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Abstract:When using awrench, the nut is easily damaged
due to improper operation or impact. Although coating a
polymer layer on the surface of the wrench can effectively
solve the above problem, the layer is easy to be deboned
due to the lack of adhesion between the polymer and
the surface of the wrench. Herein, we implemented an
anodizing treatment strategy on the surface of the
wrench to obtain a porous oxide film. Interestingly,
during the anodization process, micro-nanopores with a
specific diameter can be obtained by adjusting the voltage,
temperature, and electrolyte concentration. Furthermore,
the ammonium fluoride/ethylene glycol electrolyte was
used to etch the formed large hole to form the large hole
sleevesmall hole structure. Inorder to inject polyphenylene
sulfide (PPS) molecules into multiscale holes to form a
pinning effect, we also used nano molding technology to
inject PPS into the metal surface. The results showed that
the adhesion between PPS and the wrench was greatly
improved compared with the commonly used dip coating
method.

Keywords: anodization, micro-nanopores, nano molding
technology, pinning effect

1 Introduction

Wrenches play an important role in life. They are not only
tools that can tighten bolts, nuts, and screws, but also
have the function of a measuring device that can display
the tightening torque or send a specific signal when a
preset torque is reached [1,2]. However, when using a
wrench, the nut is easily damaged due to improper opera-
tion or impact. In addition, in long-term use, the wrench
inevitably produces wear and corrosion, which greatly
reduces its performance [3–5]. Therefore, in order to
avoid the wear of the workpiece and extend its service
life, it is necessary to modify it.

The formation of polymer coatings on metal surfaces
asmetal–resin compositeswithpotential industrial applica-
tion, including decorative electrodes [6], corrosion protec-
tion [7,8], microelectronics [9,10], electronic products [11],
aerospace equipment accessories andmaterials [12,13], etc.
At present, the preparation methods of metal–resin com-
posite materials mainly include lamination [14], laser
welding [15], friction seam welding [16], friction stir
welding [17], ultrasonic welding [18], and nano molding
technology (NMT) [19]. Although coating a layer of polymer
on the surface of the wrench can effectively extend its ser-
vice life, the layer is easy to be deboned due to the lack of
adhesion between the polymer and the surface of the
wrench.

In order to solve the problem of adhesion between
the polymer and the substrate surface, many researchers
have made considerable efforts [20–24]. The traditional
dipping method mainly refers to the introduction of reac-
tive small molecules or functional groups on the metal
surface after relevant treatment, such as irradiation
crosslinking [25], and the interaction of molecules and
atoms between the interface and resin to achieve bonding.
However, the bond between the metal surface and the
resin is easily affected by the environment, such as tem-
perature, humidity, and so on. As we all know, due to the
widespread application of anodic aluminum oxide film,
the subsequent NMT to prepare new lightweight metal–
resin materials has been developed [26,27]. The main
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principle of NMT is that the amine compound reacts with a
specific resin and generates heat to promote the flow of the
resin in the nanopore; the resin embedded in the metal
surface forms an anchor after curing between the two
phases, thereby greatly improving the interface bonding
strength. The NMT can not only effectively simplify the
production process, reduce production cost, and improve
product quality, but also extend product life and make
product structures more diverse. It shows broad develop-
ment prospects in industrial production and daily life
applications.

Porous alumina is generally produced on Al using an
electrochemical method called anodization. Anodization
or anodic oxidation is a well-known process for growing
oxide on valve metals such as Ti, Al, and Nb [28–31]. The
anodic oxidation of metals can lead to the development
of self-ordering pores [32,33]. It is carried out either by
controlling the anodization voltage or by applying con-
stant current to the substrate metal. The choice of ano-
dizing method is very important because it directly affects
the pore size of the porous anodized aluminum; it affects
the size of nanostructures that are fabricated in porous
anodic aluminum [34]. And key process parameters are
electrolyte, composition, and temperature as well as the
applied voltage or current. For example, Stepniowski
et al. prepared anodized aluminum oxide in 0.3 M oxalic
acid with a voltage range of 20–60 V and a temperature
range of 35–50°C. They found that the best arrangement
of nanopores was anodized aluminum formed at a vol-
tage of 40–50 V. In addition, the distance between the
aperture and the aperture increased linearly with the
voltage [35]. Metal–resin composite materials can be
obtained by anodic oxidation, most of them are concen-
trated in aluminum [36] or aluminum alloy as the main
metal, while other metals (such as iron, nickel, or alloys
containing iron and nickel) get rarely practical applica-
tion [37–42].

Therefore, this article mainly initiated research on
the application of metal wrench tools containing iron
and nickel. The controllable micro and nano holes were
prepared on themetal surface by anodic oxidationmethod,
and then the assembly tools with high adhesive strength
and protective performance were prepared by injecting
the polyphenylene sulfide (PPS) resin material onto the
metal surface using NMT [43,44]. Compared with the ori-
ginal bonding method of metal and synthetic resin com-
bining with adhesive [45] at room temperature or under
heating, the problem of poor adhesion between the two
materials andpoor acid andalkali resistance of adhesive is
avoided. A certain amount of micro-nanopores was pre-
pared by anodizing the metal, and then using NMT to

inject PPS resin material on the metal surface. During
the anodic oxidation process, we studied the effects of
voltage, temperature, and electrolyte concentration on
micro-nanopores. In theNMT,westudied thebondstrength
betweendifferentmodifiedPPSand themetal of thewrench
tool after injection molding and the torque on the wrench
tool. A new type of wrench tool of lightweight metal mate-
rial that can be used daily is obtained.

2 Methods

2.1 Materials

The wrench tool used for anodizing comes from Chengdu
Hong Wei Future Mechanical and Electrical Company.
The pure PPS used in injection molding and PPS resin
modified with different glass fiber content are all from
Da Han Chemical Company. Ammonium fluoride, ethy-
lene glycol, hydrazine hydrate, acetone, and ethanol are
all purchased from Ke Long Chemical Company. The
reagents used in the experiment are all analytical reagents
(AR), without further purification.

2.2 Anodizing the surface of the wrench tool

Before anodic oxidation, ethanol and acetone were used
to ultrasonically remove oil stains on the surface of the
wrench tool and dried at 60°C air flow. Then in a glycol
electrolyte containing0.1 mol/LNH4Fandacertain amount
of deionized water, the wrench tool is used as the anode,
and the graphite sheet is used as the cathode. Anodizing is
performed at 20°C under a constant voltage of 20 V and
stirring at different times. After anodizing, the wrench
tool was placed in an oven at 60°C for 20min to dry.

2.3 PPS plastic sleeve wrench tool
preparation

Before injecting the wrench tool, dry the PPS and the PPS
is modified with different glass fibers at 140°C for 6 h,
then put the wrench tool into the pre-designed mold
and perform injection at 280°C. The injection pressure
is 48 MPa and the pressure is kept for 8 s. Take out the
wrench tool after injection and perform mechanical per-
formance tests such as hardness, pull-off, and torque.
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2.4 Characterization

Scanningelectronmicroscopy (SEM)wasused to study the
surface morphology and energy-dispersive X-ray spectro-
scopy (EDS) energy spectrum analysis of the anodized
and unanodized wrench tools before and after the tool.
The scanning was performed under high vacuum and
20.0 kV. An X-ray diffractometer (XRD) was used to
characterize the structural changes before and after
anodization of the wrench tool. The XRD used a copper
target, the operating voltage was 60.0 kV, the current
was 100.0mA, and the scanning range was 10–60°.
200HRS-150 digital cloth hardness tester was used to
measure the hardness of polystyrene resin plastic sleeve
on the spanner tool surface. Hy-0580 electronic pull-off
tester was used to test the adhesive force of the spanner
tool. In addition, SGXJ torque tester was used to test the
torque of the spanner tool after injection.

3 Results

Before anodizing the wrench, the distribution of elements
on the surface of the wrench was tested. The result is

shown in Figure 1. From Figure 1, it can be obtained
that the elements on the surface of the wrench without
anodization are mainly Cr and Ni, and a small amount of
Fe and C. At the same time, the non-anodized spanner
section after cutting was scanned by EDS to obtain the
mapping spectrum of the element distribution of the
spanner section in Figure 2. From Figure 2, the main ele-
ments under the plating layer of the spanner are Fe and a
small amount of Al.

The wrench tool was added with ethylene glycol,
0.9 mL of deionized water, and 0.1 mol/L NH4F solution
as electrolyte, and the tool was anodized for 10–90min at
a voltage of 20 V. The morphology of the anodized sam-
ples after treatment was characterized, and the SEM
diagram of the wrench surface at different times was
obtained in Figure 3. Figure 3b shows that when dealing
with 10min, 20 V can form part of the holes in the surface
of wrench. Figure 3c–j are SEM images with increased
processing time. It can be seen that as time increases,
the surface of the wrench hole gradually increases and
becomes more structured, and the shallow holes on the
surface become irregular, reaching the best state at 60min.
At the same time, in order to explore whether the surface
elements changed after anodic oxidation, EDS surface
scanning was carried out for the sample processed at

Figure 1: EDS sweep spectrum of wrench surface. (a) SEM image of wrench surface, (b) C 5%, (c) Cr 55%, (d) Fe 5%, and (e) Ni 35%.

Figure 2: EDS spectrum of wrench section. (a) SEM image of wrench cross section, (b) Al 4%, and (c) Fe 96%.
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20 V for 60min. Figure 4 shows the mapping spectrum
of the surface of the spanner after anodic oxidation.
Figure 4 shows that the elements on the surface of the
spanner after anodic oxidation are mainly Ni, Fe, Al, O,

and Co. Generally, in an anodizing process, the formed
porous anodized film will first appear as a barrier layer.
As the anodic oxidation time increases, the electrons in
the electrolyte will transfer to the anode, breakdown the

Figure 3: SEM images of the surface before and after different times were treated under 20 V: (a) Non-anodic oxidation, (b) 10 min,
(c) 20min, (d) 30min, (e) 40min, (f) 50min, (g) 60min, (h) 70min, (i) 80min, and (j) 90min.

Figure 4: EDS diagram of the surface of the lower wrench treated with 20 V for 60min.
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barrier layer and oxide film on the metal surface, and
generate some bubbles. However, after a certain period
of time, the migration of anions and cations in the elec-
trolyte is hindered, resulting in a decrease in oxidation
efficiency. In addition, metal elements participating in
anodization on the metal surface are blocked by other
metal elements, thereby slowing down the anodization
reaction speed. Therefore, if the reaction time is too
long, the micro-nanopores on the alloy surface will
decrease.

It is well known that the applied voltage has a great
influence on the pore structure [46,47]. From Figure 3d,
more holes can be found. In order to explore the best
preparation conditions of the wrench on the hole surface,
the wrench surface was anodized within 40min under
different voltages, and SEM images of the wrench surface
under different voltage topologieswere obtained, as shown
in Figure 5a–f. From Figure 5a, the surface treatment after
40min under 10 V does not show obvious holes, but after
treatment under 20 V, clear andneat pores canbe obtained.
It canbe seen fromFigure 5c–f that as the voltage increases,
the holes and cracks on the surface decrease, which shows
that the best effect can be obtained under the condition of
20 V. When the voltage is low, gas will begin to precipitate
at the barrier layer, so the porous structure will continue to
be produced. However, when the voltage continues to
increase, the barrier layer and the oxide film are broken
down, and at the same time new oxide films are continu-
ously formed and seal the first porous film, which will
reduce the porous structure or even destroy the porous
oxide film that is initially formed.

Figure 6 shows the surface morphology of the alloy
surface obtained by anodizing the surface of the alloy for
60min after changing the electrolyte concentration at

20°C. It can be seen from Figure 6a and b that as the
concentration of ammonium fluoride in the electrolyte
increases, the micropores on the alloy surface gradually
become uniform and regular. However, when the concen-
tration of ammonium fluoride in the electrolyte reaches
0.15 mol/L (Figure 6c) or higher, the opposite phenom-
enon occurs, with fewer pores on the surface and not
particularly regular. Especially in Figure 6d, when the
concentration reaches 0.2 mol/L, most of the pores on
the surface disappear after anodization, and only some
micro-nanopores appear in some positions. This is because
during the anodic oxidation process, when the electrolyte
concentration is low, it will react with the surface of the
wrench, initially forming a small amount of relatively

Figure 5: SEM images of spanner surface treated with different voltages for 40min: (a) 10 V, (b) 20 V, (c) 30 V, (d) 40 V, (e) 50 V, and (f) 60 V.

Figure 6: SEM image of the surface of anodized alloy with different
concentrations of ammonium fluoride at 20°C: (a) 0.05 mol/L,
(b) 0.10 mol/L, (c) 0.15 mol/L, and (d) 0.20mol/L.
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dispersed and small depth of micro-nano pores; but when
the electrolyte concentration further increases, it will
continue to interact with micro-nanopores. This reaction
causes the total depth of the micro-pores to gradually
increase and formpartially connectedpores,which results
in a decrease in the number of pores but an increase in the
average depth of the micro-nano pores.

In addition, the SEM image of Figure 7 is obtained by
anodic oxidation of the alloy surface at different tempera-
tures for 60min. It can be clearly seen from the SEM
images that with the gradual increase of temperature,
the change of themicro-pores on the alloy surface becomes
more obvious. Similarly, as the temperature increases, the
number and regularity of holes gradually increase. How-
ever, when the reaction temperature reaches 30°C, the
micro/nanopores on the alloy surface are reduced and
no longer have uniform regularity. As the temperature
increases, the porous anodic aluminum oxide layer is
driven by the stress caused by its thin-walled pores. The
main reason is that as the current increases, O2 bubbles
will form a strong scour effect of bubbles on the porous-
type anodic aluminum oxide layers [48,49].

Figure 8 shows the X-ray diffraction spectra of a
wrench before and after surface anodic oxidation. From
the XRD spectrum, we can know that there are obvious
peaks at 44° and 51.6° before anodization, but the peak
after anodization changes 1° to the left. The formulation
of Bragg’s law shows that the lattice parameters of the
anodic oxide film change, which may be mixed with other
metal peaks, or it may be an anodic oxidation reaction,
which leads to changes in the lattice parameters of the

film. From the EDS analysis, we can know that there are
elements such as Fe, Co, and Al in the wrench. On one
hand, their metal oxides can cause the lattice distortion
of nickel; on the other hand, they can also interact with
Ni to form compounds. All these factors will cause the
diffraction peak of Ni in the XRD pattern to shift to the left
after anodization [50–52].

Generally, in the nanoinjection molding process, due
to the pressure and temperature loss in the process, the
resin will rapidly cool and solidify on the metal surface,
so it is difficult to ensure its continuous flow [53,54]. In
addition, in the cooling process, the volume shrinkage
caused by the difference in thermal expansion coefficient
between metal and resin will largely destroy the bond
between resin and metal, resulting in holes or even
falling off at the interface between the two phases. In
order to solve this problem, Taisei Plas creatively devel-
oped a metal surface nanometer process: T treatment,
which uses T liquid to etch the metal surface to produce
nanometer holes. T treatment is a unique process of
Taisei Plas, and T solution is a general term of T treatment
solution. It requires different formulations for different
metals and processes, but the main components are
amine-based water-soluble reagents, such as hydrazine
hydrate and ethylenediamine. The amine-based reagent
was selected because N element is a strong electronega-
tive element, which can form coordination bonds with
the metal surface and adsorption on the surface. During
the injection process, the amine groups in the T solution
can react with the resin on the metal surface. Because the
reaction is exothermic, the fluidity of the resin can be

Figure 7: SEM spectra of spanner surface after anodic oxidation at
different temperatures: (a) 0°C, (b) 10°C, (c) 20°C, and (d) 30°C.

Figure 8: XRD pattern of spanner surface before and after anodic
oxidation.
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effectively maintained during the cooling process and the
volume shrinkage of the resin can be prevented [19].

Figure 9 shows the surface morphology of T liquid
(hydrazine hydrate) treated for 30min after anodic oxida-
tion at 20 V [12]. It can be seen from Figure 9a–c that the
spanner surface after T liquid treatment has many uniform
and orderly holes, and in Figure 9c, we can find that there
are many smaller holes in many large holes.

Figure 10 shows the surface morphology of T liquid
(hydrazine hydrate) treated for 60min after anodic

oxidation at 20 V. There are many uniform and structured
pores on the surface of the wrench after T solution treat-
ment. It can be seen from the comparison with Figure 9
that under the same anodizing condition, when the time
after T solution treatment increases, the poreswill increase.
And in some areas, the holes will become larger, resulting
in reduced structuring time. A large number of studies
have shown that, in a certain range, the increase of the
average area and average depth ofmetalmicro-nanopores
is beneficial to the anchor effect between metal and

Figure 9: Surface morphology of spanner treated with T liquid for 30 min after anodic oxidation: (a) 20 V – 40min, (b) 20 V – 50min, and
(c) 20 V – 60min.

Figure 10: Surface morphology of spanner treated with T liquid for 60 min after anodic oxidation: (a) 20 V – 40min, (b) 20 V – 50min, and
(c) 20 V – 60min.

Figure 11: EDS diagram of the surface of the wrench treated with T liquid for 30min after anodic oxidation.
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plastic, which increases the bonding strength and surface
adhesion of the products [55,56]. In addition, since hydra-
zinehydrate is a strong reducing agent, it can reducemetal
oxides tometal elements [57,58]. Therefore,when the ano-
dized metal substrate is treated with hydrazine hydrate,
part of the oxide on the porous oxide film will be reduced
to elemental metal and fall from the oxide film, which
will cause newpores to be formedon the original anodized
film.

Figure 11 shows the surface mapping of the wrench
under T liquid treatment for 30min after anodic oxida-
tion. It can be seen from Figure 11 that after etching with
hydrazine hydrate, the elements on the surface of the
wrench include a small amount of oxygen, fluorine, alu-
minum, and iron and a large amount of nickel. By com-
paring the mapping spectrum after anodic oxidation and
hydrazine hydrate treatment, it can be seen that the
percentage of oxygen on the surface of both has not
changed. However, when compared with Figure 9, it
can be seen that the percentages of Fe and Al have
increased, while the percentages of Ni have decreased.

The particle size statistical distribution of the small
holes in the large holes on the surface morphology

diagram prepared by T liquid treatment for 30min is
shown in Figure 12. According to the statistical results
on the SEM picture, it is found that the pore size is dis-
tributed within 0–5 μm. In order to facilitate statistics, the
particle size is divided into ten ranges. The percentage of
the number of holes in each small range to the total
number of holes is calculated to obtain the size distribu-
tion map on the right side of Figure 12. The weighted
calculation results show that the average size of the
pore diameter in the whole SEM diagram was 1.02 μm
according to the particle size statistical distribution in
Figure 12.

In order to inject PPS resin into the surface of the
anodized wrench, we used the heads at both ends of
the wrench tool as a template and designed the head of
the wrench tool in Figure 13. Considering that the thick-
ness of the plastic sleeve on the surface of the wrench tool
is too thick to be used normally, when designing the
injection mold diagram, the parameters of the mold are
designed to inject 1 mm on the head of the wrench tool.
PPS can ensure that the wrench tool after injection
molding can still be used normally in daily life. And
because it has excellent acid and alkali resistance,

Figure 12: Histogram of pore size distribution after T liquid treatment for 30min.

Figure 13: Wrench tool injection polymer plastic sleeve mold design drawing.
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it also improves the environmental resistance of the
wrench [59].

After anodic oxidation is performed on the surface of
the wrench tool, a layer of PPS resin injection molding
material is coated on the surface of the wrench tool. It is
recognized in the industry that the bonding strength
between metal and plastic is not less than 80 MPa
(or the drawing force is not less than 160 kgf), while the

material must have a lower coefficient of thermal expan-
sion and creep so that the bonding strength between
metal and metal parts can withstand the influence of
high and low temperature, humidity, and so on. Therefore,
the relevant mechanical properties of the surface of the
wrench tool were also tested (Figure 14).

Through the hardness test of a layer of PPS resin
injected on the surface of the spanner, the results in
Figure 15 are obtained. From Figure 15, we can get the
injected polymer resin material, whether or not glass fiber
is added, its hardness is about 84D. Because glass fiber is
mainly added to increase impact or tensile properties, it
usually does not increase the hardness of the material
itself.

The pull-out test was performed on the surface of
the wrench by injection molding PPS vulcanized plastic
sleeve (Table 1). When the weight of 50 kg was applied for
3 min, it indicates that the plastic sleeve and the surface
of the wrench have a good bonding force. The PPS resin
melt enters the nanopores on the surface of the alloy
substrate under high pressure, reacts with the “T treat-
ment agent” remaining in the micro-nano pores, and
releases heat during the reaction to prevent the front
end of the melt from solidifying too fast to enter nano-
scale holes. After the reaction is completed, the PPS resin
structure produces an “anchor effect” and is fastened to
the surface of the alloy substrate, thus making the joint

Figure 14: Digital photos of polymer sleeve obtained from different polymer injection molding of spanner head: (a) PPS, (b) 20% GF/PPS,
(c) 30% GF/PPS, and (d) 40% GF/PPS.

Figure 15: The hardness test results of polymer sleeve obtained from
different polymer injection molding of spanner head.

Table 1: Test results of pull-off experiment of PPS plastic sleeve on spanner tool surface

Sample name Test position (mm) Test result

PPS + 20% GF 19 Hang the weight of 50 kg for 3 min, the polymer plastic sleeve has no deformation and
displacement

22 Hang the weight of 50 kg for 3 min, the polymer plastic sleeve has no deformation and
displacement
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have a high bonding force. The torque of pure PPS resin
polymer sleeve is 40 N/m (Table 2), the torque of PPS
resin with 20% glass fiber is 45 N/m, and the torque of
PPS resin with 30 and 40% glass fiber is 47–48 N/m, but
the plastic sleeve has some deformation.

4 Discussion

We conducted anodizing studies on wrench tools at dif-
ferent concentrations of ammonium fluoride/glycol elec-
trolyte, different temperatures, different voltages, and
different times. When the electrolyte concentration is
0.1 mol/L and the temperature is 20°C, the material exhi-
bits the best performance. When the anodizing voltage is
20 V and the time is 60min, the surface of the wrench tool
can be controlled to obtain uniform and regular micro-
nanopores.

The hardness of all wrenches after injection molding
obtained through the pull test of the hardness tester is
about 84D. In addition, under the weight of 50 kg, the
PPS + 20% GF was pulled out for 3 min without removing
the plastic sleeve from the wrench, indicating that there
is a good bonding force between the resin and the surface
of the wrench. The torque test shows that whether it is
pure PPS or modified glass fiber, the torque is greater
than 40 N/m. And the torque of 40% GF/PPS can reach
48 N/m, which is suitable for the normal applications of
narrow pipelines.
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