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Abstract
Micro components processed by injection molding still have a defect of bad precision and short life. A Zr- based metallic glass
was reported for injection mold insert which can solve the problem well. The microstructure of metallic glass mold insert can be
fabricated by wire electrical discharge machining-low speed (WEDM-LS), WEDM-LS has higher machining accuracy than
WEDM-high speed, and X-ray diffraction curves show that the processed sample still retained better amorphous characteristic,
afterward, time-temperature-transformation diagram shows metallic glass has a long service life in production. Finally, under the
observe of scanning electron microscope, it is found that the products after injection molding not only completely replicates the
structure onmetallic glass but also have a better surface morphology. These experiments show that processing a sophisticated and
durable Zr-based metallic glass mold by WEDM-LS is good for getting micro structure injection of polymers. It also provides a
good mold material and machining method for injection industry.

Keywords Metallic glass . Microstructure . Wire electrical discharge machining-low speed . X-ray diffraction .

Time-temperature-transformation

1 Introduction

The development of micro-electro-mechanical systems
(MEMS) and micro-systems requires reliable large-scale
manufacturing processes to fabricate micro-components with
micron/nano-scale characteristics (Zhang et al. 2012a, b).
Although the micro-structure technology of metal devices is
relatively mature, there are still shortcomings of time-
consuming and high cost. Compared with metal devices, plas-
tic devices not only have the advantages of lighter weight
which the quality of a plastic device is about 1/6 of the same
volume of metal but also easier to produce (usually less
than10s to form a product). Therefore, plastic micro devices
have ushered in a spring, they are widely used in MEMS and

have been widely studied and applied in biology, physics,
optics and so on (Heckele and Schomburg 2004; Mitcheson
et al. 2004; Yi et al. 2008). At present, most of micro plastic
devices are manufactured by injection molding, however,
there is still a problem about the accuracy and life of mold
used for producingmicro injection devices, at the same time, it
also puts forward higher requirements for mechanical proper-
ties of materials and more efficient processing technology.

Because bulk metallic glasses (BMGs) exhibits superior
mechanical properties like high yield strength, elasticity, hard-
ness and fracture toughness, high wear and corrosion resis-
tance (Argon 1979; Inoue 2000; Ashby and Greer 2006;
Lewandowski and Greer 2006; Eckert et al. 2007; Chen
2008; Wang 2012), making it an ideal material for microstruc-
tures injection molding. To explore a suitable BMG for micro
injection molding process, many researchers have studied it
from the aspects of preparation, material, forming technology
and so on (Guo et al. 2009; Wang et al. 2009; Liu et al. 2011;
Ma et al. 2012; Hu and Yan 2016). Compared to conventional
machining methods, single point diamond turning, die-casting
and hot embossing methods of BMGs in the supercooled liq-
uid region (Saotome et al. 2001; Schroers 2005; Wiest et al.
2009; Johnson et al. 2011), all have successfully fabricated
micro/nano-scale structures such asmicro-gear, microchannel,
superhydrophobic structure and so on. Zhang, N et al. (Zhang
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et al. 2012a, b) reported that the service life of Zr-based BMG
as a mold insert can reach 20,000 cycles without affecting the
precision of plastic parts. These shows that the inset using
metallic glass as injection mold has predictable great future
in injection direction. However, when using these methods to
form microstructures, there are some shortcomings such as
high processing cost, limited processing size, and because
the materials are exposed to air, the oxidation and crystalliza-
tion of BMG is easy to occur with the increase of processing
temperature. Therefore, a new process of lower cost and more
efficiency has been proposed to produce microstructures and
avoid oxidation in BMG mold inset.

Wire electrical discharge machining-low speed (WEDM-LS)
as a new process for machining Zr-based BMG microstructures.
It is a process of heating, melting and curing metallic glass by
discharge (Mingqi et al. 2005; Hu and Yan 2015). If unsuitable
heating and cooling processes are experienced by the part, crys-
tallization will be inevitable, which lowers surface accuracy, me-
chanical and chemical property advantages of BMGs (Yeo et al.
2009; Garg et al. 2010; Gu et al. 2010). Because theWEDM-LS
processing material is completely immersed in the oil environ-
ment during processing, the effect of external oxygen on the
surface of the material is well prevented. At the same time, the
oil environment takes away the heat accumulated on the surface
of the material during processing, thus avoiding the crystalliza-
tion of BMG due to the excessive surface temperature during
continuous processing. In WEDM-LS process, thin metal wires
moving continuously in one direction and at low speed are used
as electrodes to removematerials by intermittent pulse discharge.
Themicrostructure of BMG is fabricated in themachining of line
electrode movement. Even if the loss of fine wire occurs during
processing, it can be continuously supplemented, thus improving
the manufacturing accuracy. Its general traveling speed is less
than 0.2 mm/s and the accuracy can achieve 0.001 mm
(Kunieda and Furudate 2001; Mahapatra and Patnaik 2007;
Garg et al. 2010; Gong et al. 2016). The electrode wire is no
longer used after discharge. Its maximum productivity can reach
350 mm2/min which greatly improves the efficiency of the pro-
duction ofmolds. Up to now, usingWEDM-LS to processing Zr-
based BMG microstructure has not been reported yet, in this
study, the surface structure of BMG after WEDM-LSmachining
and injection molding parts were observed. After that, we debat-
ed the carbonization and crystallization of the machined surfaces
of the BMG. Finally, themechanical properties and service life of
Zr-based mold inset were analyzed.

2 Experimental

Zr35Ti30Cu8.25Be26.75 (at. %) BMG was used for this experi-
ment. First, the arc discharge copper mold suction casting
method was used to get an amorphous cylindrical rod with
diameter of 7 mm, and cut it into 3 mm thickness using a

low-speed diamond cutting machine. Then polish its surface
with 400, 800, 1200, 1500, 2000 sandpaper and polishing
machine. The amorphous nature of the Zr-based metallic
glasses were ascertained by x-ray diffraction (XRD, Rigaku-
miniflex600, Japan) with Cu Kα radiation and differential
scanning calorimetry (DSC; PerkinElmer-DSC8000,
American) at a heating rate of 20 K/min. After that, the
WEDM-LS (Sodick-LPW250, Japan) was chosen for forming
its micro-structures, in this process, a row of μm 130 μmwide
grooves were fabricated, again, XRD was used to characterize
the amorphous properties of sample. Next, a structure from the
center part of the injection mold was removed, and use the
sample to embedding it, complete the assembly of the mold,
and put it into the world’s smallest injection molding machine
(Babyplast-6/10P, Italy) to produce plastic products, its mini-
mum injection product quality is 10 mg. the whole injection
design process is presented in Fig. 1.

Polypropylene (PP) and Polyethylene (PE) materials were
used in the injection experiment, the experimental parameters
are shown in Table 1, the data in the table are obtained from
repeated experiments with experimental equipment. After get-
ting the products, the surface of PP, PE and Zr-based BMG
were obtained by a scanning electron microscope (SEM;
Hitachi-SU70, Japan).

3 Results and discussions

Figure 2a shows the processing schematic of WEDM-LS and
Fig. 2b is an enlarged surface sketch of the red dotted boxes in
Fig. 2a. Zr35Ti30Cu8.25Be26.75 metallic glass sample complete-
ly immersed in the oil environment, it acts as a barrier to
oxygen and takes away heat from the machined surface. The
sample surface structure processing by Cu electrode wire
pulse discharge. The SV voltage between the electrode wire
and the workpiece is set to 120, and the capacitance is in mode
1, 130 μm diameter copper wire is used as wire electrode
cutting material, pulse current turns on 60 ms and off 40 ms
in a cycle. Here, we assume a curve in Fig. 2c that the surface
temperature of a sample varies with time, and the temperature
is always below the crystallization temperature. It matches the
pulse period and shows periodic rise and fall.

The WEDM-LS processed Zr-based BMG is assembled
and as mold to produce plastic products as shown in Fig. 1.
The surface morphologies of PE, PP plastic parts and mold
were obtained by SEM. Figure 3a is the BMG surface mor-
phologies, the width of the groove is 130 μm, the width of the
ridge is 140 μm. Figure 3b, c show PE, PP plastic products
replicate the microstructure of the MG mold inset very well
and the surface roughness of plastic parts is much smaller than
that of mold. Image demonstrated that the polymer products
manufactured with BMG insert have an error less than 10 μm.
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This is mainly due to the shrinkage of polymers cooling.
However, it is inevitable in the process of injection molding.
The formula for calculating the shrinkage rate can be de-
scribed as in Eq. 1:

S ¼ Lc−Ls
Lc

� 100% ð1Þ

Where Lc is the unidirectional dimension of the poly-
mers at the injecting temperature, Ls is Unidirectional di-
mensions of polymers at room temperature. According to
Eq. 1, the calculated S value for PE, PP are 6.8%, 2%
respectively. The smaller the value, the higher the accura-
cy of the replication. The improvement of surface rough-
ness and replication accuracy will be further studied by
controlling processing parameters in future research.

Zr35Ti30Cu8.25Be26.75 (at. %) rod with a diameter of
7 mm was obtained by means of arc discharge and copper
mold suction casting. However, it is still unknown whether
the Zr35Ti30Cu8.25Be26.75 rod is amorphous nature. The
XRD and DSC devices are important means to analyze it,
as the Fig. 4a show, there is a dispersive diffraction peak on

the curve indicates that we succeeded in getting an amor-
phous alloy. There are four sharp peaks at ~33°, 39°, 56°,
67° in the XRD curve of EDMed sample, by comparing the
PDF cards, it is known that the four peaks are ZrC phase,
the main reason is that the nano-carbide ZrC formed by the
combination of oil-decomposed carbon and Zr element
during discharge leads to the crystallization peak on the
machined surface (Hu and Yan 2015).

The general trend of the curve still shows a diffuse peak
indicate the mold surface still retained better amorphous char-
acteristic. Figure 4b is the DSC curve of Zr35Ti30Cu8.25Be26.75,
as arrow indicates it exhibits a lager supercooled liquid region
(SCLR), Its temperature range is calculated as follows Eq. 2:

ΔT ¼ Tx−Tg ð2Þ

where Tx is the onset temperature of the first crystallization
event, Tg is glassy transition temperature, their values in Fig.
4b are 578 K, 737 K, respectively. The downward peak dem-
onstrates the transformation of crystalline state during heating,
further verifies that the obtained sample in Fig. 3a is

Fig. 1 From a to f show the flow chart of the whole set of injectionmolds design and production process of Babyplast injectionmoldingmachine. a is the
Zr-based BMG mold insert and f is the injection molded products

Table 1 Injection parameters for
different polymers Plastic code Full name Injection temperature [K] Injection Pressure [MPa] Hold time [s]

PE Polyethylene 440~480 5 5

PP Polypropylene 430~480 7 5
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amorphous. Furthermore, the rationality of the hypothetical
curve in Fig. 2c is also verified.

In Fig. 5, the mechanical properties of materials are usually
considered. The fracture toughness of Zr35Ti30Cu8.25Be26.75
was estimated to be 85 MPa.m1/2 and the yield strength of

Zr35Ti30Cu8.25Be26.75 under uniaxial compressive texts was
found to be 1.43 GPa, is better than PTFE (as a few times
injection mold, the precision is not high, but the use of 3D
printing is low cost) and Ni alloys (which is well known that
there is a high yield strength 920 MPa and fracture toughness

Fig. 2 a the processing schematic diagram ofWEDM-LS bCopper wire is used as electrodes to process themicro-structure of dies by pulse discharge c a
hypothetical curve of BMG surface temperature during pulse discharge

Fig. 3 Surface morphology of
samples: a Zr-based BMG mold
inset b PE c PP

   13 Page 4 of 7 Biomed Microdevices           (2019) 21:13 



117 MPa.m1/2) (Avella et al. 2004; Yeh et al. 2004;
Chiarbonello et al. 2006; Georgatis et al. 2013). Because of
the BMG’s superiority of mechanical properties, the replace-
ment of stainless steel as the inset of the injection mold is just
around the corner.

Crystallization is a clear shortage of BMG, this is due to its
formation mechanism and dynamics problems caused the me-
tallic glass to be a metastable state. The crystallization of me-
tallic glasses is an inevitable trend, it will decrease the me-
chanical properties of the material and the surface quality be-
come worse and worse, so that the BMG mold insert will no
longer meet the requirements of the injectionmolding process,
fortunately, this relaxation takes hundreds of years. On the
other hand, higher temperature will accelerate its transforma-
tion to crystal, a temperature-time-transformation (TTT) curve

was used to analyze this transformation. To avoid such crys-
tallization process of materials, the temperature which is need-
ed for the injection of polymers should to be considered. The
same lucky thing is, for most plastic material such as
Polyethylene (PE), Polypropylene (PP), Polyoxymethylene
(POM), Acrylonitrile-butadiene styrene plastic (ABS), this
temperature is below 520 K as shown in Table 1, which is
far less than the crystallization temperature 737 K of the
Zr35Ti30Cu8.25Be26.75 MG. The temperature and time depen-
dent transformation from amorphous to crystalline state of this
MG can be summarized in a TTT diagram which was per-
formed by isothermal crystallization studies, as presented in
Fig. 6. Data points are collected from references (Duan et al.
2010), we extend the data to 400 K by curve fitting. On this
curve, we can easily estimate the crystallization time of

Fig. 4 a XRD patterns of the mold surface and unmachined surface of Zr35Ti30Cu8.25Be26.75 b DSC curve of Zr35Ti30Cu8.25Be26.75 metallic glass

Fig. 5 The yield strength versus fracture toughness of some commonly
used materials for injection mold inset. Including Silicates, PTFE, Ni
alloys, Steels and metallic glasses, among them, the Red Pentagram
pattern is the material of this experiment

Fig. 6 Temperature-time-transformation (TTT) diagram of
Zr35Ti30Cu8.25Be26.75 MG, extend the data to 400 K by curve fitting.
Common injection molding temperature, such as PP, PC, PE, PMMA,
POM, less than 520 K
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Zr35Ti30Cu8.25Be26.75 MG at certain temperature. At the tem-
perature of 520 K, it can be estimated that the working time of
MG mold insert is 7 years. Considering the actual usage,
the mold inset life will be longer that fully meet produc-
tion requirements. All these discussions illustrate that the
use of WEDM-LS as a new processing method to process-
ing sophisticated and durable Zr-based metallic glass
mold inset for micro structure injection of polymers is
worthy of application and promotion.

4 Conclusions

In this study, the BMG microstructure was successfully
fabricated by using WEDM-LS, and the XRD curve
shows the samples did not crystallize, moreover, it can
finish the micro-structure of the sample in a very short
time with low cost. Using it to make the mold insert of
injection, the injection product can reproduce the structure
of the Zr-based BMG insert very well even has better
surface topography, even with a 10 μm error. Although
ZrC phase exists on the machined surface, it does not
affect the mechanical properties and replication ability of
amorphous materials. The mechanical properties image of
BMGs materials shows excellent yield strength 1.43 GPa
and fracture toughness 85 MPa.m1/2. The analysis of the
TTT proves that the BMG mold insert will serve more
than 7 years under normal injection conditions. These
experiments prove that using WEDM-LS to process
BMG injection mold is hopeful to promote the develop-
ment of MEMS.
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