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Abstract
Microfabrication of crosslinked polytetrafluoroethylene (PTFE) using synchrotron radiation
(SR) has been demonstrated for production of micro-components applicable to radiation fields.
The method of microfabrication was readily capable of obtafifing a microstructure with
aspect-ratio of 25 made of crosslinked PTFE. The etching rate of crosslinked PTFE was
higher than that of non-crosslinked PTFE. The results show that the etching rate of
crosslinked PTFE depends only on the degree of crosslinking. The effect of molecular
motion on etching process was discussed from temperature dependence on etching rate.
Moreover, in order to examine whether any change of chemical structures and crystallinity
would be induced by SR-irradiation on PTFE, SR-irradiated PTFE was measured by NMR
spectroscopy and DSC analysis. The results showed that the crosslinking reaction of PTFE
would be induced by SR-irradiation in the solid state.
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1. Introduction
Polytetrafluoroethylene (PTFE) is a very unique polymeric material because of the various

characteristic properties such as high electrical resistivity, chemical and thermal stability,
potential biocompatibility and so on.111 These advantageous features enable PTFE to apply in
a variety of fields including electronics and medical application. However, PTFE is used less
in nuclear facilities or aerospace environment, because PTFE is degraded by ionizing
radiation with a small dose. Recently, crosslinked PTFE has been obtained by irradiation in its
molten state under oxygen-free atmosphere. t2-6J The radiation crosslinking reaction induces
the various changes of characteristic properties. The radiation durability and mechanical
properties are much improved.[""" Therefore, crosslinked PTFE has the potential to be
applied as a micro-component in radiation fields.

So far, several reports concerning microfabrication of non-crosslinked PTFE have been
published. Pulsed laser ablation technique using vacuum ultraviolet laser[lij or ultra-short
pulsed laser J121 have been attempted to produce microstructures of PTFE. However, the
aspect-ratio was up to 1. So, laser ablation technique may not be appropriate to produce high
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aspect-ratio microstructures of PTFE. It has been reported that PTFE was efficiently
decomposed by SR-irradiation. This method requires no chemicals to produce
microstructures?"01 This fabrication method is simple and can be performed in shorter time
in any other fabrication methods.

In this paper, we describe recent studies on mcromachining of crosslinked PTFE and SR
etching mechanism for PTFE and crosslinked PTFE.

2. Experimental

Z I Materials
Non-crosslinked PTFE (Original) sheets with a thickness of 500 g in were obtained from

Asahi Glass Fluoropolymers Co. Ltd.. Two other types of non-crosslinked PTFE samples, low
crystallinity sample (LC) and low molecular weight sample (1,M), were also prepared.
Crosslinked PTFE samples (RX) were prepared by electron beam (EB) irradiation in its
molten state at 613 K in argon atmosphere (0.5kGy/s). f5j

2.2 SR Irradiation
The SR'experiments were performed using beam-line (BL-4) of the compact normal

conducting electron storage ring, AURORA-2S (manufactured by Sumitomo Heavy
Industries, Ltd.).E131 The samples were placed in the vacuum chamber and were irradiated by
the SR beam through a beryllium filter with a thickness of IO 11 in in order to cut off longer
wavelengths deforming the transferred pattern due to local heating of samples. The
temperature of the samples was controlled from room temperature to 473 K. The photon flux
of the SR beam through the Be-filter was 32 X IO photons/s/mA/mm�.

Z3 Measurements
The microstructures produced by SR direct photo-etching were observed by SEM and the

etching depth was measured by optical microscope. The polymers irradiated by SR were
analyzed by atomic force icroscope (AFM; Seiko Instruments Inc. SPI3800-N), solid state
nuclear magnetic resonance spectroscopy (NMR; JOEL CMX-400) and differential scanning
calorimeter (DSC; Perkin Elmer DSC-7) for the investigation of the SR etching mechanism.

3. Results and discussion

3.1 Etehing Rate Measurements
Microfabrication of Original by SR direct

photo-etching was carried out successfully. Fig.
I shows the SEM photograph of microstructure
of RX-1600, where 1600 indicates the dose for
crosslinking. It was produced by the irradiation
at 413 K with a proximity X-ray mask. The
quality of inicromachining of crosslinked PTFE Fig.1 Micro-gear made of crosslinked
is as good as that of Original; the edges of PTFE (RX-1600) by SR direct
micro-structures made of crosslinked PTFE were photo-etching method
very sharp [14]

Fig. 2 shows the etching depth for Original and RX-1600 as a unction of SR photon
fluence in the case of the SR irradiation at 413 K. Here, etching depth is defirted as a distance
between the non-irradiated face and the top of the residual sample after etching. The etching
rate of crosslinked PTFE is higher than that of Original.
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Fig.2 Relation between etching depth Fig.3 Relation between etching depth

and SR photon fluence in case of and SR photon fluence in case of

SR-irradiated at 413 K SR-irradiated at 413 K

Although there is large difference about

crystallinity or molecular weight between 100
OriginalOriginal and crosslinked PTFE, it has been
RX-1600already proved that the etching rate would be

hardly related to rstallinity and molecular

weight (see Fig. 3.

The temperature dependence on the etching 5 10

rate for Original and RX-1600 is shown in Fig.

4. As irradiation temperature is elevated, the

etching rates become higher and te ratio of the

etching rates of [RX-1600]/[Original is

smaller. Besides, although crosslinked PTFE

could be etched at room temperature, Original IL� � .......

could hardly be etched. The results shown in 2.3 24 25 26 27 28 29 3

Fig. 4 indicate tat molecular motion of 1000/T I IC' I

crosslinked PTFE would play an important Fig.4 Temperature dependence of

role in SR etching process. Wen the network etching rate for Original and RX-1600

is formed in PTFE, the changes in molecular

Fig.5 AM images of surface morphology after SR etching (left; Original SR-irradiated

at 413 K, center; RX-1600 SR-irradiated at 413 K, right; RX-1600 SR-irradiated at 343
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conformation and mode of molecular motion should take place. As the results mentioned
above, it may be reasonable to conclude that the enhanced molecular motion of
crosslinked PTFE accelerates desorption of fragments produced by SR-irradiation.

In order to investigate SR etching mechanism, surfiLce condition of the samples after SR
etching at 343 K and 413 K was measured with AM. Fig. shows that the surface become
smoother as the temperature during irradiation is higher and that the surface of RX-1600 is
smoother than that of the Original in case of the same irradiation temperature. These results
show that emitted fragments of RX- 1 600 reattaches the surface less than that of Original. The
higher etching rate of crosslinked PTFE could be explained by such an accelerated desorption
of crosslinked PTFE.

3.2 Surface Modification For Original
For examining whether any change of chemical structures would be induced by

SR-irradiation on PTFE, Original irradiated by SR was measured by solid state "F NMR
spectroscopy to find out change of
the chemical structure. The magic -CF -

angle spinning ratio of 16 kHz
were used to overcome overlaps of
the CF3 and CF signals with the
spinning side bands (.) of internal
C172. The measurement was
carried out at 423 K to make the
resolution higher. Original with a
thickness of 500,a m was etched
by SR-irradiation at 413 K and -5o -100 -150 -200

the remained sample PPM
(SR-irradiated PTFE) with that of
I 00 g rn was measured by NMR CF 3 -CF2

spectroscopy. Fig. 6 shows that
several new signals corresponding
to CF3, C172 and CF groups are
observed for SR-irradiated PTFE.
The appearance of the signal of CF _CF-

means that crosslinking reaction
could be induced in solid state
PTFE by SR-irradiation at much
below its melting temperature; 600 -50 -100 Win -150 -200

K. [17]

Also our DSC results of the Fig.6 solid state "F NMR spectra of Original (upper)
modified regions strongly suggest and SR-irradiated PTFE (lower); measured at l6kHz,
that the network structures are
formed by SR-irradiation at 413 K, 423K
because the shift of the
exothermic peak (i.e. crystallization temperature) toward lower temperature means that only
smaller size crystallites can be formed in crosslinked PTFE (see Fig. 7 In general, the
network formation hinders the polymer from crystallizing, so that the crystallization
temperature becomes lower and the heat of crystallization decreases with increasing
crosslinking density. [18]

It has been considered that the radicals formed in non-crosslinked PTFE below the melting
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temperature are restricted to recombination with
neighboring radicals due to satiric hindrance of Originid

the molecular chain and that crosslinking reaction
cannot be induced by irradiation in solid state 350pm

PTFE. Our results show that crosslinking structure
could be formed in the solid state by !S 250pm

SR-irradiation. The SR-irradiation with high dose
rate should lead to generation of considerable loopm
amounts of radicals and much shorter distance ..........
among the radicals. Furthermore, it is known that 5"
the molecular motion in amorphous phase should
be allowed over y -relaxation temperature of 176
K. Therefore, radicals formed by SR-irradiation in 520 540 560 590 600 620

amorphous phase would exceed structural Temperature [K]

restriction to react with other radicals and
crosslinking network would be formed even in the Fig. 7 DSC thermograms of
solid state. crystallization for PTFE SR-irradiated

at 413 K
4. Conclusion

Micromachining of crosslinked PTFE has been demonstrated successfully by SR direct
photo-etching method. The etching rate of crosslinked PTFE is higher than that of
non-crosslinked PTFE and the ratio of the etching rate of crosslinked PTFE to that
non-crosslinked PTFE is higher at lower irradiation temperature. The etching rate depends on
crosslinking density, which is related to chain mobility and mode of molecular motion. SR
modifies inner region, in which crosslinking reaction is induced much below the melting
temperature due to SR high dose rate. These findings might be very important for the
development of microcomponents and other applications taking advantages of crosslinked
PTFE, which is available not only in electronics or medical fields, but also in radiation field.
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