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Abstract: Based on poly(vinylidene fluoride)/graphene (PVDF/GP) nano-composite powder, with
high β-phase content (>90%), prepared on our self-designed pan-mill mechanochemical reactor, the
micro-injection molding of PVDF/GP composite was successfully realized and micro-parts with
good replication and dimensional stability were achieved. The filling behaviors and the structure
evolution of the composite during the extremely narrow channel of the micro-injection molding were
systematically studied. In contrast to conventional injection molding, the extremely high injection
speed and small cavity of micro-injection molding produced a high shear force and cooling rate,
leading to the obvious “skin-core” structure of the micro-parts and the orientation of both PVDF and
GP in the shear layer, thus, endowing the micro-parts with a higher melting point and crystallinity
and also inducing the transformation of more α-phase PVDF to β-phase. At the injection speed of
500 mm/s, the β-phase PVDF in the micro-part was 78%, almost two times of that in the macro-part,
which was beneficial to improve the dielectric properties. The micro-part had the higher tensile
strength (57.6 MPa) and elongation at break (53.6%) than those of the macro-part, due to its increased
crystallinity and β-phase content.

Keywords: poly(vinylidene fluoride), graphene; nano-composite; micro-injection molding

1. Introduction

With the mushrooming growth of the electronic industry, the miniaturization and
light weight of electronic products have become research hotspots [1], thus, producing
cutting-edge technology in the 21st century, i.e., micro-electromechanical systems (MEMS)
technology, as well as the rapid development of devices toward miniaturization and
functionalization [2]. Due to the low melting point, low density, accurate replication, low
cost and good processability, polymer materials have been widely used in the field of
MEMS, and polymer micro-devices have become one of the fastest growing and most
promising products [3]. Injection molding, hot press molding and melt extrusion can all
process polymer micro-devices, among which, micro-injection molding has attracted more
attention for its advantages of good product quality, short molding cycle, low processing
cost and easy industrialization [4].

At present, the corresponding micro-products prepared via micro-injection molding
have been widely used in the fields of micro-optics, micro-actuators, biomedicine, micro-
electronics and aerospace. However, because of its different processing conditions from
conventional injection molding, i.e., extremely small runner and cavity dimension, short
filling time (only 10 ms), fast cooling speed, high injection speed (up to 1200 mm/s) and
high shear rate (up to 106/s) [5], polymer materials used for micro-injection molding are
limited to materials with relatively good fluidity. For example, polymethyl methacrylate
(PMMA) [6], polyoxymethylene (POM) [7], polyethylene (PE) [8], polypropylene (PP) [9],
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poly(lactic acid) [10], etc. It is difficult to meet the functional requirements of micro devices
for mechanical, optical, electrical, magnetic or biomedical purposes. Therefore, polymer
based micro-nano composites with high performance, multi-functionality and suitable for
micro-injection molding are urgently needed [11]. In this situation, the micro-injection
molding of carbon nanotubes (CNTs) composites, including polycarbonate/CNTs, polylac-
tide/CNTs, liquid crystal polymer/CNTs, etc., for functional and structural applications
have been studied [12–16].

Poly(vinylidene fluoride) (PVDF) has strong piezoelectric, dielectric and ferroelectric
properties, so is usually used to prepare sensors, brakes and energy storage capacitors, and
is expected to be a new type of polymer-based material for micro-injection molding by
compounding with other functional fillers [17]. For example, the incorporation of halloysite
nanotubes (HNTs) into a PVDF matrix improved the electroactive β- and γ-phases of PVDF
via the nucleation effect of HNTs [18]; the sandwich structure obtained via the addition
of 2D MXene and 2D hexagonal BN nanosheets endowed PVDF with high dielectric and
breakdown properties [19]; the compositing with piezoelectric ceramics (PZT, BaTiO3,
ZnO) or conductive particles (metals, inorganic salts, or carbon material) improved the
piezoelectric performance of PVDF [20]; and melt blending with zinc stannate (ZnSnO3)
let PVDF achieve the high crystallinity and β-phase content [21]. Good dispersion of the
functional fillers in PVDF matrix is still a challenge, especially for micro-injection molding
which requires more for the fluidity of the polymer melt, resulting in the scarcity of studies
on micro-injection molding of PVDF-based nano-composites today.

By adopting the special equipment self-designed in our research group, i.e., pan-mill
mechanochemical reactor, which could exert strong multiple stresses, including squeezing,
shear and hoop stress on materials in-between, PVDF active powder and PVDF/functional
filler composite powder, e.g., PVDF/graphene, with high content of β-phase crystals (more
than 90%) were obtained in our laboratory, and the conventionally injected samples with
good comprehensive properties, especially dielectric properties, were also prepared [22,23].
This provides a good base for the micro-injection of PVDF and its nano-composites.

Accordingly in this work, PVDF/graphene composite powder with extremely high
content of β-phase crystals (>90%) obtained on our pan-mill mechanochemical reactor was
adopted as raw material to be micro-injection molded on a Micro Power 5 micro-injection
molding machine. The effects of the most important two factors, i.e., injection speed and
cavity temperature, on the filling performances of this nano-composite during the extremely
narrow channel of the micro-injection molding, as well as the reproducibility of the micro-
injection molding parts were systematically studied. Via comparing with the conventional
injection molding, the crystalline structure, especially the β-phase content and mechanical
properties of the PVDF/graphene micro-injection parts were investigated. The results
would provide a theoretical guidance for the preparation and application of the micro-
electronic devices of the PVDF/graphene composite with high β-phase crystal content.

2. Experimental
2.1. Materials

Polyvinylidene fluoride (PVDF, FR906, ρ = 1.76 g/cm3, Tm = 173 ◦C) was purchased
from Shanghai 3F New Materials Co., Ltd., China. Graphene (GP, SE1231) was provided
by Sixth Element (Changzhou) Materials Technology Co., Ltd., Changzhou, China.

2.2. Sample Preparation

PVDF/GP composite powder was obtained by co-milling certain PVDF and GP on
our self-designed pan-mill mechanochemical reactor [24] at room temperature. The milling
cycle was 10 times. GP content in the co-milling powder was 1 wt%. The heat generated
during the milling process was carried out by circulating cooling water.

The co-milling powder was then extruded and granulated on a parallel twin-screw
extruder (TSSJ-25, Keqiang Chemical Equipment Company of China) to get PVDF/GP
composite granules, which would be injected into dumbbell-type standard specimens
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(length × width × thickness: 150 mm × 10 mm × 4 mm) for a mechanical property test
on a traditional injection molding machine (Ningbo Haitian Group Co., Ltd., Ningbo,
China), marked as CIM. Before the test, the specimens were stored at room temperature for
48 h. The un-milled PVDF/GP composite was directly extruded, granulated and injection
molded as the control sample.

PVDF and PVDF/GP micro-injection molding parts with the dimensions in Figure 1
were prepared by using the Micro Power 5 injection molding machine (Battenfeld Company,
Vienna, Austria).

Figure 1. Dimensions of the micro-part (a,b) and the dumbbell-shaped micro-part (c).

2.3. Characterization

Scanning electron microscope (SEM) was conducted to observe the morphologies
of PVDF/GP powder and the fracture sections of the macro-/micro-parts by using an
INSPECT F scanning Electron Microscope (FEI Company, Hillsboro, OR, USA) at the
voltage of 20 kV. Before the test, the samples were sprayed with gold.

Ultra-depth three-dimensional microscope was performed to observe the three
-dimensional morphology of the micro-protrusions on both sides of the micro-injection sam-
ple by using a VHX-10000 ultra-depth three-dimensional microscope (Keyence Company,
Osaka, Japan).

The melting and crystallization behavior of the PVDF and PVDF/GP composite were
studied using TA-Q20 differential scanning calorimeter (TA Company, Newcastle, DE,
USA) from room temperature to 200 ◦C under nitrogen atmosphere. The heating or cooling
rate was 10 ◦C/min. The melting enthalpy (∆Hm) was obtained from the melting peak
area, and the crystallinity of PVDF was calculated according to the following calculation
formula:

XC =
∆Hm

∆H100%
× 100% (1)

where, ∆H100% is the melting enthalpy for complete crystallization of the polymer, ∆Hm is
the melting enthalpy measured by DSC, and for PVDF it is ∆H100% = 105 J/g [25].

The thermal stability of the PVDF and PVDF/GP composite were studied using
TA-Q50 thermogravimetric analyzer (TA Company, Newcastle, DE, USA) from room
temperature to 700 ◦C under nitrogen atmosphere. The heating rate was 10 ◦C/min.

The crystalline structure of PVDF was analyzed by using DX-1000 X-ray diffractometer
(Dandongfangyuan Instrument Factory, Shanghai, China). The diffraction intensity of Cu
Ka radiation was assessed at a voltage of 40 kV and 25 m. The scanning angle was from 5◦

to 50◦ and the scanning speed was 0.02 ◦/min.
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Fourier transform infrared (FTIR) spectra were carried out using a Nicolet 6700 spec-
trophotometer (Thermo Scientific, Waltham, MA, USA) in transmission scanning mode
from 400 cm−1 to 4000 cm−1. The testing sample was obtained by co-grinding certain
powder and KBr, and then pressing them into tablet. The scanning number was 128 times.

Mechanical properties were tested using a 5567-testing machine (Instron, Boston, MA,
USA) at room temperature according to GB/T 1040.1-2018. The stretching speed was
50 mm/min. Five samples were tested for each group to calculate the average value.

3. Results and Discussion
3.1. Filling Behaviors of PVDF/GP Composites during the Extremely Narrow Channel

For the different cavity size of micro-injection molding from conventional injection
molding, the established flowing and filling theories based on the conventional injection
are no longer suitable. So, the studies on the filling behaviors of PVDF/GP composites
at different process parameters in the extremely narrow channel of the micro-injection
molding become necessary.

Filling behaviors during micro-injection molding are influenced by several processing
conditions including injection speed, injection pressure, cavity temperature, barrel temper-
ature, holding pressure and holding time [26], among which, injection speed and cavity
temperature seem to be more important. By adopting the online monitoring system of
Micro Power 5, the changes of injection pressure and cavity pressure, which could reflect
the filling behaviors of polymer melt with the injection time were obtained, as shown in
Figure 2.

Figure 2. Injection pressure (a) and cavity pressure (b) vs. injection time of PVDF/GP composite with 1 wt% GP during the
micro-injection molding process.

As shown, the micro-injection molding process presented four stages, i.e., channel
filling, cavity filling, pressure holding and cooling, respectively corresponding to the
sections of No. 1–4, 4–6, 6–7 and the later part in Figure 2a. At the stage of channel filling,
the polymer melt flew into the narrowed and cooling channel, its viscosity gradually
increased, along with the increase of the injection pressure. For no melt in the cavity,
the cavity pressure was zero (No. 1–2 in Figure 2b). Once the melt entered into the
cavity, ascribing to the continuously compacted melt, the injection pressure rose sharply
to the maximum, so did the cavity pressure (No. 2–5 in in Figure 2b). However, with
the proceeding of the filling, the melt in the cavity gradually cooled and solidified, the
injection pressure in the cavity dropped and last held at 800 bar, and the cavity pressure
decreased (No. 5–6 in Figure 2b). After complete cooling and solidification, the product
was demolded, and the injection molding was finished.
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By using the average mass of ten fully filled micro-injection samples as the reference
standard, the feeding rates of PVDF/GP composites were calculated according to the below
formula, and the results were listed in Figure 3c,f:

Filling rate =
Average quality
Standard quality

× 100% (2)

Figure 3. Injection pressure and cavity pressure vs. time of PVDF/GP composites with 1 wt% GP during the micro-injection
molding process at different injection speed (a–c) and cavity temperature (d–f).

With the increase of both injection speed and cavity temperature, the filling rate of
the polymer melt significantly increased. At low injection speed (100 mm/s) or cavity
temperature (40 ◦C), the incomplete filling occurred due to the relatively low shear viscosity
of polymer melt. When injection speed increased to 300 mm/s or cavity temperature rose to
80 ◦C, the full filling was achieved due to the proper shear viscosity of the melt. However,
with the further increase of the injection speed (500 mm/s) or cavity temperature (120 ◦C),
the viscosity of the melt was so high that overflowing occurred and the flash formed. All
indicated that both the injection speed and cavity temperature had greater impact on the
filling behavior of PVDF/GP system, it was vital to choose an appropriate injection speed
and mold temperature.

3.2. Reproducibility of PVDF/GP Micro-Injection Parts

According to the filling behaviors of PVDF/GP composites, the proper processing
parameters were adopted, i.e., melt temperature of 180 ◦C, holding pressure of 800 bar,
holding time of 2 s and measurement volume of 1 mm. Under these processing conditions,
the good micro-injection molding of the PVDF/GP composite was successfully realized.
As shown in Figure 4a,b, the thinnest part was only 0.3 mm and the mass was only 0.03 g.
The good replication and dimensional stability of the micro-protrusion structure was also
confirmed by SEM images (Figure 4c), and to deeply illustrate the reproducibility of the
micro-injection molding, an ultra-depth three-dimensional microscope was further used,
as shown in Figure 5. The different color represents different height. Obviously, almost all
color bands distributed in a regular shape, indicating that PVDF/GP melt completely filled
the cavity, and the surface of the micro-protrusion was smooth and defect-free.
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Figure 4. Photos (a,b) and SEM images (c) of PVDF/GP micro-parts with 1 wt% GP.

Figure 5. 3D images of the mold structure of PVDF/GP micro-part (GP content: 1 wt%).

3.3. Morphologies of PVDF/GP Micro-Injection Parts

A polarized light micrograph (PLM) photo of the ultra-thin section of the micro-
injection part along the melt flow direction is shown in Figure 6. The micro-injection part
presented the typical “skin-core” structure, which contained the cortex, the shear layer and
the core layer. The cortex was solidified and formed once the polymer melts contacting
the cold wall of the cavity during the process of the micro-injection molding. The cortex
could act as the thermal insulation layer during the subsequent micro-injection, leading
to the decrease in the cooling rate of the remained melt, and resulting in the formation
of the oriented lamella structure at such high shear force caused by the extremely small
runner and cavity of micro-injection molding, i.e., the shear layer. Under the combined
influences of the cortex and the shear layer, the core layer had the relatively low shear rate
and cooling rate, making the spherulite structure with high crystallinity formed in this
layer. It should be noted that, during the conventional injection molding, for the relatively
low injection speed, the shear rate from the center to the wall of the cavity changed little
and no obvious “skin-core” structure could be formed.

Figure 6. Polarized light micrograph of PVDF/GP micro-part (GP content: 1 wt%).
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The cortex and the shear layer of pure PVDF micro-parts at different injection speeds
(100 mm/s, 300 mm/s and 500 mm/s) along the melt flow direction are shown in Figure 7.
Clearly, with the increase of the injection speed, a more obvious fibrous structure appeared
in the shear layer, while little change was found in the cortex, suggesting that only a high
enough shear rate could induce the orientation of PVDF molecules. It was this strong shear
action of micro-injection molding that reduced the viscosity of PVDF melt near the wall,
disentangled the PVDF molecular chains and orchestrates the preferential arrangement and
orientation along the flow direction. Moreover, the fast cooling rate in the micro-cavity, i.e.,
0.1 s, further guaranteed the oriented PVDF molecules and so formed the fibrous structure
in the shear layer. However, in the core layer, the shear force was too weak to induce the
formation of the fibrous structure.

Figure 7. SEM images of the core layers and the shear layers of PVDF micro-parts at different injection
speed: the core layer at 100 mm/s (a), 300 mm/s (c) and 500 mm/s (e); the shear layer at 100 mm/s
(b), 300 mm/s (d) and 500 mm/s (f).

The morphologies of GP particles along the melt flow direction in the shear and core
layers of PVDF/GP micro-/macro-parts could be compared from the SEM images of the
fracture surfaces (Figure 8). The short white lines represent GP particles. The GP particles
were uniformly dispersed in the PVDF matrix without obvious aggregations and phase
interfaces, no matter whether in the micro- or macro-parts. In contrast, in the micro-part,
some GP particles presented the significant orientation along the melt flow direction in the
shear layer, but this orientation weakened in the core layer. While in the macro-part, no
obvious orientation of the GP particle was found in both shear and core layers.
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Figure 8. SEM images of the fractured surfaces of the shear layer (a) and the core layer (b) of PVDF/GP
micro-part; the shear layer (c) and core layer (d) of PVDF/GP macro-part. (GP content: 1 wt%).

The formation of this special dispersion of GP particles in the micro-part could be
attributed to its extremely high shear rate, i.e., 106 s−1, almost 2 orders of magnitude higher
than that of conventional injection molding. At such a high shear rate, GP agglomerates
were suffering the high shear force and were liable to be exfoliated, orderly arranged, and
even oriented along the flow direction of the melt. According to the theory of the injection
molding, the shear rate from the center to the wall of the cavity presented a gradient
distribution, i.e., the shear rate in the shear layer was greater than that in the core layer,
resulting in a higher orientation degree of GP particles in the shear layer. In contrast, due
to the relatively low injection speed of conventional injection molding and the large mold
cavity, the shear force imposed on GP particles was too low to induce the orientation of GP
particles along the melt flow direction.

3.4. Melt Behaviors of PVDF/GP Micro-Injection Parts

Figure 9a shows DSC heating curves of PVDF/GP micro-parts at different injection
speeds, and the melting point Tm and crystallinity Xc are listed in Table 1. Significantly,
Tm and Xc of the micro-parts are higher than that obtained from the conventional injection
molding (CIM), and the higher the injection speed, the higher Tm and Xc. For example,
when the injection speed increased from 100 mm/s to 500 mm/s, Tm and Xc of the micro-
part respectively increased from 170.3 ◦C to 173.6 ◦C and 54.0% to 59.1%. Compared with
CIM, much higher shear force was generated during micro-injection molding for its narrow
channel, forcing PVDF molecular chains to preferentially arrange along the melt flow
direction, and induce the formation and growth of the crystal nucleus. Higher injection
speed meant greater shear rate exerted to the melt, making PVDF molecular chains move
more vigorously and be arranged more easily into the crystal lattice to form crystals. The
extremely fast cooling speed (0.1 s) of micro-injection molding allowed the crystal structure
to be maintained, further improving the crystallinity.
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Figure 9. DSC curves of PVDF/GP micro-parts at different injection speeds (a) and different cavity temperature (b) (GP
content: 1 wt%).

Table 1. Thermal analyses of PVDF/GP micro-parts at different injection speeds and different cavity
temperature.

Tm/◦C ∆Hm/J·g−1 Xc

CIM 169.6 55.6 52.9

Injection speed (mm/s)
100 170.3 56.7 54.0
300 171.6 58.6 55.8
500 173.6 62.6 59.1

Cavity temperature ◦C
40 170.5 57.5 54.8
80 171.6 59.6 56.7

120 172.2/180.8 60.1 57.2

Fixing the injection speed, the effects of cavity temperature on the DSC heating curves
of PVDF/GP micro-parts are shown in Figure 9b, and Tm and Xc obtained from the DSC
curve are listed in Table 1. With the increase of the cavity temperature from 40 ◦C to
120 ◦C, both Tm and Xc of the micro-parts increased. As known, higher cavity temperature
was beneficial to the movement and arrangement of PVDF molecular chains into the
crystal lattice, thus, promoting the formation of a more perfect crystal and increasing the
crystallinity of the sample. Strangely, at the cavity temperature of 120 ◦C, a small new
melting peak with the peak temperature of 180.8 ◦C appeared, probably ascribing to the
formation of the γ-phase PVDF with the TTTGTTTG’ conformation. Normally, PVDF has
five crystalline phases, i.e., α, β, γ, δ and ε, among which β-phase with all-trans planar
zigzag (TTT) conformation exhibits quite a high dipole moment, so endows PVDF with
excellent electro-active properties. However, β-phase PVDF is unstable and can only
be obtained under special conditions, e.g., melt at high pressure, mechanical stretching,
etc. [27]. Compared with β-phase, γ-phase presents weaker polarity, but still has strong
electrical properties and a higher melting point, giving its extremely high added value.
γ-phase PVDF could be formed via high temperature crystallization, the addition of the
nucleating agent or in the restricted space. It was possible that under the extremely high
shear force of micro-injection molding, β-phase formed first, then some folded chain
lamellae formed on the surface of β-phase crystals. These lamellae would change into
α-phase or γ-phase according to the temperature [28]. High cavity temperature, e.g., 120 ◦C,
meant high crystallization temperature and low melt cooling rate, providing a long time
for PVDF to crystallize, thus, promoting the formation of the γ-phase with higher melting
temperature [29].
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3.5. Crystal Phases of PVDF/GP Micro-Parts

The crystal phases of the PVDF/GP composite formed during micro-injection molding
were systematically studied by XRD and FTIR tests. As shown in Figure 10a, α-phase
PVDF presents three diffraction peaks, respectively located at 2θ = 18.30◦, 19.90◦ and 26.56◦,
corresponding to (020), (110) and (021) planes. β-phase PVDF only has one overlapping
characteristic peak at 2θ = 20.26◦, i.e., (110) and (200) planes [30]. Obviously, micro-injection
molding promoted the transformation of α-phase to β-phase, making the stronger β-phase
peak at 2θ = 20.26◦ and weaker α-phase peak at 2θ = 26.56◦ appeared in the XRD curves
of micro-parts, compared with CIM. With the increase of the injection speed, the α-phase
peak at 2θ = 26.56◦ weakened further, and even disappeared when injection speed reached
500 m/s.

Figure 10. XRD spectra (a) and FTIR spectra (b) of PVDF/GP micro-parts at different injection speeds (Cavity temperature:
80 ◦C; GP content: 1 wt%).

The FTIR test presented the same changes (Figure 10b), i.e., the characteristic vibra-
tion bands of α-phase at 766 cm−1 and 976 cm−1 weakened, while the β-phase peaks at
840 cm−1 and 1279 cm−1 enhanced. All indicated the increased content of β-phase PVDF
in micro-part, attributing to the high shear force produced by the extremely high micro-
injection speed on PVDF molecular chains, which made PVDF molecular chains untwisted
and stretched along the flow direction, and then provided enough energy for α-phase
with spiral TGTG’ conformation to transform into β-phase with zigzag TTTT all-trans
conformation [31]. Moreover, the fast cooling speed of micro-injection also retarded the
relaxation of the moving PVDF molecular segments, so could retain the generated β-phase.

According to FTIR results, and by using the following equation [30], the relative
content of β-phase (F(β)) in PVDF was calculated, as shown in Figure 11:

F(β) =
Xβ

Xα+Xβ
=

Aβ(
Kβ/Kα

)
Aα + Aβ

(3)

where Xα and Xβ are the crystallinity of α-phase and β-phase; Aα and Aβ represent the adsor-
bance at 766 and 840 cm−1; Kα and Kβ are the adsorption coefficient, Kα = 6.1 × 104 cm2 mol−1,
Kβ = 7.7 × 104 cm2 mol−1.



Polymers 2021, 13, 3292 11 of 14

Figure 11. Relative fraction of β-phase PVDF in PVDF/GP micro-parts at different injection speeds
(Cavity temperature: 80 ◦C; GP content: 1 wt%).

The higher the injection speed, the more the β-phase in PVDF. In the macro-part
(CIM), the β-phase content was only 42%; while in the micro-part, at the injection speed
of 500 mm/s, the β-phase reached 78%, almost two times of the macro-part. In contrast
to micro-injection molding, the conventional injection can only provide low injection
speed, e.g., 35 mm/s, so its shear force was too weak to induce the transformation of
α-phase to β-phase. The cooling rate in the conventional injection was so slow that
even some oriented PVDF molecular chains would relax and recover to α-phase with
the lowest energy, resulting in the failure to obtain high β-phase content. While for
micro-injection molding, its strong shear force destroyed and pulled the original PVDF
spherulites, making PVDF microlites rearranged along the flow direction of the melt,
thus, promoting the transformation of α-phase to β-phase. Inevitably, the relax of PVDF
molecular chains happened during the micro-injection molding, but shear force should be
absolutely dominant, well-maintaining the β-phase crystals induced by stress [32], thus,
endowing the micro-part with high β-phase content.

However, the cavity temperature, which decides the cooling rate, has contrary in-
fluence on the crystal phases of PVDF/GP micro-parts. With the increase of the cavity
temperature, the cooling rate of the melt slowed down, the thermal movement of PVDF
molecular chains became intense, so PVDF molecular chains were more easily disoriented
to form the most stable α-phase, making the α-phase peak at 2θ = 26.56◦ gradually en-
hanced and the β-phase peak at 2θ = 120.26◦ weakened (Figure 12a). This was similar to
the FTIR characteristic peaks of α-phase at 976 and 776 cm−1 as well as β-phase at 840
and 1279 cm−1 (Figure 12b). Strangely, at the cavity temperature of 120 ◦C, the β-phase
at 840 cm−1 broadened and seems to contain a shoulder peak at 833 cm−1. Meanwhile,
another shoulder peak appeared at 1234 cm−1. Both belonged to the γ-phase. The forma-
tion of these γ-phase peaks could be ascribed to the low cooling rate, high crystallization
temperature and long crystallization time at 120 ◦C. [33,34].
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Figure 12. XRD spectra (a) and FTIR spectra (b) of PVDF/GP micro-parts at different cavity temperature (Injection speed:
300 mm/s; GP content: 1 wt%).

3.6. Mechanical Properties of PVDF/GP Micro-Parts

The transformation of the crystal phases has a profound impact on the mechanical
performance of PVDF-based materials. Compared with the macro-part, the micro-part
presented a different fracture behavior, with higher tensile strength and increased elon-
gation at break (Figure 13). Its tensile strength was 57.6 MPa, ~7 MPa higher than that
of the macro-part, attributing to the special orientation structure and higher crystallinity.
Its elongation at break reached 53.6%, ~227% higher that of the macro-part. This could
be ascribed to the greatly enhanced β-phase with high polarity and fibrous shape in the
micro-part (high to 78%, almost 2 times of that of the macro-part), which endowed the
micro-part with more efficiency energy dissipation under the stress field [35], so greatly
increased the toughness of the micro-part.

Figure 13. Stress-strain curves of PVDF/GP macro- and micro-parts (GP content: 1 wt%).
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4. Conclusions

The filling behaviors and the structure evolution of the PVDF/GP composites during
the extremely narrow channel of micro-injection molding were systematically studied.
Under proper parameters, the complete filling of the composite as well as the micro-
part with good replication and dimensional stability were achieved. Compared with
conventional injection molding, the extremely high injection speed and small cavity brought
high shear force and cooling rate for the composite melt, leading the obvious “skin-core”
structure of the micro-parts and the orientation of both PVDF and GP in the shear layer,
which was not observed in the macro-parts. The different structure of the micro-parts from
the macro-parts endowed them with a higher melting point and crystallinity, which was
further increased with the increase of the injection speed and cavity temperature. The high
shear force field of micro-injection could induce the transformation of α-phase PVDF to
β-phase, and the higher the injection speed, the more the β-phase content. At the injection
speed of 500 mm/s, the β-phase content reached 78%, almost 2 times that of the macro-
part. However, with the increase of cavity temperature, the unstable β-phase gradually
transferred to α-phase, even γ-phase, for the enhanced movability of PVDF molecular
chains. The micro-part had the higher tensile strength (57.6 MPa) and elongation at break
(53.6%) than those of the macro-part due to its increased crystallinity and β-phase content.

Author Contributions: Data curation, W.G.; Formal analysis, Z.L.; Funding acquisition, L.L.; Method-
ology, Y.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 51773121.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are grateful to the financially supported of the National Natural Science
Foundation of China (51773121).

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

References
1. Li, Y.; Yuan, J.; Xue, J.; Cai, F.; Chen, F.; Fu, Q. Towards suppressing loss tangent: Effect of polydopamine coating layers on

dielectric properties of core–shell barium titanate filled polyvinylidene fluoride composites. Compos. Sci. Technol. 2015, 118,
198–206. [CrossRef]

2. Rafiee, P.; Khatibi, G.; Zehetbauer, M. A review of the most important failure, reliability and nonlinearity aspects in the
development of microelectromechanical systems (MEMS). Microelectron. Int. 2017, 34, 9–21. [CrossRef]

3. Yang, C.; Yin, X.-H.; Cheng, G.-M. Microinjection molding of microsystem components: New aspects in improving performance.
J. Micromechanics Microengineering 2013, 23, 093001. [CrossRef]

4. Yokota, S. A review on micropumps from the viewpoint of volumetric power density. Mech. Eng. Rev. 2014, 1, DSM0014.
[CrossRef]

5. Whiteside, B.; Martyn, M.; Coates, P.; Greenway, G.; Allen, P.; Hornsby, P. Micromoulding: Process measurements, product
morphology and properties. Plast. Rubber Compos. 2004, 33, 11–17. [CrossRef]

6. Weng, C.; Ding, T.; Zhou, M.; Liu, J.; Wang, H. Formation Mechanism of Residual Stresses in Micro-Injection Molding of PMMA:
A Molecular Dynamics Simulation. Polymers 2020, 12, 1368. [CrossRef]

7. Fischer, M.; Pöhlmann, P.; Kühnert, I. Morphology and mechanical properties of micro injection molded polyoxymethylene
tensile rods. Polym. Test. 2019, 80, 106078. [CrossRef]

8. Liao, T.; Zhao, X.; Yang, X.; Coates, P.; Whiteside, B.; Barker, D.; Thompson, G.; Lai, Y.; Jiang, Z.; Men, Y. In situ synchrotron small
angle X-ray scattering investigation of structural formation of polyethylene upon micro-injection molding. Polymers 2021, 215,
123390. [CrossRef]

9. Mi, D.; Xia, C.; Jin, M.; Wang, F.; Shen, K.; Zhang, J. Quantification of the Effect of Shish-Kebab Structure on the Mechanical
Properties of Polypropylene Samples by Controlling Shear Layer Thickness. Macromolecules 2016, 49, 4571–4578. [CrossRef]

10. De Meo, A.; De Santis, F.; Pantani, R. Dynamic local temperature control in micro-injection molding: Effects on poly(lactic acid)
morphology. Polym. Eng. Sci. 2018, 58, 586–591. [CrossRef]

http://doi.org/10.1016/j.compscitech.2015.09.004
http://doi.org/10.1108/MI-03-2015-0026
http://doi.org/10.1088/0960-1317/23/9/093001
http://doi.org/10.1299/mer.2014dsm0014
http://doi.org/10.1179/146580104225018346
http://doi.org/10.3390/polym12061368
http://doi.org/10.1016/j.polymertesting.2019.106078
http://doi.org/10.1016/j.polymer.2021.123390
http://doi.org/10.1021/acs.macromol.6b00822
http://doi.org/10.1002/pen.24784


Polymers 2021, 13, 3292 14 of 14

11. Wang, Q.; Xia, H.; Chen, Y.; Li, L.; Chen, N.; Fei, G. Preparation and Micro Injection Molding Processing of Polymer Based
Mi-cro/Nanocomposites. Mater. China 2014, 33, 224–231. [CrossRef]

12. Dekel, Z.; Kenig, S. Micro-Injection Molding of Polymer Nanocomposites Composition-Process-Properties Relationship. Int.
Polym. Process. 2021, 36, 276–286. [CrossRef]

13. Lee, J.H.; Park, S.H.; Kim, S.H.; Ito, H. Replication and surface properties of micro injection molded PLA/MWCNT nanocompos-
ites. Polym. Test. 2020, 83, 106321. [CrossRef]

14. Bongiorno, A.; Pagano, C.; Baldi, F.; Bellantone, V.; Surace, R.; Fassi, I. Micro-injection molding of CNT nanocomposites obtained
via compounding process. Polym. Compos. 2017, 38, 349–362. [CrossRef]

15. Serrano-Garcia, W.; Jayathilaka, D.; Chinnappan, A.; Tran, T.Q.; Baskar, C.; Thomas, S.W.; Ramakrishna, S. Nanocomposites for
electronic applications that can be embedded for textiles and wearables. Sci. China Ser. E Technol. Sci. 2019, 62, 895–902. [CrossRef]

16. Tran, T.Q.; Lee, J.K.Y.; Chinnappan, A.; Jayathilaka, D.; Ji, D.; Kumar, V.V.; Ramakrishna, S. Strong, lightweight, and highly
conductive CNT/Au/Cu wires from sputtering and electroplating methods. J. Mater. Sci. Technol. 2020, 40, 99–106. [CrossRef]

17. Martins, P.; Caparros, C.; Gonçalves, R.; Benelmekki, M.; Botelho, G.; Lanceros-Mendez, S. Role of Nanoparticle Surface Charge
on the Nucleation of the Electroactive β-Poly(vinylidene fluoride) Nanocomposites for Sensor and Actuator Applications. J. Phys.
Chem. C 2012, 116, 15790–15794. [CrossRef]

18. Wang, B.; Huang, H.-X. Incorporation of halloysite nanotubes into PVDF matrix: Nucleation of electroactive phase accompany
with significant reinforcement and dimensional stability improvement. Compos. Part A Appl. Sci. Manuf. 2014, 66, 16–24.
[CrossRef]

19. Feng, Y.; Wu, Q.; Deng, Q.; Peng, C.; Hu, J.; Xu, Z. High dielectric and breakdown properties obtained in a PVDF based
nanocomposite with sandwich structure at high temperature via all-2D design. J. Mater. Chem. C 2019, 7, 6744–6751. [CrossRef]

20. Zhang, C.; Li, Y.; Kang, W.; Liu, X.; Wang, Q. Current advances and future perspectives of additive manufacturing for functional
polymeric materials and devices. SusMat 2021, 1, 127–147. [CrossRef]

21. Soin, N.; Zhao, P.; Prashanthi, K.; Chen, J.; Ding, P.; Zhou, E.; Shah, T.; Ray, S.C.; Tsonos, C.; Thundat, T.; et al. High performance
triboelectric nanogenerators based on phase-inversion piezoelectric membranes of poly(vinylidene fluoride)-zinc stannate
(PVDF-ZnSnO3) and polyamide-6 (PA6). Nano Energy 2016, 30, 470–480. [CrossRef]

22. Zhang, H.; Lu, H.; Liu, Z.; Li, L. Preparation of High-Performance Polyvinylidene Fluoride Films by the Combination of
Simultaneous Biaxial Stretching and Solid-State Shear Milling Technologies. Ind. Eng. Chem. Res. 2020, 59, 18539–18548.
[CrossRef]

23. Zhang, H.; Zhu, Y.; Li, L. Fabrication of PVDF/graphene composites with enhanced β phase via conventional melt processing
assisted by solid state shear milling technology. RSC Adv. 2020, 10, 3391–3401. [CrossRef]

24. Wang, Q.; Cao, J.; Huang, J.; Xu, X. A study on the pan-milling process and the pulverizing efficiency of pan-mill type equipment.
Polym. Eng. Sci. 1997, 37, 1091–1101. [CrossRef]

25. Martins, P.; Costa, C.M.; Lanceros-Mendez, S. Nucleation of electroactive β-phase poly(vinilidene fluoride) with CoFe2O4 and
NiFe2O4 nanofillers: A new method for the preparation of multiferroic nanocomposites. Appl. Phys. A 2011, 103, 233–237.
[CrossRef]

26. Annicchiarico, D.; Attia, U.; Alcock, J.R. Part mass and shrinkage in micro injection moulding: Statistical based optimisation
using multiple quality criteria. Polym. Test. 2013, 32, 1079–1087. [CrossRef]

27. Xu, D.; Zhang, H.; Pu, L.; Li, L. Fabrication of Poly(vinylidene fluoride)/Multiwalled carbon nanotube nanocomposite foam via
supercritical fluid carbon dioxide: Synergistic enhancement of piezoelectric and mechanical properties. Compos. Sci. Technol. 2020,
192, 108108. [CrossRef]

28. Wang, H.-J.; Feng, H.-P.; Wang, X.-C.; Du, Q.-C.; Yan, C. Crystallization kinetics and morphology of poly(vinylidene fluo-
ride)/poly(ethylene adipate) blends. Chin. J. Polym. Sci. 2014, 33, 349–361. [CrossRef]

29. Lopes, A.C.; Costa, C.M.; Tavares, C.J.; Neves, I.C.; Lanceros-Mendez, S. Nucleation of the Electroactive γ Phase and Enhancement
of the Optical Transparency in Low Filler Content Poly(vinylidene)/Clay Nanocomposites. J. Phys. Chem. C 2011, 115, 18076–
18082. [CrossRef]

30. Martins, P.; Lopes, A.; Lanceros-Mendez, S. Electroactive phases of poly(vinylidene fluoride): Determination, processing and
applications. Prog. Polym. Sci. 2014, 39, 683–706. [CrossRef]

31. Bai, F.; Chen, G.; Nie, M.; Wang, Q. Assistant effect of poly(methyl methacrylate)-grafted carbon nanotubes on the beta polymorph
of poly(vinylidene fluoride) during microinjection. RSC Adv. 2015, 5, 54171–54174. [CrossRef]

32. Chen, G.; Nie, M.; Wang, Q. Microinjection of poly(vinylidene fluoride) in the presence of various additives. J. Vinyl Addit. Technol.
2018, 24, 103–108. [CrossRef]

33. Miyazaki, T.; Takeda, Y.; Akasaka, M.; Sakai, M.; Hoshiko, A. Preparation of Isothermally Crystallized γ-Form Poly(vinylidene
fluoride) Films by Adding a KBr Powder as a Nucleating Agent. Macromolecules 2008, 41, 2749–2753. [CrossRef]

34. Sajkiewicz, P. Crystallization behaviour of poly(vinylidene fluoride). Eur. Polym. J. 1999, 35, 1581–1590. [CrossRef]
35. Shah, D.; Maiti, P.; Gunn, E.; Schmidt, D.; Jiang, D.D.; Batt, C.A.; Giannelis, E.P. Dramatic Enhancements in Toughness of

Polyvinylidene Fluoride Nanocomposites via Nanoclay-Directed Crystal Structure and Morphology. Adv. Mater. 2004, 16,
1173–1177. [CrossRef]

http://doi.org/10.7502/j.issn.1674-3962.2014.04.04
http://doi.org/10.1515/ipp-2020-4065
http://doi.org/10.1016/j.polymertesting.2019.106321
http://doi.org/10.1002/pc.23593
http://doi.org/10.1007/s11431-018-9436-6
http://doi.org/10.1016/j.jmst.2019.08.033
http://doi.org/10.1021/jp3038768
http://doi.org/10.1016/j.compositesa.2014.07.001
http://doi.org/10.1039/C9TC01378D
http://doi.org/10.1002/sus2.11
http://doi.org/10.1016/j.nanoen.2016.10.040
http://doi.org/10.1021/acs.iecr.0c03383
http://doi.org/10.1039/C9RA09459H
http://doi.org/10.1002/pen.11754
http://doi.org/10.1007/s00339-010-6003-7
http://doi.org/10.1016/j.polymertesting.2013.06.009
http://doi.org/10.1016/j.compscitech.2020.108108
http://doi.org/10.1007/s10118-015-1585-3
http://doi.org/10.1021/jp204513w
http://doi.org/10.1016/j.progpolymsci.2013.07.006
http://doi.org/10.1039/C5RA08397D
http://doi.org/10.1002/vnl.21532
http://doi.org/10.1021/ma702691c
http://doi.org/10.1016/S0014-3057(98)00242-0
http://doi.org/10.1002/adma.200306355

	Introduction 
	Experimental 
	Materials 
	Sample Preparation 
	Characterization 

	Results and Discussion 
	Filling Behaviors of PVDF/GP Composites during the Extremely Narrow Channel 
	Reproducibility of PVDF/GP Micro-Injection Parts 
	Morphologies of PVDF/GP Micro-Injection Parts 
	Melt Behaviors of PVDF/GP Micro-Injection Parts 
	Crystal Phases of PVDF/GP Micro-Parts 
	Mechanical Properties of PVDF/GP Micro-Parts 

	Conclusions 
	References

