
Research Article

Xi Liu, Ying Li*, Ling Long, Hailong Wang, Qingfeng Guo, Qingchun Wang, Jing Qi, Jia Chen,
Yan Long, Ji Liu, and Zuowan Zhou*

Preparation and bonding mechanisms of
polymer/metal hybrid composite by nano
molding technology

https://doi.org/10.1515/ntrev-2022-0120
received April 7, 2022; accepted May 10, 2022

Abstract: With the development of nano molding tech-
nology (NMT), the polymer/metal hybrid (PMH) composites
have made great progress in industries like automobile, air-
craft, and boat. The bonding structure and bonding strength
are the key factors ruling the application of PMH. In this
work, the PMH containing polyphenylene sulfide (PPS) and
Al alloy was prepared by NMT, and the surface treating of Al
alloy and the bondingmechanism of PMHhas been studied.
The results reveal that the bonding strength between metal
and polymer shows dependence on the pore structure of the
metal surface, which could be controlled by changing the
anodizing voltage and time. The PMH in which the Al plate
was anodized at 15 V for 6 h achieves the best bonding
strength of 1,543 N. The morphological analysis reveals
that there forms an anchor and bolt structure in the inter-
face of PPS and Al plate, which bonds the polymer and
metal tightly. In addition, the chemical interaction between
PPS and Al was confirmed by attenuated total reflection
(ATR) infrared spectroscopy, which indicates that both
physical and chemical effects contribute to the bonding
strength of the PMH. This PMH has great potential of being
used as alternative to traditional pure metal components,

especially the packing materials of automobiles, electronic
products, and furniture.

Keywords: nanomolding technology, polymermetal hybrids,
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1 Introduction

In recent years, metal resin composite materials, polymer
metal hybrids (PMH), fabricated by nano molding tech-
nology (NMT) have made great progress in the electro-
nics, automotive, aerospace, and other industries due to
their advantages of high strength and lightweight [1–3].
PMH refers to composites in which metal and resin are
combined face to face and synchronously generated bound-
aries where the metal and polymer interpenetrated together
[4,5]. For the combination of metal and polymers, it is diffi-
cult to bond them together without adhesive or surface
treating, and the weak interfacial interaction force between
the metal and resin limits the wide application of such
composite materials. PMH prepared by NMT saves the
cost of adhesive or surface treatment; however, its bonding
strength is hard to enhance or adjust [6–8]. In addition, the
PMH interface prepared by ordinary processing methods
often has a lot of defects, such as bubbles, looseness,
poor fitting, thermal expansion coefficient mismatch, aging,
and degumming [9], which have a great negative impact on
its performance.

For the bond between two materials of metal and
resin, their interfaces do not produce interfacial reaction
layers similar to intermetallic compounds, and generally
require introducing intermolecular bonding forces such as
van der Waals or electrostatic forces to achieve bonding
effects. To make the bonding strength of PMH meet the
practical requirements, progress such as the enhancement
of polymer basement and surface modifying of metal sub-
tract has been made [10]. Guo et al. [11] modified the
copper surface by anodizing and then treated with
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aqueous solution containing phosphate and sodium dihy-
drogen phosphate as corrosion solution to obtain a micro-
nano structure on the copper. With optimized conditions,
including voltage, treating time, and the phosphoric acid
mass fraction, the copper surface is relatively smooth, and
the porosity reaches 25.77%. In addition, introducing che-
mical interaction between polymer and metal is another
way to enhance the bonding strength of PMH, such as the
reaction between metallic silver and imidazole [12], the
coupling effect between the silane coupling agent and
stainless steel [13]. Above all, the interface structure is
the key part that determines the mechanical strength of
PMH, and most of the research works focus on the surface
morphology of the metal substrate and the micro mor-
phology of the bonding interface [14,15]. Moreover, proces-
sing methods include ultrasonic welding [16], lap welding
[13], and radio frequency sputtering [17], etc. However,
changing the processing method is troublesome and costly.
On the contrary, changing the properties of the material
itself is easy to achieve, and can greatly improve the inter-
face bonding strength of the composites.

Most metal resin composite materials use aluminum
or aluminum alloy as the metal matrix. And there have
been abundant literature reports on the aluminum sur-
face treatment process whose process andmechanism are
very mature [15]. The preparation methods of aluminum
surface nanostructures can be divided into chemical and
physical methods. Chemical methods mainly include elec-
trochemical etching and chemical etching, and physical
methods mainly include mechanical processing methods
such as laser etching [18], anodizing [19], and shot peening
[20]. Among them, the anodizing is one of the most popular
methods to generate pores on aluminum surface due to the
stability process and result, and the bonding strength of the
PMH fabricated with anodized aluminum is remarkably
high, which makes the anodized aluminum widely used
in industries. Even though, so far, there are only few studies
on the influence of metal substrates with different surface
morphologies on the bonding strength of aluminum-
based PMH.

Therefore, in order to solve this problem, this article
used electrochemical to treat Al alloy substrates with dif-
ferent anodizing conditions, and used NMT to prepare
PMH. The results show that the anodizing voltage and
time have substantial impact on the surface morphology
of Al, which results in different bonding strength. By
tuning the anodizing condition, PMH containing Al sub-
strate anodized at 15 V for 6 h reaches 1,543 N of bonding
strength. In addition, the interface structure and the che-
mical interaction between Al and polymer was studied,
and the results indicate that polymer and metal form an

interpenetrated structure at the interface, and a chemical
interaction exists between them. Both the physical struc-
ture and chemical interaction contributes to the high
bonding strength of PMH.

2 Experimental

2.1 Materials

Al alloy plates was purchased from Taili metal factory. Before
using, the Al plates were cut into 40mm × 10mm × 2mm
and polished by 80 Grit sandpaper to remove the oxides.
Then, the plates were cleaned in acetone and ethanol that
were purchased from Chengdu Kelong Chemical Co., Ltd.
Polyphenylene Sulfide (PPS) was purchased from Da Han
Chemical Company, which was dried at 140°C for 24 h to
remove the water.

2.2 Surface treatment of Al plates and
fabrication of PMH

The electrolyte contains 20wt% H2SO4 and 80wt% deion-
ized water, and the Al plate was used as the anode, and the
graphite sheet was used as the cathode. Anodizing was per-
formed at 20°C under different voltages and stirring times.
After anodizing, the Al plate was dried in an oven at 60°C for
20min. Then, the plate was put into a pre-designed mold
(Figure 1) and injection was performed. The Al cavity is
filled by Al plate and the anodized area faces the injection
cavity, and then, the polymer is injected into the injection
cavity through injection port. Due to the high pressure and
good fluidity of the polymer, it would be injected into the
pores on the Al surface at the bonding area to form PMH.
The mold temperature was set at 60°C, and the barrel
temperature was set at 280°C. The injection time is 5 s
and the compress time is 20 s.

2.3 Characterization

The morphology of the Al plates’ surface nanostructures
was investigated by field-emission scanning electronmicro-
scopy (FE-SEM, JEOL JSM-7800F, Japan). The operating
voltage was 60.0 kV, the current was 100.0mA, and the
scanning range was 5–90°. When preparing SEM samples,
a fine grinding machine (Leica EM TXP, Germany)was used
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to finely grind the cross-section of PMH, so as to try to retain
its original interface morphology, which is convenient for
SEM observation. The reaction of the interface was carried
out by Fourier Transform Infrared Spectroscopy (FT-IR)
(PerkinElmer Spectrum 3, USA) with spectral resolution of
2 cm−1 in a wavenumber region of 400–4,000cm−1 with ATR
infrared spectroscopy mold. The thermodynamic behavior of
the resin is characterized by Differential Scanning Calorimeter
(DSC, 204 F1 Phoenix, Germany). The bonding strength
between Al plates and PPS were tested by a microcomputer-
controlled electronic universal testing machine (UTM4104X,
Oberthur [Shandong] Testing Equipment Co., Ltd., China).

3 Results and discussion

3.1 Surface morphologies of Al alloy plates’
surface

Based on the growth mechanism of anodized aluminum,
voltage and anodizing duration play key roles in the pore
diameter and depth [21,22]. The effects of voltage and
time on the surface morphology of anodized aluminum
were investigated. It can be seen from Figure 2a–c that
the surface nanopore e increases as the anodizing time
increases. At 15 V, the pores are in nano scale after 1.5 h of
anodizing, while they increase to micro pores after 6 h of
anodizing. The micro pores are favorable to fabricate
PMH [23]. On elongation of the time, the pores collapse
(Figure 2d). This is mainly because during the anodic
oxidation process, gas will be deposited on the barrier
layer on the metal surface, so the porous structure will
continue to be produced [24]. However, when the time
continues to increase, the electrons in the electrolyte will
be transferred to the anode, breakdown of which will lead
to some destruction of the pore structure [25]. In addition,
as the anodic oxidation time increases, the thickness of
the oxide layer will increase, and the oxide layer will be
brittle, which will reduce the strength of the metal sub-
strate [26]. Voltage has the same effect on pore size. As
shown in Figure 2e and f, increasing voltage makes pore
structure collapse rapidly. During the anodic oxidation
process, with the increase in voltage, this energy balance

Figure 1: Schematic illustration of injection mold.

Figure 2: Surface morphologies of Al plates after anodizing. (a) The Al plates after cleaning, (b–d) Al plates anodized at 15 V for 1.5, 6, and
8 h, and (e and f) Al plates anodized for 6 h at 20 and 25 V, respectively.
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will be destroyed, leading to the destruction of the pore
structure.

3.2 Bonding strength of PMH

The Al alloy substrates prepared by the above prepara-
tion method and the PMH were prepared using a micro
injection molding machine, and their bonding strength
was tested by a tensile test. Figure 3a is the digital photo
and schematic illustration of the PMH sample. In order to
ensure the even force at both ends during the tensile
testing, a gasket was placed on the bare metal end
(Figure 3b). During the test, the thickness, width, and
gauge length of the spline were not entered, and the
maximum force was used to indicate the tensile strength.

The tensile test results are shown in Figure 4. It is
clear that higher voltage and longer anodizing time are

beneficial to increase the bonding strength of PMH. After
polishing and cleaning, PPS is hard to be bonded with Al
plate, and this phenomenon has been going on in PMH
whose Al plate was anodized at 15 V for 1.5 and 4.0 h.
With the further increase in anodizing time at 15 V, the
bonding strength of PMH was significantly enhanced.
A maximum bonding strength of 1,543 N was generated
by the PMH anodized at 15 V for 6 h. However, when the
anodizing time was further increased to 8 h, the bond
strength decreased to 810 N. Based on the anodizing the-
ories, the anodizing time positively relates to the pore
depth, and which acts as the anchor to hitch resin in
PMH [19,23,27]. Anodizing voltage also plays important
role in pore structure on the metal surface. On increasing
the voltage to 20 and 25 V, the pore collapsed, which results
in decrease in bonding strength (Figure 4a). Figure 4b
shows the different fracture modes of PMH, which indicates
the effect of component material strength and interfacial
structure on the bonding strength of PMH. For relatively
smoother surface, the PPS is barely adhered on Al plate,
and the weak bonding strength leads to complete separa-
tion of the metal and resin. For PMH with high bonding
strength, it fractured on PPS body or the surface of Al plate.
The proper pore structure allows great anchor structure of
PMH and leads to high bonding strength. However, exces-
sive anodizingmakes the oxidation layer thicker that causes
a peeled off oxide layer on Al plate during the tensile test.

3.3 Bonding mechanism analysis

In order to study the bonding mechanism between PPS and
Al plates, first, the SEM characterization of the composite
sample was performed. A series of fine grinding processes

Figure 3: The digital photo of tensile testing: (a) the PMH sample
and schematic illustration and (b) the test fixture.

Figure 4: The tensile testing results: (a) the bonding strength results and (b) the PMH sample after tensile test.
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were performed on the cross-section of PMH to obtain the
cross-sectional morphology. As shown in Figure 5a, the
boundary between Al plates and PPS in the PMH containing
Al plate anodized at 15 V for 6 h is quite clear, and the PPS
and Al plate are tightly bonded due to no obvious gap has
been found in this boundary. While there exists a gap
between PPS and Al plates in the PMH containing Al ano-
dized at 20V for 6 h (Figure 5b), which implies that the
difference of surface structure on Al is dominant in the
bonding strength. As mentioned previously, the pores on
Al plate obtained by 6 h of anodizing at 15 V are in macro
size, and the pores on Al plate obtained by 6 h of anodizing
at 20V collapses and are mostly in nano size. During injec-
tion, the relatively larger pores allow the polymer to fill the
cavity more fully, while the smaller pores reject the PPS and
gaps would be generated between PPS and Al plate due to
different thermal expansion rates. The Al substrate of PMH is
dissolved by alkaline to expose the surface morphology of
PPS facing the interface. As shown in Figure 5c and d, the
residue polymer displays a surface with bulges, which is the
same as the pores on the anodized Al plate surface (Figure
2c), which indicates that the polymer has been injected into
the pores on Al plates’ surface. There is a transition layer
between Al and PPSwhere themetalmatrix and the polymer
PPS interpenetrate into each other. This transition layer con-
nects Al plate and PPS closely, and the interface between
the resin and the metal almost disappears. Comparing the
interface of PMH containing Al plate anodized at 15 V for

6 h, the PMH containing Al plate anodized at 20V shows
no transition layer (Figure 5b), which explains its lower
bonding strength. Figure 5e is the SEM image of an inter-
penetrating structure constructed by the anchor PPS and
the bolt pores on Al plate’s surface, which further proves
that the PPS has been injected into the pores on Al plate by
NMT. This structure is also confirmed by the element ana-
lysis, in which the Al exists on the PPS region and S shows
on the Al region (Figure 5f). The formation of anchor and
bolt structure is beneficial for bonding PPS and Al.

Attenuated total reflection (ATR) infrared spectro-
scopy characterization method is used to analyze the che-
mical interaction between metal and resin. The ATR is an
effective means to characterize the interface of PMH.
Unlike ordinary transmission, ATR does not require inci-
dent light to pass through the sample, and can be used to
detect opaque solid samples [28–30]. Characterizing the
instantaneous vibration of chemical bonds to determine
the existence and function of chemical bonds can facil-
itate the study of PMH interface interactions. Figure 6a
is the ATR spectrum of PMH and PPS with a resolution
of 2 cm−1. In the spectrum, 1,569, 1,472, and 1,387 cm−1

are the stretching vibration peaks of the aromatic ring,
1,008 cm−1 is the plane deformation vibration peak of the
aromatic ring, and 806 cm−1 is the out-of-plane deforma-
tion vibration peak of C–H bond of the aromatic ring [31].
In the ATR spectrum of PPS bulk, the absorption peak at
1,093 cm−1 is the stretching vibration absorption peak of

Figure 5: The SEM images of PMH interface. The cross-section image of PPS/Al boundary in which the Al plate was anodized for 6 h at 15 V (a)
and 20 V (b). (c) The exposed PPS surface of PMH after dissolving the Al matrix, (d) the element mapping of (c), (e) the front image showing
the anchor and bolt structure that constructed by PPA and Al, where the PPS was rendered yellow, and (f) the element distribution around
boundary.
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C–S, and the frequency corresponding to 1,093 cm−1 belongs
to the C–S fingerprint frequency [32]. In the ATR spectrum of
PMH, the stretching vibration absorption peak wave number
of C–S shifted to 1,087 cm−1, indicating that there is an inter-
action between PPS and Al in PMH, which leads to a
decrease in the bond energy of the C–S bond [33]. PPS is a
semi-crystalline resin [34], which can easily contact with
alumina with nanopores on the surface. From a spatial point
of view, the gyration radius of the PPS is less than 100 nm,
and the alumina nanopore diameter is larger than 100 nm.
Some scholars believe that the pore diameter of the nano-
pore affects the local polymer chains [35–37]. The higher
the bulk density of the polymer chain, the greater the
resistance to the movement, which may cause the shift
of the infrared absorption peak [38]. From the structural
point of view, C–S is a polar bond, and S atoms are che-
mically active, which may chemically interact with the
metal surface and cause the shift of infrared absorption
peaks. In addition, due to restrictions or other factors, the
crystallinity of PPS may decrease, and the polymer seg-
ments move more freely, resulting in the shift of infrared
absorption peaks [39].

DSC was performed to study the thermodynamic
behavior of bulk PPS and the PPS in the PMH, and the
results are shown in Figure 6b. It is found that PPS in the
composite is different from its own melting point, and
there exists two melting peaks. The reason for the bimodal
melting of polymers is the existence of different kinds of
crystallization or melting recrystallization, which indicates
that the crystallization behavior of PPS in composite mate-
rials is affected. When the polymer is confined to nano-
pores, the radial distribution density of the melt is uneven,
resulting in different chain packing density near the pore
wall, and the higher the density, the more difficult the
movement of molecular chains [40,41]. As the distance
from the hole wall increases, the chain density decreases,
and the movement of the molecular chain gradually
approaches the body [42]. Theoretically, the crystallization
of PPS has influence on the bonding strength of PMH
because of the effects on PPS’s mechanical strength, and
generally, higher crystallization degree results in higher
mechanical strength of polymer [43]. Polymer and metal
interpenetrate into each other at the interface to form an
anchor and bolt structure, in which the polymer acts as the

Figure 6: Structural analysis of PMH: (a) the ATR spectrum and (b) the DSC curves of PPA and PMH.

Figure 7: Schematic illustration of the bonding mechanism of PMH.
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anchor whose mechanical strength determines the defor-
mation behavior under stress/strain.

Based on the above study, the bonding mechanism of
PMH is concluded and illustrated in Figure 7. First, the
pores on the metal surface offer the anchor and PPS acts
as the bolt to form a physically interpenetrated structure
that was proved by sufficient morphological and structural
analysis. Here the pore size should be controlled carefully.
The interpenetrated structure is like the roots buried in the
ground that makes the tree stand steady on the land.
Second, the anodized Al surface chemically interacts with
PPS, which is confirmed by ATR analysis. Both physical and
chemical interactions attribute the high bonding strength of
PMH containing Al plate and PPS by NMT.

4 Conclusion

In this work, the preparation and bonding mechanism of
metal resin composite has been studied. The PMH was
successfully fabricated by NMT, and the bonding strength
between metal and polymer shows dependence on the
pore structure of metal surface, which could be con-
trolled by changing the anodizing voltage and time. The
PMH in which the Al plate was anodized at 15 V for 6 h
achieves the best bonding strength of 1,543 N. The mor-
phological analysis reveals that there forms an anchor
and bolt structure in the interface of PPS and Al plate,
which bonds the polymer and metal tightly. In addition, the
chemical interaction between PPS and Al were confirmed
by ATR, which indicates that both physical and chemical
effects contribute to the bonding strength of PMH. This
study enriches the research on the bonding mechanism of
PMH, and the excellent PMH obtained in this paper is
potential to be used as alternative to pure metal packaging
components in automobiles and mobile phones.
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