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Abstract

Miniature products have been high-lighted in every engineering field since the first application of silicon
technology to micro-fabrication of electric circuits, sensors and transducers. In the final stage of this micro-
fabrication, these functional units and structural parts must be micro-joined together and micro-integrated into the
final product. A nozzle was a key mechanical part to make accurate and fine deposition of joining adhesives onto
their surfaces and interfaces. In accordance with further miniaturization in the joined parts, finer nozzles with the
inner diameter of 10 um were demanded in market. The low temperature plasma nitriding process was
developed as a surface treatment to improve the engineering durability of mini- and micro-nozzles. AISI316
nozzle specimens were utilized to demonstrate that their inner surfaces had higher hardness than 800 HV after
plasma nitriding for 14.4 ks at 693 K. These hardened AISI316 nozzles were expected to be working instead of
the ceramic-head nozzles in severe joining operations.
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1. Introduction These nozzle outlets contacted and hit onto the
joined surfaces; the stainless steel nozzles often
A nozzle was a typical mechanical part to deformed and damaged themselves during the
deposit the liquid- or melt- drops onto the material joining process. The ruby nozzle was often selected
surfaces and interfaces in the joining, soldering and to have sufficient hardness in operation.
drawing processes [1]. In the recent cellular phones, High density plasma nitriding was used for
many devices and sensors were joined onto the hardening of metals and alloys such as the stainless
liquid crystal panel by adhesives, which were steels, the tool steels, the titanium and aluminium
deposited onto the joined interface [2].  Figure 1 alloys with use of the hollow cathode devices [3-6]. In
depicted a typical series of joined parts for integration those processes, these metallic alloy parts and
of digital camera unit into the cellular phone. components, were efficiently plasma nitrided in the
Dimensional accuracy and integrity was preserved by DC-biased metallic tubes (hollow-cathode device).

For an example, the AISI-420 martensitic stainless
steel die-parts were plasma nitrided at 673 K for 14.4
ks to have the higher hardness than 1000 HV [3].

In the present study, this idea with use of the

joining via the adhesive droplets.

. J Lens hollow cathode device was employed to harden the
’ inner surfaces of mini- and micro-nozzles for joining

! AF-unit process. The inner diameter of their through-holes
ranged from 50 pm to 10 mm; the hydrogen —

nitrogen mixed gas was blown into the inlet of these

Lead glass nozzles. The nitrided through-hole surfaces were

Cover observed by SEM, and, their hardness was

measured by the micro-Vickers testing. In case of

MOS-IC the micro-nozzles with the through-hole diameter of

50 um, their inner surface hardness increased up to
950 HV in average after plasma nitriding at 693 K for
14.4 ks.

Circuit
2. Experimental Procedure

R 2.1. RF-DC plasma generation system
The low temperature plasma nitriding process

with use of the RF-DC plasmas had several superior

Fig. 1 A typical micro-fabrication to integrate many features to the conventional processes [7]. The lower
parts into a product through the joining process holding temperature with shorter duration time was
where the adhesive droplets are accurately aligned cost-effective, and, the nitrided surface was free from

onto the joining interface via the nozzle. roughing without nitride precipitates. Since the inner
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surface roughening was disliked for nozzles, the
present solid-solution nitriding process can afford to
harden without significant roughing.

Figure 2 a) illustrated the RF-DC plasma
nitriding system. The dipole electrodes worked to
ignite the RF-plasma, which was attracted to the DC-
biased plate. Since the vacuum chamber was
electrically neutral, the above RF-field as well as DC-
biased field were arbitrarily placed and controlled
independently in the chamber. This concept of
plasma generation and control was put into practice
as shown in Fig. 2 b).

FF2MHz a)

Fig. 2 RF-DC plasma process system. a) lllustration
of system, and, b) Developed plasma nitriding
system in this study.

In Fig. 2 b), this RF-DC plasma nitriding system
mainly consists of six sectors: 1] vacuum chamber, 2]
RF-generator, 3] control panel, 4] power generator, 5]
evacuation units, and, 6] carrier gas supply.

2.2. Hollow cathode device

In order to ignite the nitrogen plasmas only in the
nozzle through-holes, the hollow cathode device
effect was utilized to accommodate the high density
nitrogen plasmas selectively in the through hole.
Figure 3 illustrated a typical hollow cathode device.
The mixed carrier gas of nitrogen and hydrogen with
the specified flow rate ratio was blown into the inlet of
hollow tube through the flexible metal-bellows. The
hollow tube was DC-biased so that the nitrogen-
hydrogen plasmas should stand only in the inside of
the hollow.
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Fig. 3 lllustration of the hollow cathode device to
ignite the nitrogen plasmas in the inside of nozzles.

In this set-up, the nitrogen/hydrogen plasmas were
selectively ignited only in the inside of hollow. Their
density was intensified since the plasma was
confined by the conductive and DC-biased hollow.
Figure 4 depicted a typical ion density distribution,
measured by the Langmuir probe from the inlet
toward the outlet of hollow with the length of 120 mm
[6]. Since the ionization was enhanced by the carrier
gas flow, the nitrogen ion density increased
monotonically toward the outlet of hollow.
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Fig. 4 Enhancement of the plasma density by the
hollow cathode device.
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2.3. Specimens

Besides for the normal nozzle unit with the inner
diameter of 14.9 mm, both the mini- and micro-
nozzles were prepared to make plasma nitriding with
use of the hollow cathode device. Table 1 lists their
dimensional sizes and geometries, respectively.

Table 1 Mini- and micro-nozzle parts.

Outer Thickness Inner
Diameter | at Outlet | Diameter
at Outlet

at Outlet
mm mm

Mini-
Nozzle

Micro-
Nozzle 5.5 1.9 0.85



3. Experimental Results and Discussion

The normal nozzle was used to describe the
hollow cathode effect on the hardening behaviour
along its inner surface. Both the mini- and micro-
nozzles were utlized to selectively harden the
through-hole surfaces.

3.1. Hollow cathode effect

In the similar manner to the hollow cathode
device in Fig. 3, the nitrogen ion density is expected
to increase along the carrier gas flow direction
through the nozzle since the nitrogen atom and NH-
radical flux intensity is enhanced toward the outlet of
nozzle. That is, the amount of nitrogen interstitial
atoms into the depth of nozzle thickness is expected
to increase from the inlet to the outlet of nozzle.

Figure 5 compared the measured hardness
distributions from the inlet to the outlet of nozzle
before and after the plasma nitriding at 693 K for
14.4 ks by 70 Pa. A specimen with the length of 16.7
mm was cut off from the end of outlet in the normal
nozzle after nitriding. The average hardness of
nitrided through-hole inner surface was 760 HV
higher than the matrix hardness of 200 HV at every
position. In correspondence to the monotonic
increase of plasm density, the measured hardness
also increased toward the outlet of nozzle. This
implies that a through-hole of nozzle should work as
a hollow cathode device.
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Fig. 5 Comparison of the measured hardness
distribution toward the end of outlet in the normal
nozzle through-hole before and after the plasma

nitriding process.

3.2 Plasma nitriding of mini-nozzle

The mini-nozzle in Table 1 has a through-hole,
the inner diameter of which decreases down to 1.3
mm at the outlet. After plasma nitriding at 693 K for
14.4 ks, the nitrided mini-nozzle was wire-cut into a
half by electric discharge machining. The micro-
Vickers testing was performed with use of the
diamond indenter. Figure 6 depicted the optical
microscope image with the hardness measurement
locations from #1 to # 8 in the thickness of nozzle
outlet.

As listed in Table 2, the hardness at #2 and #6
away from the through-hole inner surface wass lower
than 400 HV; the average hardness with those
hardness values taken into account reached 600 HV.
This proves that the inner surface of through-hole in
the mini-nozzle is nitrided and hardened in the
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significant depth. Figure 7 shows the SEM image of
cross-section of mini-nozzle. From the noticeable
difference in micro-structure, the affected layer
thickness by this nitriding was estimated to be 125
um.

To be noticed in Table 2, higher hardness than
600 HV was measured at #3 — 5, and, #7 — 8, in the
vicinity of the top of mini-nozzle outlet. This implies
that the inner surface of through-hole for the mini-
nozzle is efficiently plasma nitrided to have much
higher hardness than 200 HV for the bare AISI316
stainless steels.

Fig. 6 Outlet of mini-nozzle after plasma nitriding at
693 K for 14.4 ks.

Table 2 Hardness distribution at the vicinity of inner
surface of through-hole in the mini-nozzle outlet.

Position in Fig. 6 Micro-Vickers
Hardness
#1 530 HV
#2 390 HV
#3 660 HV
#4 750 HV
#5 820 HV
#6 380 HV
#7 690 HV
#8 600 HV

100 pm
2016/01/13" 001672

Fig. 7 SEM image of the cross-section for the outlet
mini-nozzle thickness.
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3.3. Plasma nitriding of micro-nozzle

The micro-nozzle, which was frequently utilized
for joining of electric parts in Fig. 1, had a thin and
narrow through-hole, the inner diameter of which is
200 pum at the outlet. The specially designed jig was
prepared to fix this micro-nozzle in order that the
mixed gas flow direction coincides with the center
line of through-hole of micro-nozzle. In the similar
manner to the post-treatment of mini-nozzle, the
specimen for analysis was prepared from the plasma
nitrided micro-nozzle. Figure 8 depicts the optical
microscopic image of the specimen with the
hardness measurement locations from #1 to # 3 in
the thickness of through-hole outlet. The positons of
#1 and #2 locate at the vicinity of the inner surface of
through-hole; while #3 is selected to locate just on
the inner surface of through-hole.
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Fig. 8 Cross-section of the plaéma nitride micro-
nozzle at 693 K for 14.4 ks.

Table 3 Hardness distribution at the vicinity of inner
surface of through-hole in the micro-nozzle outlet.

Position in Fig. 8 Micro-Vickers
Hardness

#1 960 HV

#2 880 HV

#3 1020 HV

Table 3 summarized the measured micro-
Vickers hardness at #1 to #3. Compared to the
hardness of bare AISI316, 200 HV, the inner surface
of through-hole was significantly hardened. The
average hardness for this micro-nozzle was 950 HV,
much higher than that for the mini-nozzle. This is
because the un-nitrided area at the outlet of mini-
nozzle has contribution to reduction of measured
hardness in practice. On the other hand, in case of
this micro-nozzle, the nitrided area in its thickness at
the outlet has main contribution to the measured
hardness. Figure 9 shows the SEM image of cross-
section for the outlet of through-hole. Although the
fine nitriding front end was not observed in the
thickness, the deeper nitrided layer must be formed
by the present hollow cathode type plasma nitriding.

In normal plasma nitriding of austenitic stainless
steels, higher holding temperature than 800 K was
necessary even for nitride precipitation hardening.
That formation of precipitates has a possible risk to
deteriorate the inner surface quality of through-holes
in the miniature nozzles. The present approach

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

provides a means to strengthen the miniature
nozzles for practical use without roughing on their
through-hole surfaces.

5. Conclusions

Low temperature high density plasma nitriding
was proposed to make surface modification of mini-
and micro-nozzles. Inner surface of through-holes in
these nozzles was sufficiently hardened to have
higher hardness than the bare AISI316 by three to
five times. This solution is applicable to improve the
strength and hardness of manifold nozzles and to
replace the ceramic outlet nozzles. Furthermore, this
surface  modification is also available in
strengthening the fine channels and miniature
reservoirs in MEMS.
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Fig. 9 SEM image of the cross-section at the outlet of
micro-nozzle with its inner diameter of 200 pm.

Acknowledgements

The authors would like to express their gratitude
to Mr. S. Kurozumi (SIT), Mr. R. Kubota (SIT) and Ms.
S. Hashimoto (TecDia) for their help in experiments.
This study is financially supported in part by the
METI-project, 2015.

References

[1 TecDia, Catalogue of nozzles, 2016.

[2] U. Resigen, et al., “Multi-dimensional line
dispensing of unfilled adhesives,” Microsystem
Technologies, 2008; 14 (12): 1895-1901.

[3] T. Katoh, et al., “Plasma assisted nitriding
for micro-texturing martensitic stainless steels,”
Manufacturing Review, 2015; 2 (2) 1-7.

For a conference citation with more than one author:
[4] T. Aizawa, et al., “Low temperature high
density plasma nitriding of stainless steel molds for
stamping of oxide glasses,” Manufacturing Review,
2016; 3 (5): 1-6.

[5] J.M. Windajanti, et al., “High density plasma
nitriding of pure titanium,” Proc. 8" SEATUC
Conference, 2016; CD-ROM.

[6] E.E. Yunata, Characterization and
application of hollow cathode oxygen plasma, PhD-
Thesis, Shibaura Institute of Technology, 2016.

[7] M. Anzai, (Ed.), Surface treatment for high
qualification of dies and molds, 2009; Nikkan-Kougyo
Shinbun.



