fibrillation step was performed using M-
10EH-30 microfluidizer (Microfluidics, Newton, MA,  USA), where
 Products 77 (2015) 13–20

the nanofibril suspension was  processed through two 87-�m and
200-�m interaction chambers connected in series.

A standard liquid epoxy resin (D.E.R.TM 331 from Dow Chemical
Company (Midland, MI,  USA) was mixed with 30wt% of D.E.R.TM 732
(Dow Chemical Company, Midland, MI,  USA), which is a flexible and
light colored epoxy, principally used as an additive. The resin mix-
ture was  cured by adding a proportional amount of agent D.E.H.TM

26 (tetraethylenepentamine) (Dow Chemical Company, Midland,
MI,  USA). Specific chemical structures for the chemical agents are
presented in Fig. 1.

2.2. Preparation of CNF sheet and CNF/epoxy nanocomposite

The preparation of CNF/Epoxy nanocomposites involved two
processes: (1) fabrication of dry CNF sheets, and (2) lamination
of epoxy onto CNF sheets. A sketch illustration for the process is
exhibited in Fig. 2. Briefly, the CNF suspension diluted into 0.2% con-
centration was filtrated under air pressure of 0.55 MPa for 10 h in
a Hazardous Waste Filtration System (YT30 142HW, Millipore Cor-
poration, Billerica, MA,  USA) at room temperature. After squeezing
out a large portion of water in the slurry, the obtained wet CNF
films were set to air dry for 24 h and then oven dry for an addi-
tional 8 h under a load of approximately 250 N. A more detailed
explanation of the drying method was  also provided in our pre-
vious study (Qing et al., 2015). The dried CNF films were then
equilibrated in a 50% RH chamber at 27 ◦C for at least 24 h to
release the residual stress and balance the moisture distribution
in films.

Predetermined mixtures of epoxy resin and curing agent were
manually stirred for 10 min, then left unstirred for 30 min  to elim-
inate bubbles derived from chemical reaction and then uniformly
coated on both sides of CNF films. After air curing for 2 min, the
epoxy-coated films were sandwiched between two  polyethylene
terephthalate (PET) plate. A 5 kg steel cylinder roller was  moved
across the top PET plate to ensure tight contact between resin and
plates. The assembly was  subsequently placed between two steel
plates and cured at room temperature with a pressure of 0.1 MPa  for
24 h. The resultant CNF/Epoxy composite films were simply peeled
from the polymer plates and were aged at room temperature for
more than a week. Finally, 113 �m thick CNF films were coated
with resin layers of approximately 10 �m and 19 �m on both sides,
which had epoxy resin content of 8.8 wt%  and 19.2 wt%, respec-
tively. The composite films were designated as CNF/8.8%Epoxy and
CNF/19.2%Epoxy, respectively.

2.3. Characterization

2.3.1. Tensile properties
The tensile properties of CNF and CNF/Epoxy composites were

tested using an Instron 5865 universal material testing appara-
tus (Instron Engineering Corporation, Norwood, MA,  USA) with a
500 N load cell, according to ASTM D638-10. The specimens were
cut to conform to ASTM D638-10 type V dogbone shape using a die
(Qualitest, Tallahassee, FL, USA), and then conditioned at 50% RH
and 23 ◦C for 1 week. The Instron tests were conducted at a cross-
head speed of 1 mm/min  with a pre-load of 5 N to remove slack. At
least 5 specimens were tested for each condition. An approximate
8 mm gage length was  marked with two  small pieces of electrician
tape wrapped in the middle narrow section. A LX 500 laser exten-
someter (MTS Systems Corporation, Eden Prairie, MN,  USA) was
used to determine the displacement with sampling frequency of
10 Hz. Strain was  calculated from the determined extension and

initial gage length. The toughness was calculated by numerical
integration of the stress–strain curve. Modulus of elasticity was cal-
culated as the slope of the stress–strain curve in the stress region
of 30–70 MPa. Film densities were calculated gravimetrically by
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Fig. 1. Chemical structures 

easuring the dimensions and weight of multiple well-defined
ections of each film.

.3.2. Dynamic mechanical properties
The test of dynamic mechanical properties for CNF and

NF/Epoxy composites were performed by a film/fiber tension
lamps mode on the Q800 DMTA (TA-Instrument, New Castle, DE,
SA). Rectangular specimens (30 mm length × 6 mm width) were

tocked in a desiccator with dry allochroic silicagel for 2 weeks
o remove the free water without violent heating and undesired
nteractions. The dried specimens were subsequently cooled to
0 ◦C by liquid nitrogen and maintained at that temperature for
0 min. Measurements were conducted at a heating rate of 3 ◦C/min
rom initial temperature 20–200 ◦C with an amplitude of 15 �m at

 frequency of 1 Hz. The dynamic mechanical performances were
valuated by the functions of storage modulus (E′) and loss factor
tan ı) as temperature. Each specimen was measured at least twice
ntil little variation exists between two measurements.

.3.3. Surface and fracture morphology
The surface and fracture surface of neat CNF, epoxy and

NF/Epoxy composite films were observed using a Magellan 400
canning electron microscope (FEI, Portland, OR, USA). The frac-
ure surface was derived from the samples after tensile tests. The
pecimens were held under vacuum and coated with a thin layer of
ridium (total thickness approximately 0.4 nm) by a sputter coater.

pecimens were held on a carbon tape substrate and the SEM
mages were taken with an accelerating voltage of 1–2 kV.

In order to evaluate surface smoothness, atomic force
icroscopy (AFM) scans were performed on the surface of CNF

ig. 2. A procedure for preparing CNF/epoxy biocomposites. (a) Filtration of CNF suspens
d)  coating the epoxy onto both sides of CNF films; (e) rolling-press; (f) curing.
xies and their curing agent.

and CNF/8.8%Epoxy composite films using a Digital Instruments
AFM (Veeco Metrology Group, Fremont, CA, USA) in tapping mode.
The scan size was 20 �m × 20 �m at a scan rate of 1 Hz. Small
rectangular samples (approximately 8 mm × 8 mm)  were affixed to
AFM stubs using epoxy resin. At least four different locations on
each specimen were scanned and the typical 3D surface plots were
obtained. The surface smoothness (Rq: root mean square average,
Ra: arithmetic mean value) was  automatically calculated on the
basis of the obtained AFM images using the system software.

2.3.4. UV–vis light transmittance
The visible light transmittance for CNF and CNF/Epoxy com-

posite films were measured at a wavelength range from 400 to
800 nm by using an U-4100 ultraviolet-visible (UV-vis) spectrome-
ter (Hitachi High Technologies America Inc., Schaumburg, IL, USA).
Rectangular specimens of 40 mm  × 9 mm (length × width) were
placed in a quartz cuvette and measured by placing them 25 cm
from the entrance port of the integrating sphere. Prior to the test,
the specimens were conditioned at 50% RH and 23 ◦C for 2 days.
Duplicate tests were performed for each sample.

2.3.5. Water contact angle
To evaluate water resistance, the initial and dynamic water con-

tact angle for CNF and CNF/Epoxy composite films were determined
by using PG-X Measuring Head contact angle analyzer (The TMI
Group of Companies, New Castle, DE, USA) at 50% RH and 23 ◦C. Prior

to testing, the specimens were conditioned in a humidity room at
50% RH and 23 ◦C for two days. A drop of distilled water (6.5 �l) was
pumped out and deposited on the specimen surface and instantly,
a series of images were automatically captured by a compact

ions under 0.08 MPa  air pressure; (b) drying the wet CNF sheets; (c) dry CNF film;
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Fig. 3. Tensile properties for CNF and CNF/Epoxy composites, (a) functions 

amera. The contact angle was calculated by the system software.
he dynamic contact angle was measured as a function of time
anging from 0 to 120 s. At least five readings were taken for each
ondition.

. Results and discussion

.1. Mechanical properties

The mechanical properties for CNF/Epoxy compared to neat
NF and epoxy are presented in Fig. 3a, and the representative
tress–strain curves are shown in Fig. 3b. Both the CNF films and
NF/Epoxy composites were strong and stiff. The stress of the
pecimens at breakage ranged from 180 to 230 MPa, and corre-
ponding modulus ranged from 8 to 12 GPa. To the contrary, the
eat epoxy is soft and flexible, exhibiting relatively low mechani-
al strength. The stress at break and modulus for neat epoxy were
0 MPa  and 1.6 GPa, respectively. The significant discrepancy was
ainly caused by the mechanical properties of CNFs, which exhib-

ted a high theoretical modulus of 150 GPa (Cheng and Wang, 2008).
any attempts have been made using different nanofiber loadings

s reinforcing agents to improve epoxy resin (Lu et al., 2008; Tang
nd Weder, 2010; Liao et al., 2012). The general finding proposed
hat even with a low nanofiber dosage, the mechanical properties
btained from composites were dramatically increased.

As for the CNF/Epoxy composites, the loading of epoxy had pos-
tive effect on stress at break. However, modulus of the composites
ecreased when epoxy content was increased. This was  due to
he low modulus of neat epoxy. A similar result was  obtained by
akagatio and Yano (2005). An increase of low-modulus phenol

ormaldehyde (PF) resulted in a decrease of modulus for the corre-
ponding CNF/PF composites. Additionally, because of low density
n neat epoxy (measured approximately 1100 kg/m3), the den-
ity of CNF/Epoxy composites with different epoxy contents was
ecreased (density of CNF, CNF/8.8%Epoxy, and CNF/19.2%Epoxy
re measured 1464, 1424 and1394 kg/m3, respectively). This was
nother possible reason explaining the decrease of modulus for
NF/Epoxy composite compared with neat CNF, since the density
as an effective indictor in evaluating mechanical properties of
olymer-based composites (Takagi and Asano, 2008). However, the
tress at break for the CNF/19.2%Epoxy composite was statistically
at  ̨ = 0.05) higher than the neat CNF films. This was  possibly due
o the small fraction impregnation of epoxy resin into porous CNF,
hich had tight adhesion between individual nanofibrils and facili-

ates stress transfer. This result can also be detected in the dynamic

echanical properties for CNF/8.8%Epoxy composite.
The stress–strain curve for neat epoxy showed a typical mechan-

cal behavior of an amorphous polymer, sustaining remarkable
rawing under low stress until broken down. However, the
ss at break and modulus as epoxy content, (b) typical stress–strain curves.

CNF/Epoxy composites followed roughly the same curve but exhib-
ited a decreased yield stress with an increase of epoxy loading. This
indicates that thin layer epoxy lamination had little negative effect
on the mechanical strength of CNF films, though the epoxy had infe-
rior tensile strength. It in turn provided an alternative in preparing
high-performance CNF reinforced composites.

3.2. Dynamic mechanical properties

The dynamic mechanical properties for CNF, CNF/Epoxy com-
posites and epoxy were assessed using Dynamic Mechanical
Thermal Analysis (DMTA). Fig. 4a shows the storage modulus
(E′) and tan ı as functions of temperature ranging from 20 to
200 ◦C. After holding at 20 ◦C for 10 min, the E′ for neat epoxy
was constantly held at 4 GPa until the temperature increased to
28 ◦C. However, the E′ sharply decreased to 180 MPa when the
temperature increased to 49 ◦C, while epoxy underwent a fierce
glass-rubber transition reaction. Beyond this temperature, the E′

remains constant. Storage modulus lossed of 96% result primarily
from the relaxation and mobility of polymer segments during the
glass transition (Tang and Weder, 2010; Liao et al., 2012). Compared
to neat epoxy, the neat CNF and CNF/Epoxy composite were stiff,
which exhibited high E′ in the range of 10–13 GPa at 20 ◦C. The result
matched well with static tensile testing at 23 ◦C. It is interesting to
note that the E′ of composites incorporating 8.8 wt%  epoxy was
2 GPa higher than that of neat CNF. This may  contribute to higher
pressures used when preparing composites by impregnating more
resin into porous network. A similar result was revealed in the com-
posites maximum stress with 19.2 wt% epoxy loading. The storage
modulus for neat CNF was gradually decreased by 30% at 200 ◦C. As
for composites, the modulus was  radically decreased by 50% when
temperature increases to 90 ◦C, and became stable later. This rein-
forcement contributed to stiff cellulose crystalline structure and its
natural nano network which restricts sharp decreased in storage
loss modulus for composites under periodic shear (Svagan et al.,
2007).

Fig. 4b depicts the evolution of loss factors (tan ı) for neat CNF,
epoxy, and composites as a function of temperature. The neat epoxy
showed a mechanical loss factor peak of 0.75 at 50 ◦C, which corre-
sponds to its glass-rubber transition temperature. Due to different
chemical constituents and curing agents, the glass transition tem-
perature for neat PF resin differed dramatically. For instance, Tang
and Weder (2010) reported their epoxy resin had transition tem-
perature of 165 ◦C, Lu et al. (2008) revealed this temperature to
be 85 ◦C, and Liao et al. (2012) proposed this was  40 ◦C which

is similar to the findings in our study. However, the incorpora-
tion of CNF definitely resulted in significant decreases of tan ı
for composites, and this was confirmed in the above mentioned
research. Alternate to reducing its intensity, the addition of CNF into



Y. Qing et al. / Industrial Crops and Products 77 (2015) 13–20 17

tempe

c
a
f
a
b
o
a
r

3

o
c
d
C
p
c
o

C
c
i
s
s
T
h
c
F
n
o
t

p
o
o
t
s
C
8
R
C
a
s
i
t
(
t
v

Fig. 4. Storage modulus (a) and tan ı (b) as functions of 

omposites obviously shifts tan ı peak to the area of high temper-
ture, depending on the CNF loadings. Similar tan ı behavior was
ound in other nanofiber reinforced epoxy nanocomposites (Tang
nd Weder, 2010; Liao et al., 2012). Although huge differences exist
etween process methods, some resin is deposited on the surface
f the CNF assembly. This result indicates that a strong interfacial
dhesion was formed between resin and individual nanofibers, as
evealed in the static mechanical properties.

.3. Surficial and fracture morphology

Fig. 5 illustrates the surface and fracture surface morphology
f neat CNF and CNF/19.2%Epoxy composite films. Obvious inter-
onnected fibrous networks, composed of uniform nanofibers with
iameter ranging 10–15 nm,  were portrayed on the surface of neat
NF films. As a comparison, a typical polymer structure with dis-
ersed granular domains showed on the surface of CNF/19.2%Epoxy
omposite, which was possibly due to fast reaction heat release and
riginal surface morphology of polymer plates.

Regarding fracture surface, smooth fracture surface on the neat
NF films means that the strength of individual nanofibers directly
ontributes to the mechanical strength of the composites. Another
mpressive characteristic of layered structure was exhibited in this
ection. For CNF/19.2%Epoxy composites, a similar fracture surface
howed in both the CNF and epoxy regions, even at the interface.
he absence of epoxy peeling from the CNF substrate confirms
igh adhesion between epoxy and nanofibrils. This result indi-
ates the process of epoxy lamination was feasible and reliable.
urthermore, the interface region in Fig. 5e showed epoxy impreg-
ation into porous CNF, which was important in the improvement
f above-mentioned mechanical strength and forthcoming light
ransmittance.

Fig. 6 depicts 3D surface plots for CNF and CNF/8.8Epoxy com-
osite films based on the AFM height images. Though the TEMPO
xidized nanofiber had a diameter less than 15 nm,  the surface
f the resultant film was little rough. Due to different prepara-
ion approaches, the films made from similar nanofibers using
olution casting was reportedly smoother (Xhanari et al., 2011).
ompared to the neat CNF film, the composite film coated with
.8% epoxy significant reduced the surface smoothness. The specific
q and Ra values estimated from the AFM height images for neat
NF are 55.4 ± 10 and 43.5 ± 8 nm,  respectively, and are 22.8 ± 5
nd 15.2 ± 4 nm for CNF/8.8%Epoxy films, respectively. The surface
moothness for neat CNF film was consistent with results revealed
n our previous work. The coating of mobile polymers was  found

o improve the surface smoothness for cellulose nanofiber films
Couderc et al., 2009; Nogi and Yano, 2009). A possible explana-
ion is that the easy movement of soft polymers helped fill out the
oids between nanofibers and the gaps among different bumps.
rature for neat CNF, epoxy, and CNF/Epoxy composites.

However, the surface morphology for composite film was  subse-
quently determined by the coating plates. As a result, the visible
light transmittance benefited from the enhancement of surface
smoothness.

3.4. UV–vis light transmittance

High light opacity is one of the promising properties of cellulose
nanofibers, which attracts increasing interests. Fig. 7a shows the
visible light transmittance for CNF, epoxy and CNF/Epoxy compos-
ite films at wavelengths of 300–850 nm.  The neat epoxy is typically
optically transparent, which performed a 90% light transmittance at
wavelengths above 400 nm.  On the contrary, the neat CNF film had
relative low light transmittance and exhibited an average trans-
mittance of 58% at a wavelength of 600 nm (middle value between
300 and 900 nm). However, by lamination of a very thin layer of
transparent epoxy, the light transmittance of CNF/Epoxy compos-
ite films was  greatly increased to 75% at a wavelength of 600 nm,
which was 20% higher compared to neat CNF. Given that materials
with more than 80% light transmittance are considered transparent,
the CNF/Epoxy composite films ranked among other transparent
materials. Additionally, it seems an increase in epoxy loadings did
not result in significant improvement of light transmittance. There
was little transmittance difference between CNF/8.8%Epoxy and
CNF/19.2%Epoxy composite films.

The opacity difference for neat CNF and CNF/Epoxy composite
films is presented in Fig. 7b. When viewing objects through films
at a distance of approximately 15 cm,  clear images can be seen
through CNF/Epoxy composite films, while those seen through neat
CNF films are obscure and translucent. Since the letters contained
in the background image “nofi” are easily seen through both CNF
and CNF/Epoxy composite films (shown in Fig. 7c), such differences
could be overlooked if the films were placed in close contact with
the targeted object.

Due to ultrafine (<100 nm)  diameter of nanofibrils, the light
scattering of free-standing and condensed CNF film was largely sup-
pressed. The light transmittance was actually used as an effective
indicator to assess fibrillation (corresponds linearly with diameter)
in the process of nanofiber preparation. Fukuzumi et al. (2009) pre-
viously reported the TEMPO films composed of 3–4 nm nanofibrils,
showing approximately 90% light transmittance. As for CNF/Epoxy
composites, except for ultrafine nanofibers, the smooth surface
and small difference in refractive indexes between nanofibers and
epoxy resin contribute to increased light transmittance. A similar
result was observed by Nogi and Yano (2009), in which translucent

CNF sheets were coated with a 10 �m thick layer of transparent
acrylic resin. Light transmittance for the obtained sheet increased
significantly from 6.1% to 73.4% at a wavelength of 590 nm,  because
enhancement of surface smoothness by polymer coating resulted
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Fig. 5. Surface and fracture SEM images for neat CNF and CNF/19.2%Epoxy composite. (a) and (c) are the surface and fracture images of CNF respectively; (b) and (d) are the
corresponding images of CNF/19.2%Epoxy composite; (e) represents marked region with magnified observation.

Fig. 6. 3D surface plots of CNF (a) and CNF/8.8%Epoxy (b) composite films.

Fig. 7. Visible light transmission performance for neat CNF, epoxy and CNF/Epoxy composites. (a) UV–vis transmission spectra; (b) photographs for CNF and CNF/8.8%Epoxy
composite films placed in front of plants; (c) photographs for neat CNF (c1), CNF/19.2%Epoxy composite (c2), and epoxy (c3) films placed on the background paper.
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Fig. 8. Shape of water drop (a and b) on the surface of neat CNF and CNF/19.2%Epoxy co
surface photographs for neat CNF and CNF/19.2%Epoxy composite films captured by the
remaining water is taken up by absorbing paper.

Table 1
Initial and dynamic water contact angle of neat CNF, CNF/Epoxy composite, and
epoxy films.

Materials Water contact angle (◦)

Initial (0.1 s) 120 s later

CNF 70.4 (2.7) 65.1 (1.9)
CNF/8.8%Epoxy 73.9 (2.4) 64.6 (1.8)
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CNF/19.2%Epoxy 70.0 (2.2) 42.9 (8.3)
Epoxy 71.3 (3.1) 36.6 (4.8)

n less surface light scattering. It was also observed that mechanical
urface polishing of CNF sheets improved their light transmittance.
n the other hand, the effect of light reflection would cause great

oss of light transmittance when visible light passed through CNF
lms. Refractive index (RI) values are an effective indicator in
omparing light transmittance of materials, where higher RI dif-
erences between interfaces leads to higher reflection (Shimazaki
t al., 2007; Liao et al., 2012). The nanofibrils and epoxy have RI
f 1.54 and 1.62 respectively, compared to RI 1.0 for air (Mark,
007; Liao et al., 2012). As a result, adhesion between epoxy and
anofibers reduced the interfacial area between nanofibers and air,
hich helped decrease the RI difference and promote preparation

f transparent CNF/Epoxy composites.

.5. Water contact angle

The abundance of hydrophilic groups on the nanofibrils makes
he CNF films sensitive to moisture variation. Exposure of CNF
lms to high humidity or water resulted in fatal loss of mechanical
trength and dimensional stability. Wettability for neat CNF, epoxy
nd CNF/Epoxy composite films was evaluated by measurement of
ater contact angle. Of interest, noted in Table 1, neat CNF had an

nitial water contact angle of 70.4◦, which was approximately the
ame as epoxy, and CNF/Epoxy composites, though epoxy is consid-
red a water-resistant resin. Furthermore, after holding 120 s, the
ater contact angle for neat CNF was 65.1◦ which is higher than

hose on both composites and epoxy. However, this result doesn’t
ean the neat CNF film is more water-resistant than epoxy and

omposites. Detailed surface morphology of CNF and CNF/Epoxy
omposite films (seen in Fig. 8) in initial and final states reveals
he real change of water wettability. The images in Fig. 7c and d
ere captured with an optical microscope equipped with a digi-

al camera at a 40× magnification. Neat CNF films with the water
rop maintained on the surface for 120 s show a clear surface bump
hich leads to relatively high contact angle. In comparison, the
urface of CNF/19.2%Epoxy composite film is flat and clear when
bsorbing the remaining water after 120 s test.

There are large variations of water contact angle data reported
or different cellulose nanifibers. For instance, homongenized CNF
mposite films. (a) is the initial state, and (b) is maintained for 120 s. (c) and (d) are
 optical microscopy, (c) is initial state, (d) is surface after 120 s holding, on which

films present a water contact angle of 28◦ (Andresen et al., 2006),
and lignin as hydrophobic polymer in nanofibers contributes to
high water contact angle (Spence et al., 2010). Due to high carboxyl-
ate levels on the surface of TEMPO oxidized nanofiber, the resultant
films have high water contact angle of 47◦ (Fukuzumi et al., 2009),
which is enhanced along with the increase of carboxylate content
(Rodionova et al., 2012). However, no reports recognized the effect
of the surface bump on the water contact angle of CNF/resin films.
This warrants further study to set up an exact model with which to
calculate the accurate water contact angle. Furthermore, the sur-
face of CNF is rougher than epoxy resin, which would result in larger
measured water angles due to the formation of air pockets between
the rough surface and the droplet (Ryan and Poduska, 2008).

The water contact angle of epoxy is consistent with the result
obtained by Yi et al. (2009), in which a similar bisphenol A epoxy
was used. Loading of epoxy had little influence on the water contact
angle for the resultant composite films, indicating the surface of cel-
lulose nanofibers was thoroughly covered by resin. The decrease of
water contact angle for the epoxy and CNF/epoxy composite was
caused by the diffusion of water into the polymer surface, evapora-
tion and mobility of water (Shanahan and Bourgès, 1994), because
the chemical reaction formed small holes on the surface (seen in
Fig. 7c and d for composite films). However, water diffusion and
permeation did not result in any bump or distortion on the sur-
face. The results indicated that by coating thin layers of epoxy, the
water resistance of CNF films was  significantly improved though
the surface water contact angle remains unchanged.

Due to the environmental advantages and biodegradabil-
ity, these obtained CNF/epoxy composite films was successfully
applied for the preparation of high-performance green flexible elec-
tronics using transfer printing techniques (Jung et al., 2015). It
was demonstrated that these green electronics are comparable to
the exiting popular electronics such as GaAs-based and Si-based
electronics. Concerned with the environmental and economical
impact, these nanocomposites are considered as more sustainable,
environment-friendly, and green candidate for the advanced elec-
tronics and information industry.

4. Conclusions

By laminating a thin epoxy layer onto CNF films, a high-
performance CNF/epoxy nanocomposite with high visible light
transmittance and low water sensitivity was  successfully prepared.
The chemical adhesion and impregnation of component epoxy
into CNF layers made it strongly bonded to CNF substrates. Lam-

ination of epoxy yielded a smoother composite surface, which
helped enhance UV–vis transmittance. The addition of epoxy had
little effect on the static and dynamic mechanical strength of CNF
films. However, crystalline and interconnected CNFs significantly
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educed the strength loss factor and shifted the glass transition of
poxy to a higher temperature. Compared to neat CNF films, the
omposites showed 20% improved transparence in the visible light
ange. Wetting surfaces of the composite did not exhibit any bump
ompared to neat films, indicating high water resistance. This com-
osite film can be considered a potential material for applications

n flexible substrates and barrier packaging.
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