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The epoxy nanocomposites with ordered multi-walled carbon nanotubes (MWCNTs) were used to influ-
ence the micro-cracks resistance of carbon fiber reinforced epoxy (CF/EP) laminate at 77 K, Oxidized
MWCNTs functionalized with Fe3O4 (Fe3O4/O-MWCNTs) with good magnetic properties were prepared
by co-precipitation method and used to modify epoxy (EP) for cryogenic applications. Fe3O4/O-
MWCNTs reinforced carbon fiber epoxy composites were also prepared through vacuum-assisted resin
transfer molding (VARTM). The ordered Fe3O4/O-MWCNTs were observed to have effectively improved
the mechanical properties of epoxy (EP) matrix at 77 K and reduce the coefficient of thermal expansion
(CTE) of EP matrix. The ordered Fe3O4/O-MWCNTs also obviously improved the micro-cracks resistance of
CF/EP composites at 77 K. Compared to neat EP, the CTE of ordered Fe3O4/O-MWCNTs modified CF/EP
composites was decreased 37.6%. Compared to CF/EP composites, the micro-cracks density of ordered
Fe3O4/O-MWCNTs modified CF/EP composites at 77 K was decreased 37.2%.
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1. Introduction

Carbon fiber reinforced epoxy resin (CF/EP) laminate, which is
fabricated by using epoxy (EP) as matrix and continuous carbon
fiber (CF) as reinforcing materials through prepreg, mould pressing
and vacuum resin transfer mould (VARTM), has been proved to be
one kind of advanced composites due to its superior properties,
such as high specific strength and modulus, anti fatigue and corro-
sion, easy processing, and facile large-scale production. Thus, it is
considered to be the most promising structural materials in cryo-
genic propellant tank for space shuttles [1–6]. When the CF/EP
composite tank is used for cryogenic liquid storage and suffers
from the process of low-temperature aging and temperature
cycling from room temperature (RT) to cryogenic temperature
(77 K), micro-cracks will appear and propagate in the composites,
causing a variety of defects, such as fiber/matrix interface debond-
ing, pore formation and delamination [7–9]. All these will result in
a significant reduction in the performance of composites, leading
to the leakage of liquid. Therefore, the CF/EP composites with
excellent micro-crack resistance at low temperature are most crit-
ical for the design and development of reusable launch vehicles.

Generally, the micro-cracks of CF/EP composites developed dur-
ing the temperature cycling mainly happen in the resin matrix and
mainly arise from different thermal properties between carbon
fibers and epoxy resin matrix. For example, the coefficient of ther-
mal expansion (CTE) of epoxy is about 65 � 10�6 �C�1 while about
�12 � 10�6 �C�1 for the carbon fibers [10]. This vast difference will
introduce a high internal stress in the composites during the tem-
perature cycle, leading to the formation and growth of micro-
cracks in the epoxy matrix. Therefore, the resistance to micro-
crack of the CF/EP composites is largely determined by the perfor-
mance of epoxy matrix, which is closely related to the property and
the orientation of the fillers dispersed in the resin except the
molecular structure of the epoxy resin.

Previous studies have shown that the micro-crack resistance of
CF/EP composites in low temperature environment can be
improved by adding fillers, such as alumina, clay, carbon nan-
otubes (CNTs) and graphene. For example, Timmerman et al. [11]
and Khan et al. [12] adopted layered clays as fillers in the fiber-
reinforced epoxy composites. The transverse cracking in the sym-
metric CF/EP composites as a response to cryogenic cycling was
significantly reduced and the filler concentration used was much
lower than that for the traditional fillers. The particle concentra-
tion and their distribution state in the matrix were also observed
to be very important in maximizing the benefits of fillers reinforce-
ment. Meanwhile, nanoclays can be easily used to modify the tra-
ditional fiber-reinforced composites and enhance their resistance
to thermal cycling induced stress. For example, Kim et al. [13]
and Yokozeki et al. [14] attempted to enhance the crack resistance
of the carbon/epoxy composites by adding multi-walled carbon
nanotubes (MWCNTs) into the resin. Due to the embrittlement of
the epoxy resin at 77 K, the degree of fracture toughness enhance-
ment obtained from the application of toughened epoxy at
cryogenic temperature was less than that at room temperature.
The MWCNTs-added carbon/epoxy unidirectional prepregs were
fabricated via a filament winding method with different concentra-
tions of MWCNTs (0.0, 0.2 and 0.7 wt%). The material systems
blended with 0.2 and 0.7 wt% MWCNTs exhibited an enhanced
fracture toughness and low crack density at the cryogenic temper-
ature. The micro-cracks propagated normal to the fibers when
viewed along their length through the epoxy matrix beginning at
the outer edge of the laminate and ending at 0�/90� ply interface.
The results were also reported by Nobelen et al. [15]. In our previ-
ous studies, slightly increased mechanical properties and signifi-
cantly reduced CTE value of epoxy resin were obtained by adding
MWCNTs [16]. All the above research results show that the ran-
domly distributed nanofillers can improve the micro-cracks resis-
tance of CF/EP laminates, but the effects of ordered nanofillers in
matrix on the mechanical properties of CF/EP laminate at cryogenic
temperature have not been reported yet.

Herein, the main purpose of this study is to investigate the
effects of functionalized MWCNTs orderly distributed in the matrix
on the mechanical properties of CF/EP laminate at 77 K. The opti-
mized formulation of diglycidyl ether of bisphenol-A (DGEBA)/poly
oxypropylenediamine (jeffamine D-230) with a low viscosity was
selected as the epoxy matrix. RawMWCNTs (R-MWCNTs), oxidized
MWCNTs (O-MWCNTs) and Fe3O4/O-MWCNTs were used to mod-
ify epoxy. A magnetic induced approach was presented for the
preparation of epoxy nanocomposites with Fe3O4/O-MWCNTs of
ordered alignment. O-MWCNTs were first coated with magnetic
Fe3O4 particles, and dispersed in epoxy matrix, and finally induced
to be aligned by a magnetic force before the suspension was cross-
linked. The tensile and impact mechanical properties of the modi-
fied epoxy composites at 77 K were studied and compared with
those at RT. The mechanisms of CNTs modifiers on the cryogenic
toughening and micro-cracks resistance behaviors of modified
CF/EP laminates under cryogenic thermal cycling were
investigated.
2. Experiments

2.1. Materials

RawMWCNTs (R-MWCNTs) used in the study were synthesized
by catalytic chemical vapor deposition (CM-95, Hanhwa Nanotech,
Korea). The epoxy resin was YD-128 (DGEBA, Kukdo Chemical Co.
Ltd), which had an epoxide equivalent weight (EEW) of 185-190
eq-1. The curing agent (jeffamine D-230) was provided by New
Seoul Chemical Co. Ltd. The reagents used for the acid treatment
were nitric acid (60–62%, Junsei Chemical, Japan), and sulfuric acid
(95%, Junsei Chemical). Ammonia solution (25%), ethanol (99.5%),
iron chloride hexahydrate (99.0%, FeCl3�6H2O), iron sulfate hep-
tahydrate (99.0%, FeSO4�7H2O) and monodispersed magnetite
microspheres (99.0%, Fe3O4) were purchased from Aladdin regent
Co. Ltd, Shanghai, China. All the chemicals and reagents were used
without any further treatment. Unidirectional carbon fibers (CAR-
BONEX CF-730, Hankuk Carbon Ltd., Korea) were used as reinforce-
ment for the composites.
2.2. Preparation of O-MWCNTs and Fe3O4/O-MWCNTs

Oxidization of MWCNTs (O-MWCNTs): Certain amount of R-
MWCNTs was weighed and transferred into a 500 mL flask, then
mixed with acid (volume ratio of sulfuric acid and nitric acid was
3:1, carefully added along the wall of the flask). The mixture was
heated to 110 �C under strong magnetic stirring and then main-
tained at this temperature for an additional hour. The O-
MWCNTs were separated by using cellulose acetate membrane
and repeatedly washed with distilled water until the pH value
was 7. Finally, the collected O-MWCNTs were dried in a vacuum
oven at 60 �C.

Fe3O4/O-MWCNTs: The Fe3O4/O-MWCNTs were synthesized by
an in-situ chemical oxidation and co-precipitation method, which
was slightly modified from the reported method [17]. Briefly, 40
mg O-MWCNTs were dispersed ultrasonically with 150 mL DI
water in the flask for one hour. Then, the flask was purged with
N2 for 30 min. A solution of FeCl3�6H2O (48.0 mg) and FeSO4�7H2O
(247.1 mg) in DI water (50 mL) was purged with N2 for 30 min and
then added to the flask. The flask was transferred to a water bath at
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30 �C under continuous agitation. Ammonia solution (25%) was
added continuously until the pH of the system reached 12 during
the stirring process. The final mixture was stirred for an additional
10 min and then kept in a water bath at 65 �C for 2 h. Finally, the
mixture was washed thoroughly with water to neutral pH and
dried under vacuum at room temperature. The preparation of O-
MWCNTs and Fe3O4/O-MWCNTs was schematically shown in
Fig. 1a.

2.3. Preparation of MWCNTs/epoxy composites and carbon fiber
reinforced epoxy laminate

MWCNTs/epoxy composites: Certain amount of R-MWCNTs (O-
MWCNTs or Fe3O4/O-MWCNTs) was mixed with the epoxy resin
using a vacuum mixer (ARV-310, Thinky Corporation, Japan) for
5 min, and the mixture was sonicated for 30 min. Then, the curing
agent D-230 in the ratio of 100:30 to epoxy by weight was added
under vigorous mechanical stirring to achieve a homogeneous sys-
tem. The resultant mixture was cast into a silicone mould and
cured at room temperature. Finally, the sample was post-cured
in an oven at 125 �C for 3 h. As for the Fe3O4/O-MWCNTs modified
epoxy composites, a constant magnetic field of 0.7 T was applied
(Fig. 1b) during the curing process to achieve an ordered dispersion
of Fe3O4/O-MWCNTs.

Carbon fiber reinforced epoxy laminate: The carbon fiber rein-
forced epoxy laminates with dimensions of about 15.24 � 15.24 c
m2 were prepared by the vacuum-assisted resin transfer molding
Fig.1. (a) Scheme for preparation of O-MWCNTs and Fe3O4/O-MWCNTs, (b) schematic di
(c) scheme for preparation of Fe3O4/O-MWCNTs/CF/EP laminate (left) and photograph o
(VARTM) technique. Before crosslinking, the sample was also
placed into a constant magnetic field of 0.7 T at room temperature
until it cross-linked. Finally, the laminates were put into an oven at
125 �C for 3-h post-curing. The symmetric laminates consisted of
nine plies of carbon fabric in a [0�3, 90�3]s configuration. Fig. 1c
shows the scheme for the preparation of Fe3O4/O-MWCNTs/CF/EP
laminate (left) and photograph of Fe3O4/O-MWCNTs/CF/EP lami-
nate (right).

2.4. Characterizations

Fourier transform infrared (FTIR) spectra were recorded with a
FTIR analyzer (model 6700; Nicolet, Madison, Wisconsin, USA),
which was operated from 500 to 4000 cm�1 at room temperature.
X-ray diffractometer (XRD) of D8-Advance supplied by Germany
was used to scan the specimens from 20� to 70� at a rate of 2�
per min. Cu Ka radiation (k = 1.5406 Å), the X-ray source, was gen-
erated at the voltage of 40 kV and a current of 40 mA. X-ray photo-
electron spectroscopy (XPS) analysis was carried out in an ultra
high vacuum system equipped with a Kratos AXIS Ultra hemi-
spherical electron analyzer, using a monochromatic Al Ka source
(1486.6 eV), at a base pressure of 2 � 10�10 mbar. Magnetic char-
acterization of the samples was performed via vibrating sample
magnetometer (VSM Lakeshore, Model 7400 series) with an
applied field of �5000 Oe � H � 5000 Oe. The field emission scan-
ning electron microscopy (FE-SEM) images were obtained with the
JEOL JSM-6701F type. Prior to examination, the fracture surfaces
agram of the preparation of ordered Fe3O4/O-MWCNTs modified epoxy composites,
f Fe3O4/O-MWCNTs/CF/EP laminate (right).
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were cleaned using alcohol and were then coated with a thin evap-
orated layer of gold to improve conductivity. The transmission
electron microscopy (TEM) images were taken on a JEOL JEM
2200FS under a working voltage of 200 kV. The thermal expansions
of the neat epoxy and the CNTs modified epoxies were tested using
a TA instrument TMA Q 400 at a heating rate of 10 �C min�1 from
�150 to 150 �C and a preload force of 0.5 N.

The tensile samples were prepared according to the recommen-
dation of ASTM D638-99. In this study, MTS Landmark Servohy-
draulic Test System was used to set up the cryogenic tensile test.
The environmental chamber of this test system can be cooled
down to �150 �C by evaporating the cryogenic liquid medium.

The impact properties of the CNTs/epoxy composites were
tested using notched Izod impact testing according to the ASTM
D-256 specification. The specimens for impact testing were
immersed in liquid nitrogen at 77 K for over 15 min before being
mounted onto the impact tester. The pendulum of the impact tes-
ter was released immediately against the notch after the specimen
was mounted onto the impact tester and each impact test was
completed in a couple of seconds to avoid the change of tempera-
ture inside the specimens. At least five specimens were tested for
each blend.

In order to check the micro-cracks in the carbon fiber reinforced
epoxy composite laminates, the samples were allowed to equili-
brate at 22 �C and then placed in a liquid nitrogen bath (77 K) for
10 min. After exposure to liquid nitrogen, the samples were placed
inside a desiccators and allowed to return to room temperature.
Each sample was exposed to a minimum of five thermal cycles
until optical microscope revealed no micro-cracks. Three speci-
mens from each laminate were cycled at cryogenic temperature.
Each sample was examined prior to cycling to ensure no initial
cracks or defects on the surface. After each material had reached
thermal equilibrium in a desiccator, it was examined at �160 mag-
nification using an optical microscope. Optical photomicrographs
were taken to document the sample response and the number of
micro-cracks on the polished surface was counted.
3. Results and discussion

3.1. Magnetic nanofillers

Fig. 2a shows the FT-IR spectra of MWCNTs, O-MWCNTs, Fe3O4/
O-MWCNTs, and Fe3O4. The 3440 and 1048 cm�1 bands are attrib-
uted to the presence of AOH, and the 1634 cm�1 band is due to the
presence of C@C on the surface of the R-MWCNTs (Fig. 2a), which
results from either ambient atmospheric moisture or oxidation
during purification of raw materials [18]. In addition, two new
bands of O-MWCNTs appeared at 1716 and 1165 cm�1, corre-
sponding to the C@O and CAO stretching vibrations of the car-
boxylic groups (ACOOH), respectively. The absorption peak at
3440 cm�1 is observed for the AOH functionality and the peak at
1382 cm�1 is due to the AOH bending deformation in ACOOH.
All these observations indicate that the MWCNTs have been func-
tionalized by oxidation and hence the formation of AOH and
ACOOH groups on O-MWCNTs [19]. In comparison to O-
MWCNTs, the spectrum of Fe3O4/O-MWCNTs shows an extra peak
which belongs to Fe3O4. The peak at 570 cm�1 for Fe3O4/O-
MWCNTs is due to the Fe-O stretching mode of the tetrahedral site
in Fe3O4 [20,21].

Fig. 2b displays the XRD patterns of O-MWCNTs, Fe3O4/O-
MWCNTs and pure Fe3O4 particles. It can be seen that both the
XRD curves for O-MWCNTs and Fe3O4/O-MWCNTs display the (0
0 2) diffraction peak of hexagonal graphite, indicating that the gra-
phite structure of the O-MWCNTs support was not destroyed by
the acidic treatment and the particles preparation [22]. Six new
peaks at 30.11�, 35.51�, 43.11�, 53.41�, 56.91� and 62.41� are
observed, while the characteristic peak of O-MWCNTs remains
unchanged. The positions and relative intensities of these non-
CNTs related new peaks match well with the (2 2 0), (3 1 1), (4 0
0), (4 2 2), (5 1 1), and (4 4 0) planes of the standard XRD data for
the cubic spinal crystal structure of Fe3O4 [23]. No peaks corre-
sponding to impurities are detected. Thus, it could be concluded
that Fe3O4/O-MWCNTs particles were formed during the decompo-
sition process.

The surface composition and chemical state of Fe on the Fe3O4/
O-MWCNTs were further analyzed by XPS. Fig. 2c shows the typical
spectra for Fe3O4/O-MWCNTs. All the binding energies are refer-
enced to C 1s at 284.6 Ev [24]. As expected, distinct C 1s, O 1s
and Fe 2p peaks are observed in the survey scan spectrum of the
Fe3O4/O-MWCNTs sample. The typical Fe 2p XPS narrow scan spec-
trum presents two main peaks at about 711.2 and 725 eV corre-
sponding to the spin–orbit split doublet of Fe 2p 3/2 and Fe 2p
1/2, respectively, which could be identified as the Fe3O4 entity [25].

Fig. 2d shows the magnetic properties of pure Fe3O4 and Fe3O4/
O-MWCNTs particles investigated at room temperature. The Fe3O4

and Fe3O4/O-MWCNTs particles are observed to exhibit a super-
paramagnetic behavior without remanence and coercivity, which
may be related to the small size of these Fe3O4 particles [26,27].
The saturation magnetization value of Fe3O4/O-MWCNTs reached
48.56 emu/g, which was lower than that of pure Fe3O4 particles
(70.94 emu/g) [28]. This decrease can be attributed to the existence
of O-MWCNTs. The inserted photo in Fig. 2d shows the stability of
Fe3O4/O-MWCNTs dispersed in ethanol and the dispersion retains
its homogeneous state for at least 2 weeks at room temperature
(Insert photo left). The Fe3O4/O-MWCNTs could be quickly sepa-
rated from their dispersion by holding the sample close to a com-
mercial magnet (Insert photo right), indicating that it is possible to
manipulate the Fe3O4/O-MWCNTs by an external magnetic field.

Fig. 3 presents the SEM and TEM images of R-MWCNTs, O-
MWCNTs and Fe3O4/O-MWCNTs. It can be seen clearly that R-
MWCNTs are curled and entangled with each other (Fig. 3a). After
the acid treatment, big agglomerations were found due to the large
polar forces derived from the strong interactions among these
polar groups on their surface of MWCNTs [16,29], and the inter-
spaces in O-MWCNTs also become smaller [30]. From Fig. 3c–e,
several distinctive characteristics for Fe3O4/O-MWCNTs are
observed. First, most O-MWCNTs have been coated with magnetite
microspheres. Second, the distribution of Fe3O4 on the O-MWCNTs
surface is relatively uniform. Besides, the overall tubular structure
of CNTs remains intact after surface reactions. From TEM images
(Fig. 3d and e), it can be seen that Fe3O4 particles on O-MWCNTs
surface were distributed with irregular shape and slight aggrega-
tion, which might be due to a relatively high surface energy of
small sized Fe3O4 particles. The average size of Fe3O4 particles is
about 12.4 nm. The d-space of Fe3O4 particles is 0.175 nm (Fig. 3f).
3.2. Epoxy nanocomposites

The stress-strain curves of neat epoxy, R-MWCNTs, O-MWCNTs
and ordered Fe3O4/O-MWCNTs modified epoxy composites (filler
content was 0.5 wt%) at 77 K and RT are shown in Fig. 4. Clearly,
the failure strain of modified epoxy composites at both RT and
77 K was observed to be significantly improved as compared with
that of neat epoxy. All the CNTs/epoxy composites exhibit rela-
tively ductile behaviors at room temperature compared to that at
77 K. The mechanical properties of neat epoxy, O-MWCNTs modi-
fied epoxy composites and Fe3O4/O-MWCNTs modified epoxy
composites (ordered) at both 77 K and RT are summarized in
Table 1. The error bars denote the standard deviation for the
impact strength.



Fig. 2. (a) FT-IR spectra of MWCNTs, O-MWCNTs, Fe3O4/O-MWCNTs, and Fe3O4. (b) XRD patterns of O-MWCNTs, Fe3O4/O-MWCNTs and pure Fe3O4 particles. (c) XPS spectra
of Fe3O4/O-MWCNTs. (d) Magnetization curves at 300 K of pure Fe3O4 and Fe3O4/O-MWCNTs (Insert photo: An aqueous suspension of Fe3O4/O-MWCNTs before (left) and
after placing near a magnet (right)).
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From Table 1, it can be seen that the introduction of nanoparti-
cles into epoxy resin can effectively enhance the mechanical prop-
erties of the cured epoxy resin at RT and 77 K. Different
enhancements were observed due to different CNTs/epoxy interfa-
cial bonding and the dispersion state of CNTs in the epoxy matrix.
R-MWCNTs could be easily pulled out from the epoxy matrix
because of poor interfacial bonding between R-MWCNTs and
epoxy matrix. The relatively weak bonding led to poor stress trans-
fer from weaker epoxy matrix to stronger R-MWCNTs and the R-
MWCNTs would have a low reinforcing efficiency. After oxidation,
the AOH and ACOOH groups were introduced on the surface of
MWCNTs, which could form covalent bonding with epoxy matrix.
Compared to neat epoxy, the tensile strength of O-MWCNTs/
epoxy composites at RT was increased from 68.7 to 71.5 MPa, an
increase of 4%. Under the external magnet field, the Fe3O4/O-
MWCNTs were orderly arranged in the epoxy matrix. The better
interfacial bonding between Fe3O4/O-MWCNTs and epoxy matrix
than R-MWCNTs and O-MWCNTs led to a better stress transfer
from epoxy to CNTs. When the arranged direction of Fe3O4/O-
MWCNTs was perpendicular to the direction of the force applied
in the sample, Fe3O4/O-MWCNTs could play a good role in prevent-
ing the growth of micro-cracks in the epoxy matrix. Compared
with neat epoxy, the tensile strength of Fe3O4/O-MWCNTs/epoxy
(ordered) composites at RT was increased from 68.7 to 74.4 MPa,
an increase of 8.3%. The effects of Fe3O4/O-MWCNTs on the tensile
properties of epoxy resin at RT is similar to the epoxy nanocompos-
ites filled with protruding nanoparticles on the graphene
nanosheets [31–33].

From Table 1, it can be seen that the tensile strength of epoxy
composites contained Fe3O4/O-MWCNTs, which had been induced
by magnetic field, was better than that of the epoxy composites
contained disordered fillers (R-MWCNTs and O-MWCNTs) at 77 K.
Compared with neat epoxy, R-MWCNTs/epoxy and O-MWCNTs/
epoxy, the tensile strength of Fe3O4/O-MWCNTs/epoxy (ordered)
composites at 77 K was increased from 81.6, 87.2 and 89.5 MPa to
93.5 MPa, a rising scope of 14.6%, 7.2% and 4.5%. This may be due
to the oriented Fe3O4/O-MWCNTs, which increased the interfacial
area and could effectively prevent the matrix cracks extend along
the force direction. In addition, the tensile strength of each sample
at 77 K is larger than that at RT, which can be explained by the fol-
lowing reasons. Firstly, when the temperature decreases from RT to
77 K, the chemical bond and molecules of epoxy matrix will shrink
and the binding forces between molecules will become stronger
and the interfacial chemical bonds between epoxy and functional-
ized CNTs also become stronger [34]. Thus, a larger load will be
needed to break the epoxy matrix at 77 K, leading to a higher
strength of the epoxy matrix at 77 K than that at RT [16]. Secondly,
the thermal contraction of epoxy matrix due to the decrease of



Fig. 3. SEM images of MWCNTs (a), O-MWCNTs (b) and Fe3O4/O-MWCNTs (c), TEM image of Fe3O4/O-MWCNTs (d, e, and f).

Fig. 4. Stress-strain curves of neat epoxy, R-MWCNTs and O-MWCNTs modified epoxy composites and Fe3O4/O-MWCNTs modified epoxy composites (ordered) at (a) RT and
(b) 77 K.
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Table 1
Mechanical properties of epoxy matrix and modified epoxy composites.

Sample Filler content (wt.%) Tensile strength (MPa) Young’s modulus (GPa) Impact strength (MPa)

77 K RT 77 K RT 77 K RT

Neat epoxy 0 81.6 ± 3.2 68.7 ± 2.1 4.5 ± 4.0 2.6 ± 0.1 36.5 ± 2.6 54.2 ± 2.3
R-MWCNTs/epoxy 0.5 87.2 ± 1.6 70.1 ± 1.7 4.7 ± 2.1 2.8 ± 0.1 38.1 ± 4.3 57.7 ± 3.1
O-MWCNTs/epoxy 0.5 89.5 ± 2.5 71.5 ± 1.1 4.8 ± 1.8 3.1 ± 0.2 38.5 ± 3.3 63.9 ± 1.7
Fe3O4/O-MWCNTs/epoxy(ordered) 0.5 93.5 ± 1.8 74.4 ± 1.3 5.4 ± 2.7 3.5 ± 0.1 40.2 ± 2.5 69.2 ± 2.9
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temperature increased the clamping stress. (The coefficient of ther-
mal expansion of epoxy resin is much higher than CNTs. With the
temperature decreased from RT to 77 K, the molecules of epoxy
resin shrink and is tightly entwined on CNTs.) to the CNTs at 77 K,
which would lead to a stronger interfacial bonding between CNTs
and epoxy. This phenomenon has also been reported in our previ-
ous work [18].

Table 1 also displays that the Young’s modulus of CNTs/epoxy
composites at both 77 K and RT increased, consistent with the
increased interfacial interaction between CNTs and epoxy matrix.
The Young’s modulus was increased respectively by 4.5%, 6.7%
and 20.0% at 77 K, and 7.7%, 19.2% and 34.6% at RT compared with
that of the neat epoxy (4.5 GPa at 77 K and 2.6 GPa at RT). Besides,
the Young’s modulus at 77 K was higher than that at RT for each
sample. On one hand, the molecules of the epoxy matrix became
stiffer due to the restrained mobility of the molecules when the
temperature decreased from RT to 77 K [34]. On the other hand,
any material would become stiffer at cryogenic temperatures and
thus the MWCNTs would also become stiffer at 77 K than at RT
[34]. As a result, in terms of the theories for particulate polymer
composites [35] or short fibers reinforced polymer composites, it
can be easily inferred that the Young’s modulus of the CNTs/epoxy
composites must be higher at 77 K than that at RT.

From Table 1, the impact strength of R-MWCNTs, O-MWCNTs
and Fe3O4/O-MWCNTs modified epoxy resin was also observed to
be greatly enhanced by 4.3%, 5.4% and 10.1% at 77 K and 6.4%,
17.8% and 27.7% at RT, respectively. This can be explained using
the selective dispersion of different MWCNTs in the brittle DGEBA
phase. In terms of the synthetic sequence, CNTs were first mixed
with DGEBA and the resulting mixture was then blended with cur-
ing agent, so the brittle DGEBA phase could be effectively tough-
ened by the introduction of R-MWCNTs. As for the addition of
functionalized MWCNTs, covalent bonding was formed between
functionalized MWCNTs and epoxy matrix, leading to a higher
impact strength. Thus, compared with neat epoxy (36.5 MPa at
77 K and 54.2 MPa at RT), the impact strength (38.5 MPa at 77 K
and 63.9 MPa at RT) of O-MWCNTs/epoxy was increased both at
77 K and RT. Besides, it can also be seen that the impact strength
(40.2 MPa at 77 K and 69.2 MPa at RT) of epoxy composites con-
tained Fe3O4/O-MWCNTs was better than that of the epoxy com-
posites contained disordered fillers both at 77 K and RT. This
may be due to the oriented Fe3O4/O-MWCNTs, which play the role
of preventing the micro-cracks extend along the vertical force
direction [36].

From Table 1, it can be seen that the Fe3O4/O-MWCNTs modi-
fied epoxy resin has the best mechanical performance when the
content of filler is 0.5 wt%. It may be due to the fact that the
Fe3O4/O-MWCNTs can be dispersed uniformly in the epoxy matrix
and play a role in reinforcing the polymer matrix. Even if Fe3O4

particles were loaded on the surface of O-MWCNTs after the mod-
ification, a large number of AOH, ACOOH and other functional
groups on the Fe3O4/O-MWCNTs surface can form the covalent
bond CAOAC with epoxy matrix and form a strong interface inter-
action. This strong interaction can transfer the load from the weak
epoxy matrix to the strong fillers under an external force load. The
addition of CNTs can improve the toughness of the epoxy compos-
ites, which may be related to the structure of the CNTs itself. The
CNTs can be viewed as a coaxial structure with a number of single
walled carbon nanotubes (SWCNTs) with different diameters,
which have concentric structures and are held together by Van
der Waals force. The outer wall of the CNTs in the epoxy compos-
ites is functionalized, which can afford the load, but the inner wall
does not afford the load. When the epoxy composite is loaded with
an external force, the outer wall of the Fe3O4/O-MWCNTs is par-
tially exfoliated and removed due to the acid treatment, so that
the inner tube is pulled out, which can cause the failure of the
Fe3O4/O-MWCNTs, thus improving the toughness of the epoxy
composites.

Fig. 5 shows the SEM images with a relatively lowmagnification
of the fracture surface of epoxy based composites contained differ-
ent fillers after the impact testing at 77 K and at RT. The fracture
surfaces of neat epoxy resins at 77 K (Fig. 5a) and RT (Fig. 5b) were
smooth with some ‘‘wavelike” patterns, which were caused by
rapid crack propagations [4,37]. Meanwhile, the fracture surfaces
of EP composites with different types of CNTs became rougher than
that of neat epoxy, and lots of micro-crack were also observed, all
these were ascribed to good interaction between CNT and epoxy
and the resistance of CNTs to the propagation of micro-cracks
(Fig. 5c–h).

In order to get an insight into the details of the fracture surfaces
at 77 K, the SEM images with a relatively high magnification were
taken as shown in Fig. 6. It can be seen that the fracture surface of
neat epoxy resins at 77 K (Fig. 6a) was smooth. The R-MWCNTs
reinforced epoxy composites showed a layered rougher surface
rather than a smooth plane like the neat resin at 77 K (Fig. 6b).
The curled rich resin area and protruding tubes suggested non-
uniform dispersion and weak bonding. It can be seen that some
O-MWCNTs were impregnated in the epoxy resin and some were
partially pulled out of the epoxy (Fig. 6c). From Fig. 6d, one end
of Fe3O4/O-MWCNTs was observed to be embedded in the epoxy
resin and the other end was exposed to the outside, which were
induced by external magnetic field to align the magnetic fillers in
the epoxy resin. The aligning direction of Fe3O4/O-MWCNTs was
perpendicular to the direction of impact force. In comparison, all
CNTs modified epoxy samples showed a much rougher, heavily
layered fracture surface, and more uniformly dispersed CNTs net-
works. The multilayered rough fracture face suggests that micro-
meter sized crack propagations were effectively prevented owing
to the improved dispersion and interface bonding; otherwise, con-
tinuous crack propagations would produce relatively smooth
‘‘wavelike” patterns [38].

The coefficient of thermal expansion (CTE) quantifies the ther-
mal expansion of the solid. The coefficient can be volumetric or lin-
ear according to whether the measurement is determined by the
change of the volume or length of the sample. For polymers such
as epoxy resin, the CTE values can be divided into two parts: below
and above the glass-transition temperature (Tg). The most useful
CTE concerns the temperature below Tg, since polymers or compos-
ites lose most of their mechanical properties above Tg. The CTE of
the samples can be calculated based on the dimension change
curves as shown in Fig. 7a. Fig. 7b shows the CET values of the sam-
ples below Tg. From Fig. 7b, it can be known that the CTE values of



Fig. 5. SEM images with a relatively low magnification of the fracture surface of epoxy based composites after impact testing at 77 K and at RT: (a–b) the neat epoxy, (c–d)
containing 0.5% R-MWCNTs, (e–f) containing 0.5% O-MWCNTs and (g–h) containing 0.5% Fe3O4/O-MWCNTs (ordered).
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the modified epoxies are lower than that of the neat epoxy. In com-
parison with neat epoxy, the R-MWCNTs, O-MWCNTs and Fe3O4/
O-MWCNTs modified epoxies show CTE reductions of 19.7%,
28.7% and 37.6%, respectively. The magnitude of the CTE depends
on the structure of materials. For single-phase materials, the CTE
is determined by the atomic bonding, molecular structure, and
molecular assembly [38]. An elevated temperature would increase
the thermal energy and led to an increase in the atomic movement.
A weaker atomic bonding owing to the increased inter-atomic dis-
tance would give a larger CTE value [38,39]. For multiphase mate-
rials, such as composites, the CTE is dependent on each component
phase and also on the interactions between each phase. However, a
weak interfacial bonding between phases could not effectively
incorporate the contributions of each component, while a strong



Fig.6. SEM images with a relatively high magnification of the fracture surface of epoxy based composites after impact testing at 77 K: (a) the neat epoxy, (b) containing 0.5%
R-MWCNTs, (c) containing 0.5% O-MWCNTs, (d) containing 0.5% Fe3O4/O-MWCNTs (ordered).

Fig. 7. (a) Variation of thermal expansion of neat epoxy and the modified epoxies with temperature, (b) CTE values of neat epoxy and the modified epoxies below Tg.
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interfacial bonding can reduce the thermal-expansion properties
significantly [40,41]. Therefore, an inspection of the reduction in
CTE values of the modified epoxies suggests that O-MWCNTs and
Fe3O4/O-MWCNTs can effectively enhance the micro-cracks behav-
ior of the carbon fiber reinforced epoxy composites (under cryo-
genic thermal cycling) for cryogenic applications. Compared with
neat epoxy, the CTE value of Fe3O4/O-MWCNTs modified epoxy
composite was largely reduced, because of the Fe3O4/O-MWCNTs
aligned in the epoxy matrix. It is proved that the ordered arrange-
ment of CNTs with two-dimensional structure can further reduce
the CTE value of epoxy resin and increase the thermal properties
at 77 K.
3.3. Laminate microcracking

The CF/EP laminates prepared by VARTMwere used to study the
micro-cracks morphology and to determine the crack density. The
optical photomicrographs of the micro-cracks morphologies devel-
oped as a result of cryogenic cycling are shown in Fig. 8. The micro-
cracks propagate normal to the carbon fibers along their length,
beginning at the outer edge of the laminates and ending at the
0�/90� ply interface. It is seen that the micro-cracks did not appear
to change with the MWCNTs type. It can also be noted that the
micro-crack is formed in the outer side of the laminate. This phe-
nomenon has been noted in previous work and may be attributed



Fig. 8. Reflected optical micrographs of cryogenically cycled carbon fiber/epoxy laminates: (a) CF/EP laminate, (b) R-MWCNTs modified CF/EP laminate, (c) O-MWCNTs
modified CF/EP laminate and (d) Fe3O4/O-MWCNTs modified CF/EP laminate.
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to the roughness of the vacuum back side, which might have con-
tributed more crack initiation sites than the cutting tool side
[42,43].

Fig. 9 shows the micro-cracks density in CF/EP laminates filled
with different types of MWCNTs. Significant variations in the
micro-cracks density are observed. The addition of MWCNTs can
effectively improve the micro-cracks resistance of the laminates.
This may be due to the reinforcing efficiency of the MWCNTs,
which lowers the thermal stress presented in the carbon fiber–
epoxy laminate by reducing the matrix CTE. It has been found that
the toughening caused by R-MWCNTs and O-MWCNTs can slightly
improve the micro-cracks resistance of the laminates. On the con-
trary, the ordered Fe3O4/O-MWCNTs can reduce the crack density
by 37.2%. From the previous results, it can be seen that Fe3O4/
Fig. 9. Average crack densities of the various systems.
O-MWCNTs can reduce the CTE of the epoxy matrix more effec-
tively than R-MWCNTs, and O-MWCNTs.

According to the above results, the mechanism of CNTs modi-
fiers on the cryogenic toughening and micro-cracks resistance
behaviors of modified CF/EP laminates under cryogenic thermal
cycling was shown in Fig. 10. Because of the huge mismatch of
CTE between the carbon fiber and the epoxy matrix, thermal stress
could be generated in the CF/EP laminates when the laminates
were exposed to temperature cycling. The micro-cracks propagate
mostly through the interfacial zone between the carbon fiber and
the epoxy matrix, as schematically demonstrated in Fig. 10a. This
is due to poor interfacial interaction between the carbon fiber
and the epoxy matrix. However, the micro-cracks propagation of
CNTs modified CF/EP laminate is quite different from that of neat
epoxy system. Carbon fibers were covered with the epoxy resin
filled with CNTs and the micro-cracks propagated through the
matrix (Fig. 10b–d). Because the R-MWCNTs have a lower CTE than
epoxy, and the interface between R-MWCNTs and epoxy matrix is
weak, the micro-cracks deflect toward the interface between the R-
MWCNTs (Fig. 10b). This behavior can be explained by the crack
deflection [44], in which the deflection toughening arises when-
ever the interaction between the crack front and the minor phase
produces a non-planar crack. In the absence of crack deflection, a
crack can propagate unimpededly through the matrix catastrophi-
cally when it encounters the fibers. This results in no toughening
because little energy is dissipated during the crack propagation.
When the crack deflection occurs, the crack twists from its initial
propagation direction and circumvents the fillers without pene-
trating them. This produces an increase in the total surface area,
leading to a higher energy absorption or an enhanced fracture
toughness [44–46]. In our system, the non-planar crack arises from
the existence of weakened interfaces between R-MWCNTs and
epoxy matrix. As mentioned above, after oxidation, the AOH and
ACOOH groups were introduced on the surface of O-MWCNTs,
which could form covalent bonding with epoxy matrix. The
enhanced load transfer capability of the epoxy matrix shows that
the micro-cracks zigzagged in the laminates (Fig. 10c) with



Fig. 10. Schematic diagram of the crack propagation and suppression behavior of
CNTs modified CF/EP composites: (a) CF/EP laminate, (b) R-MWCNTs modified CF/
EP laminate, (c) O-MWCNTs modified CF/EP laminate and (d) Fe3O4/O-MWCNTs
modified CF/EP laminate. Arrows indicate the crack path.
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enhanced mechanical properties. Induced by an external magnetic
field, Fe3O4/O-MWCNTs were aligned orderly in epoxy matrix,
which further improved the micro-cracks suppression between
carbon fibers (Fig. 10d).

As a consequence, it can be suggested that the mechanism of
micro-cracks resistance of CNTs modified CF/EP laminates under
cryogenic thermal cycling is crack deflection, depending on its dis-
persity and interfacial interaction between CNTs and epoxy matrix.
4. Conclusions

Three types of multi-walled carbon nanotubes (MWCNTs) were
used to modify epoxy and the mechanical properties, including the
tensile strength and impact strength, of the modified epoxies at 77
K were studied systematically. The VARTM technique was adopted
to prepare carbon fiber reinforced epoxy (CF/EP) laminates and the
effect of MWCNTs on the micro-cracks resistance of the laminates
was investigated. Results show that the presence of oriented
Fe3O4/O-MWCNTs can increase the tensile strength, impact
strength of epoxy resin and micro-cracks resistance at cryogenic
temperature of carbon fiber reinforced epoxy composites and
decrease the CTEs of the epoxy resin. The results indicated that it
is feasible to orient the Fe3O4 modified O-MWCNTs in the epoxy
matrix by an external magnetic field and the oriented Fe3O4/O-
MWCNTs can further improve the micro-cracks resistance at cryo-
genic temperature of carbon fiber reinforced epoxy composites.
These materials can be applied in cryogenic propellant tank for
space shuttles and other applications such as sensing [47–50],
functional materials [51–58], membrane or adsorbents for envi-
ronmental remediation [59–61], and electromagnetic interference
(EMI) shielding [62].
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