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Abstract: Nano molding technology (NMT) has shown
great potential in the preparation of metal/resin compo-
sites, which can integrate resin and metal into a light-
weight, high-strength metal matrix composite. However,
due to the poor interfacial bonding strength between
metal and polymer, the application of the metal/polymer
composites is limited. In this paper, we proposed a novel
method to improve the bonding strength between Fe–Co–Ni
alloy and epoxy resin by Nano Perfusion Technology (NPT),
featuring in situ growth of carbon nanotubes (CNTs) in the
pores on anodized Fe–Co–Ni alloy porous surface, followed
by a perfusion of epoxy resin throughout the pores that had
been in situ grown CNTs. Due to the “anchor effect” of CNTs,
the bonding strength between the epoxy and the alloy
matrix is improved. The results showed that the interfacial
bonding between the in situ CNTs-modified alloy and the
resin was significantly improved compared to the metal-
resin composites surface treated with T-treatment in tradi-
tional method of NMT. The maximum interfacial bonding
force of the alloy-CNTs/epoxy composite reached up to
691.80N, which was 460, 315, and 267% higher than those
by mechanical treatment, without CNTs and T-treatment,
respectively. This work provides a new approach to protect

metals or alloys from environmental corrosion, impact
damage, and so on.
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Abbreviations

NMT nano molding technology
CNTs carbon nanotubes
NPT nano perfusion technology
CVD chemical vapor deposition
EDS energy dispersive spectrometer
ICP-MS inductively coupled plasma mass spectrometry

1 Introduction

Metal and resin composites have outstanding character-
istics such as high strength, long fatigue life and corro-
sion resistance, etc. and are increasingly used in aerospace,
automotive, and related industries. However, the bonding
forces between the metal substrate and the polymeric
resin metal-resin are always weak due to their opposite
surficial properties [1]. Metal-resin composites are mainly
produced via the following two technologies: metal sur-
face crystallization and nanomolding technology (NMT) [2].
Generally, through mechanical methods such as sand-
blasting abrasive [3,4] or chemical etching [5,6] and anodic
oxidation [7–9] on the metal surface to form micro and
nano structures, the resin material is then cast into the
porous surface of the metal matrix by the molding process.
After the resin is cured, the metal and the polymer resin
form an anchoring structure, which makes the metal-resin
composite surface stronger and/or functionalized [2,10].
Later, more researchers used the anodic oxidation tech-
nique to treat metals such as magnesium [11–14] and tita-
nium [15–18] to achieve certain micro and nano pores [19],
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which were applied in the field of energy storage or energy
storage devices. However, apart from soft aluminum alloy,
titanium alloy, and so on, there are few researches on other
metal alloys such as iron, nickel, and chromium.

Moreover, in the process of getting metal-resin com-
posites, in addition to nano crystallization of the metal
surface, T-treatment is often used for posttreatment of
anodized metal, etching the porous structure of the metal
surface and interacting with the resin material so as to
enhance the interfacial strength [20,21]. However, T-agents
are usually amines, which are toxic and will cause harm to
human body and environmental pollution in this process.
Also, the mechanism by which T-agents improve the inter-
facial strength is still unclear.

It is well-known that the incorporation of CNTs into
resin materials can improve the mechanical strength,
fracture toughness, and thermal stability [22–28]. Among
all kinds of reinforcing materials, carbon nanotubes have
been considered as a new-generation material since the
first discovery by Iijima in 1991 [29], owing to their unique
properties such as ultra-high strength (up to 100 GPa),
ultra-high Young’s modulus (up to 1 TPa), and large
aspect ratio (50–500) [30,31]. Liang et al. [32] proposed
a novel process for preparing CNTs-reinforced magne-
sium nanocomposites, which combined the friction
stir processing (FSP) and ultrasonic assisted extrusion.
Wang et al. [33] showed that the mechanical properties
of the Cu/CNTs composites were greatly improved after
the introduction of CNTs into nanocrystalline Cu, which
was attributed to the distribution characteristic of CNTs
penetrating through several adjacent nano-Cu grains [34].
Although CNTs obviously enhanced the composite mate-
rials by traditional mixing and hot-consolidation process
[35], the binding forces between the CNTs and metal
matrix were weak, because the interfacial slip would
result in reflection at a relatively low applied stress [36].

In this paper, a new strategy was proposed and rea-
lized for the first time. The CNTs were in situ grown on the
metal surface via CVD after anodic oxidation, followed by
a Nano-Perfusion process to obtain the alloy/CNTs/epoxy
composites with high performance. First, a certain number
of micro-nano pores were prepared by anodizing the sur-
face of the alloy. Then, CNTs were synthesized by a CVD
process in the anodized micro-nano pores. Finally, CNTs-
modified alloy/epoxy composites were prepared by the
NPT. The changes in the content of elements on the alloy
surface before and after anodization were analyzed by
EDS and ICP-MS, and the surface of the alloy after the
growth of carbon nanotubes and the bonding of the
metal-resin composite materials were characterized by a
scanning electron microscope, so to have a look at the

growth of carbon nanotubes and the cross-sectional
morphology of the metal-resin. Carbon nanotubes were
tested through XRD and Raman tests to understand the
structural changes during the growth process, the bond
energy between atoms on the alloy surface was tested by
XPS to obtain the morphology and type of C in the grown
CNT, and a universal testing machine was adopted to
evaluate the bonding force of the metal-resin composite
materials.

2 Experiment

2.1 Materials

The alloy used for anodic oxidation came from Chengdu
Hongwei Future Electromechanical Co., Ltd. The constant
voltage DC power supply (HY3500) used in the anodic
oxidation process came from Shenzhen Liaofu Technology
Co., Ltd. The tubular furnace FT-1200 for the growth of
carbon nanotubes came from Anhui BEQ Equipment
Technology Co., Ltd., using acetylene and argon gas
from Chengdu Honghaoyuan Gas Co., Ltd. The epoxy
resin TDE-85, accelerator (2,4,6-dimethylaminomethyl
phenol), and curing agent (MethPA) used in this experi-
ment came from Tianjin Institute of Organic Materials. In
addition, graphite sheet, ammonium fluoride, ethylene
glycol, sodium dihydrogen phosphate, hydrazine hydrate,
acetone, and ethanol were purchased from Chengdu
Chron Chemicals Co., Ltd. The reagents used in this
experiment were all analytical reagents (AR) without
further purification.

2.2 Two-step anodic oxidation and in situ
growth of CNTs on alloy

The alloy to be anodized is used as the anode, and the
graphite sheet is used as the cathode. In 0.1 mol/L NH4F/
ethylene glycol electrolyte, the voltage is 20 V to oxidize
for 60min to obtain one-step anodized alloy. Then the
one-step anodized alloy is used as the anode, and the two-
step anodized alloy is obtained by anodizing at a voltage of
20 V for 60min in 0.1mol/L NaH2PO4 electrolyte.

The alloy block after two-step anodization was put
into a porcelain boat and then placed in a tube furnace.
The temperature was controlled in an argon atmosphere
during the whole process and was gradually raised to
650°C at a heating rate of 10°C/min, where the flow rate
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of argon was 100mL/min. Afterwards, the temperature of
650°C was kept for 30min, during which C2H2 gas was
introduced and the introduced C2H2 gas flow rate was
10mL/min. When the temperature dropped to room tem-
perature, the argon gas was turned off, and the alloy
block was taken out for use.

2.3 Preparation of CNTs/metal/epoxy
composites

10 g of TDE-85, 1 g of accelerator, and 8 g of curing agent
were mixed at 40°C, and air bubbles in the stirred epoxy
resin were removed by vacuum. The alloy block with
in situ growth of CNTs was placed in a polytetrafluoroethy-
lene mold. Then the epoxy resin material was poured into
the alloy surface and cured at 170°C for 4 h and at 200°C
for 1 h to obtain a NPT alloy resin composite material.
Besides, the non-anodized alloy is polished with sand-
paper of different meshes (80–1,200) to get a mechani-
cally polished metal alloy block. Then the two-step ano-
dized alloy is treated in hydrazine hydrate (T-treatment)
for 30min to obtain a T-treatment metal alloy. Then put
the mechanically polished alloy and the T-treated alloy
into the PTFE mold and the epoxy resin material was
poured into the alloy surface of the mold. It was cured
at 170°C for 4 h and at 200°C for 1 h to obtain mechani-
cally polished and T-treated alloy resin composites. The
size of the obtained metal-resin composite material is

50mm × 10mm × 4mm in length, width, and thickness,
and the length and width of the joint between metal and
resin is 5 mm × 10 mm. The schematic diagram of compo-
site preparation is shown in Figure 1.

2.4 Characterization

The surface morphology and EDS analysis of two-step
anodized and in situ grown CNTs alloy were investigated
via the scanning electron microscopy (SEM, JSM7800F) in
high-vacuum mode at a voltage of 20.0 kV. Confocal
Raman spectroscopy (Raman Touch), X-ray photo-elec-
tron spectroscopy (XPS, Escalab250XI), and X-ray diffrac-
tion (XRD, Bruker D8 Advance) were used to characterize
the structural changes of two-step anodized alloy blocks
and in situ grown CNTs. The XRD diffractometer used a
copper target, with working voltage of 60.0 kV, current of
100.0 mA, and scanning range of 10–60°. Furthermore,
the bonding properties of metal-resin composites were
tested by an electronic universal testing machine (AGS-J,
SHIMADZU).

3 Results and discussion

SEM observations and EDS and ICP-MS characterizations
were conducted on the surface of the alloy before and

Figure 1: Schematic diagram of metal-resin composite preparation process.
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after anodization, as shown in Figure 2 and Table 1. As it
can be seen, the surface of the pristine alloy was smooth,
but after the two-step anodization, it displayed obvious

pores of micro-nano scale. The EDS analyses for the ori-
ginal surface shown in Figure 2(a) demonstrated that the
surface contained Ni and Cr elements and a small amount

Figure 2: SEM image and EDS spectra of the alloy surface. (a) The pristine surface; (b) the surface after the two-step anodization.

Table 1: The ICP-MS results of the pristine and after the two-step anodized samples

Sample name Sample content (mg/kg)

Fe Ni Cr Co Mn Al Na Cu

Pristine 826134.93 5427.59 678.53 33.91 7207.66 115.54 49.66 682.15
Two-step anodizing 800078.04 5256.27 657.12 28.16 6980.18 150.33 63.72 660.64
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of Fe, Co, and C elements. After the two-step anodization,
it was mainly composed of Fe–Ni. In the past, with
respect to most methods for the preparation of CNTs, in
order to obtain catalyst elements that can be used for the
catalytic growth of CNTs, the catalyst has to be reduced
first, but the alloys we used can grow CNTs in situwithout
reduction owing to the anodic oxidation treatment. The
resulting porous structure exposed Fe and Ni metal com-
ponents that can be used for CNTs growth, and these
components can be obtained through EDS characteriza-
tion, as shown in Figure 2(b). ICP-MS is used to verify the
true condition of the bulk material characterization of the
metal elements on the alloy surface before and after ano-
dization. From the ICP-MS test results (Table 1), it is
found that the alloy surface is still dominated by Fe
and Ni after two-step anodization, which is similar to
the EDS test results.

Fe [37], Co [38], Ni [39], etc. are usually used as cat-
alysts for the growth of CNTs [40]. Generally, the catalyst
needs to be reduced before preparation. The EDS char-
acterization showed that after the two-step anodization,
the alloy contained Fe, Ni, and other catalyst components
that can catalyze the growth of CNTs, so it can catalyze
the growth of CNTs without reduction. Therefore, the
anodized alloy was used as a substrate for the in situ
growth of CNTs. The alloy was placed in a tubular furnace
at 650°C to change the growth time for growing CNTs
in situ, and the surface of the alloy grown CNTs at dif-
ferent time was measured via the SEM characterization

method, resulting in the SEM images of Figure 3. As shown
in Figure 3(a), a certain amount of micro-nano pores can be
created after the two-step anodization, while Figure 3(b)
shows the morphology of the alloy block grown in the
tube furnace for 10 s. It can be seen from the red framed
area that CNTs grow frommicro/nano pores, and the alloy
surface was covered by the carbon tube arrays after 30 s
of growth (Figure 3c). When the growing time reached
60 s, the diameter of the carbon tube (Figure 3d) is sig-
nificantly larger than that in case of shorter growth time
(Figure 3b and c). Besides, when the growth time reached
60 s, CNTs covered the entire alloy surface.

Figure 4(a) shows the XRD pattern of the CNTs grown
in situ at different time after the two-step anodization of
the alloy. As shown in Figure 4(a), there is no peak of
CNTs on the anodized alloy surface at about 26° for two
times, while the alloy surface of CNTs growing at different
time has obvious diffraction peak at about 26°, which is
similar to the (002) crystal plane of graphite, indicating
that the aggregation structure of the grown products is
mainly graphite structure. Besides, there are obvious Ni
metal peaks around 44° and 51°, which implies that the
alloy does not disappear after growth. Figure 4(b) shows
the Raman spectra of the alloy after the two-anodic oxi-
dations and after in situ growth of CNTs at different time.
As can be seen from Figure 4, no matter the growth time
is 10 s or 60 s, there are obvious D peaks and G peaks near
1,350 and 1,600 cm−1, respectively, and there are obvious
2D peaks on the surface of the alloy near 2,690 cm−1 after

Figure 3: SEM spectra of metal substrate surface before and after the in situ growth of CNTs at different time. (a) Before CNTs growing;
(b) growing for 10 s; (c) growing for 30 s; (d) growing for 60 s.
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growth of CNTs [41]. After calculating the ID/IG of alloy/
CNTs at different growth time, it can be found that the
shorter the growth time, the greater the value of ID/IG,
which indicates that the more defects of CNTs grown

in situ at this time, the lower the graphitization degree.
As the growth time increases, the value of ID/IG decreased
gradually, but was still greater than 1, indicating that a
large number of CNTs were growing in situ, and a certain

Figure 4: (a) XRD spectra of metal surface after CNTs were grown in situ at different time. (b) Raman spectra of metal surface after CNTs were
grown in situ at different time.

Figure 5: XPS spectra and C 1s spectra at different growth time on the surface of CNTs alloy grown in situ by two-step anodic oxidation.
(a) Full spectrum; (b) 10 s; (c) 30 s; (d) 60 s.
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force was generated by mutual extrusion between carbon
tubes [42–45].

To reveal the elemental composition and electronic
structure of the products after the growth of CNTs on the
alloy surface, we performed XPS to characterize the com-
position and bonding structure of the products, and the
surface of the CNTs alloy grown at different time was
characterized via XPS, so that the XPS and C 1s spectra
were obtained, as shown in Figure 5. It can be seen from
the total spectrum of Figure 5(a) that the content of
C atoms on the alloy surface increased from 72.71 to
98.21%, while the content of O atoms decreased from
24.31 to 1.5% after the growth of CNTs. As the growth
time increases, the contents of Fe and Ni atoms on the
alloy surface drop to zero, which means that the alloy
surface mainly contains C and O atoms after growth. To
figure out in what form the product C of carbon nano-
tubes grown at different time exists, the high-resolution
XPS spectrum of C 1s was fitted into three subcompo-
nents, as shown in Figure 5(b)–(d). As can be seen,
when the binding energy is 284.78 eV, the C atom exists
in the form of sp2 hybridization C–C, which demonstrates
that there is a graphitized structure in the carbon tube
grown in situ. At 285.08 eV, the carbon atoms are mainly
C–C formed by sp3 hybridization, implying that there is a
certain defect structure in the grown CNT. Furthermore,
at 286.23 eV, it mainly exists in the form of C–O, which
indicates that C and O in the grown CNT are the bonding
mode of the atoms, and the resulting CNT contains
oxygen functional groups [41].

After infusing epoxy resin material on the surface
of the anodized alloy/CNTs with the Nano Perfusion
Technology (NPT), an alloy/CNTs-epoxy composite mate-
rial was obtained. At the same time, the NPT technique

was adopted to inject epoxy resin material on the alloy
surface after mechanical polishing, anodization, and
T-treatment, so as to obtain polished alloy/epoxy compo-
site material and anodized T-treated alloy/epoxy resin
composite material. Also, the adhesion tests were carried
out on the composite materials obtained by different sur-
face treatment methods, after which the bonding perfor-
mance diagram of the metal-resin composite material
under different surface treatment conditions was drawn,
as shown in Figure 6. It can be clearly seen from Figure 6
that the bonding force of the metal/CNTs-epoxy resin
composite is the largest after the CVD method has grown
for 10 s. As the growth time increases, the bonding force
of the metal/CNTs-epoxy composite material decreases.
But they are still greater than the interfacial bonding
force of the metal-epoxy composite material obtained
by methods such as unanodized, mechanical treatment,
and T-treatment. In addition, it can be clearly seen from
Table 2 that the bonding force of the alloy/CNTs-epoxy
resin composite material is 691.80 N after CVD in situ
growth for 10 s, the adhesive force of the metal-resin
composite material after mechanical polishing is 142.32 N,
and the adhesive force of the metal-resin composite
material of T-treatment is 258.65 N. The other finding
from Figure 6 is that no matter the growth time of 10 s,
30 s, or 60 s, the cohesive forces of metal-resin composites
are much higher than those of T-treated composite mate-
rials and mechanically polished metal-resin composites.

As it can be seen from Figure 7(a), there is no obvious
resin residue on the alloy surface after the bonding
test of the non-anodized metal-resin composite material,
while Figure 7(b)–(f) reveals obvious resin residues on
the alloy surface and some CNTs still can be seen in
Figure 7(d)–(f). It is shown that the interaction between
the resin and the CNTs occurs after the growth of CNTs,
thus allowing part of the CNT and resin to exist on the
alloy surface. The main reason is that in addition to the

Figure 6: Test results for the adhesive force of metal-resin compo-
sites treated with different methods.

Table 2: Test results for the adhesion of metal-resin composite
materials

Sample name Adhesion force (N)

Unanodized alloy/epoxy composite 135.59
Mechanical friction alloy/epoxy
composite

142.32

Two-step oxidation alloy/epoxy
composite

219.22

T-treated alloy/epoxy composite 258.65
CVD-650°C-10 s 691.80
CVD-650°C-30 s 538.26
CVD-650°C-60 s 469.25
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epoxy resin material obtained by virtue of NPT partially
entering the prepared micro-nanopores, the CNTs that
can be created by XPS also contain oxygen-containing
functional groups, which interact with the epoxy resin,
thus improving the bonding force between epoxy resin
and metal/CNTs. The interaction between the CNTs grown
in the pores of the alloy surface and the resin enhances the
interfacial bonding force between the metal/carbon nano-
tubes and epoxy resin.

4 Conclusion

This paper reports a new alloy surface modification method
to improve the adhesion betweenmetal and resin materials.
Different from the NMT technology, this method does not
require the use of amine solutions as the so-called T-treat-
ment, instead uses the alloy surface containing Ni, Fe, and
other catalytic metal particles to directly grow carbon nano-
tubes in situ, thus modifying the surface of the alloy, and
then using new NPT process to obtain the metal-resin com-
posite materials. The results show that the in situ growth
of CNTs on the modified alloy surface can significantly
improve the adhesion between the metal and the resin,
due to the “anchor effect” and the chemical interaction
between CNTs and resin. When the CNTs have grown in
site for 10 s, the adhesion between the metal and the resin
can reach up to 691.80N, which is much higher than
142.32N for the alloy surface after the mechanical treatment,

219.22 N after the anodic oxidation treatment, and 258.65N
after the T-treatment. Consequently, both the in situ growth
of CNTs and Nano Perfusion Technology (NPT) can effec-
tively improve the adhesion between metal and epoxy resin.
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