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a b s t r a c t
A hybrid process combining ultrasonic injection molding and electrical discharge machining was proposed to realize the economic, high-precision, and environmental-friendliness production of glass fiber
reinforced polypropylene microstructured parts. First, the prism array microstructures were processed
on tungsten carbide-cobalt (WC-8 wt% Co) substrate by low-speed wire electrical discharge machining
and used as the mold core. Then, the glass fiber reinforced polypropylene composite (GF/PP) was melted
under ultrasonic vibration, and the surface microstructure of the mold core was replicated. The experimental results show that this method can efficiently and accurately manufacture microstructured parts,
and the microstructure has a high replication rate up to 95.5%. By replicating the microstructure, the surface contact angle of GF/PP parts increased from 57.1° to 134.9°, and the wettability changed from
hydrophilicity to hydrophobicity. The mechanical properties test results show that the GF/PP parts fabricated by ultrasonic injection molding had excellent mechanical properties, and the 30% GF/PP parts
show the highest tensile strength of 56.9 MPa. This work provides a new option for fabricating fiber reinforced composite parts.
Ó 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
In the trend of product miniaturization, micromachining technology has been further developed. Typical micromachining techniques include precision turning, micro-milling, precision
grinding, and micro-electrical discharge machining [1]. These
micromachining techniques have been widely applied in microelectromechanical systems, aviation, automotive, and biomedical
engineering due to their low energy consumption, high material
utilization, high production efficiency and near-net-shape characteristic [2–4]. Processing ordered array microstructures on the surface of material can make the material obtain many valuable
properties, such as wettability [5], antibacterial [6], optical properties [7], and these ordered microstructures with special functions
have attracted great interest in research. Micromachining technology is particularly suitable for the fabrication of array microstructures due to its high dimensional accuracy and the ability to
process complex shapes.
Polymers are widely selected as raw materials for micro parts
because of their low cost, light weight, and excellent machinability.
⇑ Corresponding author.

Conventional polymer parts molding process mainly includes hot
embossing [8], injection molding [9], and extrusion [10]. When
fabricating large size parts, these processes have highly molding
efficient and can achieve mass production. However, when the size
of parts is small, such as micron level, these methods appear to be
somewhat unsatisfactory, prone to defects such as difficult filling,
low dosage accuracy, high material waste, and low dimensional
accuracy. Therefore, it is necessary to develop processing methods
suitable for polymer micro molding.
Power ultrasonics uses the energy of ultrasonic vibrations to
change some properties of an object [11]. Ultrasonic energy is
widely used in welding processes because it can instantly soften
the polymer surface for fast bonding [12]. By taking advantage of
this characteristic of ultrasound, the ultrasonic injection molding
process has been developed. Compared with conventional hot
embossing, ultrasonic injection molding does not require repeated
heating and cooling of the mold, which significantly improves productivity; compared with injection molding, it does not have a
complex flow channel design and does not require external heating
devices, reducing material and energy consumption [13]. Masato
et al. [14] compared the ultrasonic injection molding process with
the conventional injection molding process. The overall mechanical properties of the samples obtained by the ultrasonic injection
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according to a predetermined path. Oil-based dielectric fluid provides a machining environment free of outside air, preventing
external oxygen from affecting the machined surface and taking
away the machining debris. To improve the surface quality of the
die core, a multi-cutting method must be used to process the workpiece, with rough cutting first, followed by trim cutting at low
energy.

molding process were not only comparable to those of the samples
obtained by the injection molding process, but even exhibited significant improvement. Masato et al. concluded that the ultrasonic
injection molding process is an effective alternative to the conventional method. Liang et al. [15,16] analyzed the surface morphologies of samples fabricated at different process parameters, and
obtained the influence of process parameters on the quality of
plastic parts. Sanchez-Sanchez et al. [17] fabricated UHMWPE tensile specimens by ultrasonic injection molding process and investigated the effects of process parameters on the structure,
degradation, and mechanical properties of UHMWPE. Jiang et al.
[18] investigated the flow characteristics of polymer melts and
their filling capacity under the parameters of ultrasonic amplitude,
ultrasonic action time, plasticizing pressure, and mold temperature. They concluded that ultrasonic injection molding was useful
in filling high-aspect ratio microcavities.
The successful application of ultrasonic injection molding has
provided more options for processing polymer materials. Glass
fibers reinforced polypropylene composite (GF/PP) is a material
with excellent properties and generally used to replace wood and
steel [19]. Compared with pure polypropylene, its mechanical
strength, rigidity, impact strength, creep resistance and fatigue
resistance show better mechanical properties; Compared with
metal materials, it has the characteristics of low density, light
weight, high specific strength, corrosion resistance and easy molding [20]. These excellent properties indicate its broad application
prospects. However, there are few reports on methods for processing GF/PP composite microparts.
In this work, an ultrasonic injection molding process using lowspeed wire electrical discharge machining (WEDM-LS) machined
mold cores was presented to obtain GF/PP parts. Optimal process
parameters for ultrasonic injection molding were used to replicate
the microstructure of the mold core surface to the polymer composite surface. The static contact angle (CA) was evaluated the wettability of the replicated polymer composite surface. The
mechanical properties and replication capability of GF/PP parts
fabricated by ultrasonic injection molding process was investigated. As well be revealed, the fabrication of composite microstructured parts by ultrasonic injection molding is a high-precision,
economic and environmentally friendly method with potential
applications prospects.

2.3. Ultrasonic injection molding process
Fig. 2 shows a schematic of the ultrasonic injection molding
process. Ultrasonic injection molding of GF/PP was performed on
an ultrasonic welding machine (2000XCT, Branson, USA). The
machine delivers ultrasonic waves at a frequency of 20 kHz with
a maximum output of 2500 W. The ultrasonic injection molding
process consists of preparation work, ultrasonic plasticizing, packing stage, and demolding. First, the mold is assembled and fixed
onto the machine platform, and the charging barrel hole in the
upper plate is filled with a certain mass of GF/PP pellets. Second,
set parameters on the control panel, then start the ultrasonic welding machine. GF/PP pellets melted under the action of ultrasonic
vibration, and the melt filled into the mold cavity with the downward movement of the ultrasonic sonotrode. Finally, the melt is
cooled under a certain pressure, and the GF/PP part is removed
from the mold. The process parameters are listed in Table 1.
2.4. Characterization
The surface topography of the mold core and microstructured
parts was obtained by scanning electron microscopy (SEM, Quanta
FEG450, FEI, USA). The instrument was also used to observe the
fracture topography of the tensile specimens. Because the specimens are non-conductive materials, they were gold-sprayed before
observation. The three-dimensional morphology and dimensional
data of the mold core and microstructured parts were obtained
by a laser scanning confocal microscope (VK-X250K, Keyence,
Japan).
The tensile specimens were tested at room temperature using a
universal material testing machine (Z050, ZwickRoell, Germany).
The specimens were non-standard tensile specimens, fixed using
custom-made fixtures, and tensile speeds is 2 mm/min. To ensure
the reliability of the data, the samples with different glass fiber
contents were tested five times and the final data were composed
of the average and deviation of the measured data.
The CA of the microstructure surface was measured using a droplet shape analyzer (DSA100S, Krüss, Germany). The measurement
liquid was deionized water with a volume of 2 mL, and the measurement method was the sessile drop method [22]. The surface
of each microstructured part was measured at three different positions, and the averages of the measured data were taken as the
final data.

2. Experimental details
2.1. Materials
The raw material was glass fiber reinforced polypropylene (GF/
PP) produced by Hanwha Total Petrochemical Co., Ltd., and the
glass fiber content was 10%, 20% and 30%, respectively.
The raw material of the mold core is WC-8 wt% Co composite
produced by Zhuzhou Cemented Carbide Group Co., Ltd., China.
This material is an ideal die material because of its excellent
mechanical properties such as high hardness, good thermal stability and high precision.

3. Results and discussion
3.1. Surface morphology of mold core

2.2. Design and processing of mold core
As shown in Fig. 3, the WC-8 wt% Co mold core with prism array
microstructures on the surface were processed by controlling the
motion trajectory of the wire electrode. The width and height of
the single prism are 123.15 ± 0.59 lm and 193.17 ± 0.31 lm
respectively, and the spacing between the prisms is 156.18 ± 0.5
7 lm. It can be observed in the partial amplification diagram that
sub-micron discharge pits generated by spark discharge corrosion
are distributed on the surface of the mold core. After measurement,
the upper and lower surface roughness Ra of the microstructure

WEDM-LS is widely used in the field of difficult-to-machine
materials because there is no mechanical force between workpiece
and electrode in the machining process [21]. Therefore, WEDM-LS
is one of the effective methods for processing WC-8 wt% Co mold
core.
Fig. 1 shows the process of mold core by WEDM-LS (AP250LS,
Sodick, Japan). During the machining process, a brass wire with a
diameter of 100 lm was discharged to the WC-8 wt% Co substrate
2
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Fig. 1. Design and processing of mold core.

Fig. 2. Schematic diagram of ultrasonic injection molding process.

Table 1
Process parameters for ultrasonic injection molding.
Process parameter

Ultrasonic energy (J)

Weld pressure (kPa)

Hold time (s)

Amplitude (lm)

Values

600/900/1200

110

8

37.5

3
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Fig. 3. The WC-8 wt% mold core: (a) prism array microstructure; (b) the cross-sections profile of mold; (c) the surface morphology of mold after WEDM-LS.

are 0.43 lm and 1.24 lm, respectively. The surface quality of the
lower surface is lower than that of the upper surface due to the
structural limitation of the cylindrical wire electrode and the influence of concentrated discharge [23], so the roughness of the upper
and lower surfaces is inconsistent.

eter, which describes the replication rate of GF/PP part surface
microstructure under the ultrasonic injection molding process, is
proposed as:

a¼

3.2. Microstructure replication by GF/PP ultrasonic injection molding.

H1
 100%
H2

ð1Þ

where H1 is the height of the GF/PP microstructure and H2 is the
height of the prism of the mold core (Fig. 4d). Fig. 4c shows the
height measurement results of the surface microstructure of 10
GF/PP parts, and the mean value of heights is 184.47 ± 1.49 lm.
According to formula (1), the calculated a value is 95.5%. The large
value of the parameter indicates excellent filling ability during
ultrasonic injection.

The WC-8 wt% Co with prism array microstructure described in
the above section is used as the mold core, and the 30% GF/PP pellets were used to replicate the microstructure from mold core by
ultrasonic injection molding. Fig. 4a shows the GF/PP microstructured part fabricated under different ultrasonic energy. When the
ultrasonic energy was 600 J, only a small amount of melt filled into
the gap between the prisms, and the height of the rectangular grid
microstructure on the surface of the GF/PP part was low. When the
ultrasonic energy increases to 800 J, more melt filled into the gap
between the prisms, the surface microstructure of the GF/PP part
was visible, and the height of the microstructure increased. When
the ultrasonic energy was 1200 J, the gap between the prisms was
filled, and the surface rectangular grid array microstructure of the
GF/PP part was clear and complete.
Insufficient ultrasonic energy can only melt a small part of GF/
PP pellets, and most GF/PP pellets are only bonded together in the
mold cavity. At this time, there are clear pellet boundaries and
large voids on the surface. Therefore, the microstructure of the
mold core surface is not replicated completely. Sufficient ultrasonic
energy makes the GF/PP pellets melt in a short time, and the
macromolecules have enough freedom of movement in the molten
state, which is beneficial to the melt flowing into the mold cavity.
At the same time, the 20 kHz high-frequency ultrasonic vibration
excited the diffusion and interpenetration of the chain at the interface [24], which makes the fabricated GF/PP parts with a stable
welding effect (Fig. 4b).
In order to evaluate the forming quality of the GF/PP parts, the
surface roughness and microstructure depth of GF/PP parts are the
main criterion. The upper surface roughness Ra of GF/PP parts was
0.94 lm, and the lower surface roughness Ra was 0.62 lm, which
are lower than the mold core machined by WEDM-LS. An a param-

3.3. Wettability on microstructure surfaces of GF/PP parts
It is well known that the surface wettability of a material is
related to its surface structure and activation energy. There, by
constructing a microstructure on the material surface, the surface
can be made to have a certain wettability [25].
Fig. 5 shows the optical images of the CA on the structure-free
surface and rectangular grid microstructure surface. The CA on
the structure-free surface was 57.1°, and the CA on the rectangular
grid microstructure surface was 134.9°. The measurement results
show that the structure-free surface exhibits hydrophilicity, but
after constructing the microstructure on the surface, it exhibits
good hydrophobic properties. This result indicates that the construction of microstructures on the surface can change the
hydrophobicity of the specimen surface. The diffusion and spreading of droplets on a solid surface are related to the surface topography of the solid [26]. As described by Cassie-Baxter model,
some air is trapped in the rectangular grid microstructure, and
the bottom of the droplet forms a solid–liquid-gas interface, which
may give rise to the hydrophobicity of the surface (Fig. 5c). In addition, the movement of the droplets is blocked by the rectangular
grid microstructure, and the resistance or energy barrier for the
droplets to cross the adjacent grid microstructure is large; therefore, the CA is large than that of the structure-free surface.
4
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Fig. 4. GF/PP part: (a) surface morphology evolution of GF/PP parts under different ultrasonic energy; (b) process of pellets melting; (c) comparison of microstructure height
of GF/PP Parts; (d) cross-sectional profile of mold core microstructure and GF/PP part microstructure.

Fig. 5. The optical photos of WCA on GF/PP parts surfaces and model schematic: (a) structure-free surface; (b) rectangular grid microstructure surface; (c) the state of
droplets on the surface of the microstructure.

process, GF/PP tensile specimens with glass fiber content of 10%,
20%, and 30% were fabricated by using the parameters in the previous section that can completely fabricated GF/PP microstructure
parts.

3.4. Mechanical properties
In general, the properties of GF/PP parts are closely related to
fiber orientation and content. To investigate the mechanical properties of GF/PP parts fabricated by ultrasonic injection molding
5
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Fig. 6. (a) Sampling position of GF/PP tensile sample, (b)-(d) fiber orientation state of samples with different glass fiber contents.

reached 56.9 MPa, and the tensile strength is increased by 43.4%.
While the elongation at break of tensile samples decreased from
256.7% (pure PP) to 45.5% MPa (30% GF/PP sample). The experimental results show that the glass fibers with high strength properties play a role in skeleton reinforcement, and the tensile
strength almost shows a linear growth with the increase of glass
fiber content. Since glass fiber is a rigid material with high tensile
strength, its limited deformation leads to low elongation at break
of GF/PP composites [27]. Therefore, plastic deformation occurred
in pure PP tensile specimen during tensile loading, and GF/PP tensile specimen showed brittle fracture.
Fig. 8 shows the SEM image of the tensile fracture surface. It can
be seen from the figure that when the glass fiber content is low,
glass fiber aggregation occurs and its distribution in the matrix is
poor. In addition, the fracture surface is flat and there are more
voids, indicating that most glass fibers are pulled out of the matrix
during tensile testing. In this case, the glass fiber bears less force.
When the glass fiber content is high, the fracture surface is not flat
and distributed with the mesh structure formed by the interlacing
of glass fibers. During the tensile test, the stress on the sample was
transferred from the PP matrix to the glass fiber until the glass fiber
broke. Therefore, the tensile strength of the sample is also
improved with the increase of glass fiber content.

3.4.1. Orientation of glass fiber
Fig. 6a shows the sampling position of the GF/PP tensile sample.
The obtained sample was packaged with resin and then polished.
Fig. 6b-d are the cross-sectional microscopic photograph of samples. To facilitate observation, the contrast and grayscale parameters of the photograph were adjusted. When the glass fiber
content is 10%, the orientation state of glass fiber is mainly circular
cross-section. With the increase of glass fiber content, the circular
cross-section in the glass fiber orientation state decreases, the
elliptical cross-section increases and the sizes varied. For the above
experimental phenomena, the analysis shows that when the glass
fiber content is low, the ultrasonic energy mainly acts on the polymer matrix. The ultrasonic vibration enhances the creep of molecular chains and improves the fluidity of the melt, which makes the
glass fibers easily oriented along the direction of solution flow.
When the glass fiber content is high, the ultrasonic energy directly
acts on the glass fiber. The increased kinetic energy causes the
change of glass fiber movement. The fiber has a certain tilt rotation
in the flow direction of the solution, and the orientation of the glass
fiber is weakened, showing an irregular distribution.
3.4.2. Tensile test
Fig. 7a shows the pictures of pure PP and 10%, 20%, and 30% GF/
PP tensile samples before and after testing. The tensile strength
and elongation at break are recorded in Fig. 7b and Table 2. The
fracture process of tensile samples can be divided into three stages.
Starting from elastic deformation, it occurs at low load on PP
matrix and glass fiber. Then, with the increase of load, cracks first
appear on the PP matrix in the middle of the sample, in which glass
fiber bears most of the load. Finally, the fiber breaks or pulls out.
According to the experimental data, the tensile strength of pure
PP is 31.1 MPa. When the glass fiber content is 10%, the tensile
strength of the tensile sample is 40.3Mpa, which is about 29.6%
higher than that of pure PP. When the glass fiber content is 20%,
the tensile strength of the tensile sample is 44.6 MPa. When the
glass fiber content is 30%, the tensile strength of the tensile sample

4. Conclusions
In this study, a method for fabricating GF/PP microstructured
parts by ultrasonic injection molding was investigated. The following conclusions are drawn from the experimental results and
analysis:
(1) The WC-8 wt% Co with prism array microstructures were
processed through WEDM-LS. GF/PP pellets melt under
ultrasonic energy and directly replicate the surface
microstructure of the mold core. The experimental results
show that the smaller ultrasonic energy does not fully melt
6
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Fig. 7. (a) Tensile samples; (b) tensile strength and elongation at break of tensile samples.

the material, and the fabricated GF/PP parts are incomplete.
The larger ultrasonic energy melts the material sufficiently,
and the melt replicate the surface microstructure of the
mold core. The replication rate of the microstructured parts
is nearly 95.5%, showing excellent replication ability of GF/
PP under ultrasonic injection molding.
(2) Using ultrasonic injection molding to fabricate microstructures on the surface, the CA was increased from 57.1° to
134.9° to achieve a transformation from hydrophilic to

Table 2
Tensile properties.
Glass fiber content (%)

Tensile strength (MPa)

Elongation at break (%)

0
10
20
30

31.14
40.34
44.64
56.92

256.73 ± 22.85
58.95 ± 3.21
50.24 ± 3.15
45.49 ± 1.93

±
±
±
±

1.92
1.74
0.93
2.74

Fig. 8. The SEM images of tensile fracture surface: (a) 10% GF/PP; (b) 20% GF/PP; (c) 30% GF/PP.
7

X. Liang, Y. Liu, Z. Liu et al.

Materials & Design 205 (2021) 109771

hydrophobic surfaces, and this result made it possible for
ultrasonic injection molding to fabricate hydrophobic surfaces rapidly.
(3) The mechanical properties of GF/PP parts fabricated by
ultrasonic injection molding are closely related to the orientation and content of glass fiber. For the 10% GF/PP sample,
the glass fiber was oriented along the direction of the solute
flow. With the increase of glass fiber content, the ultrasonic
energy directly acts on the glass fiber, resulting in fiber tilt
rotation and irregular distribution. The tensile experimental
results showed that the tensile strength of 10%, 20% and 30%
GF/PP were 40.3 MPa, 44.6 MPa, and 56.9 MPa, and the elongation at break was 58.9%, 50.2%, and 45.5%, respectively.
With the increase of glass fiber content, the high strength
glass fiber plays a role in skeleton reinforcement, and the
tensile strength of the sample almost increases linearly.
While glass fiber is a rigid material, its limited deformation
variation leads to a relatively low elongation at break.
(4) To optimize the quality and stability of GF/PP ultrasonic
injection molding parts, more cycles and thermal properties
of GF/PP parts are good indicators. Further research on ultrasonic injection molding of fiber reinforced composites is
underway.
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