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Abstract: Polyphenylene sulfide (PPS) and copper (Cu) were
used as the polymer and substrate material to simulate the
nano-injectionmolding process bymolecular dynamics method.
The results show that the PPS chain obeys Einstein’s diffusion
law in the early stage of injection molding then deviates
from it in the late stage due to the entanglement and limita-
tion of surrounding nanoparticles. In addition, the process
of conformational isomerization of polymer chains is accom-
panied by the twisting and stretching of fixed chains. There are
two kinds of adhesion phenomena, one is the macromolecular
slides violently in small areas of some sure nanoscale groove to
form multiple anchor points. The other case involves multiple
nano-grooves along the metal interface, the polymer chain
slides and is bolted as multiple anchors in different grooves
due to the exerted wall-drag effect on the neighboring chains.
These two slipping and anchoring mechanisms are consistent
with de Gennes’ slipping theory. Through the quantitative ana-
lysis of the influence of pressure on injection filling, it is found
that injection pressure should be kept within a certain range to
achieve the positive effect of molding.

Keywords: nano-injection, shear flow, heterogeneous inter-
face, molecular dynamics

1 Introduction

Nano-injection molding, one of the key development direc-
tions of polymer/metal composite molding technology (1–3),
has been extensively applied due to its high efficiency and

reliability, high-grade and personalized molding quality,
and wide molding range (4–7). Nano-injection molding is
used in many high-tech integrated micro–macro processing
fields such as the automotive industry, optoelectronic tech-
nology, and micro–nano manufacturing (8,9). In this method,
surface treatment of the metal substrate consists of preparing
nano-scale grooves with different characteristics, which are
then filled with a polymer material to form physical anchors.
Once the polymer is cured, the metal and the polymer are
tightly connected (10).

During industrial injection molding, the polymer under-
goes the normal stress, and the shear flow which occurs in
contact with metal (11,12). In this respect, studying the shear
flow phenomenon in the polymer injection molding process
is helpful to produce engineering structural parts of
polymer/metal composite materials with lightweight and
high strength, conforming to the market demand (13).
Once polymers are injected, they tend to fill the nanoscale
grooves on the metal substrate so as to be tightly bonded
with hard metal.

Before nano-injection molding, the pre-formed metal
substrate needs to be treated to form a structure with
micro–nano pit characteristics (14,15). The pits are then
filled with a polymermaterial through the injectionmolding
process to form physical anchors (graft chains), whose sub-
sequent solidification allows one to realize the close connec-
tion between polymer and metal (16–18). Many scholars
have done a series of studies on nano-injection and shear
flow. Zhou et al. (19,20) proposed PMMA/nickel metal cavity
interface model with rectangular nano-grooves to establish
the effects of polymer molecular weight and nano-groove
size on the filling efficiency of polymer materials in the
microstructure of the mold interface. Pranov et al. (21) incor-
porated PC into the nano-cavity and assumed that the injec-
tion or compression molding polymer microstructure is
closely related to the interfacial adhesion energy. Masato
et al. (22) investigated the influence of mold cavity on the
filling flow resistance during thin-wall injection molding,
showing that the smaller the interaction energy at the
polymer/mold interface, the higher the drag reduction
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rate, and the higher the wall slip speed. Yang et al. (23)
studied the interface structure and dynamic behavior of
confined polymer melt systems with various molecular
structures under shear flow and found that polymers with
different molecular structures would affect the relationship
between wall slip and shear rate. Kadoya et al. (24) observed
the filling depth of polybutylene terephthalate on the sur-
face of the aluminum substrate under different injection
speed conditions, concluding that the filling depth was
greatly affected by the injection speed. Weng et al. (25) con-
structed nano-cavities with different aspect ratios and injected
polymethyl methacrylate polymer therein with the aim of
analyzing the dynamic stress changes during the flow process.
According to the results, the stress in the above system was
induced by the compression and entanglement of molecular
chains under the restriction of flow pressure and cavity wall.
As the aspect ratio increased, the stress also increased. Kimura
et al. (26) presented the metal–plastic direct joining through
the two basic processes: a surface treatment forming nanos-
tructures and an insert injection molding. It was found that
the joining strength positively correlated with cavity pressure
conditions, whereas the adhesion performance showed a
negative correlation with the injection speed.

In the previous research (27–30), polyphenylene sul-
fide (PPS) and Al were used as the base materials to build
a multi-layer simulation model of the Al layer, PPS layer,
and vacuum layer of the “V”-shaped pole, and the effect of
temperature and pressure on the adhesion performance
was analyzed as well (27). An optimal temperature window
was established, and the higher injection pressure was
found to be beneficial in improving the adhesion perfor-
mance. On this basis, in order to investigate the interaction
and anchoring behavior of PPS/Cu nano-injection molding
interfaces, four different nanopit shapes were afterward
constructed to elucidate the effect of interface morphology
on injection filling, and the results showed that the polymer
was more easily injected into nanopits with beveled or
rounded boundaries, such as cylindrical and conical inter-
faces (28). In addition, PPS, PA6, iPP, Al, and Cu were used as
experimental substrates to deeply study the influence of
different materials on the filling efficiency and adhesion
properties. Among them, PA6 and PPS were more suitable
for molding on Al and Cu substrates, showing the better
filling and adhesion properties than iPP (29).

In view of this, the aim of this article was to investigate
the shear flow behavior of PPS/Cu in the process of nano-
injection. By establishing a PPS/Cu nano-injection interface
model with nano-grooved structure, simulating the effects
of positive pressure and transverse shear stress, themechanism
of polymer chain injection molding and shear slip was dis-
cussed, and the theoretical model of de Gennes was verified.

The optimal injection pressure window was obtained by
studying the bonding between polymer and metal. In parti-
cular, multi-pit modeling was used to study the adhesion
mechanism and molecular shear flow pattern at the inter-
face between polymer and metal matrix from the perspec-
tive of injection pressure and size through computational
simulation.

2 Model and simulation

2.1 Interface and model construction

PPS is an organic polymer consisting of sulfide-linked aro-
matic rings, i.e., modules of repeating units (–C6H4–S) (27).
Initially, considering the molecular weight and material
density of PPS, the monomer model of single-chain PPS
was established. Then an appropriate polymer structure
with a degree of polymerization of 20 and the number of
chains of three was simulated according to the experi-
mental requirements. The initial structural density was
set at 1.36 g‧cm−3 and the initial temperature was 298 K
for structural optimization and simulated annealing. After
six cycles of annealing, the final annealing temperature
was 573 K, the internal energy of the system tended to be
basically stable, and the non-bonding energy (van der
Waals energy) was kept at a very small level, so that the
unreasonable structure could be eliminated. After the above-
mentioned geometric optimization, annealing, and relaxa-
tion, the polymer model basically reached equilibrium. Based
on the size of the polymer model, a face-centered cubic lattice
copper atomic model was constructed, followed by a unit
model with a size of 4.6 nm × 4.6 nm × 4.0 nm. A (100) crystal
plane was selected as the upper surface, and two inverted
“V”-shaped grooves with a bottom length of 1.8 nm and a
height of 1.3 nm were cut. Then a heterointerface model
including PPS, Cu, and vacuum layers was established. The
thickness of the vacuum layer was 3 nm, which was larger
than the intermolecular cutoff radius of 15.5 Å used to avoid
the contact between the bottom metal and the upper layers,
eliminating periodicity in the Z direction. The perspective
view and actual size of the model are given. The model was
re-optimized, and the entire modeling process is shown in
Figure 1.

2.2 Simulation details

In order to study the interfacial adhesion and shear flow
between the polymer and the metal matrix during the
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nano-injection process, the all-atom simulation method
was adopted, and several comparative experiments were
carried out. The first group of trials consisted of investi-
gating the effect of the pressure direction on the motion of
the polymer, as shown in Figure 2. Each total pressure was
600 bar, the total pressurewas controlled to remain unchanged,
and the total pressure was decomposed into the component
pressure in the three directions of the coordinate system, which
enabled people to reduce the error caused by pressure damage
(31) in the actual process. The second group consisted of eluci-
dating the effect of different magnitudes of pressure on the
polymer flow behavior (Figure 3).

To prevent the influence of error caused by the energy
mode at different stages of the experiment, the initial
model was geometrically optimized and energy-minimized
according to a Smart method (27). In order to gain a deeper
understanding of the factors affecting the lateral sliding of
the polymer chain, multiple sets of simulation experiments
were carried out by setting up the resultant pressure gra-
dient within a reasonable injection pressure range. In the
molecular dynamics simulation system, the preheat tem-
perature of PPS was controlled. At the same time, given the
difference in thermal conductivity between polymer and
metal and the instantaneousness of the actual filling beha-
vior, the temperature of metal was set to be consistent with
that of polymer. To make the simulation more realistic, the
model was defined based on the three-dimensional peri-
odic boundaries to extend infinitely in the X and Y direc-
tions (horizontal directions), whereas the Z direction (vertical
direction) was not disturbed by the upper (far) macromole-
cules. The three-dimensional periodic boundaries enabled the
barrier effect of the vacuum layer to more truly reflect the

filling behavior of the polymer interface layer at the metal pit
interface. On this basis, the filling process was programmed
whereby the NVT ensemble (N is the number of molecules, V
is the volume, and T is the temperature) in the system
remained unchanged, while the direction of the resultant
pressure was controlled by adjusting the pressure in each
direction. This allowed one to observe the effect of transverse
shearing of the polymer and to acquire a sufficient amount of
data. A COMPASS force field commonly used for the complex
systems such as polymers and metals (32) was applied in this
study. Materials Studio (MS) simulation software was used to
simulate the nano-injection molding process. The Andersen
method (33) was employed for temperature control and simu-
lation of the static properties of the interface. The Berendsen
method (33) served as the pressure control tool for selecting
anisotropic and isotropic systems, and themolecular dynamics
integrationwas based on the Velocity Verlet algorithm (34). The
atom-based model (35) was used to calculate the non-bonded
interactions, and Ewald summation (36,37) was applied to cal-
culate the Coulomb forces.

After the preprocessing of the metal/polymer models
was completed, a nano-injection molding simulation with
100,000 iteration steps was performed on each set of
models. In order to simulate the process of polymer shear
flow, the magnitude of the pressure applied in the negative
Z direction and the positive Y direction was controlled by
varying the angle of the pressure. To establish the influ-
ence of the pressure on the injection and filling of the
polymer, the injection pressure angle was selected as 45°,
and the magnitude of the pressure in the negative Z direction
and the positive Y direction was adjusted so that the resultant
pressure changed within a reasonable gradient range.

Figure 1: Overview structure of the PPS/Cu interface model.

Wall-slipping mechanism of nano-injection polymer under the constant temperature  3



Figure 2: Snapshot configurations of metal–polymer systems in molding under different direction forces. The angle indicates the angle with the
negative direction of the Z-axis: (a) 0°, (b) 22.5°, (c) 45°, and (d) 67.5°.
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Figure 3: Snapshot of metal–polymer forming process under different pressures (injection angle of 45°): (a) 600 bar, (b) 620 bar, (c) 640 bar, (d)
660 bar, (e) 680 bar, and (f) 700 bar.
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Figure 3: (Continued)
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The total simulation time is 100 ps, a set of data is
obtained every 1 ps, and the simulation data is extracted
every 25 frames for analysis.

3 Results and discussion

3.1 Interface bonding and shearing

In the actual injection molding process, there are various
directions of injection pressure, these different directions
of pressure cause the polymer configuration change and
shear flow behavior in the process of movement. The simu-
lation process in this study was divided into two stages: one
was the free diffusion process before the polymer con-
tacted the metal, and the other was the movement process
on the metal surface. For a more intuitive and clearer
observation of the filling and shear flow phenomena
during injection molding, the pressures were applied par-
allel to the Z-negative directions and Y-positive directions
of the selected polymer chains. The simulation process is
shown in Figure 2a–d, in which a gradient of 25 ps has
been used to demonstrate the change in the interface
binding over time, the angles are vertical, 22.5°, 45°, and
67.5°, respectively. As can be seen from the figure, during
the nano-injection molding, the polymer chains slid along
the matrix wall and filled the dimples, which led to the
sliding behavior of the wall surface (38). Besides, there
was the obvious deformation between shear chains and
dynamic unfolding effect, the polymer along the metal
wall is adsorbed on the wall, slowly slides down the metal
wall, and has a dragging effect on the adjacent chains. In
the filling stage all polymers enter the groove, after the
filling stage is complete, the polymer is further com-
pressed, until the simulation terminates. Under the action
of the pressure, frictional resistance was created between
the polymer and the metal substrate, which induced a
clipping field therein.

In addition, according to molecular dynamics and sta-
tistical mechanics, the filling and anchoring behavior of
polymer materials substrate grooves due to the particle
diffusion inside the polymer under the action of an
external field. In the ensuing time, the driving pressure
that makes external particles enter the groove by diffu-
sion and transition essentially disappears. Because of the
“soft matter” of polymer materials, this diffusion process
is accompanied by random walks of particles on the
chains caused by the molecular and orientation stress.
As shown in Figure 2a, the polymer chains under a

positive pressure slide along the metal wall, filling the
entire groove. Thanks to the spatial size of the controlled
nanocavity and the flow resistance during the shear flow
of the polymer, there was an obvious deformation effect
between the shear chains, which made the shear flow of
the polymer more obvious, so that the polymer was
adsorbed by the metal wall, and the wall generated
huge friction resistance, which made the movement of the
whole polymer chain more intense. Figure 2b–d displays
the change in the injection pressure in the Y-positive direc-
tion. As the pressure increases, so does the polymer’s range
of motion. As a result, the part that was in contact with
the metal wall generated huge frictional resistance, while
the contact-free part moved to the right groove under the
action of pressure, being limited by the regions that were
put in touch with each other. However, since the entire
simulated system was under periodic boundary conditions
(39), the polymer chains exposed to the large pressure in the
Y-direction were continuously shearing and sliding in the
horizontal direction. At the same time, the polymer chains
were undergoing severe orientation deformation, spreading
from their initial shape toward the metal wall, as shown in
Figure 2b and c. Moreover, an anchor point formed after the
polymer contact with the metal, and the uncontacted part
was displaced from the left to the right groove to the right
groove until it was completely bonded to the metal wall. The
too-large pressure in the Y-direction led to the situation
shown in Figure 2d, whereby the polymer was directly
bonded to the right wall of the right groove without any
contact with the metal.

It can be observed from Figure 2 that an injection
angle of 45° can better satisfy the bonding effect. To further
investigate the adhesion properties in the polymer motion,
a reasonable molding process was afterward modeled by
setting the direction of the injection pressure to 45°. Figure 3
depicts a schematic diagram of the injection molding under
different working pressures (from 600 to 700 bar). Initially,
the polymer chains were randomly distributed before con-
tacting the metal wall, and the contact wall was sliding along
the wall, exhibiting a wall-slip effect (40). Since the direction
of the pressure was tilted by 45°, the macromolecule started
to move under the injection pressure. The chain came into
contact with the groove on the left, creating an anchoring
effect and friction that hindered the movement of the macro-
molecule. Therefore, the polymer chain that was not in contact
with themetal acquired resistance. Themacromolecule’s further
movement was affected by the injection pressure and the fric-
tion of the metal wall and the pulling between the chains.
Thus, when the polymerwas combinedwith a part of themetal,
the movement of the entire chain became more difficult.
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The subsequent spreading of the polymer chainswithout contact
withmetalwas like the tear-slip and twisting process of thefixed
chain, which was also consistent with de Gennes’ theory (41).
The only difference was that themodel in the present study was
limited by the interface characteristics, so that the polymer chain
exhibited a specific movement trend, spreading along the shape
of the groove in the lateral pressure and the pulling of the
polymer chain. The polymer chainswill shear transversely along
themetal wall, exhibiting a shear-thinning effect until the end of
the simulation time (42). As shown in Figure 3a–f, the polymer
chains bonded to the metal wall within 0–25 ps, indicating that
free diffusion had been completed and the subsequent complex
motion would be restricted by themetal wall. Once the pressure
increased (Figure 3a–d) and the polymer chain entered
in contact with the groove, the uncontacted polymer was

more likely to squeeze into the groove on the right to
achieve more effective anchoring and stronger bonding
effect. As shown in Figure 3e and f, it was more difficult
for the polymer chains to get into the appropriate grooves
than before. This is because the initial pressure becomes
larger, so does the vertical pressure, resulting in greater
friction. At this time, when the macromolecule was com-
bined with the metal wall, a great frictional resistance was
generated. Even if a lateral pressure moving to the right, it is
not enough to move the polymer chains from the groove on
the left to the groove on the right. According to Figure 3f, a
small amount of polymer chain entered the right groove, but
most remained in the left groove. This also showed that
excessive pressure was not conducive to the filling and
shearing of polymer chains.

Figure 4: The motion trajectory of the single chain under different process conditions: (a) injection angle of 0° and (b) injection angle of 45°.
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3.2 Diffusion mechanism

In the nano-injection molding process, the injection-filling
behavior of polymers is actually the diffusion process of
macromolecules. Polymer chains were randomly selected
to investigate the diffusion behavior of polymers further.
Figure 4a and b shows the motion process of the chains
under different process conditions. Figure 4a displays the
trajectory of the polymer chain under the vertical pres-
sure, and Figure 4b depicts the trajectory under the 45°
direction pressure. While having the same initial position,
the trajectories in both figures were moving randomly
under different pressures. As shown in Figure 4, the polymer
chain in the initial stage was displaced continuously and
rapidly into the grooves of the substrate under the injection
pressure and the drag of the polymer chain. Furthermore, it
was limited by various factors such as nano-cavity, polymer
entanglement, internal friction, dynamic shear deformation,
and elastic recovery. It could quickly squeeze into the groove
and generate a small area of friction but also continued to
creep under the action of pressure. In contrast, the possibility
of movement after polymer–metal bonding in Figure 4a was
very small, due to the influence of the metal interface
structure and the pressure direction. In Figure 4b, the
polymer–metal bonding creates a small shear field, and
the positive Y-direction pressure tends to shift to the right.
As shown in the figure, the soft polymer material slowly
spread along the metal interface. This process of motion
binds the polymer tightly to the metal, creating anchor
points, while the polymer chain slides through different
grooves and is bolted in place, consistent with de Gennes’
theory (41). During bonding with the metal interface,
some atoms were confined to a small range to move

randomly, while others diffused into the correct grooves
until the system reached dynamic equilibrium.

Figure 4a shows the trajectory of a single chain under
the Z-negative direction pressure. It could be seen that the
motion trajectory of the polymer chain under the action of
the vertical pressure was restricted in the groove on the
left. It first slid into the groove along the left wall and then
moved toward the left groove all the time due to the sub-
sequent friction, extrusion, and stress of the polymer
chain. Meanwhile, it could not diffuse from the left to the
right wall. As seen from Figure 4a, the polymer chain was
quickly injected into the left groove, combined with the
metal wall, and then slowly slid down the metal wall; in
turn, the carbon atoms were pulled by the chain and
restrained, being able to move in a small range until the
end of the simulation. In Figure 4b, the polymer moved
slowly under the 45° injection pressure. This process was
not only affected by the injection pressure, but also by the
tension and friction between the chains, until the chain
where the atoms in the picture are located is combined
with the metal wall of the left groove, and this combination
creates a huge friction, which restricts the movement of
other atoms on the chain shown in the diagram, also
causes some atoms to end up in the left groove and some
to move to the right groove. In injection molding, besides the
injection pressure, there is friction and entanglement between
polymer chains during the filling, which is also a key factor
affecting the motion of high-molecular polymers.

In order to observe this motion more intuitively, three
anchor points are introduced in the figure. These anchors
can be produced in two ways. As shown in Figure 4a, one is
when the polymer and metal first come into contact,
anchor point 1 is created. The polymer chain is squeezed

Figure 5: The trajectory of the anchor point: (a) trajectory at vertical injection pressure and (b) trajectory at 45° injection pressure.
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into a small nano-space and subsequent movement is
impeded. Due to the injection molding process and the
interaction between the particles, the polymer can only
move violently in the left groove. This movement process
produces anchor points 2 and 3. In Figure 4b, the other is
that the interfacial morphology of the metal groove causes

the polymer chain to unfold along the metal groove, forming
anchor point 2 and anchor point 3 in turn. Under the con-
tinuous action of pressure, the polymer chain must undergo
a slip transition in order to move toward the right groove,
although it is not a sharp jump. It can be seen that the
motion of the soft matter not only entangles the bond

Figure 7: (a and b) Interface energy (kcal‧mol−1)–time (ps) graph and (c) interface energy (kcal‧mol−1)–pressure (bar) graph.

Figure 6: MSD for filling stage of PPS: (a) the influence curve of injection pressure direction on MSD and (b) the influence curve of injection pressure
size on MSD.
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with the metal interface, but also entangles the orientation
deformation and transition of the polymer chain.

In order to further explore the above views, the coor-
dinates of the three anchor points are extracted to draw
motion trajectory images. Figure 5a shows motion images
of the anchor points under positive pressure, and their
Y-axis coordinates do not exceed 15.6. Therefore, all three
anchor points are clustered in the left groove. Anchor 1
first makes contact with the metal, and the uncontacted
atoms continue to move in the direction of the pressure
until anchor 2 makes contact with the metal. As before, the
polymer chain does traction motion until anchor 3 makes
contact with the metal. As shown in Figure 5b, the three
anchor points move under the action of the resultant pres-
sure. Their Y-axis coordinates are between 0 and 36.5, and
the anchor points are distributed in the left and right
grooves. The polymer chain is stretched out along the
metal groove by pressure, bonding with the metal to pro-
duce anchor points 1, 2, and 3 in turn.

In the process of random diffusion of polymer chain
from the initial position, deformation and shear behavior
exists inside the polymer chain. It is more appropriate to
describe its motion state through the mean square displace-
ment (MSD), which is described by the following expression:

〈 ( ) ( ) 〉= | − |r t rMSD 0i i

2 (1)

where ri(t) and ri(0) denote the coordinates of the atom at
time t and initial moment 0.

In the course of nano-injection molding, a large number
of atoms directionally migrate under the action of the injec-
tion pressure, forming a structural arrangement according
to their mass. Figure 6 displays the MSD images of the two
sets of experiments, in which the MSD values increase with
time. In the early molding stage of molding, the particles of
the flexible polymer chain under the action of the external
field jumped into the groove space, showing an upward
linear trend. The diffusion pattern conformed to Fick’s law
of diffusion. Figure 6a depicts the effect of the pressure
direction on the MSD. In particular, the influence of the
pressure direction on the motion of carbon atoms in the
main chain was studied. It was found that the MSD grew
slowly at 0–20 ps and then rapidly increased at 20–100 ps.
This indicated that the motion in the filling stage before
contacting the metal wall was relatively gentle and obeyed
Einstein’s law of diffusion. Once affected by the metal fric-
tional resistance and the metal interface structure, the
motion became complex and irregular, and the larger the
angle of injection pressure, the more intensive the polymer
movement. Exhibiting the concave shape from the left
groove to the right one, the diffusion was more active, indi-
cating a larger MSD. The MSD at 67.5° is much larger than

that at other degrees, and 0° is the smallest, this is because
the larger the angle of the injection pressure, the larger the
range of motion of the polymer at the same time, and the
MSD of 22.5° and 45° is almost the same, which also confirms
that there is a flat state of MSD with the increase of the angle
of the injection pressure. Figure 6b illustrates the effect of
different injection pressures on MSD. MSD increased with
increasing injection pressure. After reaching a certain value,
the increase of the injection pressure reduced the MSD, and
the increase of the positive pressure enhanced the friction
between the polymer and the metal wall, which hindered the
conformational isomerism of the polymer chains, resulting in
a decrease in the MSD. This was also consistent with the
previous image analysis. In both figures, the slopes of the
curves at the initial stage were almost the same but changed
after contact with the metal wall. Because of a variety of
processes, the degree of polymer movement and diffusion
was also different, resulting in different MSD values.

3.3 Bond strength

The bonding strength of a system mainly depends on the
magnitude of the non-binding force at the interface. Molecular
dynamics simulation results can be reflected by the strength
of the interface energy. The amount of interfacial energy can
be expressed as the total system energy minus the energy of
the metal and polymer layers. In this study, the interfacial
energy was taken as the sum of the bonding and non-bonding
energies between the metal and the polymer. Based on
Figures 2 and 7a, a zero interfacial energy curve can be
divided into three stages. The initial stage covers the first
20 ps when the polymer is not in contact with the metal and
the interfacial energy slowly increases. The second stage
within 20–75 ps refers to the filling process. At this time, the
interface can grow rapidly. Later, due to the limitation of the
nano-space and the internal friction of the polymer chain, the
interface energy slowly increases. Under the same pressure
within 0–80 ps, the polymer chains at 0° has the maximum
contact area with the metal interface compared with polymer
chians with other angles so the interface energy is greater
than other angles, but due to the limitation of the direction
of the pressure, the area where the polymer spreads is also
limited; as the angle of the pressure increases, the polymer
spread has also become larger. At 45°, more polymer has
entered the right groove. At 67.5°, under the large horizontal
pressure, the polymer almost directly moved to the right
groove rather than to the left groove. The value of the inter-
face energy determines the bond strength of the system. In
summary, the greater the pressure in the vertical direction,
the higher the bond strength between the polymer chains and
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the metal. The greater the directional pressure, the more
active the motion of the polymer, and the greater the spread
area. As shown in Figure 7b, as the pressure increased, the
interfacial energy of the system also increased. Figure 7c dis-
plays the final interfacial energy as a function of pressure.
Once it reached 680 bar, the interface energy exhibited a sig-
nificant downward trend, so the optimal injection pressure
was between 620 and 660, consistent with the conclusion of
the previous work (28).

( )= − +E E E EInteraction total surface polymer (2)

4 Conclusions

Under the condition of three-dimensional periodic boundary,
the temperature variation of complex injection molding pro-
cess was represented by simulating constant temperature
field. A PPS/Cu nano-injection interface model with a nanos-
cale groove structure was established, and the mechanisms of
polymer chain injectionmolding and shear slip were explored
by simulating the effects of positive pressure and transverse
shear stress. Based on the findings, the main conclusions can
be summarized as follow.

The polymer diffusion at the initial stage of nano-injec-
tion conforms to Fick’s law. Once the PPS slid along the metal
groove wall under the injection pressure, there was apparent
obvious internal friction and shear deformation between the
polymer chains. When the filling amount reached a certain
value, the whole system entered a dynamic equilibrium state.

There are two kinds of adhesion phenomena, one is that
themacromolecule slides violently in small areas of some sure
nanoscale groove to form multiple anchor points. The other
case involves multiple nano-grooves along the metal interface,
the polymer chain slides and is bolted as multiple anchors in
different grooves due to the exerted wall-drag effect on the
neighboring chains. These two slipping and anchoring
mechanisms are consistent with de Gennes’ slipping theory.

The contact between the polymer and the metal wall
produced many anchoring structures. These anchor points
were hardly slipping at a low speed, but jumped at high
speed, and the suspended part was bent during the flow
process, which was also consistent with de Gennes’ theory.

Studying the bonding between the polymer and metal
revealed an optimal injection pressure window. Moreover,
as the injection pressure angle increased, the shear flow of
the polymer was also more pronounced.
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