Development of metal MEMS manufacturing technologies using
pierced metal foil and diffusion bonding process at low temperature.
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Abstract

Silicon process has been adopted in general MEMS (Micro Electro Mechanical Systems) manufacturing
process. The other MEMS manufacturing processes, such as polymer molding, metal forming and so on that have
been expected to biomedical and energy fields. In this study, authors developed new technologies of metal-MEMS
manufacturing and applied them to the production of a metal micro-pump. The production system includes a
rolling technology for fine-grained stainless steel, a piercing process with nano-metric adjustable dies, and low-
temperature diffusion bonding technology which uses full-martensitic SUS304. The combination of these new
technologies can meet the demand for mass production. As a conclusion, this production system achieved the
nano-metric accuracy of pump-parts features and the parts bonding due to fine-grains of full-martensitic SUS304.

Therefore, the developed micro pump realized higher performance than conventional pump.
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1. Introduction

MEMS Application to fields of biomedical and
energy has been expected. Silicon processes have
been adopted in general MEMS manufacturing
process. The other processes, such as polymer
molding, metal forming and so on that has been
expected to meet the demands for more 3D structure
with lower cost. In the case of a micro-pump for such
application, various studies have been reported [1~4].
Especially, silicon pumps have been developed [5, 6]
and a drug delivery system is one of the practical
area. However, there were some problems in silicon
pump. The material and its processes are high cost
and limited its application; lack of ductility by
decreasing of its function, such as flow rate. The
manufacturing process of micro-pumps with stainless
steel was developed by using etching and diffusion
bonding processes [7]. On the other hand, this
process has another two problems for mass
production. Firstly, each parts of the pump need
higher accuracy to stabilize the flow rate. Moreover,

the parts have to be bonded together without leakage.

To overcome these problems, authors aim to
develop a consistent processing technology from the
material to the manufacturing for micro-pump. For
improvement of the dimensional accuracy,
micropiercing process was converted into etching
process in the forming process of sheet parts. Then,
in order to realize high performance pump, the
material strength is increased due to the adoption of
fine-grained material and develop a low-temperature
diffusion bonding process. Therefore, the dimensional
accuracy and the bonding quality of the sheet
material can meet the demand for mass production.
The developed new pump has higher performance
than previous pump.

2. Novel processes for Fabrication of Metal
Micro-pump

2.1. Structure of Diaphragm pump

Figure 1 shows the structure of diaphragm pump
and schematic view of driving pump. In this pump, the
diaphragm is raised and lowered by adding positive
and negative voltages to a piezoelectric element
periodically, and the flow rate is regulated by two
valves allocated inlet and outlet of the pump, which
linked to the vertical movement of the diaphragm.
Thickness is only 10 um. The valve is an important
component for suction and discharging. Flatness of
pump affects leakage performance of pump.
Therefore, it is considered that valves dimensional
accuracy determine the pump performance.
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a) Structure of diaphragm pump

b) Add negative voltage

c) Add positive voltage
Fig. 1 Structure and schematic view of the pump
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2.2. Fine-grained full-Martensitic stainless steel foil

Figure 2 shows the Electron Back Scatter
Diffraction (EBSD) results of thickness 10 um foil.
This grain phase almost changed from general
austenitic phase to strain-induced-martensitic phase.
This could be regarded as “full-martensitic stainless
steel”. This material can achieve diffusion bonding at
a low temperature of 973 K [8]. Furthermore, the
average grain size decreased to 1.5 pym, which brings
in improvement of the deformation uniformity and the
production quality in the metal forming processes.
Moreover, in order to achieve a diffusion bonding
under the low stress, surface roughness was
improved from ordinary material (Table 1).

[ Strain induced
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Fig. 2 Grain condition of fine-grained SUS304 observed by
EBSD.

Table 1 Surface roughness of materials

Grain condition Surface roughness [Ra]

Ultra fine-grained & full-

martensitic stainless 52nm

Large grain (Ordinary) 25.9 nm

2.3. Equipment and Process for nano-metric piercing

Figure 3 shows the drawing of the valve sheet
which is one of the most important parts in the micro-
pump. The configuration of valve sheet is shown in
Figure 3 a and enlarged drawing is shown in Figure 3
b. The valve is suspended by 3 U-shaped springs in
120 ym width. A piercing process was developed by
newly developed zero clearance die systems for
piercing the valve with the suspensions
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a) Parts overall b) valve shape
Fig. 3 Micro piercing shape.

Figure 4 shows the constitution of the die.
Desktop press unit SSI-01 shown in Figure 5 (Micro
Fabrication Lab.) was used in this experiment. The
admissible load in pressing is only 10 kN.
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The punch for the piercing process was cut by
penetrating it into the die to fabricate zero clearance
between the punch and the die. Figure 6 shows
cutting process. NAK80 (Hv = 450) and ultra-fine
cemented carbide were used for this punch and this
die, respectively. The rough shape of the punch was
cut by pico second laser. The cutting width was set at
10 um. After cutting of the punch, the burr of cut one
was removed by pico second laser.

Backing plate
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a) Before cutting b) Cutting c) Laser deburring

Fig. 6 Cutting processes for punch and die.
2.4. Process for bonding

Pierced sheets were laminated and fixed by pins.
The laminated sheets were bonded by diffusion
bonding process at the induction heating with high-
frequency. The bonding process includes two steps.
Each steps were used with different conditions (Table
2). After the bonding, a thin PZT (piezoelectric
zirconate titanate) actuator was glued on the top of
the diaphragm.



Table 2 Conditions of diffusion bonding

Temperature Bonding time stress

STEP K] [min] [MPa]
1 973 30 20
2 1033 10 10

3. Experiments and results

3.1. Pierced metal foil

Fig. 7 Results of pierced 0.010mm foil

Figure 7 show the SEM image of pierced 0.010
mm stainless SUS304 foil. Figure 8 shows details of
pierced shapes and enlarged U-shape. All hole and
irregular shapes were pierced by nano-metric die
system.

These shapes of pierced holes and irregular
shapes are uniform in sheared surface. Especially, U-
shapes (Figure 8 a,b) were pierced with stable shared
surface at rollover side and fractured surface side.
There are almost no burrs in Figure 8 b. In Figure 8 d,
the length of rollover becomes uniform from R-shape
to straight shape. These results indicated that nano-
metric piercing process can bring in the uniform
sheared surface.

Since the fine-grained material and new
developed nano-metric piercing process are very
stable and repeatable, the rollover length and the burr
height become shorter. Therefore, the pierced metal
foil can stabilize the performance of metal micro-
pump, such as flow rate stability and repeatability.

3.2. Low temperature diffusion bonding

Figure 9 shows a SEM image of a sectional
structure in the metal micro-pump composed of eight
parts, which is fabricated by diffusion bonding at a
low-temperature of about 973 K. The two parts
between boundary 2 and boundary 3 are shown at
figure 7. Other parts also pierced from metal foils.
Gaps between each sheet are small and the
boundary of bonding surface is stable.

The stable boundary could improve the reliability
of pump and enhances the safety performance.
Furthermore, the material with fine-grain can improve
the flow rate of the pump, because of its higher yield
stress. The grain size can control with adjustment of
diffusion bonding time.
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d) Irregular shape hole
Fig. 8 SEM image of Details of pierced holes

211



212 Guido Tosello, Hans Nergaard Hansen, Kornel Ehmann and Stefan Dimov (Eds.)

of fine-grained full-martensitic SUS304 affects
pierced parts accuracy and low temperature diffusion
bonding process. The developed nano-metric dies
system and low temperature diffusion bonding
process achieved that nano-metric accuracy, high
repeatability and burr-less pierced parts.

Combination of the nano-metric piercing and low
temperature diffusion bonding technologies provides
not only high accuracy and high repeatability parts,
but also establishes a low cost MEMS manufacturing
technology.

Boundary 1 —p|

Boundary 2

4. Conclusions
Boundary 3 —»

Boundary 4 —

Zero-clearance piercing techniques for a metal foil
with the fine grained material and the diffusion
bonding at a low-temperature were developed.

It was confirmed that each sheet after piercing
process remained flat and stable bonding surface can
be obtained at a low temperature of proximately 923
K (700 °C).

Metal MEMS manufacturing succeeded by
combining fine-grained material, piercing techniques
and diffusion bonding technology.

Boundary 5
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Fig. 10 Results of flow rate and back pressure test.

Figure 10 shows the results of pump
performance test. Developed technologies improved
flow volume of pump and repeatability. The adaption



