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ABSTRACT

This study explores the feasibility of the hybrid wire electro discharge turning (HWEDT)
process for the fabrication of micro components in the defence technological area. Only
communication, surveillance and navigation technologies have clear developments for micro
sized components that are mainly driven by advancements in micro sensors and
microelectronics instruments. The rapid innovation in this sector contributes to the
technological development of micro-satellites, micro-unmanned aerial vehicles (u-UAV),
micro-aerial vehicles (MAV) and micro-rockets with very complex components and tight
specifications. From a manufacturing perspective, most of the devices in this sector require
parts fabrication that is precise, complex and leaves no room for error in the manufacturing
process; which is perfect for HWEDT.
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1. INTRODUCTION

The military/defence field has been increasingly demanding miniature devices and
components with complex micro-dimension features made from various materials.
Concomitant technology in the miniature sensors and electronic devices embodied by
micro-manufacturing has become one the key sectors in military/defence field. Emerging
micro-manufacturing in this field contributes to greater precision, complex geometric features
and tight tolerances which extend the capabilities of miniaturization in the mechanical parts
for which the most micro-manufacturing is required. Critical components used in the defence
technological area can be very complex and require tight specifications. For example, a
0.0001 mm deviation in the military vision component can cause a weapon carried by a
soldier or mounted to a tank to miss a far-off target.

The rapid development and advancements in the sensors and electronics field has driven the
modernization of the defence technological area in the application of miniaturized devices and
components. The need for sensors and electronics advancement initiated micro-manufacturing
in the defence and military field. In the defence technological area, component
miniaturization is mostly concentrated in the fields of communication, surveillance and
navigation technologies, sensors and electronics, defence mobility and platforms, weapons
and ammunition, biomedical engineering, acrospace and nuclear technology as depicted in Fig.
1[1-11].

Among these sectors, only communication, surveillance and navigation technologies have
clear need for micro-manufacturing considering an integration with both micro systems and
instruments. Rapid innovation in this sector contributes to the technological development of
micro-satellites, micro-unmanned aerial vehicles (u-UAV), micro aerial vehicle (MAV),
micro-underwater vehicle (u-UV) and micro rockets with very complex components and tight
specifications.

From a manufacturing perspective, most devices in this sector require part fabrication that
contains micro dimensional aspects assembled with others microelectronics systems such as
thrusters, propulsions, valves and actuators on a micro scale (Fig. 2 and Fig. 3). The size of

the combustion engine for the thrusters that are employed for micro satellite and MAV are in
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the range between 1-1000 pm.
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Fig.1. Application of miniature components in defence technological sectors

The development of the powerful combustion-based micro-thrusters is crucial in the
application of micro-satellites and MAV due the limitations of the battery-based thruster, solid
rocket and catalytic monopropellant which produce impulses and have an extremely low
thrust [12]. As a matter of fact, micro-satellite thrusters for stations require a small thrust
(1-1000 mN) and a highly specific impulse (250-450s) with a small impulse bit (~1-5 Ns) for
an operational period year [13].

Generally, micro-dimension features in this sector are fabricated by processes that are
categorized into scaling up nano-scale processes or scaling down the conventional processes.
Between these two categories, scaling down the conventional process is more preferable
because of the competitive costs and production time. However, the limited flexibility of this
process to form intricate shapes on both macro and micro dimensional scales limits its usage.
Therefore, this paper presents an experimental study to demonstrate the capabilities of the
HWEDT process in the fabrication of free-form geometric features with macro and micro
dimensions and its ability to apply miniaturization to the defence technological area.
Incorporating wire electrical discharge machining (WEDM) to turn tiny cylindrical parts
presents its own set of challenges, which will be addressed in this research. Some possible
factors that will be discovered are the principle movements of a thin single-strand wire on a
rotating workpiece, which carried away by rotational motion produced by additional rotary
mechanisms. This paper includes a review on challenges in manufacturing micro scale

components, HWEDT working principles and experimentation with HWEDT performance.
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Fig.2. Image of a micro valve with a throat diameter of 100 pm [14]
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Fig.3. Image of a micro actuator [15]

2. EXPERIMENTAL

Various manufacturing processes have the capability to produce micro parts and the number
has been continuously increasing recently as hybrid processes are developed. The restrictions
on established processes include complex geometries, wide range materials and high relative
accuracy, which mean that the traditional stand-alone process needs to be integrated with two
or more processes that operate individually on the machine or merely assisted during
machining [16-17]. The common fabrication techniques used in developing micro structures
can be categorized into two types that are scaling up nano-scale processes [18] using
silicon-based technology and scaling down, which employs the conventional manufacturing
processes. Between these two categories, conventional manufacturing processes such as micro
milling for the three-dimensional part profile, micro turning for the cylindrical part profile,
micro EDM for the three-dimensional part profile and micro grinding for surface modification
are more favourable due to their flexibility, reliability and economical nature.

However, scaling down processes create several challenges especially on the process stability
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and the behaviour of the materials due to the dynamic of material removal process. This is
especially problematic for thin, tiny, difficult-to-machine materials [19-20]. In addition, most
micro machining machines are designed for specific profile geometry fabrication. Table 1
depicts the machining capabilities of each micro machining technique and their mechanic of
material removal process.

Table 1. Comparison between micromachining techniques [21]

Type Machining Profile Mechanic Material Removal Process

Micro milling  Three-dimensional part profile Physical contact between tool and workpiece
Micro turning Cylindrical part profile Physical contact between tool and workpiece
Micro EDM  Three-dimensional part profile  No physical contact between tool and workpiece

Micro grinding Surface modification Physical contact between tool and workpiece

On most micro machining processes, cutting forces is one of the greatest challenges. The
forces exerted on the machine reduce the machining accuracy and limits the machinable size
dimensions [21]. Moreover, due to the lack rigidity in the micro part feature, deflection is
more likely to occur, leading to dimensional surface errors. The cutting force is a major
problem because the part deflection limits the capability of the micro machining technique.
Fig. 4 shows the mechanical material removal process associated with part deflection in the
micro turning process. Therefore, a suitable material removal process for fabricating the

micro cylindrical parts is necessary for overcoming the part deflection problem.
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Fig.4. Workpiece deflection in the micro turning process
One of the most suitable candidates is WEDM, in which the materials are removed using an

electrical discharge of energy without a physical contact among the tools and workpieces,
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minimizing the cutting forces [22]. By utilizing the electrical discharge sparking phenomenon
in removing materials, difficult-to-machine materials such as titanium alloys which typically
encounter conflict in conventional machining are no longer an issue in
electrical-discharge-based machining [23].

Employing the electrical discharge machining (EDM) process in the production of miniature
devices and tiny components is important in defence applications such as the electrostatic
micro actuator, which is fabricated by [24]. The EDM-based process has promising ability to
produce precise and complex parts such as the micro-air journal, which was successfully
fabricated by [25] in the application of the micro-gas turbine engine by a small micro
electrode wire (@30 um).

Incorporating the WEDM process and turning the workpiece is beneficial in countering part
deflection. WEDM uses a fine metallic wire which carries the discharged energy and
continuously feeds from a spool, keeping a constant diameter. Hence, combining the EDM
process with a rotating workpiece can provide an effective solution for fabricating parts with
complex geometrical features made from materials like tungsten carbide, tool steel, titanium

alloys and memory shape alloys which known as a difficult-to-machine material.
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Fig.5. The HWEDT working principle
The principles of the HWEDT process (Fig. 5 and Fig. 6) involve discharging an energy spark

between a continuous wire and the workpiece. In HWEDT, the original form of the
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workpieces does not need to be in cylindrical form or macro-sized in diameter. The
arrangement between the rotating electrical conductor workpiece and motion of a thin
electrode wire accentuate an opportunity in producing complex and hardened cylindrical
components which is currently limited by conventional processes.

In order to constantly feed the electrode wire into the machining gap to perform the erosion
process, the linear motion in the x-y direction is driven and controlled by the servo
mechanism. The retention wire spool is also important for ensuring that constant tension is
applied during the erosion process. In promising stability sparking, the flushing method is
applied through a high pressure water jet to enhance the material removal rate (MRR) and
surface finish as well as maintain a uniform thermo-environment.

In the spark erosion state, as soon as the material is eroded by the earliest spark, the
machining gap distance spaced away make room for high pressure water jet to flush away the
excess melted material/ debris. Then, the machining gap is closed again through the
mechanism wire spooler, servo feed, and rotary mechanism. The electrode wire is
continuously replenished in order to ensure that the fresh electrode wire surface will be
available for the next sparks. By applying the rotary mechanism, the un-machined portion of
the workpiece surface is replaced by the machined portion, and vice versa. The machined
portion, which was previously exposed to sparks erosion, is now open for a second flushing to

remove the excessive debris.

‘Workpiece

Fig.6. The phenomena discharge area in HWEDT along the electrode wire
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3. RESULTS AND DISCUSSION

By means of erosion, the performance of the HWEDT recognized as a process that generate
the minimum value of the mechanical force which useful for parts fabrication in
micro-dimension without damaging the parts. Poor dimensional accuracy occurs in the
conventional process and includes micro-turning implications from parts deflection because
of the reduction in rigidity during machining [26].

In this study, the experimental were conducted and compared between two type processes
which are micro turning and HWEDT in fabricates two categorized materials which were low
and high strength in mechanical properties. Performance HWEDT is evaluated on brass (low
strength) and Ti6Al4V (high strength) as materials and compared to the micro turning process
which conducted by [26]. Selection of Ti6Al4V as material, due its wide use in aerospace and
defence applications, besides being well-known with poor machinability characteristics
[27-28]. Ti6Al4V also possesses excellent mechanical properties as required for structural
efficiency in surgical and dental implants. Undoubtedly, it has become the primary choice in
orthopedic applications because of its mechanical and tribological characteristics that are
compatible with bone characteristics [29].

The results of the experiment indicate that straight cylindrical geometry can be successfully
fabricated with as much as 250 um-300 pm in diameter and an error deviated less than 7 um
(Table 2). Table 2 shows the performance of HWEDT in producing final diameter micro parts
that are bigger than those produced in micro turning. On the other hand, HWEDT shows a
better aspect ratio (length-to-diameter) which is approximately three times larger than the
aspect ratio of the micro-turning process. Fig. 7 shows the fabricated parts in straight turning
with a 250 pum diameter when Ti6Al4V materials are used.

Table 2. Dimensional accuracy of HEWDT

Dimensional Accuracy
Design Dimension (um)
Measured Dimension (um)  Error (um)

250 253.72 3.72
300 306.32 6.32
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Table 3. Comparison of the length to diameter ratio (L/D) between HWEDT and the micro

turning process
Micro Turning (Rahman,2004) HWEDT
Material
Brass Stainless Steel 316L.  Brass Ti6Al4V
Final Diameter (um) 80 94 203 230
Final Length (mm) 2 1.46 15 15
Length to diameter (L/D) ratio 25 25 73.9 65.2

a)

Fig.7. A 250 um straight cylindrical part fabricated by HWEDT (a) actual part (b) SEM
micrograph

By employing electrode wires in the range of 200 pm to 500 um in the common HWEDT
process, the HWEDT process becomes suited for producing micro dimension profiles
especially in the slitting process because of the micro scale size of the electrode wire. Fig. 8
shows the capability of HWEDT to fabricate free-form geometries that contain dimensions for
both macro and micro scales.

There are four types of geometric features that were evaluated using the process with a single
pass cutting approach used to yield the effective machining cost. The free-form geometric
contains shapes like dovetails, which look like micro-valves, and others shape like cones,
ellipses and grooves. The machine successfully reduced the diameter from 9.49 mm to a
micro size dovetail shape Ti6Al4V which included a throat (bottom side) dimension of 163

um and top that was 372 pm in diameter.
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Fig.8. Different geometries for evaluating machining capability

4. CONCLUSION

In this work, a feasibility study analyzing HWEDT as an alternative microfabrication process

for the miniaturization of the defence application has been conducted and following

conclusions can be drawn:

The modernization of micro parts in the defence technological area is clearly driven by
sensors and electronics advancement focused in the sectors of communication,
surveillance and navigation technologies.

HWEDT solves the problems associated with the existence of the micro machining
machine. It allows for the fabrication of parts with complex geometrical features made
from difficult-to-machine materials. These parts have tight details and tolerances, which
are inaccessible to down-scale processes because of aspect process stability and the
mechanic material removal process.

HWEDT employs EDM-based fine metallic electrode wires that are continuously fed to a
rotating workpiece. The materials are remove using an electrical discharge energy without
physical contact between tools and workpieces, minimizing the cutting forces which are

the main problems associated with the fabrication of micro parts.

The experimentation revealed the capabilities of HWEDT in the fabrication of micro
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dimension parts which include ensuring the accuracy of the finest parts, the aspect ratio,
free-form geometries and the interblend dimension between macro and micro for the turning
and slitting process. The consistent stability of the HWEDT process delivers success in micro

manufacturing which suits the miniaturization of the defence technological area.
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