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Abstract: One of the main challenges in co-injection molding is how to predict the skin to core
morphology accurately and then manage it properly, especially after skin material has been bro-
ken through. In this study, the formation of the Core-Skin-Core (CSC) structure and its physical
mechanism in a two-stage co-injection molding has been studied based on the ASTM D638 TYPE
V system by using both numerical simulation and experimental observation. Results showed that
when the skin to core ratio is selected properly (say 30/70), the CSC structure can be observed clearly
at central location for 30SFPP/30SFPP system. When the skin to core ratio and operation conditions
are fixed, regardless of material arrangement (including 30SFPP/30SFPP; PP/PP; 30SFPP/PP; and
PP/30SFPP systems), the morphologies of the CSC structures are very close for all systems. This
CSC structure can be further validated by using µ-CT scan and image analysis technologies perfectly.
Furthermore, the influences of various operation parameters on the CSC structure variation have been
investigated. Results exhibited that the CSC structure does not change significantly irrespective of the
flow rate changing, melt temperature varying, or even mold temperature being modified. Moreover,
the mechanism to generate the CSC structure can be derived using the melt front movement of the
numerical simulation. It is worth noting that after the skin material was broken through, the core
material travelled ahead with fountain flow to occupy the flow front. In the same period, the proper
amount of skin material with certain inertia of enough kinetic energy will keep going to penetrate the
new coming core material to travel until the end of filling. It ends up with this special CSC structure.

Keywords: co-injection molding; Core-Skin-Core (CSC) structure; skin break through; lightweight
technology; fiber-reinforced plastics (FRP)

1. Introduction

Plastics have been widely applied into our daily life because of their great functionalities
and flexibility. However, thousands of plastics become solid waste after daily use. It is estimated
that more than 150 million tons are sent to the landfill every year [1–3]. This plastic waste
problem has had a huge impact on our environment. To relieve this kind of huge impact,
properly recycling of plastic waste could be helpful. However, due to recycling systems and
many issues, the recycling rate is still less than 30% around the world. In fact, recycling of
post-consumer plastic waste comes with a lot of challenges, including that the sources are
unknown and the recycled wastes are very difficult to separate completely. Moreover, to
reduce the air pollution problem, lightweight technology has become one of the most efficient
methods. Specifically, one of the major lightweight technologies is utilizing fiber-reinforced
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plastics (FRP) material into industry for automotive or aerospace products [4–7], and for modern
electric cars [8]. In addition, FRP also can be considered an eco-friendly material by using
biocompatible polymer, but in reality, the amount is still small [9]. Hence, the global demand for
carbon fibers (CF) and glass fibers (GF) to make FRP is increasing rapidly [10–12]. Unfortunately,
due to the presence of fibers, the recycling of FRP becomes much more complicated. It will
allow our environment to become worse and worse [12,13].

Moreover, co-injection molding could be a good solution to handle recycled general
plastic waste or recycled FRP following direct structural composite recycling. Co-injection
molding has been proposed and enhanced for several decades [14,15]. The greatest advantages
of co-injection are combining materials to reduce cost, reuse material, and enhance production
efficiency. However, it is not easy to obtain good quality co-injected products all the time.
One of the major challenges is that the morphology of the core material (called the skin–core
interface) in the co-injection molding is very difficult to predict accurately and be controlled
properly. This morphology affects the aesthetics and properties of the co-injected products
significantly. To realize how the morphology of the core material changes, the advancement
of the core material should be monitored accurately. In fact, many parameters influence the
advancement of core material, including the skin to core material arrangement, mold and part
designs, operation conditions, and so on. Seldén [16] studied the key parameters including
skin and core temperature and core content to affect the co-injection process. He found that
the most significant parameters that affect the skin to core distribution are injection velocity,
core temperature, and core content. Furthermore, the relations between internal material
distributions, process condition, and material property were discussed in many previous
studies [17–20]. The skin to core ratio of materials determines the breakthrough location.
Material viscosity and filling rate affect the uniformity of the core material distribution.
Although the operation parameters are not easily managed, co-injection molding can be
used to elevate the mechanical properties of injected parts, compared to conventional or self-
reinforced injection products [21]. It also can be utilized to enhance the mechanical property
of the microcellular injected parts [22], or eco-friendly or new green composite fabrication by
using pure biocompatible polymer or polymer blends [23,24].

Moreover, because the complex dynamic behavior of the co-injection process is not
easily observed experimentally, several researchers have tried to develop numerical al-
gorithms to discover the evolution of the interface and the internal mechanism [25–28].
Ilinca and Hetu [25] proposed the simulation code based on finite element method to pre-
dict the flow behavior in gas-assisted and co-injection molding. Liu et al. [26] developed a
3D numerical scheme based on generalized Navier–Stokes equations to describe the filling
behavior of a co-injection molding process. Sun et al. [27] adopted numerical simulation on
a spiral mold to verify the experimental concept of breaking through at [17] successfully.
Kim and Isayev [28] proposed a numerical scheme based on a hybrid finite element with
finite difference and control volume method to estimate the flow-induced residual stresses
and birefringence in sequential co-injection molding. Recently, He et al. [29] utilized CAE
simulation and experiments to study the interface of skin to core in a co-injection system.
They tried to define the dynamic viscosity ratio of skin and core based on the simulated
shear rate results. Then, they claimed that through the adjustment of the dynamic viscosity
ratio, the skin–core interface of a co-injection molding can be optimized.

Furthermore, since the geometrical structure of real products is much more complicated,
it makes the progress of co-injection processing much more difficult. To consider this situation,
Yang and Yokoi [30] proposed a co-injection with multi-cavity molding system with a fork
structure. They found the core flow pattern in the fork structure is strongly affected by the
injection flow rate. It is also affected by material property. Later, Huang [31] and Huang et al. [32]
verified that in multi-cavity co-injection systems, the skin to core material ratio is still the main
factor that dominates the breakthrough phenomena, whereas the injection flow rate can be
used to adjust the core penetration uniformity. Several key factors have even been discussed to
influence the core material advancement on the co-injection processes from the previous literature,
however, the morphology variation of that advancement with the skin to core ratio changes,
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especially for the breakthrough phenomena, and how to quantify that core material advancement
has still not been completed. Moreover, although the skin to core interface variation has been
studied by many scholars [14–20,25–28], the mechanism of the skin material breakthrough
has not been fully understood yet. For example, Watanabe et al. [17] has proposed a more
comprehensive description about skin material breakthrough. They have considered different
material combinations with various operation conditions in sequential co-injection molding. They
tried to apply the concept of four regions for flow to explain the mechanism of the breakthrough
of skin material. The breakthrough phenomenon happens as the core material penetrates the
skin material and catches up with the skin. The skin material will stop flowing and then the
core material will continuously fill the flow domain. Overall, in the previous literature, when
the skin material breakthrough happens, the core material will take over the skin material to
occupy the flow front region fully. However, in some situations, some portion of skin material
will compete with the penetrated core material to generate some special structure in co-injection
molding. This kind of special structure (we call it “Core-Skin-Core”) has not been described
before to the best of the authors’ knowledge. Furthermore, its mechanism has not been discussed
before. If paid more attention, this special structure might provide some function which is
similar with the multiple-chamber structures in drug-releasing applications, either with macro-
scale or nano-scale systems. It could play an important role in new material or new application
development in the future [33,34]. For a better understanding associated with this special structure
and its mechanisms, the rest of this paper is organized as follows: The theoretical background is
presented in Section 2. Section 3 describes the model and related information. It will discuss the
simulation model and experimental equipment separately. Moreover, results and discussion are
in Section 4. Finally, the conclusion will be addressed in Section 5.

2. Theoretical Background

The numerical simulation for a co-injection molding system was studied using Moldex3D
R16® software. Both the skin and core materials are considered compressible, generalized
Newtonian fluid. Surface tension at the melt front is neglected. The governing equations
for 3D transient non-isothermal motion are:

∂ρ

∂t
+∇ · ρu = 0 (1)

∂

∂t
(ρu) +∇ · (ρuu + τ) = −∇p + ρg (2)

ρCP

(
∂T
∂t

+ u · ∇T
)
= ∇ · (k∇T) + η

.
γ

2 (3)

where ρ is density; u is velocity vector; t is time; τ is total stress tensor; u is acceleration
vector of gravity; p is pressure; η is viscosity; Cp is specific heat; T is temperature; k
is thermal conductivity;

.
γ is shear rate. For the polymer melt, the stress tensor can be

expressed as:
τ = −η

(
∇u +∇uT

)
(4)

The modified-Cross model with Arrhenius temperature dependence is employed to
describe the viscosity of polymer melt:

η
(
T,

.
γ
)
=

ηo(T)

1 +
(
ηo

.
γ/τ∗

)1−n (5)

with

ηo(T) = BExp
(

Tb
T

)
(6)

where n is the power law index, ηo the zero shear viscosity, and τ∗ is the parameter that
describes the transition region between the zero shear rate and the power law region of the
viscosity curve.
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A volume fraction function fi is introduced to specify the evolution of the polymer/air
front (i = 1) and skin to core front (i = 2) interfaces. Here, fi = 0 is defined as the no-filled
region, f = 1 as fully-filled region, and finally the interfacial front is located within cells of
an f value between 0 and 1. The advancement of f over time is governed by the following
transport equation:

∂ fi
∂t

+∇ · (u fi) = 0 (7)

During the polymer melt filling phase, the velocity and temperature are specified at
the mold inlet. Whereas the core material is injected, the flow rate setting is specified at the
mold inlet. On the mold wall, the non-slip boundary condition is applied, and a fixed mold
wall temperature is assumed.

3. Model and Related Information
3.1. Simulation Model and Related Information

The geometry model and its associated dimensions of the runner and cavity are shown
as in Figure 1. It is based on an ASTM D638 Type V standard specimen with dimensions of
63.5 mm × 9.53 mm × 3.5 mm. The mold base and cooling channel layout are exhibited
in Figure 1b. The materials utilized in this study include pure polypropylene (called PP
material) and polypropylene with 30% fibers (called 30SFPP material), as shown in Table 1.
Furthermore, Figure 2 presents the shear viscosities of materials PP and 30SFPP. There is
some significant viscosity difference between those two materials. Specifically, material
30SFPP with fiber content has a higher shear viscosity than that of PP at the same shear
rate and temperature. Moreover, the process conditions for basic flow behavior testing are
listed in Table 2. Briefly, filling time is 0.3 s; flow rate for both skin and core is 10 cm3/s;
melt temperature for both skin and core is 230 ◦C; mold temperature is 35 ◦C; skin-to-core
material switch is at 60% of the total volume. Furthermore, the skin to core ratio setting is
changed from 90/10 to 10/90 for the skin to core ratio effect study.
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Figure 1. (a) Geometrical model and dimensions and (b) mold base and cooling channel layout. 

Table 1. Materials utilized in this study. 

Materials Content Grade Name Producer 

PP PP Globalene ST868M LCY Chemical 

30SFPP PP + 30% fiber Globalene SF7351 LCY Chemical 

Table 2. Process conditions for basic flow behavior testing. 

Filling Time (s) 0.3 

Flow rate (cm3/s) 10 

Melt Temperature (°C) 230 

Mold Temperature (°C) 35 

Injection Pressure (MPa) 175 

Core enters (by volume filled) (%) 60 

Figure 1. (a) Geometrical model and dimensions and (b) mold base and cooling channel layout.
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Table 1. Materials utilized in this study.

Materials Content Grade Name Producer

PP PP Globalene ST868M LCY Chemical

30SFPP PP + 30% fiber Globalene SF7351 LCY Chemical
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Figure 2. The shear viscosities of material PP and 30SFPP.

Table 2. Process conditions for basic flow behavior testing.

Filling Time (s) 0.3

Flow rate (cm3/s) 10

Melt Temperature (◦C) 230

Mold Temperature (◦C) 35

Injection Pressure (MPa) 175

Core enters (by volume filled) (%) 60

3.2. Experimental Model and Related Information

In order to validate the simulation results, real co-injection molding trials were per-
formed. The real system was constructed as shown in Figure 3. The machine was supplied
by Ta Ai Machinery Co., Ltd. in Taiwan, model TA-4.0ST-2ST-80T (see Figure 3a). There are
two injection barrel and screw systems for preparing skin and core materials individually.
In each injection system, the screw diameter is 28 mm; maximum injection amount is 75 g;
maximum injection flow rate is 70 cm3/s; maximum injection pressure is 1302 kg/cm2;
and maximum clamping force is 85 tons. Moreover, the real mold system and cavity
structure are presented in Figure 3b. The dimension of the real mold is that the cavity is
200 mm × 180 mm × 240 mm, and the cavity is 63.5 mm × 9.53 mm × 3.5 mm. The real
process condition settings for basic flow behavior testing, skin to core ratio effect, flow rate
effect, and different material arrangement effect are the same as described in Section 3.1.
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Figure 3. (a) Co-injection molding system and (b) the mold base and cavity structures.

4. Results and Discussion
4.1. Skin Break-Through Phenomena Testing

As mentioned earlier, one of the most crucial factors in co-injection molding product
development is the determination of the morphology of the core material advancement. Specif-
ically, when the skin breakthrough phenomena happens and the associated further influence
on the co-injected product are very difficult to identify. One of the most significant factors
to skin breakthrough is the skin to core ratio [16–20,25–32]. To study the skin tocore ratio
effect on the location of the skin breakthrough, the 30SFPP/30SFPP material arrangement
is first selected. Figure 4a shows the numerical prediction on the advancement of the core
material at various skin to core ratio settings at a flow rate of 10 cm3/s for both skin and
core. When the ratio is changed from 90/10 to 60/40, the higher the core content, and the
longer core penetration can be obtained. However, when the skin to core ratio is 50/50, the
skin break-through phenomenon happens. That means the core material will go from the
internal region to blow through the skin material, and touch the end of boundary of the mold.
Furthermore, when the skin tocore ratio changed from 50/50 to 10/90, the skin breakthrough
area became enlarged; moreover, the final core penetration location is moved from the end of
the cavity to the beginning of the cavity, even to the runner section. Clearly, it shows how the
breakthrough location is so sensitive to the skin to core ratio in co-injection molding. Mean-
while, experimental validation was also performed, as shown in Figure 4b. When the skin to
core ratio is changed from 90/10 to 60/40, the longer core material penetration is observed. As
the skin tocore ratio is changed to 50/50, skin break-through happens. When the core ratio
is continuously increased from 50 to 90, the skin breakthrough area is increased and the core
material tries to encapsulate the skin material. The trend of the advancement of core material
from experimental observation is in good agreement with that of the simulation prediction.

4.2. Discovering the Core-Skin-Core (CSC) Structure

Moreover, the internal flow pattern of the core material penetration in the final injected
parts can be investigated via the cross-section at the central portion of the neck using numerical
simulation as shown in Figure 5a. It is noted that when the skin to core ratio is from 90/10 to
70/30, the core material penetration through the neck portion exhibits a round shape pattern.
When the skin to core ratio is continuously changed to 40/60, the flow pattern of the core
material becomes square in shape with a skin–core structure. The most interesting issue is that
as the core ratio becomes 70%, a special pattern can be observed. Afterwards, the special pattern
at the cross section portion can be observed when skin to core ratios are 20/80 to 10/90. To
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realize what the special pattern is in more details, when the skin to core is 30/70, the cross section
of the neck portion (central location) becomes enlarged, as shown in Figure 5b. Obviously, the
flow pattern of the cross section of the 30/70 system consists of three-layer structure which is
the “outer core material-skin material-inner core material.” This special “Core-Skin-Core” (CSC)
structure is not the same as that the regular skin–core structure before breakthrough, or that of
the core structure after breakthrough happens. In fact, from the previous literature [14–20,25–32],
this kind of CSC structure has never been mentioned and discussed.
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4.3. The Influence of Operation Parameters on the CSC Structure Variation

Furthermore, it is curious how the CSC structure is influenced by certain injection
factors. In much of the literature [16–20,27,30–32], the major factors that affect the skin to
core interfacial variation include skin to core material ratio, skin to core viscosity difference,
injection speed, melt temperature, and so on. Hence, to evaluate the influence on the CSC
structure change, firstly, the different skin to core material arrangement effect is considered,
which is related to the viscosity difference effect. Figure 6 show the cross section of the
central portion for four different skin to core combinations. In Figure 6a, the cross section
of 30SFPP/30SFPP exhibited a “core-skin-core”, three-layer structure as we discussed in
Figure 5. Figure 6b presents the cross section of PP/PP, and the result is almost identical
with that of 30SFPP/30SFPP in Figure 6a. Moreover, the cross section of 30SFPP/PP and
that of PP/30SFPP is listed in Figure 6c,d, respectively. Clearly, their cross sections are quite
similar with that of the 30SFPP/30SFPP system.
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Meanwhile, the variation of the CSC structure under the influence of different factors
can be measured quantitatively. The dimension of the CSC structure at the cross section
of the center portion can be defined, as shown in Figure 7. Specifically, in the x direction,
Lx1 is the length of the inner core material; Lx2 is the length of the skin material; and ∆x is
the length of the outer core material. In addition, in the z direction, Lz1 is the length of the
inner core material; Lz2 is the length of the skin material; and ∆z is the length of the outer
core material. Based on this definition of dimensions for the skin and core materials, the
different material combinations the effect has been utilized through numerical simulation
to conduct the variation of CSC structure, including PP/PP, 30SFPP/30SFPP, 30SFPP/PP,
and PP/30SFPP. Through the breakthrough testing as described in Section 4.2, the results of
different material combination arrangements are quite similar with that displayed for the
30SFPP/30SFPP system in Figures 4 and 5. Furthermore, the quantitative variation of the
CSC structure is exhibited in Figure 8a,b. In Figure 8a, with the exception of the 30SFPP/PP
system, the dimensions of the inner core materials (Lx1) are 2.58 mm and for (Lx2) are
2.98 mm for three different material combination arrangements. The dimension of the outer
core material (∆x) is 0.099 mm. In addition, from PP/PP to another three arrangements,
the variations of the CSC structure in the z direction are almost unchanged. Obviously,
what happens to the CSC structure is not sensitive to the different material combination
arrangement based on the material selected in this study.

Moreover, the flow rate and temperature effects on the variation of the CSC structure
have been considered. In Figure 9a, when the flow rate ratios of skin to core are changed
from 10/10 cm3/s to 50/50 cm3/s, or even to 50/10 cm3/s, in the x direction, the dimension
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of the inner core has a little change, but the skin and outer core dimensions show almost no
change. In addition, in the z direction, the dimension of the inner core, skin, and outer core
dimensions show no significant changes, as shown in Figure 9b. Here, the injection flow
rate of the core material has more driving force to push the skin to core interfacial variation
seen in the literature [17,27]. However, it does not drive the CSC structure to make the
change significantly.
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Furthermore, the melt temperatures of the skin and core have been adopted to evaluate
the variation of the CSC structure. In Figure 10, it shows that when the melt temperatures
of the skin and core are changed from 210/210 ◦C to 250/250 ◦C, or even 210/250 ◦C, the
dimensions of the inner core, the skin, and of the outer core have no significant change in
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both x and z directions. Similarly, Figure 11 shows that when the mold temperatures of the
skin and core are changed from 35 ◦C to 65 ◦C, in both x and z directions, the dimensions
of the inner core, skin, and outer core do not vary significantly. Overall, the CSC structure
is not sensitive to the influence of operation parameters. Once again, in several previous
studies [16,17,29] the melt temperature can be adopted to modify the skin to core interface to
optimize the skin to core distribution, but it does not provide a significant effect here as well.
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4.4. Validationof the Occurrence of the CSC Structure

To validate the occurrence of the CSC structure, several experimental studies have been
performed. Figure 12 displays the comparison of the cross section at the central portion for
the skin to core ratio from 90/10 to 10/90 for PP/PP systems between numerical simulation
and experimental observation. Specifically, when the skin to core ratio is 70/30 to 50/50,
the cross section presents a round shape. When the skin to core ratio is 40/60, the cross
section becomes a rectangular shape. When the ratio is changed into 30/70 and 20/80, the
special “Core-Skin-Core” structure can be observed experimentally. Indeed, the simulation
prediction and experimental observations are quite consistent. As the simulation predicted
from Figure 6, the experimental results for the other three systems (i.e., 30SFPP/30SFPP;
30SFPP/PP; PP/30SFPP) are very close to that in Figure 12.
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Figure 12. The validation of the cross section of the skin to core with PP/PP arrangement for a skin
to core ratio from 90/10 to 10/90.

To further investigate the full image of the CSC structure, the PP/30SFPP with a skin
to core ratio of 30/70 system has been selected. Here, to distinguish the boundary between
one material to the other using image analysis, the densities of both skin to core materials
should not be too close. It is the reason to select the PP/30SFPP system. The injected parts
have been examined by using micro-computerized tomography (micro-CT) technology.
Micro-CT has been performed using Bruker Skyscan 2211 with 40–190 kV and resolution of
five micro-meters supported by MCL Multiscale X-ray CT laboratory, Industrial Technology
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Research Institute, Taiwan. Then the scanned images were further analyzed through image
analysis technology based on Avizo® software [35–37]. The associate images of the cross
section are selected as in Figure 13. Specifically, Figure 13a shows the internal image at
the central plane (XY-plane). It is noted that the original skin material is encapsulated by
core material from the central region to the end of the filling region. These phenomena
were also observed through the investigation of the images at the XZ-plane along the flow
direction from central region (see Figure 13b). Obviously, the original skin material has
travelled a long distance at this skin to core arrangement. This evidence is quite consistent
with that discovery from using numerical prediction.
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4.5. Search for the Mechanism of the Occurrence of the CSC Structure

To realize how the CSC structure in co-injection molding happens, the mechanism
is investigated through the dynamic behavior of the core material advancement using
simulation prediction. Figure 14a exhibits the melt front movement for both skin and
core material at a skin to core of 70/30. When the total injected volume is at 70%, the
injected material is switched to the core material from the runner system. When the total
injected volume is over 80%, the core material penetrates into skin layer around the gate
region of the cavity. As more core material is injected, the longer the core is penetrated.
However, since the melt front of the skin material is far apart from that of core material,
the skin breakthrough phenomenon and the CSC structure never happen. Moreover, in
Figure 14b, at a skin to core of 50/50, when the total injected volume is less than 50%,
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only the skin material is injected. When the total injected volume is at 50%, the injected
material is switched to the core material and it penetrates into skin rapidly until achieving
77.8% of the total injected volume. If the total injected volume is larger than 77.8%, the
skin breakthrough phenomenon happens as the core material takes over the skin material.
At this moment, the melt flow front of the skin material stops at a fixed value. This skin
breakthrough phenomenon is quite similar as described in [17,27]. However, when the skin
to core ratio is changed to 30/70, the dynamic behavior of the core material advancement
is seen, as shown in Figure 14c. In this situation, when the total injected volume is at 30%,
the injected material is switched to the core material and it penetrates into skin rapidly
until reaching 44.7% of total injected volume. If the total injected volume is larger than
44.7%, the skin breakthrough phenomenon happens. As more core material is injected,
the core material will keep advancing in the flow direction, whereas some portion of the
original skin material will travel with the core material until 100% of the total volume is
filled. Finally, it creates the “Core-Skin-Core” structure (i.e., skin material is encapsulated
by core material).
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Moreover, it is worth noting that the skin breakthrough situation can be observed
in more detail, as shown in Figure 15. After the skin has been broken at 50.2% filled, the
subsequent core material will push the melt front movement in a fountain flow style. As
some core material touches a solid boundary, some frozen layers (core materials) will be
generated. At this moment, the original flowing path of the skin material will be blocked by
the fountained core layer. However, since the inertial force of the skin material is still high
enough, it will help the skin layer with higher kinetic energy continuously penetrate the
fountained core layer and travel in the flow direction, as shown in Figure 15b. Furthermore,
even more core material is formed and the fountained core layer is continuously formed,
as the moment of the moving skin material can keep it moving. Finally, the special CSC
structure is generated, as observed and shown in Figure 13. Through this examination, the
melt front of the skin material does not stop at a fixed distance; instead, it drives a long
distance. This phenomenon is quite different with that observed in Refs [17,27]. In fact,
even the fountained core layer has been formed and it tries to block the advancement of the
skin material, and a thin skin layer with higher kinetic energy can penetrate the blocking of
core material at the skin to core of the 50/50 system. The reason the skin material stops is
because of the physical constraint of the end of the flow domain.
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5. Conclusions

In this study, a formation of the Core-Skin-Core (CSC) structure has been discovered
in a two-stage co-injection molding based on the standard tensile bar (ASTM D638 TYPE V)
system. Several key points have been obtained as follows:

(1) The CSC structure can be predicted numerically and observed experimentally (using
slicing method) from the central location when the skin to core ratio is 30/70 for the
30SFPP/30SFPP system.

(2) When the skin to core ratio and operation conditions are fixed, the formation of the
CSC structure does not depend on the material arrangements, including 30SFPP/30SFPP,
PP/PP, 30SFPP/PP, and PP/30SFPP systems. All systems present close results.

(3) When the skin to core ratio is fixed, the influences of flow rate change and of the melt
temperature variation on the formation of the CSC structure are not significantly.

(4) The full domain of the CSC structure can be validated using micro-CT technology
and image analysis methods. It verified the existence of the CSC structure perfectly.
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(5) The mechanism to generate the CSC structure is that when the skin material is broken
through by the core material, and the subsequent core material forms fountained,
flowing layer to block the skin material; in the same period, some skin portions with
higher inertia force with enough kinetic energy can penetrate the blocking of the
fountained core and continuously travel in the flow direction until the end of filling
to create the CSC structure.

(6) The repeatability of the formation for the CSC structure is very good. It might be
possible to extend its application to different fields in the future.

Author Contributions: Conceptualization, C.-T.H.; Data curation, Y.-T.R., K.-Y.K. and Y.-S.Z.; Formal
analysis, C.-T.H., Y.-T.R., K.-Y.K. and Y.-S.Z.; Funding acquisition, C.-C.H., C.-H.H., R.-Y.C. and L.C.;
Investigation, C.-T.H., Y.-T.R., K.-Y.K., C.-C.H. and S.-C.T.; Methodology, Y.-T.R., C.-T.H., Y.-S.Z. and
L.C.; Project administration, C.-T.H.; Resources, C.-T.H., C.-C.H., C.-H.H., R.-Y.C., L.C. and S.-C.T.;
Software, Y.-T.R., K.-Y.K., C.-C.H., Y.-S.Z. and C.-H.H.; Supervision, C.-T.H.; Validation, Y.-T.R., K.-Y.K.
and C.-T.H. and; Writing—original draft, C.-T.H.; Writing—review and editing, C.-T.H. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ragaert, K.; Delva, L.; Geem, K.V. Mechanical and chemical recycling of solid plastic waste. Waste Manag. 2017, 69, 24–58.

[CrossRef] [PubMed]
2. Plastics Europe; EuPC; EuPR; EPRO. Plastics-the Facts 2015. An Analysis of European Plastics Production, Demand and Recovery for

2015; Plastics Europe; EuPC; EuPR; EPRO: Madrid, Spain, 2015.
3. Gall, M.; Steinbichler, G.; Lang, R.W. Learnings about design from recycling by using post-consumer polypropylene as a core

layer in a co-injection molded sandwich structure product. Mater. Des. 2021, 202, 109576. [CrossRef]
4. Sloan, J. Composites end markets: Automotive (2022). CompositesWorld. Available online: https://www.compositesworld.com/

articles/composites-end-markets-automotive-2022 (accessed on 1 May 2021).
5. Pervaiz, M.; Panthapulakkal, S.; Sain, M.; Tjong, J. Emerging trends in automotive lightweighting through novel composite

materials. Mater. Sci. Appl. 2016, 7, 26–38. [CrossRef]
6. Othman, R.; Ismail, N.I.; Pahmi, M.A.A.H.; Basri, M.H.M.; Sharudin, H.; Hemdi, A.R.H. Application of carbon fiber reinforced

plastics in automotive industry: A review. J. Mech. Manuf. 2018, 1, 114–154.
7. Lee, J.-M.; Min, B.-J.; Park, J.-H.; Kim, D.-H.; Kim, B.-M.; Ko, D.-C. Design of lightweight CFRP automotive part as an alternative

for steel part by thickness and lay-up optimization. Materials 2019, 12, 2309. [CrossRef]
8. Fantuzzi, N.; Bacciocchi, M.; Benedetti, D.; Agnelli, J. The use of sustainable composites for the manufacturing of electric cars.

Compos. Part C Open Access 2021, 4, 100096. [CrossRef]
9. Jalali, A.; Kim, J.-H.; Zolali, A.; Soltani, I.; Nofar, M.; Behzadfar, E.; Park, C.B. Peculiar crystallization and viscoelastic properties

of polylactide/ polytetrafluoroethylene composites induced by in-situ formed 3D nanofiber network. Compos. Part B 2020,
200, 108361. [CrossRef]

10. Barnes, F. Recycled Carbon Fiber: Its Time Has Come. Composite World. Available online: https://www.compositesworld.com/
columns/recycled-carbon-fiber-its-time-has-come-6/29/2016 (accessed on 1 May 2021).

11. Fenin, K.A.; Akinlabi, E.T. Zambia Investment Strategies for Africa: Infrastructure and Sustainable Development. In Proceedings
of the DII-2017 Conference on Infrastructure Development, Livingstone, Zambia, 30 August–1 September 2017.

12. Gopalraj, S.K.; Kärki, T. A review on the recycling of waste carbon fibre/glass fibre-reinforced composites: Fibre recovery,
properties and life-cycle analysis. SN Appl. Sci. 2020, 2, 433. [CrossRef]

13. Mohamed, S.A.; Mativenga, P.T. Sustainable location identification decision protocol (SuLIDeP) for determining the location of
recycling centres in a circular economy. J. Clean. Prod. 2019, 223, 508–521. [CrossRef]

14. Garner, P.J.; Oxley, D.F. Process for the production of cellular articles. Br. Pat. 1969, 1, 156–217.
15. Goodship, V.; Love, J.C. Multi-Material Injection Molding. Rapra Rev. Rep. 2002, 145, 1–31.
16. Seldén, R. Co-injection molding: Effect of processing on material distribution and mechanical properties of a sandwich molded

plate. Polym. Eng. Sci. 2000, 40, 1165–1176. [CrossRef]

http://doi.org/10.1016/j.wasman.2017.07.044
http://www.ncbi.nlm.nih.gov/pubmed/28823699
http://doi.org/10.1016/j.matdes.2021.109576
https://www.compositesworld.com/articles/composites-end-markets-automotive-2022
https://www.compositesworld.com/articles/composites-end-markets-automotive-2022
http://doi.org/10.4236/msa.2016.71004
http://doi.org/10.3390/ma12142309
http://doi.org/10.1016/j.jcomc.2020.100096
http://doi.org/10.1016/j.compositesb.2020.108361
https://www.compositesworld.com/columns/recycled-carbon-fiber-its-time-has-come-6/29/2016
https://www.compositesworld.com/columns/recycled-carbon-fiber-its-time-has-come-6/29/2016
http://doi.org/10.1007/s42452-020-2195-4
http://doi.org/10.1016/j.jclepro.2019.03.104
http://doi.org/10.1002/pen.11244


Polymers 2022, 14, 4747 16 of 16

17. Watanabe, D.; Ishiaku, U.-S.; Nagaoka, T.; Tomari, K.; Hamada, H. The flow behavior of core material and breakthrough
phenomenon in sandwich injection molding part I: Dependence on viscosity and injection speed of skin/core materials. Int.
Polym. Process. 2003, 18, 398–404. [CrossRef]

18. Messaoud, D.; Sanchagrin, B.; Derdouri, A. Study on mechanical properties and material distribution of sandwich plaques
molded by co-injection. Polym. Compos. 2005, 26, 265–275. [CrossRef]

19. Gomes, M.; Martino, D.; Pontes, A.J.; Viana, J.C. Co-injection molding of immiscible polymers: Skin-core structure and adhesion
studies. Polym. Eng. Sci. 2011, 51, 2398–2407. [CrossRef]

20. Sun, S.-P.; Hsu, C.-C.; Huang, C.-T.; Huang, K.-C.; Tseng, S.-C. The skin/core material distribution of a co-injection molding
process: The effect of processing conditions and material selection. SPE ANTEC Tech. Pap. 2012, 1258422.

21. Lu, Y.; Jiang, K.; Liu, Y.; Zhang, Y.; Wang, M. Study on mechanical properties of co-injection self-reinforced single polymer
composites based on micro-morphology under different molding parameters. Polym. Test. 2020, 83, 106306. [CrossRef]

22. Suhartono, E.; Chen, S.-C.; Lee, K.-H.; Wang, K.-J. Improvements on the tensile properties of microcellular injection molded parts
using microcellular co-injection molding with the material combinations of PP and PPGF. Int. J. Plast. Technol. 2017, 21, 351–369.
[CrossRef]

23. Zhang, K.; Nagarajan, V.; Zarrinbakhsh, N.; Mohanty, A.K.; Misra, M. Co-injection molded new green composites from
biodegradable polyesters and miscanthus fibers. Macromol. Mater. Eng. 2014, 299, 436–446. [CrossRef]

24. Zaverl, M.; Valerio, O.; Misra, M.; Mohanty, A. Study of the effect of processing conditions on the co-injection of PBS/PBAT and
PTT/PBT blends for parts with increased bio-content. J. Appl. Polym. Sci. 2015, 132, 41278. [CrossRef]

25. Ilinca, F.; Hetu, J.-H. Three-dimensional simulation of multi-material injection molding: Application to gas-assisted and co-
injection molding. Polym. Eng. Sci. 2003, 43, 1415–1427. [CrossRef]

26. Liu, Q.; Ouyang, J.; Zhou, W.; Xu, X.; Zhang, L. Numerical simulation of the sequential coinjection molding process based on
level set method. Polym. Eng. Sci. 2015, 55, 1709–1719. [CrossRef]

27. Sun, S.-P.; Hsu, C.-C.; Huang, C.-T.; Huang, K.-C.; Tseng, S.-C. Sandwich injection molding: Core breakthrough and flow
imbalance studies. SPE Tech. Pap. 2013, 1575837.

28. Kim, N.H.; Isayev, A.I. Polymer Engineering and Science. Birefringence and interface in sequential co-injection molding of
amorphous polymers: Simulation and experiment. Polym. Eng. Sci. 2015, 55, 88–106. [CrossRef]

29. He, W.; Yang, J.; Chen, Y.; Liu, P.; Li, C.; Xiong, M.; Niu, X.; Li, X. Study on co-injection molding of poly(styrene-ethylene-butylene-
styrene) and polypropylene: Simulation and experiment. Polym. Test. 2022, 108, 107510. [CrossRef]

30. Yang, W.M.; Yokoi, H. Visual analysis of the flow behavior of core material in a fork portion of plastic sandwich injection molding.
Polym. Test. 2003, 22, 37–43. [CrossRef]

31. Huang, C.-T. Numerical visualization and optimization on the core penetration in multi-cavity co-injection molding with a
bifurcation runner structure. Int. J. Adv. Manuf. Technol. 2017, 92, 2545–2557. [CrossRef]

32. Huang, C.-T.; Tzeng, W.-J.; Chen, C.-H.; Lin, G.-G.; Hsu, C.-C.; Chang, R.-Y.; Tseng, S.-C. In Proceedings of the 34th International
Conference of the Polymer Processing Society (PPS-34), Taipei, Taiwan, 21–25 May 2018.

33. Lv, H.; Guo, S.; Zhang, G.; He, W.; Wu, Y.; Yu, D.-G. Electrospun structural hybrids of acyclovir-polyacrylonitrile at acyclovir for
modifying drug release. Polymers 2021, 13, 4286. [CrossRef]

34. Bai, Y.; Liu, Y.; Lv, H.; Shi, H.; Zhou, W.; Liu, Y.; Yu, D.-G. Processes of electrospun polyvinylidene fluoride-based nanofibers, their
piezoelectric properties, and several fantastic applications. Polymers 2022, 14, 4311. [CrossRef]

35. Rigort, A.; Günther, D.; Hegerl, R.; Baum, D.; Weber, B.; Prohaska, S.; Medalia, O.; Baumeister, W.; Hege, H.-C. Automated
segmentation of electron tomograms for a quantitative description of actin filament networks. J. Struct. Biol. 2012, 177, 135–144.
[CrossRef]

36. Gandhi, U.; Sebastian, D.B.; Kunc, V.; Song, Y.Y. Method to measure orientation of discontinuous fiber embedded in the polymer
matrix from computerized tomography scan data. J. Thermoplast. Compos. Mater. 2015, 29, 1–14. [CrossRef]

37. Lionetto, F.; Montagna, F.; Natali, D.; Pascalis, F.D.; Nacucchi, M.; Caretto, F.; Maffezzoli, A. Correlation between elastic properties
and morphology in short fiber composites by X-ray computed micro-tomography. Compos. Part A 2021, 140, 106169. [CrossRef]

http://doi.org/10.3139/217.17522
http://doi.org/10.1002/pc.20084
http://doi.org/10.1002/pen.22012
http://doi.org/10.1016/j.polymertesting.2019.106306
http://doi.org/10.1007/s12588-017-9190-7
http://doi.org/10.1002/mame.201300189
http://doi.org/10.1002/app.41278
http://doi.org/10.1002/pen.10120
http://doi.org/10.1002/pen.24009
http://doi.org/10.1002/pen.23871
http://doi.org/10.1016/j.polymertesting.2022.107510
http://doi.org/10.1016/S0142-9418(02)00046-6
http://doi.org/10.1007/s00170-017-0330-1
http://doi.org/10.3390/polym13244286
http://doi.org/10.3390/polym14204311
http://doi.org/10.1016/j.jsb.2011.08.012
http://doi.org/10.1177/0892705715584411
http://doi.org/10.1016/j.compositesa.2020.106169

	Introduction 
	Theoretical Background 
	Model and Related Information 
	Simulation Model and Related Information 
	Experimental Model and Related Information 

	Results and Discussion 
	Skin Break-Through Phenomena Testing 
	Discovering the Core-Skin-Core (CSC) Structure 
	The Influence of Operation Parameters on the CSC Structure Variation 
	Validationof the Occurrence of the CSC Structure 
	Search for the Mechanism of the Occurrence of the CSC Structure 

	Conclusions 
	References

