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Abstract. A new method is reported on preparation of multifunctional free-standing Ni/epoxy composite films with comprehensive physical properties under an applied magnetic field. A water soluble poly(vinyl alcohol) film is used as an interlayer film to separate epoxy resin and glass wafer. Ultrafine Ni particles are incorporated into a self-designed flexible-type
transparent epoxy resin to get composite films. For the purpose of comparison, random Ni/epoxy composite films are also
prepared in the absence of the applied magnetic field. The aligned composite films are endowed with promising optical,
mechanical, electrical, and ferromagnetic properties. The specific resistance is 4–9 orders lower in the vertical direction
than that in the horizontal plane and the squareness ratio in the vertical direction is about 50% higher than in the horizontal
plane. Meanwhile, their transmittance is much higher than that of the random composites. The anisotropies in their electrical and ferromagnetic properties are very useful material characteristics that may be explored for many applications.
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1. Introduction

With the rapid development of modern sciences and
technologies, new materials with comprehensive
physical properties are desired to meet the requirements of multifunctional devices [1–4]. Especially,
optically transparent, mechanically flexible but
electrically conductive and ferromagnetic material
films are very useful in practical applications for
flexible multifunctional devices in various electronic and electro-optical [5, 6], magneto-optical
recording [7, 8], surface mount [9, 10] and new sensor technologies [11, 12]. Polymer based composites are nowadays more and more considered as
promising candidates for this kind of applications
[13–15].
Transparent polymers such as poly(vinyl alcohol)
(PVA) and epoxy resin, etc. can be made to be

mechanically flexible [16, 17], but they are completely electrical insulators and nonmagnetic materials. In order to make them electrically conductive
and ferromagnetic, functional particles such as Ni
and Co, etc. must be incorporated to form microand nano-composites [13, 15, 18–20]. Thermosetting polymers have the advantages such as ease of
processability and low cost of production, etc.
Epoxy resins are a class of extensively used thermosetting polymers and their multifunctional composites have wide applications in surface mount,
space and electronic technologies [14, 15, 21]. Unfortunately, the resultant composites usually become
opaque by the introduction of functional particles.
This is due to the fact that the refractive index mismatches between organic polymers and inorganic
particles [22]. It is thus of great significance to
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develop transparent conductive and ferromagnetic
composites based on epoxy resins. However, little
work has been reported yet on transparent epoxy
composite films with comprehensive physical properties. Moreover, free standing films have some
advantages such as easy operation and flexibility in
practical applications for multifunctional devices. It
is still a great challenge to develop free standing
composite films based on epoxy resins since epoxy
resins are strongly adhesive to various substrates
[23–25].
Epoxy and its composite films can be prepared on
various substrates [15, 26–28]. Epoxy films were
synthesized by coating epoxy polymer on low carbon steel substrates degreased with organic solvents
[26, 27]. Epoxy–polyester films were prepared on
stainless steel substrate by electrostatic spray deposition [28]. The magnetic conductor micro-sized Ni
powders and filaments were added to the epoxy
matrix and then mixed thoroughly, finally the composite films were then obtained on a flat glass substrate [15]. However, it is hard to prepare free-standing epoxy composite films as mentioned above. In
order to prepare free-standing epoxy composite
films, release oil agent or polytetrafluoroethylene
(PTFE) can be used to assist in peeling off epoxy
composite films from substrates, but it is hard to
form complete and good quality epoxy composite
films due to large contact angles of epoxy resins
with release oil agent or PTFE. Thus, it is of great
importance to prepare free-standing epoxy composite films via a new approach.
In this work, a new method is developed for successful preparation of free-standing epoxy composite films. One key point here is that a water soluble
PVA film is used as the interlayer film to separate
epoxy resin and glass substrate. The PVA film has
not only a small contact angle with epoxy resin but
can also be water-soluble so that complete and high
quality epoxy and composite films can be easily
formed. In order to create transparent composite
films, the as-prepared ultrafine monodisperse Ni
particles with uniform sizes are aligned in the
epoxy matrix by an applied magnetic field to allow
light to transmit in the vertical direction. To get flexible epoxy and composite films, brittle epoxy resins
can be modified using flexible modifiers [29–32].
This was realized by adding a flexible diamine to
the epoxy resin matrix [33]. The aligned composites

showed obvious anisotropies in electrical and ferromagnetic properties and such anisotropies are very
useful material characteristics that can be exploited
for many applications [13–15, 34, 35]. For the purpose of comparison and as reference materials, the
random composite films were also prepared by a
conventional direct mixing method.

2. Experimental
2.1. Materials

Ultrafine Ni particles with a diameter of about
114 nm were synthesized in our laboratory via a simple surfactant-free solvothermal method [36]. The
matrix used was a transparent epoxy resin based on
bisphenol-A (WS615) with an epoxy value of 0.50–
0.56, purchased from Wuxi Resin Factory, Wuxi,
China. The hardener was composed of flexible
diamine (Jeffamine D-230, molecular weight Mw =
230, amine equivalent weight = 57.5) obtained from
Huntsman Chemical Co., Salt Lake City, Utah,
USA and alicyclic amine WK-6822 (amine value =
260±10) obtained from Wells Sheng Intl. Trading
Co., Guangzhou, China. !-glycidoxypropyltrimethoxysilane (KH-560) bought from Nanjing &
Compton Co. Nanjing, China, was used as coupling
agent. Flexible diamine (D-230) was used to modify the epoxy resin in order to get flexible epoxy
composite films after curing [33]. The water soluble
polyvinyl alcohol (PVA) film (Q-type) purchased
from Yongan SYF Water Soluble Films Co., Ltd.,
Yongan, China was employed as the interlayer film
to separate epoxy resin and glass substrate for an
easy preparation of free-standing epoxy composite
films.

2.2. Preparation of free-standing composite
films
The compositions for preparing the composite films
are shown in Table 1. Firstly, ultrafine monodisperse Ni particles, coupling agent and hardener
were mixed in a conical flask and sonicated for
20 min. Then, the equivalent amount of the epoxy
resin was mixed with the above mixture by ultrasonic treatment for 10 min. Afterwards, the suspension was degassed with a vacuum pump to eliminate air bubbles. When the air bubbles were sufficiently removed, 0.3 g of the resultant mixture was
spread on a water soluble PVA film which was precoated on a glass slide substrate coated with vac-
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Table 1. Formulations for preparation of epoxy and Ni/epoxy composite films
Sample code
Pure epoxy
A
B
C
Am
Bm
Cm

Ni weight
[g]
–
0.02
0.09
0.28
0.02
0.09
0.28

Ni content
[wt%]
–
0.5
2.0
6.0
0.5
2.0
6,0

Bisphenol-A (WS615)
[g]
3.10
3.10
3.10
3.10
3.10
3.10
3.10

Figure 1. Schematic of the fixture for the curing of the composite samples under the applied magnetic field

uum silicon grease. The use of such a PVA interlayer film was necessary to easily obtain free-standing epoxy and composite films. Without using a
PVA film as an interlayer, the epoxy resin would
strongly adhere to the glass, making it very difficult
to be free-standing.
The experimental fixture consisted of two permanent magnets in order to apply a magnetic field during the curing of the composites, as illustrated in
Figure 1. The magnets with the pole section area of
110 mm"#"105 mm and the pole-to-pole gap of 10 mm
could produce a magnetic field of ca. 63 680 A/m.
The samples were cured at room temperature for 6 h,
and then 80°C for 4 h in the presence of the applied
magnetic field. When the samples were cooled down
to room temperature, the composite films along
with the water soluble film were peeled off from the
glass substrates. They were then placed in an 80°C
hot water till the water soluble film was completely
dissolved. Finally, the high-quality free-standing
composite films of about 150–200 µm thickness
were readily prepared. For the purpose of comparison, the samples were also prepared in the absence
of the applied magnetic field under the same curing
condition. Thus, the samples with three different Ni
contents of 0.5, 2.0 and 6.0 wt% were synthesized.

2.3. Characterization and measurement
Scanning electron microscope (SEM) images were
obtained to characterize the morphology and dispersion of the ultrafine Ni particles, using a Hitachi
S-4300 microscope (Hitachi Co., Ltd., Tokyo,

D-230
[g]
0.60
0.60
0.60
0.60
0.60
0.60
0.60

WK6822
[g]
0.60
0.60
0.60
0.60
0.60
0.60
0.60

KH-560
[g]
0.11
0.11
0.11
0.11
0.11
0.11
0.11

Applied
magnetic field
–
no
no
no
yes
yes
yes

Japan). The phase purity of the products was determined by X-ray diffraction (XRD) (D8 focus, Bruker
Co., Karlsruhe, Germany) with a Cu K$ radiation
(% = 1.5418 Å). Top- and side-view micrographs
were taken by an optical polarized microscope
(Leica DM 2500M with an attached digital camera,
DH-HV3100FC, Leica Microsystems Co., Wetzlar,
Germany). The side-view samples were prepared
by cryo-fracture via liquid nitrogen. The transmittance spectra of the films were detected using a
UV–Vis spectrophotometer (U-3900, Hitachi Co.,
Ltd., Tokyo, Japan). The DC specific resistance was
measured by a high-resistance & microcurrent
meter (EST121, Beijing Institute of Labor Protection, Beijing, China). For the electrical conductivity
measurement, the sample surfaces were pasted by
silver paste with an area of 5 mm"#"5 mm to ensure
a perfect electrical contact. The area of the silver
paste was large enough and thus the measured conductivity was independent of the contact area of the
silver paste. Three measurements of the conductivity were conducted for each sample. The magnetic
measurement was carried out at room temperature
for the as-prepared samples, using a vibrating sample magnetometer (VSM 7307, Lakeshore Co., Westerville, USA) with a maximum magnetic field of
796 kA/m. The contact angle was measured by an
automatic contact angle meter (SL200B, Solon
Information & Technology Co., Shanghai, China).

3. Results and discussion
3.1. Characterization of Ni particles and
contact angle of epoxy with base substrate
materials

Ultrafine monodisperse Ni particles with a diameter
of 113.7±7.1 nm were synthesized via a solvothermal method at a reaction temperature of 100°C for
3 h [36]. Figure 2a illustrates the as-synthesized
spherical Ni particles. The size of the Ni particles
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Figure 2. (a) SEM image, (b) XRD pattern and (c) hysteresis loops at room temperature of the as-prepared ultrafine nickel
particles as well as (d) enlarged part of (c)

prepared under such a reaction condition showed no
dependence on the reaction time [36], i.e. the following polymerization will not affect the size of the
Ni particles. The X-ray powder diffraction (XRD)
pattern of the ultrafine Ni particles is displayed in
Figure 2b. The two peaks detected for the Ni sample are assigned to diffractions from the (111) and
(200) planes of the face-centered cubic (fcc) Ni
structure, respectively [36]. This is consistent with
the values in the standard card (JCPDS card No. 4485). No impurity peaks were detected in the experimental range, thus indicating the formation of pure
Ni particles. The magnetic hysteresis measurement
of the ultrafine Ni particles was carried out at room
temperature in an applied magnetic field, sweeping
from –796 to 796 kA/m. Figure 2c and 2d shows the
room temperature magnetic hysteresis curves of the
as-prepared samples. The ultrafine Ni particles show
ferromagnetic behavior with a saturation magnetization (Ms) of about 48.24 emu/g and a remanence
(Mr) of about 13.39 emu/g. Meanwhile, they have a
relatively high coercivity (Hc) of 16 484 A/m, compared with the coercive force value (56 A/m) of the
bulk one at room temperature [37].

In order to show the advantages of the PVA interlayer film over normally used PTFE or release oil
agents for preparing epoxy films, the contact angles
of the epoxy resin with these base materials were
measured. The contact angles of epoxy resin with
PTFE or release oil coated glass substrate were
obtained to be 45.4 and 38.6 degrees, respectively.
In contrast, the contact angle with the water soluble
film was much smaller, amounting to just an angle
of 17.6 degrees. Hence, it is much easier to form
epoxy and composite films based on the water soluble PVA film than based on the PTFE or release oil
agents. If the epoxy was spread directly on a glass
substrate, the formed epoxy film could not be peeled
off from the substrate due to the strong adhesion
between the epoxy and the glass. Therefore, the
advantage of the present work is that there is no
need of peeling off the epoxy composite films from
the water soluble PVA interlayer film, but just by
simply dissolving the water soluble PVA substrate.

3.2. Transmittance of Ni/epoxy composite films
The top-view and side-view optical micrographs of
both the aligned and random 2.0&wt% Ni/epoxy
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Figure 3. (a, b) Top-view (along the z-axis shown in Figure 1) and (c, d) side-view optical micrographs of the Ni/epoxy
composite films (left Bm and right B)

composites are displayed in Figure 3. It reveals that
the Ni columns in the composite medium are aligned
along the magnetic field, and they are separated and
spaced from each other (Figure 3a and 3c).
When the ultrafine Ni particles are uniformly dispersed in the epoxy matrix and subjected to a unidirectional magnetic field, they are aligned into a chain
configuration to minimize the magnetostatic energy.
Because they are in a fluid epoxy medium before
curing, the Ni particles will move to minimize the
potential energy of the system. The resultant magnetic dipoles in the neighboring columns repel each

other, thus positioning the columns towards an
equilibrium spacing [14]. The surface tension of the
epoxy matrix prevents the undesirable overgrowth
of the Ni columns beyond the thickness of the layer.
The magnetically aligned conductive structure is
retained after the epoxy matrix is cured. Moreover,
most of the columns extend throughout the whole
thickness of the composite film. Figure 3b and 3d
show the top-view and side-view optical micrographs of the composite medium prepared in the
absence of the applied magnetic field. As predicted,
the ultrafine Ni particles were distributed randomly

Figure 4. (a) UV-vis transmittance spectra of the Ni/epoxy composite films (calibrated against the pure epoxy film) along
the vertical direction, and (b) digital photographs of the Ni/epoxy composite samples
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in the epoxy matrix. This would bring about an
opaque composite medium, which is confirmed in
Figure 4.
Figure 4a shows the effect of the Ni alignment on
the transmittance and transparency of the composite
films with different Ni contents, whereby the data
were calibrated against a pure epoxy sample. It can
be seen that the transmittance of the composite
films is dramatically improved by the alignment of
the ultrafine Ni particles induced under the applied
magnetic field. Therefore, a relatively higher transmittance and transparency have been observed for
the aligned composites than for the random composites with the same Ni contents. However, there
will be increased light scattering and blockage for
both the random and aligned composites as the Ni
particle content increases. Besides, an altered refractive index in the strained polymer material near the
ultrafine Ni particles will also cause a loss in transmittance [14]. Therefore, a higher Ni content will lead
to more severe light scattering and blockage, and
the transmittance of the composite films decreases
dramatically as the Ni content increases (Figure 4a).
The corresponding transparency shown in Figure 4b confirms this tendency.

flow along the direction of the applied magnetic
field. To demonstrate this fact, the electrical conductivity in both the vertical (z-axis) direction and horizontal plane was measured. For the vertical measurement, the composite film was sandwiched between
two copper electrodes, with a thin layer of silver
paste at the interface between the copper electrodes

3.3. Electrical resistance and mechanical
flexibility of Ni/epoxy composite films
The epoxy composites consisted of epoxy and ferromagnetic ultrafine Ni particles. The ultrafine Ni
particles created aligned columns along the applied
magnetic field, as shown in Figure 3a and 3c. The ferromagnetic ultrafine Ni particles are magnetized
under the applied magnetic field, and these magnetized particles interact with adjacent particles due to
their polarity. Finally, a columned structure of ultrafine Ni particles is formed due to repulsion of Ni
particles in the as-prepared composites after they
are cured. As a result, the current will primarily
Table 2. Specific resistance of the pure epoxy film and the
Ni/epoxy composite films
Specific resistance of Specific resistance of
the horizontal plane the vertical direction
[!·cm]
[!·cm]
Pure epoxy film
8.4·1014
9.5·1014
14
A
4.8·10
6.0·1014
B
2.3·1013
1.6·1013
C
4.6·1012
3.4·1012
Am
3.8·1012
6.8·1010
Bm
5.5·1013
2.4·105
Cm
5.9·1013
2.3·104
Sample code

Figure 5. Top-view optical micrographs of the aligned
Ni/epoxy composites: (a) Am, (b) Bm and (c) Cm
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Figure 6. Digital photographs of the composite films bent by fingers: (a) Am and (b) Cm

and the composite film to reduce the contact resistance. The horizontal electrical property of the composites was measured directly by two copper electrodes which clamp the two ends of the sample,
respectively. All the electrical properties of the
composites were measured at room temperature.
The corresponding results for the specific resistance
are presented in Table 2. It can be seen that the specific resistance of the composite films decreases as
the Ni content increases. This is easy to understand
since the distance between Ni particles is reduced
by the increase of the Ni content, so that it becomes
easy for the Ni particles to contact with each other.
For the aligned composites (Am, Bm and Cm), the
average diameters of the Ni columns are about 8, 23
and 37 µm for the composite films, respectively, as
shown in Figure 5. Moreover, the average distances
among the Ni columns can be evaluated from over
10 measurements to be about 49, 44 and 20 µm,
respectively. Tables 2 shows further that the specific resistances of the composite films (Am, Bm and
Cm) prepared in the presence of the applied magnetic field are 4–9 orders lower in the vertical direction than in the horizontal plane. This is because the
ultrafine Ni particles were aligned to form columns
throughout the whole thickness of the aligned composite film when the magnetic field was applied.
Thus, these columns serve as electrically conducting pathways. This anisotropy in the electrical property is a useful material characteristic that may be
exploited for electronic device applications [14, 15].
However, the normal composite samples (A, B, C)
prepared in the absence of a magnetic field show an
isotropy in the specific resistance. This is because

the ultrafine Ni particles were randomly dispersed
in the epoxy matrix.
Figure 6 illustrates that the as-synthesized composite films are also very flexible. When bending the
composite films, they will not be destroyed. After
releasing of bending force, the composite films
recover to their original shapes. In addition, repeated
bending and unbending of the films up to ten times
or more does not change this good behavior, thus
demonstrating their excellent mechanical flexibility. Moreover, the flexibility of the samples was
tested according to the standard ASTM D433897(2011)e1. The flexibility value of the films is
defined as the diameter of the smallest mandrel over
which four out of five test specimens do not break.
The obtained flexibility for the samples of Am, Bm
and Cm is respectively 4.0, 5.4 and 6.8 mm. And the
flexibility of the samples (A, B and C) is also equal
to 4.0, 5.4 and 6.8 mm, respectively. The good flexibility of these films is mainly due to the fact that
the epoxy matrix modified by the flexible diamine
(D-230) is flexible, as it was also done in our previous work for severe cryogenic engineering application [33]. Moreover, the specific resistance was
measured for the composite films after repeated
bending and unbending, and their specific resistance maintains their original values. This confirms
that the composite films keep their integrity due to
their excellent flexibility.

3.4. Ferromagnetic property of Ni/epoxy
composite films
The hysteresis measurements of the composites
were carried out at room temperature in an applied
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Figure 7. Schematic illustration of the VSM experiment in
a magnetic field with different directions: (a) horizontal and (b) vertical

magnetic field sweeping from –796 to 796 kA/m in
the horizontal plane as well as in the vertical direction (Figure 7). The hysteresis loops for the aligned
composite films are exhibited in Figure 8, whereby
the hysteresis loops for the random composites
were not presented for simplicity. The Ni/epoxy
composites display a typical ferromagnetic behavior, indicating that the ferromagnetic characteristics
of the ultrafine Ni particles were not altered by the
preparation process of the composites. The results
for the ferromagnetic properties are summarized in
Table 3. It shows that the coercivity of the composite samples is about 16 000– 16 875 A/m, which is
approximately the same as for the pure ultrafine Ni
particles. This means, the applied magnetic field has
a negligible effect on the coercivity of the composite films. On the other hand, both the saturation
magnetization (Ms) and remanence (Mr) of the composite films increase as the Ni content increases
from 0.5 to 6.0&wt% (Table 3).
In order to investigate the effect of the applied magnetic field on the magnetic anisotropy of the samples, a comparison in the squareness ratio (Mr/Ms) of
the samples is presented in Table 4. For the aligned
composite films, when measuring in the horizontal
plane (direction), the Mr/Ms of the samples is 0.18,
0.23 and 0.24, for Am, Bm and Cm, respectively;
when measuring in the vertical direction, the Mr/Ms
of the three samples amounts to 0.27, 0.35 and 0.36.

Figure 8. Hysteresis loops of the composite films (Am, Bm
and Cm): (a) horizontal and (b) vertical

The obvious difference (about 50%) in the squareness ratio between the horizontal and vertical directions indicates that an obvious magnetic anisotropy
has been induced in the aligned composite films.
For the random samples (A, B and C), the Mr/Ms

Table 3. Saturation magnetization, remanence and coercivity of the Ni/epoxy composite films
Sample code
A
B
C
Am
Bm
Cm

Ms
[emu/g]
Horizontal
0.2622
1.1319
3.2646
0.2775
1.0550
3.2964

Vertical
0.2687
1.0433
3.1125
0.2770
0.9993
3.0525

Mr
[emu/g]
Horizontal
0.0603
0.2717
0.9141
0.0500
0.2427
0.7911

910

Vertical
0.0564
0.2400
0.8093
0.0748
0.3498
1.099

Coercivity
[A/m]
Horizontal
Vertical
16687
16659
16701
16670
16029
15989
16571
16870
16610
16728
16083
16115
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Table 4. Squareness ratio (Mr/Ms) of the Ni/epoxy composite films
Sample code
A
B
C
Am
Bm
Cm

Squareness ratio (Mr/Ms)
Horizontal
Vertical
0.23
0.21
0.24
0.23
0.28
0.26
0.18
0.27
0.23
0.35
0.24
0.36
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