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Abstract (Synopsis)

Since the 20th century, living things on our planet Earth, including the human race, have been
facing a crisis due to the depletion of natural resources and energy as well as their lost potential.
Humans, in particular, have acted as though these resources and energy were infinite, and our
history is one of traveling a path of abuses. Can we take some action to stop wasting our limited
resources, and can we do something to recycle them? These issues are the mission that people of
today living in the 21st century must act upon.

The same can be said for polytetrafluoroethylene (PTFE) that is discussed in this paper. For a
very long time, recycling of PTFE has been viewed as a major problem by the fluorochemical
industry.

PTFE is a very scarce polymer produced from fluorite as the main raw material. The material's
characteristics include good resistance to heat, chemicals, and weather, and it possesses good
sliding properties. In Japan, fluorite ore is available only in extremely small quantities, and the
reality is that Japan depends on fluorite imports from other countries. In fact, Japan is the world's
leading importer of fluorite. One theory holds that fluorite sources may be exhausted in several
decades, which would bring about a shortage crisis. But, in spite of this, most PTFE cutting waste
and used products are treated as industrial waste. No effective recycling method exists, and that in
itself is considered a difficult issue.

In this paper, we address the challenges involved in recycling PTFE and discuss research
challenges and results, as well as new issues that have come to the fore. The most important concern
in recycling PTFE has been the reduced strength of the material. As we will discuss the reasons for
the possible causes and the potential for improving the strength in this paper in detail, we will only
mention it briefly here.

A comparison of virgin PTFE and recycled PTFE reveals they differ as to whether or not there is
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a fibrous texture and pores, and it is conceivable that these features also contribute to a difference in
strength. In other words, recycled PTFE has decreased strength because it lacks a fibrous structure
and has lower porosity.

Improving the strength of recycled PTFE by low crystallization to reduce the porosity and
increase the strength it is considered difficult. However, the strength was increased when a
dispersion containing PTFE particles that are easy to convert into fiber is mixed into the recycled
PTFE powder. And increasing the quantity of the added dispersion also increases the strength.
Additionally, it also became clear that, while the tensile strength may be small, the tensile
elongation is larger than that of typical virgin PTFE. We are also thinking about ways to utilize
recycled PTFE based on these ideas and findings.

In this study, we feel we have grasped the full potential and effects of recycling PTFE and
improving its reliability. In addition, we consider our results to be very meaningful both
academically and industrially.

To begin with, what do we mean when we speak of "recycling"? When taking on this study, we
had a question in mind: Does recycling mean returning something to exactly the same qualities that
the original possessed? As far as PTFE is concerned, it is not necessary for the recycled PTFE to
have the same strength as the original material before recycling. The required qualities may differ
depending on the application.

As an example, recycled PTFE can be used for industrial applications such as wearables, robots,
and thermal insulation materials. It is also possible to develop consumer products with high artistic
values by making the most of PTFE's eternally white and silky smooth qualities. The BLANC
BIJOU luxury brand (art pieces, tableware, jewelry, etc.) that we started developing in 2009 has
been gaining a high reputation not only in the field of art but also in commercial markets.

Recycling does not necessarily mean going back to a perfect-like state. We feel this must also

apply to other various fields, and not only to PTFE. When considering how to convert recycled
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things, flexible thinking and ideas are important, and recycling itself is not the objective. In addition
to being researchers, we became aware of this issue while practically engaged in the fluorite and
PTFE industry. We would like to propose that it is time for us to rethink the significance of

recycling.
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Change in Production and Emissions of Plastics
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Fig. 1-1 Changes in production and emissions of plastics.
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Effective usage depended by various disposal method
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Fig. 1-2 Effective usage depended by various disposal method.
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Manufacturing process of TFE monomer
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Fig. 1-3 Manufacturing process of TFE monomer & Polymerization of PTFE.
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Manufacturing process of PTFE products
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Fig. 1-4 Manufacturing process of PTFE products.
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Material properties of plastics
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Fig. 1-5 Material properties of plastics.
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Summary of Doctoral Dissertation

Department: Materials Science and Engineering

Name: Hideyuki Kasuga

1. Title

Establishing a method for recycling PTFE waste

2. Summary

Polytetrafluoroethylene (PTFE) is an excellent polymer material with superior
characteristics such as heat resistance, chemical resistance, weather resistance and
sliding properties. Although PTFE is one of thermoplastic polymer materials, it
maintains high viscosity (1010 to 1012 Pa/S) even at temperatures higher than the
melting point and exhibits no fluidity. For this reason, PTFE production process is
different from the production method used for general polymers, and in the PTFE
production process, the powder is compressed to form powder compaction, like a
powder metallurgy process, and sintered. The sintered PTFE is cut to form a shape. In
this cutting process, a large amount of PTFE chips is discharged as the waste. Because
PTFE is very stable chemically, it is not decomposed by microorganisms in the soil.
Moreover, PTFE requires high temperatures more than 600°C to be vaporized
completely and the hazardous gas is generated when vaporized, so PTFE cannot be
incinerated to dispose as waste. In this way, there is no effective method available now,
except for landfill disposal method, as disposal methods of a large amount of PTFE
waste, and an effective disposal methods or recycling methods are required.

On the other hands, PTFE is a very scarce polymer material produced using an ore
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called fluorite as the main material. Fluorite is produced mainly in China, UK, South
Africa and Mexico, and from fear of the resource depletion, a recycling technology for
PTFE has long been sought. Japan produces a small amount of fluorite and is the
largest importer of fluorite. Furthermore, from the viewpoint of resource strategy, it is
significant to establish a recycling technology.

A recycled PTFE produced using sintered PTFE product and cutting waste of PTFE,
which is hereinafter called recycled PTFE, has greatly inferior mechanical strength
compared to sintered PTFE just produced from fluorite, which is hereinafter called
virgin PTFE. The reason for the decrease in the mechanical strength has not been
identified at present. Recently, fluoroelastomer has been wused for wearable
applications. Similarly the development of PTFE for wearable applications is also
prospective, and the use of recycled PTFE can be expected for wearable applications
that do not require large strength.

The objective of this study was to establish a method for recycling PTFE in order to
expand its applications and improve its reliability. So in this study, the cause of
degradation in the mechanical strength of recycle PTFE and strengthening method of
recycled PTFE were investigated

In Chapter 1, the characteristics and applications of PTFE, and the present state of
recycling were outlined, the issues for the establishment of a recycling method were
clarified and the objective of this study was mentioned.

In Chapter 2, the characteristics of the recycled PTFE and virgin PTFE raw powders,
the microstructures of their sintered PTFE and the influence of the microstructure of
their sintered PTFE on their mechanical strength were investigated to clarify the cause
of the degradation in the mechanical strength of the recycle PTFE. As the results,

because the virgin PTFE raw powder had a fibrous structure, packing ratio of PTFE
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particles was enhanced by intertangling the fibrous structures of the particles during
compaction, which resulted in the strengthening the interface between PTFE particles
to a certain extent. Furthermore, during sintering stronger interface bonding was
formed by densification and fusion among PTFE particles. On the other hand, because
the recycled PTFE powder had not a fibrous structure, the powder compactions could
not have the entanglement among the PTFE particles. Therefore, PTFE particles could
not form stronger interface bonding even after sintering. This difference is one of the
reasons why the mechanical strength of the recycled PTFE was degraded largely, as
well as the existence of pores.

In Chapter 3, in order to improve the mechanical strength of the recycled PTFE,
influence of the lower crystallinity of the recycle PTFE on the porosity of the powder
compacts was investigated. The lower crystallinity might make the PTFE particles
softening, which might cause the plastic deformation of the PTFE particles during
compacting and then decrease the porosity of the powder compacts. Lowering the
crystallinity of the recycle PTFE was tried by heating at temperatures higher than
melting point and then quenching. As the results, by lowering the crystallinity, the
porosity increased about twice and the fusion among PTFE particles tended to decrease.
The cause of the increase in porosity might be the increase in the elasticity of the PTFE
particles by softening. These results indicate that it is difficult to decrease the porosity
and improve the mechanical strength by lowering the crystallinity of the recycled
PTFE.

In Chapter 4, in order to improve the mechanical strength of the recycled PTFE from
a different point of view, a dispersion including PTFE particles, which tend to become
fibrous, was added to the recycled PTFE raw powder and the sintered PTFE was

prepared, and so the microstructure and mechanical properties of the sintered PTFE

33



were investigated. In addition, the sintered PTFE was prepared using the mixtures of
virgin PTFE powder (molding powder) and recycle PTFE powder was estimated as
compared with that prepared using mixtures of dispersion and recycle PTFE powder.
As the results, it was found that the mechanical strength of the recycled PTFE was
increased by mixing the dispersion with the recycled PTFE powder. The mechanical
strength was increased with increase in dispersion content. By the addition of 50wt%
dispersion, the pores of the recycled PTFE almost disappeared, and the tensile strength
reached about 90% of the sintered PTFE prepared using dispersion powder only, which
was about four times larger than that of the recycled PTFE. Furthermore, it was found
that the sintered PTFE containing more than 50wt% dispersion was a characteristic
PTFE with larger tensile elongation compared with the virgin PTFE while it had
smaller tensile strength than the virgin PTFE.

In Chapter 5, the characteristics of the recycled PTFE and virgin PTFE raw powders,
the microstructure and mechanical strength of their sintered PTFE and the
strengthening of the recycled PTFE were summarized. In addition, future prospects for

recycled PTFE were described.
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Fig. 2-1 Evaluation of crystalline polymer, a ) calculation method of the degree of
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Image of polymer crystal structure.
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Fig. 2-2 XRD patterns of virgin PTFE powder (M-12) and

recycled PTFE powder (average particle size: 50um).
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® XRD /3% —> % Fig. 2.2 12" T, EH 5O PTFE RIS 18°FFUTIZHiv A
Te—snHoi, U3 A 270 PTFE 3RO R & — 7 [ZITEAAIZ Yy a V&
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LTW%, /N— PTFE By RIERE s L EE 23 B ed Tvv—J5, U 34 7 )L PTFE
MIARITA AL, I EN D 2 & CHMBEH D NAEL T2 bbb, UHA
7 )V PTFE ¥y K Ot b AL EE 1T BERIREE 2> & O HIE IR fF L, thinT 5 2 &
TR BEIZ BRI 5, LovL, MAEEELZ XVIETFLTH, /A= PTFE

OfEmEEIZITE LN EE I BND,

WAZ /A= PTFE K (TA) 8 L OV HA 7 )L PTFE ¥y K (CE¥JRI#E 50um)
?® DSC #h#f % Fig. 2-3 3 L OV Fig. 2-4 (2, #if2> 5K 7= PTFE ¥ 2K O @l figia
FE s K OVERENEE % Fig. 2-5 1237,
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DSC (mW)
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peak 315.4°C
- oo
0.00 — 1st Heating
-5.00 peak 342. 1°C
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peak 326.1° V‘/ 9
250.00 300.00 350.00
Temp. (°C)
Fig. 2-3 DSC curves of virgin PTFE powder (7A).
peak 311.4°C
5.00| Cooling
) ﬁ hst Heating
o0 2nd Heating
- peak 328.5°C
-5.00

peak 327.8°C

250.00 300.00 350.00

Temp. (°C)

Fig. 2-4 DSC curves of recycled PTFE powder (average particle size: S50um).

46




melting temperature(°C)
350 — (1st heating)

freezing temperature(°C)
(Cooling)

340 — melting temperature(°C)
(2nd heating)

320

Temp. (°C)

310

300
recycled recycled virgin
PTFE PTFE PTFE
(50um) (100pm) (7A)

Fig. 2-5 Melting and freezing temperatures of virgin PTFE powder (7A) and

recycled PTFE powders (average particle size: S0um and 100pm).
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F o723 — 2 PTFE #3 K @ DSC HifR X8Ry 72 /X — > PTFE @ DSC
AR T 0 D RN O AR L 130K 342°C | BRTRIE U R 1349
315°C, RINENEE O BAEIR FE 1340 326°C TH -~ 7=, U A 27 )L PTFE 3K D
DSC #i#fi%, /3S— > PTFE ¥y K ORfiFEH O DSC #hift & IZIEFETH Y |, AR
(2 X D @RI 13 327-329°C, RIS X 25 E LIR30 311 CTh o7z, 2D
£ 91T, /X—= 2 PTFE ¥y RO —YINENE: D @RI L 725 U %1 7 )L PTFE R
L0 b5 < 72 % DIE. PTFE @ superheating BLAIZ L5 6D L vt T g 119,
Z @ superheating HL52 13, f5EaPED B\ PTFE OFREEHE 3B Z &2 L 0 IR
IR ERBIA~T 7 b2 b 0T R INEGEEE ARV A IS BN S 1Y,

N—V PTFE 3K (TA) BE OV ¥+ 7 )V PTFE B3k CEHRIASK S0um
B LN 100pum) D EAE BT OFEFAZ OV THEL B 12K & 22580 (372 < L 600°C
T NToHOME - RBEL 72,

FEIZOWTIEL, FT-IRJIE TH L2 N—Y U PTFE BRI L OV $14 7
JVPTFE (y R D AT MV AT 2 2 & TRl L7z, £ OREER, W& DA~
7 MR FRILThoTe, £72. N—Y Y PTFE HRIZHOWT, M=%
W THIH, U 72 AR D FT-IR BIEZAT o723, £ED AT fLbN—D
¥ PTFE By KD AR FVZERIT 2 | R OFIEIIBIE IR h o T,

N— 2 PTFE ¥y K (TA) BEL NV ¥4 7 )V PTFE ¥yk (CEHKIEE 50um) @

FE-SEM 14 % Fig. 2-6 {27179,
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Fig. 2-6 FE-SEM images of (a) virgin PTFE powder (7A) and (b) recycled

PTFE powder (average particle size: 100um).
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Fig. 2-6 (a) |Z/R L72/N— 2 PTFE My K CTld, MNP -3V EF > TT
T 7B AR K OSARR M 2 B T DR AR 2 R T X 5, PTFE 1457
W% 5 D L BREITRL TR T2 7 o« TV UEBSER MO T\ D, 7
1 7 U ARS8 PTFE TIIE 2 63, 58213 60 T2 5 &%
BHysLomEndsd ™, Linl, 747 VAL AERIKNO R E R L OWEHER
FRR OFEMIZ OW TR ST 72V, Fig. 2-6 OISV YA 7 v
PTFE ¥y K% 725 & | Rifk 5~20um DR 1575 Z E0Nbnbd, ki ORMEIC
XM I B AL, 23— PTFE ByoRIC 2 & A7l iR 3 < Bl S e
MoTr, ZOX D IRENE, N —T 0 PTFE By KAV OVE 0 4L . #kHER
FFRIZ 20TV olzxt L, U A 2V PTFE BRI 0 e le A Th 57

D, BHERMRIC 20 Ic< WD ki ks RIS, 20X R YT AT
PTFE K CREHEIRFL IR AN 2 & 7 < 72 D BIGUT  RIFFE THID THER Sz,

2-3-2 IN—T U PTFE &) 44 )L PTFE O %1%

N— L PTFE (M392) B XYY ¥4 7 )L PTFE (CEEJRIE 100um) DAL
RITLENEN 0% LV 22.7% Th o7z, T4 5 PTFE BEAAEDHRKIZ VT
FEAMEEEZ W TBIZ L, £ 6 D)% Fig. 2-7 12537,
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Fig. 2-7 Surface images of fired (a) virgin PTFE prepared using
M-392 and (b) recycled PTFE prepared using raw powder

with average particle size of 100um. Black area means holes.

51



/N— 2 PTFE BERA DR FHEEIZITRALN 72 <. SFRm AR L Tz,
—J5. V%A 7L PTFE I 20-200um O 1 & K AL &2~ TRBADE Iy THERR S h
MO HRIEL 72> TWWe, 2D X 512V YA 7 )L PTFE IZD HRALDME
ELT,

By ERY = F L TR, AR ORI & - T, KO FEHEER
BEAREAMEE SN D Z ERMBNTND DY, T EFBED Z &8, WHER AR
EHTHNN—Y U PTFE MR TR & 72720, /N—Y > PTFE 12V ¥4 7 /L PTFE
I b TH—MEEZER LT EEZBILD, KT, /S— 2 PTFE [3RUE
RIS RRHEIRRLRR SR T~ G2/ D Z & IC L » T, FHEEOM EEHIERED
BRALS Z V. ZREBEKT D Z & TRTIIEEE bR L ORE L, iRV RE
MENBRLIZEEZBND, —J. V¥ A 7))V PTFE By R T, MAERAE R
MR IR T DR HAEWREZ BT, M OIRD £ EDOKE
IRRLF NI R ZER N AT H DB ThH D, ZD7H, B L T HRFHT
DAL S EE T, BRSOV AR EE G BRI N2 oo b B X
biLd,

2-3-3 PTFE BERUADHEEE

[Gl— DR « BERS S TIERL L 7-3— o PTFE B X VY -+ 27 )L PTFE ®
FlIRIREE J6 L UM TN % Fig. 2-8 12" T,
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tensile elongation (%)

tensile strength (MPa)

400
B tcnsile elongation (%)

339.5
tensile strength (MPa)
300
200
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32.12
T
0
virgin PTFE recycled PTFE

Fig. 2-8 Tensile strength and tensile elongation of virgin PTFE and

recycled PTFE.
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FIAEREE (X3 — 2 PTFE THJ 32MPa, Y A 2 /L PTFE THJ 6MPa T -
oo ZHVED ., VYA 70 PTFE OFIRMEIL/N— 2 PTFE [ZHEARTEH L <
k<. N—=Y PTFE ORED 2 HBETH L Z LB LN -T2, Fiz,
RER T MW 5 £ TOMUERIL N~ PTFE T 340%, VY 1 7 )L PTFE
THKI45% Th -T2,

Fig. 2-7 CTr L7z Xk 912, U¥ A Z )V PTFE (Z1F/3— Y PTFE (2172 WA 4L
PDBESNTWD, MORENRT L P=T VU I TI32AF v 7I2B0THR
FLOSEWTEL AT & 72 0 IR R 288 %0 192 L e U 3o 2 L PTFE O
WL IZ 5 2 D [RALEDOFBIZ OV TRFET LT,

S0 E DR R R 72 & ORRIE SRR L OWER R 2Z R L, K[ALED R
%V A 7 )VPTFE ZFR L=, Zh b V¥ A 7 )L PTFE OKILFE % Table 2-1
R,

Table 2-1 Preforming conditions and mechanical strength of recycled PTFE

compacts.
condition S;lerjsllfree DICSSHIC porosity
(ig fem?y  holding time (5 (%)

melt press 400/200 120 /9.0x10° 0.097

long time press 300 3.456x10°(4 days) 6.953

high pressure 600 60 19.33

medium pressure 450 60 20.57

low pressure 322 60 22.70
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FILEHK 0%D Y A 7 )L PTFE IZHOWTIE, L FOFIETER L=, EL
72U %A 27V PTFE iR & @ 2 & JF I AFUBERL L . 370°CC 3hR#F L7214,
A HARIZT Y H L, & 5ICHE/ER 20MPa T2.5h MIE L2, ZHUc kb,
KALERI 0%D Y A 7L PTFE 233 biiz, £7o. ZTOKILEK 0%D Y HA
7 )V PTFE D> ST 2.20g/em’ T, &AL 0% /83— PTFE O h S HJE
(2.16g/cm’) LIZIFRFRETH - 7=,

U A 7 )L PTFE DAL & 5 iRRE O LR % Fig. 2-9 ITR”7,

200 'y 20
A tensile elongation (%)
B tensile strength (MPa)
150 T - 15
- e
- n
= =
o D
o )
g 100 - L 10 g
= =
o iy
i <
5 I 5
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0 T T T T 0
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Fig. 2-9 Influence of porosity on tensile strength and tensile elongation

of recvcled PTFE.

porosity (%)
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KALRD G < R 21T LGRS LU ORME T 3 2 Mm 23 #ER T 7z,

INEVKILZEDN Y YA 7 L PTFE OMRIRE I E L 525 Z E NP LT

b5,

K[ALE 0%D V YA 7 )L PTFE & /X— 7 PTFE OEMGRE O [l % Fig. 2-10

W29,

tensile elongation (%)

tensile strength (MPa)

=

400
339 5 I tcnsile elongation (%)
: tensile strength (MPa)
300
200 196.4
100
32.12
14.58
0
virgin PTFE recycled PTFE

Fig. 2-10 Tensile strength and tensile elongation of virgin PTFE and

recycled PTFE which had 0% porosity.

56
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2-4 FEH
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FoT, REROM ELHLBEORIPEZ Y, THEBERT D Z & THT
FHIREE (b L OE L, O RmEESAE Lz, —F. U ¥A 7L PTFE
AR % @i E CHE LRALELZ IR T ST TH ., R 22 W 7 D7 o
HEVEZ B3, BER LT Y PTFE ki1 [ CHlE 72 R fE A AR S s,
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3-1 XL ®IC

FLHEDFERIZL Y | W=V UPTFEMRPMEAES D Z & T, (KRS E
Fr, BRSNS TRAMEMICHD Z B ohoTz, £io, VWA 7 APTFERERAR D
BRI T O— 2 DJREIT, [ILARL<ELZ L THY ., ZORILER D S
D ZLTYU YA 7 NAPTFERERUA DR E 1T HESND Z L bRahiz, Z
NoOREREEE 25 L. VYA 7 APTFER +FH 2 Kk 5 2 & T,
BERIE OBEMARE 2 1A ESEH 2 ENTE B EEZLND, Thbb, kKT
Kz RERESETHbSE2 & L b, MREIK< T 52 & T, JEMRBE
RRICRLF 218 Lo < L CRLFIRIOEE Z @D, £ Dk, BERIRFITITRI T D
g DMERE LT (Fig3-1) . KALEDME T 272 1%, BEERE o M LAY HI#s
SN,

£ 2T, RETIZ. VYA ZAPTFEM R ZINEL - Al (KSR L) 9%
& CIEAER L AR A, RS EAE L2 ) A 2 APTFEM R 6, BERk IR %
ERL, ZOFM%1T > 72,
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Recycled PTFE Particles
U5 ILPTFERIF

. Pressurize i Heat
kg nh

Recycled PTFE Particles

Low Crystallization Rate
EBEREEVYCIILPTFEN F

J Pressurize 9 i Heat 9
hnE i

Amorphous part

FRREH | .
Improvement of adhesion Improvement of fusion
between the particles between the particles
NFEoEEEDR L NFEOREEDR L

Fig. 3-1 Expected effect of Low crystallinity.

3-2 EEAZE
3-2-1 E#ESRILNIEBICAPTFER## R

SWEEPRIAE 2 50um~100um|ZFHE L 72 U Y-+ Z VPTFEM K& H\\ o, Z OR
DSEMEE % Fig.3-21Z7~" 7, ZAL& V., U YA 7 APTFEMARKL 1L, SR Tk
HERARRR 2N a2 E b b,
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BEf&PTFECKI 250 1 m)

5.0kV 8.1mm x2.50k SE(U)

Fig. 3-2 SEM image of Recycled PTFE.
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3-2-3 BERIADIER

(SRS LB L2 U %A 7 AVPTFEM R 2 FIV, H525E & [RIRRIZ BERIA % (R
L7z, £/, HikE LT, N—YUPTFEM KRB XL ORLHE D VU W 7 LPTFE
BMREZROT, FRICEERIRZER LT,
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3-2-4 {EHFESRILAIRY) Y 1 U JLPTFER R O FF 1l
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3-3 WREER

3-3-1 EHRKILLEOHE
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N HDHYa N — =T HHNETr— et —7 (Qov—7r) i, 3k
E DOPTFEIC L D b DT, /N—Y UPTFEIZ@D E—7 ME & A Ele ik
FEOENL DT, VYA ZAPTFEIX@D ' — 27 3y g /L& — & LTENS I
BHEZLHLOTH D, BRGHL XOEHOEERIAETIX, WThom
HFGETH, MBRENEWSEIZ, QOB =7 BT nIRE R EN
s, 20 MBVREZ &< $56 2 & T, LGRS st b vz 5,
LrL, OO —7BEIZITREREMNRL, QD —TBEITDT IR
L BT THY, EKHERLLE L TYH, PTFEO KEDITERE TH D &
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Fig. 3-3 XRD patterns of virgin, recycled, low crystallization PTFE powder.
Upper side; Cooling to room temp. / Under side; Cooling to liquid N,.
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T2, QO —7BLOQ@QDOE 71220 TC, E—7 HfEE L O E % K
Wiz, T DfERZTable 3-11ZR Y, fHfLAIRDOMBYEE RN mWZE, @D
— 7 OFEDRIERE < 2 HMHMICH V. PTFEOIEME(L T Z & b b,
UL, BE—7 HEOEOBACH LT, B2 @m S EREOEAMREL 720,
E— 7 HfE CTH LN 5 ZRITO20=16°D ' — 27 L DEZ2 Y AWK L, EEE
DEFEITb > E REWVWE TSNS,

Table 3-1 Integral area, intensity and integral width of diffraction peaks at
20=18° and 16° in XRD patterns of virgin, recycled, low crystallization treated
PTFE powder under cooling by room temp. and cooling by Liquid N».

Low Crystallization Treated PTFE Powder
B RN ER
Virgin | Recycled

N=yv |ugro| 380 380 420 340 380 420
RT RT RT LNZ | LN2 | LN2

Bt 3071 | 2596 | 2313 | 1996 | 1881 | 2090 | 1723 | 2321

1

® )
around e eidhs 5312 | 4437 | 5596 | 4632 | 4886 | 5062 | 4552 | 5698
29=1g° | 7%=

'”tﬁgg,p;alwmth 058 | 059 | 041 | 0.43 | 039 | 0.41 | 0.38 | 0.41

EaoiE

E?f@%e% 0| 1598 | 2007 | 1795 | 2528 | 2172 | 3174 | 1870
@ .
around Pt‘?ikat'ﬁ' ht 0 380 471 445 451 470 482 4Lb6b6
20=16° =

%tﬁgﬁ’pglwmth - 4.2 4.3 3.9 5.6 4.6 6.6 4.0

3-3-2  BrRk iR ET{ih

R en bW U7z U 9o 7 VPTFER R & -V TIERL L 72 R D AL B
KOS EE A Fig3-4lTrT, ok, N—Y UPTFEBER A L OV 1 7 v
PTFEBER AR DKL ILEILZ 0% L TV20.56% ., NEEEILENLEN
2.167g/em’ B L TM.765g/em®> Tdh > 7=, Z DFig3-4k 0 MEVEE R L OGHETT

BB D B RS 5 & RALRITY YA 7 /VPTFEBERUE DAL
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T L7272, B L O A LA TIMET 2 2 &2 &0 PTFER. ¥ [F] £ D BERS 23
WTe Z & TPTFEKL T O RRE N HESL . £ DB DR 70D Z & T, BERLFFIZ
PTFEREEERL T DBERE DHEAIZ S < I o fofedd, &R D,

U EDORER I | AGRESAAAERIZ X0 | BERADKILFIZ LY R&EL< D72

D, BERAKDOBEMIRE IR T T 5L EX BN D,
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Fig. 3-4 Porosity and bulk density of low crystallization treated and sintered recycled

PTFE depended by the heat temperature.

71



-4 F&OH

Kb s bALBL 24T 5 2 & T, RALFRIT, U A 7 APTFE?D20.56%Z %t L T,
40~45%\272 0 | FI2ME TN L 7o, RS SR RIS & 2 PTFERL F- O b I3k 12
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4-1 [FC&HIC

RYT hT77NFduxF Lo (PTFE) (IilitEE, WS, MR & O E)
PEZ2 & O 2 IR BT R & D R oD T 72 &4 T B Cd D, PTFE I3
RIS L EOIRFETHEVEE (10°~107 Pa-S) ZRbL. FEIMEZ /RS20, %
D7z, PTFE A ORGE T, @R OMKIGESIED X 5 I R & LY
L. BERk L TRERUIAZ o< 0 | BRUEFZIRZHI D i & v 9 — O TR MSE & 72
% D2, PTFE Berff B0 3 UiHl TR CIERkEOYIEIFE 3% 44 %, PTFE I
WD CTHLFIINCZE Th D7, TIETCHAEM SR b T MHT 720, ERRR
fBIZIX 600°CLL &2 ZE L, SIRINBRFIC AMRICEE R T A (7 v {bKFEE) 233
D DI BERILY S TE R, ZO720, BURTIEL, KEOUIHIEILE
¥FEFEY & L THDNLTT D Loy 7N e < Y BRIV TFIERS Y A
I NIFERRD ST D,

—F . —BEBERZAT > 72 PTFE 00008 &2 5k & L CTERIL 72U Y1 7 v
PTFE BERlfl (LLF Y ¥4 7L PTFE) &, @A bIELNIEN) oR—D
PTFE ¥yoR % Rl LBERL L7 BERUIE (LU 8—2 0 PTFE) (ZxF L C. BEMmE
MRE L DBADPHER SN TND O, EH HIL, 852 % 7T PTFE OBIRE
IXBERR DRI G I B SN D Z L Z BT LTz, 23— PTFE OJUEH;
RITHHERAARR 2 AT 2 720 BRIERHTRL T O BEHERARRR R L8 IS A A 9
ZETHREEOM EEHLBREOBILNR I, TNELERT D Z & ThiRIX
I KOS L, mOSRmEss & 23 BT 2, —4 . U A 7L PTFE OJFE}
IIARITHRHEALRE D R N2 ORI DR A GV Z 577, BERL L T % PTFE KL 7
(A CIRE e S G BB SR, 2O X 27BN A | [ALDOFEIZZ T,
U4 A 27 )L PTFE OBMREZ K& KT SE72#HB Th o7,
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PTFE JFBHZIZ, T F I 70 A nxF Lo 2BEESICIvHlENnEE—1
T AU TN E—= LTINS MR, AMESICL VRIS 7 7 A oy X —
EREENDMERE T 4 A=V g L EMEN D a4 RIROFERA TR S
T3 Y ZOHOTF 28—V 3 F, RICBEM~Da—T 4 L IRE
BIZANSNTEY 99 F ¢ 28— g U EEIT L TH S5 PTFE BRIZH
BTEROLNPSHBEEZH L, BN 22T TR LT w2 EnmbnTng 2
0 Z DL LW EZFIHT S Z 8T, T A=V a YA 2L
PTFE OMMIREL 2 @D DAl E L THIRFC&E %, Ll T4 A=V a v
% U A 7V PTFE L RA LT PTFE BERifR 2 (ERE L. 3 L 7261172,

2T, ARBFZETIX, U WA 7L PTFE OMMIRE O1a) L2 BH L LT, #kHE
L LT W PTFE KL 1% G2 4 A/3— 3 V% U 34 7 )L PTFE OJFEHRERIC
YN L C PTFE BER IR 2 /ERL L. 153 5407 PTFE BERK IR OB, & BEm R EE I
DWTHE LT, 72, T4 A=V g 0Ok LT, BMBEAICE RS
NI=N—V U PTFE R (B—F 4 780 % —) ., U A 27 /L PTFE

BRI U TRERRIR 2/ ERLL . FFAf L 72,
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4-2 EERAE
4-2-1 PTFE [R¥H2 KR
U4 27V PTFE OJFEHE (LLF VU %A 7 )V PTFE $3K) & LT, PTFE Y]

HIJE % J1 » & — TR EEME L CRORL (b L SERPRIAR 240 50um (ZFR%E L 72 PTFE
WRERNE, T4 28— a3 PTFE MU FTF 4 A=Y a) & LT, Ak
HAIZ LI N/ N—2 2 PTFE #AL#K (=3 DuPont 7 = & /- X J1 /LR
SAERL: 31-JR, CEHIRIFE 0.2~0.25um, BEE 1.5g/em’, BE 60wt%) &
oo T, BT 4 TR F =L LT, MBEAICI VARSI AA—D
PTFE ¥R (FALSERATIR © JF4AL, “FEIRIEE 350um, HEE 2.17g/em’, Al

M 329°C, SIEEFEREE 29 MPa, SI3EH Y 300 %) % V7=,

4-2-2 N—22 - )Y AU I)LPTFEREMRD AR

HRELEZVY A ZAVPTFEMRE T 4 A=V a &7 T Aa~An, R
ELTAYTrEAT LV a—L (IPA) 2z, +oIR VIR, 77—k
a2 O TEEORLITEE 21TV, IREMEKE IPA ZHWTHEGL, 71 X
W= g VITHEENTWDHAALANIZBRE LT, el iR DIRE W Z Wil S ¥4 |
TV & — (WARING tt: U—2 U v 77L& —:7011HS) %AW\ TH—
ICHFERES L, T4 A=Y a3y« U A Z L PTFEIREM KL Liz,

fiti, MELIZV YA ZVPTFEMKREE—NT 4 TN X =TT L X
—TH—ITHIHRESG L., E—AT 4\ H— - U¥ A 7))L PTFEIRGIIR

& L7,
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4-2-3 PTFE BERADIEE

422 THRM L7ZIRGMREH VT, 52 % DL FERICBEREZER Lz, 20
BERS 2 LU TSR d, IRAEME (16.8g) ZHERAT v L AMERIZ AT, F
X7 L A% AV CHJE TR 30MPa & 725 X 9 IZJE ) &N % Imin ££FF L7-,
155472 PTFE SR 2 ek i CEEIRA S 300°CE T 3h 2 THIE L, Fil T
370°CE T 4h 2T THIR L, ZDIRET3h REF L=, Z£D%, 300°CE T 5h >
FCRRI L7, 300°CIZEE L7z & 2 ATRUBHZ LY Y L Tliké L. PTFE BERkAR &
Lic, F7o, H2m DL RS, MR 2 JIE 3 5 7212, PTFE BERAZ 4T
RETVARICE D o~V A 2B L7z,

RE, TAANRN=Va v BIOE—NT 4 o IR F =20 L TER L=
U4 A 7 )V PTFE BEREZ TN D-U %A 7 LV PTFE B L OM-VU 1 7 L

PTFE & "1,

4-2-4  EH

PTFE JFUEH AR 3 X O PTFE BErl R OBkt . 3 X OV PTFE BelliAk oD h X%
B ORFLER, IR L OBRMONCOWT, &2 5= D& EERICEHE L 7=,
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4-3 HREER
4-3-1 PTFE RHMR B L VBREMRDRE

T A AN—=T 3 A LT R ORRMERAERR 1350 84 D BEEE ) MR 2
W, B LIz XS, bSO L 0T 5 Y0, 22T A
FECTHWIZ Y A Z )V PTFE 3R, 7 4 A/8—V 3 U & A, Vb K Oz
LCH/bN, T4 A= 3 VRO XRD JIEDOR K% Figd-112, 7 1 A

NR=VarBIWE—NLVT 4 70X —0 SEM i} % Figd-2 |27,

Intensity / a.u.
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| | |
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Fig. 4-1 XRD pattern of dispersion PTFE.
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Fig. 4-2 SEM images of (a) recycled PTFE powder, (b) dried dispersion

powder and (c¢) molding powder.
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U4 7 )V PTFE ¥y RI%. EFE 5~80pum Ok CTHEE L TH Y . MRMERALER
XFEAERLNR, T4 AR—=T g UEHRIZ, XRD OFER LV, 18T
I =7 TCRERE—I DR INTZ & L0, MmbERE <, 1pm 123
TR WUIN2 R - CHRERL SN THR YD . Zb Ok bRi R T2 LD

[T TW D 2O M IS S Bl Sz, 20T 0 A=V a v
RIE, FRITBEBAYIG ) 2 A L TR BT, JFUBHR K D BB CREHEIR AR 2T
S SNTND ZENRDhroTe, T OMMKHMIT, M LH LICKY Bl
NETF 4 A= g VBEROIEICHEEIL TWA YD, T— LT 4 v IR X —
1% 300-400um D ERIK DERLIRFEIC & 0 | BRLITEL pm~50pum O — K1 H A%
RENTWDZ ERbnD,

T4 A=V g VRO EHED S0wt% B L O 80wt% DT 4 A= g
V¥ A 7 NVPTFEIRAMIKRE TE—NT 4 L TR L —DFHED 50Wt%DE—

NT 4 v TRy Z— YA 7L PTFE IRA KK D SEM {4 % Fig.4-3 1287,
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Fig. 4-3 SEM images of recycled PTFE powder mixtures containing
(a) 50wt% dispersion powder, (b) 80wt% dispersion powder and (c)
50wt% molding powder.
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T A A=V gy s U A ZVPTFEIRGMIRIZEBNT, 74 A=V a v
RO EH BN S0wt%DIRA A (Figd-3(a)) % Figd-2() CBIEZSND U W
A 7V PTFE i & D & BEMKRDOR AT LY K& £ORMEITKE]
TRT LD RBHERRL T B L T2 b0 bibnb, ZORAHKEOR T
13V %A 7V PTFE KL FIZRIAEMED T 4 AN— a RSB L THLY &L
TRERLEZOND, £72. Figd-30)ICh. T 4 A= 3 U HyRIT Fig.4-2(b)
THOND X 97, MOHHER TIZZ20 Ay, REITR L2 O X 5 ISR
ThHIENHERIND, T4 A= g VBRI %250 T Lo
W, T L —F AT YA 7V PTFE EIRE T DB, fkHEL S HE 2
Ut A 7 )V PTFE KL FIZAEH DN B X HiLd, £To, T4 A=V a
ROGHED oWt% DIRE IR TIZ, #MER DT ¢ Z3—2 3 B RRLF- 256
HEoTIUYA 7 )VPTFE LIRE SNTWDAERTRbnd, —FH, T—1T 4
IRy L — - UY A 7 )VPTFEIRGMARTIE, BEE L2 U YA 27 /L PTFE ki
TN S, TBROROE—AVT 4 TRy H— b S L C—IRRL T

DIREET, B —RESNL TN D,

4-3-2 BEILE S UHHEBANEZ DT 1 RN—2a VMR

U1 27 )L PTFE. D-VU ¥ A 7 /L PTFE BL M-V # A 7 /L PTFE D) X%

B X ORILEL Figd-4 127-7,
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Fig. 4-4 (a) Bulk density and (b) porosity of sintered PTFE

compacts. 4 : recycled PTFE, e: recycled PTFE containing

dispersion powder, O: recycled PTFE containing molding powder,
. virgin PTFE”.
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D-U A 7 )V PTFE DINSFEEILT 4 AN—2 a VY ROGHERHEINT 5
ZONTELSRY, T A AR=Da VI ROGHEDN 50 wt%lle D &, 71 A
= 3 VRO 0 PTFE BERA & [RIAKHEDRKI 22 gem® IZE LT, & 61
TAANR=Da VIIROGHEBENREL LS 2o TH NS HBEITITE A ERLET,
22gem” BIEDET—E LTz, T4 A= 3 VRO O PTFE BER I
F2EmI)ON—Y U PTFE LV &, DFNCEWOLSEELZ RLE, £/, &
LRIZT 4 A=V a VI RO GEHEENEMNT DIZONTE TR L, T A/8—
Ta RO EHRENSOW%IZRD L, 1% LT &2 S LICERENEN
L. BHE 100 wWt% T 0% &R Lz, 2D XD, T4 A= a VIHKROAT
b, H2 8 DDO/N—V 2 PTFE L FABICESBICEIBIL L, T4 A=V a3 Uk
RKOGHED 50Wmt%LL 112725 & D-U A 7L PTFE T, 12T FERITHEE
THLZENbhrole, =, E—NT 4 I NUE—% U YA 7 )L PTFE ~iR
IILTH, PTFE BERRIE DN SFEDR S <, [ALEBMET T2 2 L3 0nd
LN E—AT A IRy E =T AN= 3 VI ROGH &N CHa.
D-UH%A 27 /VPTFE £V &, M-UHA 7L PTFE O3, I < &AL
AN

D-U A 7 )L PTFE BL O M-V A 7 )L PTFE O D SEM Eif§ % Fig.4-5
(R N S

84



Fig. 4-5 SEM images of sintered recycled PTFE compacts containing (a) 50wt%
dispersion powder, (b) 80wt% dispersion powder and (c) 50% molding powder.
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T A= g VY ROER BN 50wt%D D-U Y1 7 )L PTFE TlE, %% pm
~50pum FEE DK E R FNEFRE L TV DB SN D, ZOKRE 72k
T, UV A Z NV PTFE KL 2T 4 A= g VKRR -0 B D Bn=bh o b
EZ B, SEM B TIEH2r 0 IZ< W AN, Fig4d-5@) Do THATZERS TH LN
5 X 91T, RE RN el R R bR SN D, 74 A=V s
VRO E G B 80wt% D D-U B 7 L PTFE Tid, Kk PTFE Ri 1 & il
PAARR D PTFE 2SRRI XA S NBIZ T 5, fHERMER OE 0 <CiE, 2 um
DREHEDE I &> > TR TN DL D, KLk PTFE ki 1O HIZIL, Fig.4-5(b)Do
THHATZER O X 518, REIZEWEHEE A A 6N 6D bHD, 72, U
A 27 ) PTFE K. 1-1d Fig.4-2(a) T/ K O ITHRHEIRERR 2 22N Z v, U
A 7 )V PTFE RL FIZIET 4 A= 3 UIERKL DI BN TWH EWR D,
—J. M-YU A Z )V PTFE 3%k pm OERIKL T2 B0 . Z3 S ERIRKL 720 5
MR SN DR T b B SN D, £, £D M-U ¥ A 7L PTFE IZIX7 1 A
R—=2 3 VI ROEHEN 50wt%D D-Y ¥ 7 )L PTFE Tldd 5720 E|
pm DZEFR G HERE S D

UkEXv, D-UHA 27V PTFE 8L M-V ¥4 7 )L PTFE OfELIL, LT
DEITERIND,

F U ANR—= g VRO EAED 50wt%Ll £ D-VU Y 7 )L PTFE T,
Fig4-3(a) E (DIZAHAHILD L DT, ¥EEDT 4 A=V 3 VKRR U YA
7 )V PTFE KL T &2 D BNTEY | MBI L - T, 74 A=V a VKRR T
B~ Uy 7 2% L, EOFIZY HA 7V PTFE R F 3O IA £ 72 FolE
WiEEER T2 B2 605, Z0H, D-U YA 7 )L PTFE OBELIZT ¢
A=V g VKRR R L OB L A b0 &0 . U A 7 VRIHIZIXIE

LAERBLEZ A L BALRIZT 4 A= 9 VB RDO D PTFE %t
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AR L AFIERFREE D 1%L FIZE L. D-Y A 7L PTFE I XIZIE 7RI L
lEZOND, M7, T4 A=V a VBIROEHAED 50wt% LD b7
D-U A 7V PTFEIRGM AT TIL, 74 A=V a UKL ) A 7L
PTFE ki 1% +/3 (2B BHEe = & 37272 BRI Y ¥ 2 )L PTFE ki 1-[A]
EREER L, T4 A=V a VRIROBHERENDRNZTE T ORARTEE NS
Lo TOFRER, VA A 7V PTFE K12 & 5 3 IR EARREES A S, fo
T 4 AN=T a VKRR IEEDZERICAD EEX bIVD, ZDTeD, D-VY
A 7 )L PTFE O#FEALIZ Y YA 27 )b PTFE ki - OBEBCICIKAFT 5 &L 51
RO T A A=Y a VRO EABEBENT 5120, T ORAFITK T
2HDD, 0% ITIFRObRhosTbDEEZBND,

—7J. M-UHA 7L PTFE TI&, IREWFICELE L TW5 U o 7 L PTFE #
RKBE IR OE—NVT 0 7RO F =0k, ZERITCKRE SO Y Y
A 7 )VPTFE KL T & B — VT 4 T/ X —Ri§ ) Figd-3(c) THLINLDH LI
B—REEIND, ZTD7D, FRHIE—IT 4 VTR0 X —OUIED S0Wt%LL
T, RIBRICIE, K& U YA 7L PTFE RN BT 5 B #s i oo [
(NS TRE—NT 4 TN Z =N LTS TIE R W 2D M-U A 7 L
PTFE O Fe =R %A L LW, Lins., ZO#E ki, U ¥ 7 /L PTFE ki
DA IR T D725, D-VHA 7V PTFE I EBIBIL L7z o T &5 %
55,

4-3-3 HWHIBEMANEZ DT« AN—=U 3 ViFMHR

U4 27 /)L PTFE. D-U Y%A 27 /)L PTFE B L M-V %A 7 )L PTFE D F|iE5R
FER X O EH % Fig.4-6 [Z/R7,
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Fig. 4-6 (a) Tensile strength and (b) tensile elongation of sintered PTFE
compacts. @ : recycled PTFE, @: recycled PTFE containing dispersion

powder, O: recycled PTFE containing molding powder, 4 : virgin PTFE”.
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T A A= a VIROEHEOINI LR > T, D-UHA 7 /L PTFE ®
BIEREEIZ LV E LTz, a4 A= 3 VRO EH RN 0% 5 50 wt%~
B4 % & BIRMELIZK SMPa 2> 559 21 MPa ~f 4 [F o8Nz R L, Z0E
AED 50 wt%lh BI272 5 & IR OIS TARLNIT R Y | E A = 80 wt%
F Z T 100 wt% TH 23 MPa D5 RIREE & 72 o 7=, PTFE BERAAD 5 5RH TN S
WTHBIIEIRE L RIS, T4 A=V a VI ROEABEOHME & bICKE
K 7pole BT, T4 A=V 9 VRO E A &R 20wt%H 5 50wt%~FEHN4
D& BIRMONTIRMICKRE L 20 ZOEHED 50 wi% THI 400% D 5| 3R
O&RLTE, SBIZ, TAAR=Va VIIROGHEEZHENIEL L, 5F &
80 wt% TR UK 460% & F bV MEZ R L. &A 5 100 wt% TIERI 440% &
BT DM b,

UEDRERED, 74 A=V 3 VRO EAED 50 wt% D PTFE BRI D
SKALRITITIT 0%I2 72 223, T DOFIRMEITT 4 A= a VRO A D PTFE
BERR DBEMIREE D 9 FIRRE DEZ R T Z LN R Sz, H & 1 HIOUEEE,
WHERA R O BIIKET 2 L EB 2 bd, i, SHEENFR UGS, JILED
HM-U o 7V PTEE 13 D-U 3 7 /L PTFE £ V) b 5I5RMEEDED > 72, 2
DFEFRIL, PTFE BERA ORI 5L D3 EHEPALRE D A FE OIS K[ILRIZ B
BEZTLLVIOE2HEIORBRE B L, EbIT, T4 A=Y a ViR
DML LT, U S A 7V PTFE KL FIZHE A D Z & T, KALEZ DRI
FEwHLLbIT, SHEREOM EICbHESLEEEAON S,

T A AN=T g VIROER BN S0 wt% D D-Y YA 7 L PTFEIZHA L=

40 FE-SEM [Ef% % Fig.4-7 \Z"7
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Fig. 4-7 FE-SEM images of recycled PTFE compacts containing 50wt%

dispersion powder.
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Z @ PTFE BERlARIX, Fig.d-5(a) TlEA DAV Do ToiHEN MK B > T2
o Z A LT D Z Enbhd, 2k, V%A 7V PTFE ~7T 1 A /X
—Ta EIRMT 52 EI2L 0, PTFE BERRIRICHEHEINR S Pk &b 2 &
DAL TH D, Z OMEHERAREIEZ, Fig.4-2(b) T 5 A2 Ml REHE 2SR 72 ki
FaIT L THRE R > TODMHER S MER N RRE TH L Z Linb, 74 AN
— ¥ a VIBARRL T OB IR T2 b o TH Y  FUL Y YA 7 L PTFE
R 20 &< 2 & TRIEB LA RE L, BIREZN LSE2 60 LEZLN
Do DX D IRRHERIARR DT 4 28—V a UK E SOW%IRE A S5 Z
& T, D-UHA ZNVPTFE 25 4 A3— a2 Uy RD D PTFE BERk A D 9 %
FREE OMIIRIE 2. 8OWt% & A S8 5 Z & TIRIEFRRE OMMAGHRE 2 R4 &
2T D,

FTo. T 4 A= 3 VRO IO PTFE BERK DS IETRE (F) 20MPa) I3,
52 8 VTR L7z/3— 0 PTFE OB1HEIRE (1 32MPa) L0 HK0 2%, KL
K 0%D Y YA 7))L PTFE OF[RME () 15MPa) LV bm< oz, 5612,
T4 A=V g VIR OEA BN 50wt%D D-U YA 7 )L PTFE 1%, 5l5EH O
Ut A 7L PTFE OF) 8 iFIZ 6720 . T 4 A= 3 U RD A D PTFE Bipk
ROSBRMTN (K 440%) 1%, 552 T "D /X— 2 PTFE OF[3RMTOY (£ 340%)
KV bR&E< o, ThBIE, BERET TS M) v 7 ZAZBMT 27 4 A
— ¥ a VIRRL TN BRIG I 2% D & | Figd-7 THHND LI, fEBRA -
TEMEHER R E <D — 5T, ARV T) T &G o T iR Xl &
HsnsZ2icLsb0eEX6N5,

PLE®D X 512, Fig.d-2(b)IZom Z 2 IV lHE & o7k -0 DA SN D 7
A A= 3 VRO % H T PTFE BEiA 2 (R 5 & fl#E &AW
WA 2 FER L, @AV ON B ES TR IN S /3—2 2 PTFE ©
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BERIA L 0 &, BIEREI/NS NS OO, BIEM O K E WA 22 PTFE BE
ARRIROND Z & bhole, £, £OGIRMBEL L SEMNEL, U
A 27 )V PTFE % 50wt% & S Th ., ki U 1 7 v PTFE KL 1- % LY

BE, FEPEAET DBRICHEEM BT EZ R L, REETFTLARANZ &R
binolz, TEXBHETFVRNT 4 A=V a3 VORMETY %1 7 )V PTFE %
flE 3 2729 O Bl 72 IR A IRAR & Bl IRRBIC B 1T 2 FUE 12 SV T Fig4-8 (1278
B
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Optimal State of Interface R-PTFE
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Fig. 4-8 Estimation of optimal interface between recycled PTFE powder and

dispersion PTFE powder.
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TAAN=T g VI RETE DR Dy 50wt% k0 6472 <) BnE &
LTHERIL 72 Y %A 7 )V PTFE BERAKRS . 7 4 A=V a RO B THERE
U7z PTFE BERiA & [R5 LB OMIIR EE 215 2 72 9 OIR AR R & @& IR RE 4 i
ERAEL 5L UTFOX I RN E#ELEZEX b D,

O BEAWREIX, VYA 2V PTFE ORI OE Y 2T 4 A= 3 > ORFHER N

o T Z &,

@ R TREIX, /N—Y 2 PTFE & Bl LT, M3 H 0 REFEDRKE WY P4
7 )V PTFE ORI, T A A/3—2 a & OFEMERAMIIZIBHE L7225 b R H

ZHD | B oIS MEERSEE TS Z &,
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-4 FE&OH

U A 7 )V PTFE ¥y RIZ PTFE ODHAALK TH DT 4 A=V a VZRESE
5 Z & T, UHA 7 PTFE BERUR DGR NSRS 5 Z LR S hiz,
F72. £D YU YA 7V PTFE BERUADEMTRE X7 4 AN—V a VI RO G A
BENHIT DI LR NELS IRoTz, 7T 4 A=V a VIR Z S0 wt%d A S
% &, U A 27V PTFE BERRIK DK FLIXIZIZTER L, ZO5IREE LT AR
— 3 U RD IO PTFE BERAR DK 9 HNZzE L, U A 7 )L PTFE BERLIAR D
KAfE L7 o72, 2D X HICT 4 A=V 3 UK %E 50 wit%d &4 L7- PTFE
BERARIZ, U WA 27 )b PTFE R - ICHHEIR DT ¢ 28— 2 Uy RRL 128
BVTERILOBRWEEREEEZ A L TERY ., 74 A=Y 3 VKRR OfkiE
[l LG o TG A RO Z L MRS L7z, T X 5 72 PTFE BERRIKRIZ, @
FHOWON BB ES TR SN D X— 2 PTFE OBERA L 0 &, 5IERE
TNENHDOD, GERMONRE W, F#HI 722 PTFE BERIA TH 5 Z & 3D
-7,

A, T A A=Y a Ot ESEDTODEREZITV, DIROE
INETHERIREZ BT 5 2 L alatd 5, KAFEEZT 4 A=V a VilNEL
A% Z & T, PTFE OBEMIBEOME 2175 Z LA TE, PTFED U ¥ A 7 )L

MAIER~O BB IIFF S D,

95



z & X W

1) J. I. Kroschwitz, “Concise encyclopedia of polymer science and engineering”,
translated by I. Mita, pp.681-683 (1994) Maruzen.

2) M. Kawauchi, “Fussojyushi Handbook”, edited by T. Satokawa, pp.93-147 (1990)
Nikkan Kogyo Shimbun, Limited.

3) R. S. Waritz, “An industrial approach to evaluation of pyrolysis and combustion
hazards”, Environmental Health Perspectives, Vol.11, pp.197-202 (1975).

4) C. M. Simon and W. Kaminsky, “Chemical recycling of polytetrafluoroethylene by
pyrolysis”, Polymer Degradation Stability, Vol.62, pp.1-7 (1998).

5) “Fussojyushi Handbook Kaitei 11 han”, edited by Japan Fluoropolymers Industry
Association Kaiteil 1han Editorial Board, pp107-108 (2008) Japan Fluoropolymers
Industry Association.

6) A. G. Buekens, “Some observations on the recycling of plastics and rubber”,
Conservation & Recycling, Vol.1, pp.247-271 (1977).

7) H. Kasuga, S. Itabashi, W. Kawamura and S. Mishima, “Influence of Change in
PTFE Powder Particle Morphology by Recycling on Mechanical Strength of PTFE
Compacts”, Journal of the Society of Materials Science, Japan, in press.

8) T. Shimizu, “Fussojyushi Handbook”, edited by T. Satokawa, pp.29-33 (1990)
Nikkan Kogyo Shimbun, Limited.

9) T. Satokawa, “Polytetrafluoroethylene dispersion”, Journal of Japan Society of
Colour Material, Vol.48, pp.509-516 (1975).

10) Y. Tani, H. Sekine, J. Shibata and Y. Kamimura, “Development of grinding wheels

using fibrillation of fluororesin”, Seisan-Kenkty, Vol. 58, pp.110-114 (2006).

96



/s‘fr‘5

ZE

97

~7rs



5-1 KR DB I & #4E
AWHFETIX, U YA 70 PTFE O HEYERIS K OMEEMED [ L2 X5 729
LUTFOO~IZRT LI, U A 27 /v PTFE OBEMIRE DK T OJRIK, X
OV A 7 )V PTFE DL FTEIZ DWW THRGET L, PTFE @ U YA 7 V515 ST
THLZEERHEBE LT,
@ YH4Y)LPTFE O#WREETORRDESR (F25)
U A 7 )V PTFE & /3X— 2 PTFE O UM R OFsMER L O £ B BERkiA
OIS Z <, 2452 PTFE ORI 5 2 5 82 e LTz,
@ VYA ILPTFE O¥MIERED R -1 ¥« )L PTFE DE#ERE- (83 F)
U A 27 v PTFE R f- A @R DA BICINEA L 72t ST 5 2 &1 K& 0 ARHS &
LT, FFREEZREIEDL L L b0, @A T 52 & T, BERIED
SALEZ T S, BEBORE M O ATREMEIC DWW TR L7z,
@ VYAV ILPTFE DEWEEDR L-T 4 R/IXN—2 3 VD HM- (F4E)
WHE L LS W PTFE KL 72 5 deT 4 A= 3 > % U4 A 7 )L PTFE OJFR
BHYARICERIN LT PTFE BERLIR A ERL L, 5 4172 PTFE BERR IR O MGk &
FEARIR FE [ Z DWW TR 21T - 72,
LRI, BonicmilzE s,

@ YY) PTFE DHMEEETOREOHER (F2F)

U A 7 v PTFE OFEMIREIR T ORKROMHZ B E LT, VI A 7L
PTFE & /X— PTFE OJFEH RO FEIETS KON 2 & BERAR ORI I 4 3
N, FIHN PTFE OMBIREIZ G 2 2 B LG Lz, TOREER, ~—T v
PTFE O JFEH RISRHERAR 2 A T 2 72 . IBREORL 1 O PR [ L
MAWIHEREG S Z & TREEOM EE HHREOTEBEZ Y, ZhEBEk
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T 5 Z & CTRFMITEE A LORE L, MO RaEsSEa B Lz, —F, U
YA 7 )V PTFE O JFUEH RITAERALRE DY 22 W T2 ORI DIE GV Z BT,
BERK LT PTFE K1 CoE Ze R s & DB S IR0 7z, ZD X9 7E
WA, RALOFEICIN 2T, U A 7L PTFE OEMERE 2 K& <K F 7=
HE Th o7z, MEHERMRRS Y 1 7V PTFE B3RIZ72 N 2 & 1T, ARAFFETHIO
THfERS ST,
@ VYA ILPTFE O#¥MIERED R -1 ¥4~ )L PTFE DE#ERE- (B3 F)
U A 7 VPTFEDHAREE DI FA4 HRgE LT, V%A 7 LPTFERL T % il
UL RIS U7, Bt 5 2 LI X 0 REE L L CIER X QR oK T
AT LT, EMRUERICRF 2B LT < L TR FMOEEL&SD, £
D, BERKFFIZITR - OFGE MEHE LT, BRIEOKILE LR TS EH 2 L
Rt Uiz, TORE, EEREEIT 9 2 & CREILEF2MFM Lz, KL=
SN UTZJRR & LT, ARSI & DR o ik 7 0 i M 2 8 <
722 b B X OMEAS SR LA EE O AT XV PTRERLIE O %R T 2358 < 72 0 BEfE M
PRFLIZZ ERHERESND, Zhb kD, VA 7 APTFEZ KRS b S5
TR T, RALEA M T I EHBABELLEIEL 2 L IIREELEZ L
iz,
@ VYA YILPIFE DRBREDRAL-T 4 R/S—2 3 0 DFM- (B4E)
BIOR I LD U YA 7 /v PTFE OFEMRGRE DR B2 BRI E LT, fikHEkb L
9V PTFE Ki &2 &80T 4 A/8— 3 % U A 7 )L PTFE OJFUEH RICIR
JILC PTFE BERLIKRZ (ERLL . 5 54072 PTFE BER IR O BHIFL AR & FARE 12
SWTHE LT, 77, TA A=V g ol e LT, BBESICL YRR
SNTNR—=V U PTFEMKR (E—NVT 4 70X —) b, U3 A 7 )L PTFE

AR U CTRERUR 2 EREL . B L 7=, ZDfER. U ¥ 7 v PTFE ¥R
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IZT 4 A=V a VEIRESEDH & T, U P A 7L PTFE BERAR D 5 iRTREE
DHRT L Z ENAE SN (Table 5-1), £72, £® U %A 7L PTFE BEAIK
DEIRBEILT 4 A= 3 VI ROEAEBEMT 21 LN WEL ko7,
TAAR=Ta VIR E SOWmt% A &5 &, VYA 2L PTFE BERiik D &AL
IFIFHER L, ZOSIRMENLT 4 A= 3 UHRD A0 PTFE BERAEDHKY
9ENZE L, VI A 7V PTFE BERIA DRI 4 5L e 7=, £72. 2D X 5 7 PTFE
BERIRIL, BEHAVWONDIBEES THRE SN D /3—2 2 PTFE DBERUA LY
b BRI/ NS W OO, SRR KE W, R 72 PTFE BERA TH
HZ ENbhoT,

Table 5-1 Mechanical strength and elongation of prepared PTFE compacts.

Compacts Tensile Strength / MPa | Tensile Elongation / %
e SI3RhEE SERD T
Virgin PTFE
= PTFE 32 340
Dispersion PTFE
F42)N—¥3> PTFE 23 440

Recycled PTFE
UYL PTFE 5 50

Recycled PTFE with 0% Porosity 15 196
[FLE 0% DU 7L PTFE

Recycled PTFE + Dispersion PTFE 20wt% 10
UYL PTFE T4 Z/\—¥3> PTFE 20wt% 100

Recycled PTFE + Dispersion PTFE 50wt% 21 400
U121 PTFE T4 A= PTFE 50wt%

Recycled PTFE + Dispersion PTFE 80wt% 23 460
UH12)L PTFE F1RI—¥3> PTFE 80wt%

Recycled PTFE + Molding Powder 50wt% 16
YY) PTFE FE=IT1 I8 — 50wt% 230
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VLE, RIFFETH DN EIE, FIc s TEMCLIEFICHER L LD
ThdEEZD, KT, VYA Z IV PTFE ~T 4 A= 3 V% 50wt%LL EIR
325720, BIRME X/ N— > PTFE L 0 1ZEWH DD, U WA 7 )L PTFE
DR 4 5L 72D N—=V U PTFE L0 b, SIRMONKE W, TR E TIZRN
Fr)72 PTFE 215 b0 Z L2 R L7, E£72, 74 A=V 3 2 100% D
RIGAR L ZIEREFEOBEL D2 & bbhoTc, AFEX, PTFEDY H1 7
MEL LT, TEROFEL VR T, ERAEREIBRENTH L.

ARFEICKY, T4 AR=Ta 50%BM L7z A 7LV PTFE 1X, LLTFD
2 ODTF i CTHFICEBIH N FEM TH Y . EAMERHIFTE 5,

@© /= PTFE BB & i L, BIRMOVA R EWHBIFEM & LT Fflo

PR E NS,

Q@ T4 ANR=TarS0%RMT D EIZED T 4 A= a 2 100% & [

DIREZ b OMIGER G END 12D T 4 A= 3 UMER S 5 BE 5

B (ZoHBEME7 77V v ) ik L CRBoOERENSIRH SRS,

B#%Ic, VYA 7V PTFE A5 % OERY RET 5,

-2 SHRORE

5-2-1 SHEDOHAREDRE

T4 AN—=T g i, SEMIC K DERIZE D | fHEIROROFIz, 51T
7RI DHE THEDR ST MIETH D Z &b o Tz,

L. T4 ANR=Ta UINEDDROEINET, U S A 7L PTFE 38 % 1A
ESHATDICUTORTE TEL TV,

1. #HEROHR A U YA 7L PTFE ORLFICH—IC S ETRET 22 8
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2 . FRHEIR OO PIAFAE T D e CB,EN - ol 2ok %, U Y1 7 )L PTFE
SOUINENZFER 72 3 BB X 0 ik 3-5 = &

5-2-2 YA &)L PTFE #ERAD A%

(1) BEMBEE SNGVWITERAR

2016 4F, PTFE EWNPEERNMWAEIZ L D &, 8K 28%., —AxHiR - Bk
B 22%, WERERR 1%, (L% - &8 10%E b5, BB, P8R0 3 Ki®
SYEFTHI T0%% b % 1, R BFAY 1980 LI, BV =7 25D T
N ABRLHEIHERN TSNS, OB Cieb EEMA I TV 5 RN
AEVE. BRSO & TNEE CTH 5, BT T I v 71T ERED KD R0 A5,

73
DM

1%

M B (8 < AL EE 23 B PTFE BERRIA S 4 BE & ST 5, PTFE 1%
R RIGESEE O OB & L TEHA STV A REBRBHETH 2 23,
iz AR PES R L E = L0 &m0 'R Y =F L (UHMWPE) 72 &
b BB AT I S AL TV D, FrI BUELEE O BRI R O EB A2 35U Tid, PTFE
OFREE, FE I X ORI ST L S e, T, PTFE RNU ¥ —0D B
BcargIix—rvarIn, BYREALTWSZ L— R3¥MEV PTFE 235
RO & LT SN2 FER B 5, RO YU 1 7 v PTFE BERUIK %
INT U7t a A RE L E O BRBCR M ICET TE 2 /eERH Y . £
Doy B ~OFIHANED X, VYA 7 /v PTFE BERAE D FR A LA S0 12 A
HERW A R RBRE W,

(2) £FXEORY bADER
PTFE ZAEIEZE R v M8~ &S & LT, A TWHWHERIERHL
T-EHMIC, EE D 2007 4. NiKKi Fron O BHIEERE A B R RSP e fn g
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IR DS ORI Z 52 1 T MLA 72 PTFE O &R EATEH Ltk 2 —~
A KRy NOEMBRENG S, YRFORBIEMICE OIS E Th - 7= fhil
BRI (BIfE., Y =—BLRPINBAIEM  AirEHiE L) X OL 2010 F 5
LA U7 B R PR LARibe s e & o B R 2 —~ /4 Rk
v MZEBT 2 LRI ORI YEE Th o 7o EARE X (BIfE, BERFET
BRI . U AR R A AR HEBR) hH D a X v b &L
TIZREHT 2,

[V=—EREMBEAREMN FHERELT MUBER »o0FR]

TNDOE CEETCHRICNESDFEOHK DL aR vy NOWKE S L T-BRIC, 74 &
LOBLEND S, ZDON— Ry = TRERIZIZACHEREE & Om W Bt Ko
b, N—KRU =T & L TCOBMEEEST 572010, fEoRE, R
S, FTRAZELWV) OITEBERERTHY | HlcRBER T OERI IR S
N5 Lo TWD, FEMEDERL LTI, 77 Faxz—4%, 7, #
RS E N EIICRREIIZ <AEET 208 FEEEIC OV ToO—flaH T 5 & |
PEEM B ARy FERHE S Lok Tid, —RAICEED i (I3 R
ZeuAR—IX_XT7 Y U7E) BAVWLNDZ ENREN, B IXEICER
DFEMTHRIZERHE L 2> TEBY, HEHRE L, AT 7 L—AlEE
XN, BINTHELESNLOERS>TND, HEOHEINET 7 Faxz—X
DAMERC L, SR OLEMES T 5 2 LIZEN D, o, IMTRFED k
MBDIEEHmDARA M ER->TLES, £LT, T H 1 BOREETT AT
L CUL B Z S5 2 ERAHKRWD, vRy NOFRBEES, 3 62
LESET2LMOMELBEI Y, REQREMELAT U MIKELE LT
LEDEWIRENFEL TV D,
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ZD XD BRBLEN G (PTFE O EEAB MR B2 LR WD Z & T
B OMERL 2 HER O L 0 b/ EICEBR CE L, 2Ry oSk
AEHLHZEIFETDHEEZTND, Fio, HMEOREHEIME L VI BLE T, 3
il D BAEHE R 2 /MAFE P IC D D 2 & ST & B ERmBIEREE IZ PTFE 2 AW 5
ZEIERIZAED ThH T, ZTHETIC, MEROFEET Ry M st & LAk
EIE—REETHNEE D EWVWH a e BT, N Y = TR AT
ek e 2 —~ /4 K [Kotaro] 35X Kojiro] Z#AfEL T& 7z,

IOt a—~ /A ROFHE &S O EEmM & LC, HBEE, X
OB B O T, PTFE 215 A L7 IEE 1T o CT& 72, AMETHREED
AUy MeZpoTWDA, KB & 32 2 & T B A /IMATE I i
L TEBT LI ENFREE 0D, £5 T2 & T, LEARAENGEHEZ EH S
LMCEZIRD Z LN TE 5, REMEESOBETE LT, AMEOBETED X 5
(A NS MRS H VG, HiEREZLEL LIRWPTFE DY U —
SIFANEDOBEMEE®mDLEbEX, ZOX D REEICES T,

W 2 —~ /A RO 2R L LT, HICBHEIREOHETEIC PTFE
ITEBRBMLELINDTEAD, TLT, KmXOEFTHLLD) A7 VT
BIZOWTIER, ZOX ) 2kittrRy RRREIIN TP THA I RKKITE
WTh, a7 LD BB ERRKAIEE ) LR LIZNF L LT, FFICHEE
HEhsThbH, |

(AEXRFEIFHARR (CEMAXY SOMEEAZR) BREZKM S
DE#]
PTFE D ICRABIREN £ SRDERE

[ANEmrRy hOBRRaIa=r—2arOFERAZAEL, BFEHFRHICER
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Licka—< /A Ry RRBRBINTWD, BEMICE, BEHOALTO
FWEBIRHEEN 2 F50 WEA4 © ) — X 202 TORFBERHNHE/ R 2 & b
a—~/A FaRy F KOBIAN 22 ER’dH 5, 2t a—~ /A KRy ke
EORANI Ry NTlE, =% RTANREDERREBHIFE OO0 =
Ea— 4R 0T _RTOBERLMB Ay MBI 2T e 67, &%
DY - BEAGIIVNHATH D,

KOBIAN EE# ¥ (Fig.5-1) (TR A LMD FHHZRITHY A X Th 5126 Bb
L BNRRIEERET D025 ME NI L ORREIAHEZR L TWVD
BEHER D[R B VT2 ZEMINIC M & R I 5 720 OB A U3 2 1213 i 72 T
RKVBMATH D, REEIL3 SomE A ME (AN L7z Yaw Bl & /478 5)
L 7c Pitch i) Z+7> (Fig.5-2), HRERERD ¥ Ui, CMOS 1 A 7 D
Sl oy 12 Roll #7105 & H 2 5% 1 5 Z & T Pitch Bl & Yaw #2357 LT
RAENT % KO e Ch 203, ZOZE A WEOHS ORI K 0 IRERE O
MEDORE I LAEANRESND oD, 1030 il 78 & DR LD & L B
EHEHT LN TERDNST, £2C, HEWEICENDS PTFE Z#8H L, Z
DAY —T DJE Y % & @MU D L35 2 & T, /N IRER OB 2
EHLL T,

F72. PTFE ORETH 2 HEMERCIHBEWER EICER L, WMET 7 F 2o —
B D3y X AR PTFE 28 L, (RIEE3 A2 KB L T a0 Vb H 0 iFEIC
278y FrEPC PTFE 28EH S LD TV 5,

Stk WwxaRy NRERTHZENTHENDMN, MRS ClEATX AR
KTpolemiy NEEEREEYE L TUBET 50 TIER, VA 271352
CIFRERNOEBEZ THERICEETH D, HHEMELIICO LT 5/ NIEEL
NG5 2 TLT AZUNRYHA 7SN TS0, PTFE O EJFEHTH A
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ThdH=H, PTFEENEH SRy MZoWwTHEIRE, VA 7L
NHZENLEFE LY, ZOXHI7mnb, PTFED Y VA 7 )V FiELE N L X
) ETHMITIIREERND D, |

CMOS camera

PTFE sleeve

Fig. 5-2 Eyeball mechanism of KOBIAN.

3) MHEMS L WEEREZEHKIZEELI-aY Y2 —v—52H
KX DELZTHHEHFH 2D, PTFE O“MitEE"E L OREEBIR I 72 & D
BeME. F£72. BMOFREN A T REPEME K= IZ A< BO X 5 2 filgr o5

IRL. 2009 FEAIE Loy Y a—~—HEmMT I 7 a7 —7F K
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“BLANC BIOUI RN LK, FENZTHH ALK L CTE7z, TOIEBIOH T,
T aT V=TT R (A=A —=) T—T A4 A THATFT—BILOAT ¢
T LAY 17 FEFHEOBRESIZTTLEYT—3 3 L (Figs-3).
MAISON&OBJET] O“NA =T UT N (BMOTZ7V) REDOT T —
REZBLTE, £L T, PTFE ORMORMHELIEN LcrEm (7 — e —
AT =TNTxT «cVax)—RE) KL, HEEST T 4 v ZICTE
W T ICIRGE S & E BRI L T\ 5,

gy a—= TR, KRS AW 2R LR 0 Sl S TR Y
“GRIEIIRD A TNRY, 2O RN, 2N—3 2 PTFE TRAH L7z,

U A 7 )L PTFE ® O 2 KA TE 5 AlREMEIFFEF ICmW L HEim T 5,

Fig. 5-3 Exhibit : Maison et objet (Paris) / Exhibit : Milano salone(Milano).

® WmiGEOFE (7— b

TIUVADHANE (Vv v « A7V w7 KEWHEL BLANC BIJOU
ORZZIWES TIOKIO) %%, [FINE ART ASIA 2012 (F#) | IZTvAZ—F
— 2@ SN (Figs-4), Uk, k227 —7 4 A SO WEDOAT T 77—
FEViATe,
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Fig. 5-4 Sculpture "JOKIO" / FINE ART ASIA 2012.
@ MBOFFE (/N5E)

HATIE, [FEMEEANE (BEE) ) IS TEMMICIRTESZBRM L Tz
(Fig.5-5), PTFE OT —T7 N7 =70V 2 ) —PHFET, FFIZT AU A
X DB EENSZ WV, FINEFRAA—FT —%25), 3 - FLOFEBD
(I E 22 D Tatalie) (X, 1964 FFRIZEDERI T T 1 v 7 TH Y . ZHOAL
ABEELH L E LTHH4ATH D, BLANC BUOU OEMIXFRTT 1 v 7

T216FELDFHERINTEY PTFER Y 2= U —&2HDICIRFTEEZIT-> TV 5,

Fig. 5-5 Sales event in ISETAN SHINJUKU.

@ THiEOEHE (REE)

TIGUVANAZ— 27D RI=Y « 7 K EHEFER% L7~ PTFE 5 —

TN 2T E, B BBICHH VAN T [ RI=F Tz h—F g —]
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I TSN TEY (Fig.5-6) . BLANC BIJIOU D 7=¥IZBi% S =452 — &
&5, PTFE DFFOGEMO A STy = 7 N ELH TR Z, Loz sS85
ELTAREEL TV D,

Fig. 5-6 Table wares made of PTFE.

@ SEOMGIHEKORE

BLANC BUOU /% 2009 DAL 5 |, SR m e D& T4 72 R 2 FE 7
FFT&E, ARBRIEIT T RA A=V ERUNILEN L, 77 RO L—~L
45 THRIEWHTRIC PTFE (RN—Y 0 ROV H4 7 1) g2 %A+ 5T
ETHDH, 7 — b T =7 N0 =772 EOE&REMIZTBLANC BIJOU PARIS |
D= TT 7 Va7 U —hpIlEBE L, £, MLz lcaxFa—24
¥ 2= Y —|% [BLANC BIJOU accessoire| @D L —-L T kL > RfigGIZEEH 3
% (Fig.5-7), Yax U —(X, “WE"ARD NNz, YA 27 /L PTFE X

¥:1Z TBLANC BIJOU accessoire| D pdih~O A Z HAEFIZ AL D,
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B BLANC BIJOU

PARIS

|
BJ BLANC BIJOU B BLANC BIJOU

2
-
&

Fig. 5-7 Brand labels of BLANC BIJOU.
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(4) BrEM~DEH

PTFE IS 7T A F » 7 ZME, RV =F L oo A v &g L TR
ERPMMENZ TSN TWD A, BUERBRICHEN SN TV D ZEREES S
T B & LR B & 10 (5 1F ERMBEME D B O,

Ut A 7V PTFE [ZFIET D ERIC, 220 %2 BB RN TE 2 2 LI,
PTFE A JekfFOMMErE N b2z & 2FIHA L, WrEWr~ouw A28 el e T
HoHLEEZ, MEEIT-T,

gt e+ 5 2 — 4y ML & LT RITA < ER ST D A T2
AT r—A] IZHEB L, AX A7 3 —50F HHEERD 2T LBz

Ml EWOIRYAF LT3 —LFEMTHD (Fig.5-8),

EEBAAK—h
AF710I—2A-1
AF14074—LEX
AF4074—LFG

)

Fig. 5-8 Styrofoam.

O WA & L TOERET
ZBA 0T F—ADEYRERT 0.022W/m - K" TH 5 (Fig.5-9), V¥ A 7L
PTFE Z# Wi & L CEH 3T 25613, 2 OEMEICITE S L < IRV SR H

5, PTFE O TR DEVRERZH{E T 555813, K[ILE & BVRE RO
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EIRAE L-RER (Figs-10) Y, KILE 60%BEL EANE L 25, T OKIHEIC
LT S0, EFIERARS0%EBEELE LT, RIERFOET) & BER TRICS
WG Z2 #5815

1
} Phenolic foam Performance of thermal
1 7/ —=IL7A4—L4L insulation increases as the

numerical value diminishes.

Rigid palyurethane foam 0.026 | | BIEDNSWNEEWBIERD BN

BEILYYTA—LA

Extruded polystyrene foam
BRERURF LY T4 — L -0'022 | StyroformFG

Bead method polystyrene form

|
1 E—ERURFLY T4 —1 0.040
—— +. e e S e R
| Rockwool
w 0.038
5 Ovo72—=)
2 Gl L 6K
i_|__ % : asSSWoo 0.045
‘ 22X 7—IL6K
0.02 0.03 0.04 0.05

Thermal conductivity (W/m-+k)
et B

Fig. 5-9 Thermal conductivity of Styrofoam.
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0.350

- Porosity
< 0.300 0.100 0.297 ik
£
= Thermal conductivity
= 0.250 HiEHEE
>
= Approximate line
=5 £.200 SEALUR
(@)
R 18.77 0.117

0.150
‘g £ 29.25 0.09
; 0.100
£ 20.35 0.106
o 0050 3511 0.077
'_

0.000

0.00 10.00 20.00 30.00 40.00

Porosity (%)
KEHER

Fig. 5-10 Relationship between the thermal conductivity and porosity of PTFE.

@ TKHEIZ DT HESE
ASA 0T = BORAKIE 1%Q4h) TS (Figs-11). TIUSH LT,
PTFE 1% 0.01% (24h) & FEEICIRWEEA R LTEBY . A2 A 07 4+—A5 LY

HIEFIAICEINL TWD Z oo 7= (Table 5-2),
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Performance of water resis-
tance increases as the
numerical value diminishes.
HIEHUNS WIFEE T AEREA B

i e o P e | e S
I
! Rigid polyurethane foam 3
i BEILIYTA—I
% Fg Extruded polystyrene foam
Kk BHERURFLY T4 —1 I | StyroformFG
: Bead method polystyrene form 4
| E—ERURAFLY 74— |
' Rockwool ‘
0 Full of water
S AyZo—IL
2 Glasswool 6K
L % <
.$ SS2— 1L 6K Full of water
T \
0 1 2z 2] 4 3 é 7
Test Method:ASTM D2842-69 Water absorption (volume 96)
HEE WKE (kT 96)

Fig. 5-11 Water absorption of Styrofoam.
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Table 5-2 Water absorption of PTFE.

Characteristics Unit / Condition fr\I'DJT-FFEE
‘ MY . R
iz B INABTFLY
Water Absorption 0
g % (24h) 0.01
Combustibility : 3
IR 3.2 mm thick V-0
Limiting Oxygen Index >05
RFBRENR
Effect of Direct Sunlight
ENEXOTE None
Acid Superb
Chemical Resistance -
T s 2 o Alkali Superb
Organic Solvent Superb

UHA 27 v PTFE WM ~EH T 57-DI21E, AF A mT7 4 —hE gL
TEMAER Oy TIXE R DN LI TITH D23, WKRIZE LTI EER
RENVEAZ TR LTV D T2, Wi~ T EH DN H 2,

7z, ERROMENSEBRITINZ, IEM~OEH b ORME S 57
D, SEOBEE L THI S IEa il TITE 72uy,

(6) A2 TL i EDfEBE~DER

e & 13, ALFEBOSIZIERE D DD IS ALFERUS DOEE 23D S WE O Z
EThD, L0 EERERMEEZBARE T 5 2 LT, BREL - = /L X —[E DR
ICBWTH REREEZRZTLHFHFINTHD,
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Fig. 5-13 Photocatalyst immobilized in

polytetrafluoroethylene (PTFE) membranes.
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Influence of Change in PTFE Powder Particle Morphology
by Recycling on Mechanical Strength of PTFE Compacts

by

Hideyuki Kasuca™ **, Satoshi Itapasnr®*,

Wataru Kawamura®™* and Shozi Misumma™®**

It is known that PTFE compacts fabricated using recycled PTFE powder which is melted once show much lower
mechanical strength than those fabricated using virgin PTFE powder as-polymerized. However, the reason has not been
clear still. Then, in this study, characters of virgin PTFE and recycled PTFE powders and properties of virgin PTFE and
recycled PTFE compacts were investigated. The crystallinity and the melting point of the recycled PTFE powder were
lower than those of the virgin PTFE powder, which are well-known differences between the recycled PTFE and the
virgin PTFE powders. In addition, we first found that while the virgin PTFE powder had not only granular morphology
but also fibrous morphology, the recycled PTFE powder did not have fibrous morphology. The fabricated recycled
PTFE compacts had higher porosity and much lower mechanical strength than the fabricated virgin PTFE compacts.
The fibrous morphology of the virgin PTFE powder was entangled with PTFE particles during compressing, which
resulted in the higher packing structure, furthermore, during firing the densification and the fusion at the PTFE
particle-interfaces where the entangled structure was formed proceeded much more, which resulted in the strong PTFE
particle-interfaces. On the other side, because the recycled PTFE powder having no fibrous morphology could not
formed the entangled structure, the densification and the fusion at the PTFE particle-interfaces did not almost proceed
during firing and PTFE particle interfaces were not almost strengthened. So not only the higher porosity but also the
week particle-interface where interlocking structure of fibrous morphology was not formed made the mechanical
strength of recycled PTFE compacts lower.

Key words:

Polymeric materials, Sintered materials, Morphological observation, Strength degradation,
Recycle
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Fig. 1 XRD patterns of virgin PTFE powder (M-12) and recycled
PTFE powder (average particle size: 50 ;2 m).
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Fig. 5 FE-SEM images of (a) virgin PTFE powder (7A) and (b)
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Fig. 6 Surface images of molding (a) virgin PTFE prepared using
M-392 and (b) recycled PTFE prepared using raw powder with
average particle size of 100um. Black area means holes.
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Table 1 Preforming conditions and mechanical strength of recycled

PTFE compacts.

. surface pressure porosity
Eandition pressure holding time (s) (%)
melt press 400/200 120 /9.0x10° 0.097

long time press 300 3.456x10°(4 6.953
high pressure 600 60 19.33
medium 450 60 20.57
low pressure 322 60 22.70
2000 20.00
Atensile elongation(®s)
Mtensile strength(MPa) =
T 1500 g i L 15.00 g
S 1000 - F 1000 B
3 s, z
50.0 Ay 4 500
0.0 . . : 0.00
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Fig. 8 Influence of porosity on tensile strength and tensile
elongation of recycled PTFE.
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Fig.9 Tensile strength and tensile elongation of virgin PTFE and
recycled PTFE which had 0% porosity.
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Influence of the Change in PTFE Powder Particle Morphology on the
Mechanical Strength of PTFE Compacts by Recycling

by

Hideyuki Kasuga™ **, Satoshi ItaBasur®*,

Wataru Kawamura™®* and Shozi Misamva™®**

It is known that PTFE compacts fabricated using recycled PTFE powder which is melted once exhibit much lower
mechanical strength than those fabricated using as-polymernized virgin PTFE powder. However, the reason has not yet
been clarified. In this study, the characteristics of virgin PTFE and recycled PTFE powders and the properties of virgin
PTFE and recycled PTFE compacts were mvestigated. The crystallinity and the melting point of the recycled PTFE
powder were lower than those of the virgin PTFE powder, which are well-known differences between recycled PTFE
and virgin PTFE powders. In addition, we first found that while the virgin PTFE powder had not only granular
morphology but also fibrous morphology, the recycled PTFE powder did not have fibrous morphology. The fabricated
recycled PTFE compacts had higher porosity and much lower mechanical strength than the fabricated virgin PTFE
compacts. The fibrous morphology of the virgin PIFE powder was entangled with PTFE particles during compressing,
which resulted in the higher packing structure. Additionally, during firing the densification and the fusion at the PTFE
particle-interfaces where the entangled structure was formed proceeded much further, which resulted in the strong
PTFE particle-interfaces. By contrast, because the recycled PTFE powder without a fibrous morphology could not form
an entangled structure, the densification and fusion at the PTFE particle-interfaces scarcely proceeded during firing and
PTFE particle interfaces were not strengthened. Thus, not only the higher porosity but also the weak particle-interface
where the interlocking structure of fibrous morphology did not form caused the mechanical strength of the recycled
PTFE compacts to be lower.

Key words:

Polymeric materials, Sintered materials, Morphological observation, Strength degradation, Recycle

1 Introduction

Polytetrafluoroethylene (PTFE) is a very excellent polymer
material with such various superior properties as heat resistance,
chemical resistance, weather resistance, and sliding. On the
other hand, while PTFE is a thermoplastic polymer it maintains
a high viscosity (101 to 10'2 Pa. S) even at melting point or
higher temperatures and does not exhibit fluidity. For this
reason, to manufacture PTFE products, the powder is
compacted by pressing, fired and cut to shape, like in powder
metallurgy. For this reason, when manufacturing PTFE,
injection molding, unlike ordinary polymer manufacturing
methods, requires a very special process.'” 2 This special
manufacturing process is also used for other polymers, such as
ultrahigh molecular weight polyethylene which is very high in

molecular weight and high in viscosity.”> ¥ In particular, for

ultrahigh molecular weight polyethylene, the presence of fine
fibers has been confirmed, and it is known that they greatly
contribute to the linking of particles® ¥ During the cutting
process of PTFE, a large amount of cutting waste is produced.
Since PTFE is very stable chemically, it is not subject to
microbial degradation in soil. Since complete vaporization
requires 600°C or higher,®> 7 the waste cannot be incinerated.
For this reason, there is no other disposal method than burying
the cutting waste as industrial waste ® and an effective disposal
or recycling method has been required.

It has been pointed out that PTFE produces a harmful gas
(hydrogen fluoride) when it 1s heated at a high temperature of
400°C or higher, ® ”and it has thus been technically difficult to
recycle. PTFE is a polymer produced with a scarce ore called

fluorite as the main material. Fluorite is mainly produced in
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China, UK, and South Africa and Mexico. Since it is a material
produced from a wvaluable mineral resource, a recycling
technology for PTFE has long been sought due to concerns
over resource depletion. Fluorite production in Japan is small,
and Japan is the world’s number one importer of fluorite. From
the viewpoint of resource strategy, establishing a recycling
technology is significant.

It has been confirmed that recycled PTFE product produced
from PTFE product fired once or from cutting waste
(hereinafter recycled PTFE) tends to be greatly inferior in
mechanical strength to PTFE product produced by compacting
and firing PTFE powder prepared from fluorite (hereinafter
virgin PTFE). ¥ The cause of this lower mechanical strength
has not yet been identified. On the other hand, there has been a
recent example of fluororubber used for a wearable application.
19" As such, the use of recycled PTFE can be expected for
applications that do not require great strength such as wearable
applications.

In this research, to expand the application and promote the
improvement of recycled PTFE, we investigated the properties
of recycled PTFE and virgin PTFE material powders with the
objective of clarifying the cause of the lower mechanical
strength and effects of the microstructures of their compacts on
the mechanical strength of PTFE.

2 Experimental Method

2.1 PTFE Material Powder

As raw powder of the virgin PTFE (hereinafter virgin PTFE
powder), we used three types of PTFE powder with different
particle diameters (Daikin Industries: M-392 and M-12 and
Mitsui DuPont Fluorochemicals: 7A). These PTFE powders are
indicated as M-392, M-12, and 7A. M-392 is a granulated
powder, and its mean particle diameter is 400 pm. M-12 and
7A are not granulated, and their mean particle diameters are 50
pm and 34 pm, respectively.

As raw powder of the recycled PTFE (hereinafler recycled
PTFE powder), we pulverized PTFE cutting waste into finer
particles with a cutter and used this as the recycled PTFE
powder. As for these powders, we adjusted the mean particle
diameter to about 50 pm and 100 pm.

2.2 Preparation of compact and fired body

The virgin and recycled PTFE powder (16.8 g) were
uniformly filled in a cylindrical stainless steel dies with the
diameter of 70 mm, and were pressed at constant pressure of 30
MPa for 1 min using a manual pressing machine (Matsuda
Seisakusho, C-37). The obtained PTFE compacts were fired in
a kiln (Kusumoto Chemicals, EHT-1H). The temperature took
3 h to raise to 300°C from room temperature, subsequently
took 4 h to raise to 370°C and was maintained 370°C for 3 h.
Subsequently, the temperature took 5 h to lower to 300°C.

1500

- recycled PTFE
(particle size:50um)

virgin PTFE(M-12)

1000 -

Intensity (cps)

14 16 18 20
20 /° (CuKa)
Fig. 1 XRD patterns of virgin PTFE powder (M-12) and recycled PTFE
powder (mean particle diameter: 50 pm).

When the temperature reached 300°C, the samples were got out
from the kiln and was cooled to obtain the target PTFE
compacts.

To measure the mechanical strength, the PTFE compacts
were processed into dumbbell-shape using a punching machine.
The thickness and width of the samples were 2.5 mm and 4.4
mm, respectively.

2.3 Evaluation

To observe the structure of the virgin PTFE and recycled
PTFE, an optical microscope (Shimadzu Corporation, Moticam
2000) was used, and to observe the particle morphology of the
virgin PTFE powder and recycled PIFE powder, a field-
emission electron microscope (FE-SEM; Hitachi, Ltd., SUS000
and JEOL, JSM6335FS) was used.

Using X-ray diffraction (XRD) (Rigaku, RINT-2200VPC),
the virgin PTFE powder (M-12) and recycled PTFE powder
(mean particle diameter: 50 pum) were analyzed, and the
obtained XRD patterns were compared.

Using a differential scanning calorie (DSC) analyzer
(Shimadzu Corporation, DSC-60), the melting temperature and
coagulating temperature of the virgin PTFE powder (7A) and
recycled PTFE powder (mean particle diameter: 50 pm) were
measured. When measuring, 10.0 mg of PTFE powder was
heated from 200°C to 370°C at 5°C/min (primary heating), was
cooled 1t to 200°C (primary cooling) and then was heated it
again to 370°C (secondary heating). Using a thermogravimetric
differential thermal analyzer (TG-DTA; Shimadzu Corporation,
DTG-60), the change in weight of the PTFE powder by heating
was analyzed. 10.0 mg of the PTFE powder was heated from
room temperature to 700°C at 10°C/min and measured the
weight loss.

The purity of the virgin PTFE powder and recycled PTFE
powder was analyzed using a Fourier transformation infrared
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spectrophotometer  (FT-IR;  Thermo  Fisher  Scientific,
Nicolet6700).

The bulk density and porosity of the virgin PTFE and
recycled PTFE were measured by Archimedes' method. To
measure the mechanical strength and tensile elongation of their
PTFE compacts, a universal testing machine (Shimadzu
Corporation Autograph AGS-X) was used. After measuring the
thickness and width of the dumbbell-shaped specimen with a
micrometer, a tensile test was performed to identify the tensile
strength and elongation.

3 Results and Discussion
3.1 Properties of virgin PTFE powder and recycled PTFE
powder

Generally, virgin PTFE has a 90% or greater degree of
crystallization forming extended chain crystals, but if it is fired
at melting point temperature or higher, the degree of
crystallization decreases to change to a folded chain crystal. V-
12) That is, the virgin PTFE powder and recycled PTFE powder
differ in the degree of crystallization and crystal form.

First, Fig. 1 shows the XRD patterns of the virgin PTFE
powder (M-12) and recycled PTFE powder (mean particle
diameter: 50 um). For both PTFE powders, a sharp diffraction
peak is observed in the neighborhood of 18° and the diffraction
peak of the recycled PTFE exhibited a shoulder on the low
angle side. This indicates that an amorphous portion existed in
the recycled PTFE powder. This also indicates that the virgin
PTFE powder had a very high degree of crystallization, but the
amorphous portion was produced when the recycled PTFE
powder was heated at the melting point or higher. The degree
of crystallization of the recycled PTFE powder depended on
the cooling rate from the firing temperature and increases when
it 1s slowly cooled. It may not reach the degree of
crystallization of the virgin PTFE even if the cooling rate 1s
lowered.

Figure 2 and 3 show the DSC curves of the virgin PTFE
powder (7A) and recycled PTFE powder (mean particle
50 um),
consolidation

diameter: and the melting temperature and
PTFE powder

determined from the DSC curve, were shown in Fig. 4. The

temperature of the were
DSC curve obtained for the virgin PTFE powder is a typical
DSC curve for the virgin PTFE powder,'"'» and the melting
temperature at the primary heating was about 342°C, the
consolidation temperature was about 315°C when cooling, and
the melting temperature at the secondary heating was about
326°C. The DSC curve of the recycled PTFE powder was
almost same as that of the virgin PTFE powder after melting,
and the melting temperature by raising the temperature was 327
to 329°C, and the crystallizing temperature by lowering the

temperature was about 311°C.
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Fig. 2 DSC curves of virgin PTFE powder (7A).
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Fig. 3 DSC curves of recycled PTFE powder (mean particle diameter:
50 pm).
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Fig. 4 Melting and freezing temperatures of virgin PTFE powder
(7A) and recycled PTFE powders (mean particle diameter: 50
um and 100 pm).

The reason why the melting temperature at the primary
heating of the virgin PTFE is higher than that of the recycled
PTFE is said to be due to the superheating of the PTFE. )19
This superheating phenomenon is due to the fact that the
melting temperature shifts to the high-temperature side because
the melting rate of the PTFE with a high degree of
crystallization 1s slow, and it appears remarkably when the
heating rate is fast. ¥

The results of the thermogravimetric analysis of the virgin
PTFE powder (7A) and recycled PTFE powder (mean particle
diameters: about 50 pm and 100 pm), showed no large
differences between them, and the virgin PTFE powder and
recycled PTFE powder were completely decomposed when
fired at 600°C.

The purity of the virgin PTFE powder and recycled PTFE

powder was evaluated by comparing their spectra obtained
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through ET-IR measurements. As a result, the spectra of both
were completely the same. For the virgin PTFE powder, FT-IR
analysis of the non-polar component extracted using toluene
was performed, but there was no difference between its
spectrum and that of the virgin PTFE powder, and existence of
impurities was not observed.

Figure 5 shows FE-SEM images of the virgin PTFE powder
(7A) and recycled PTFE powder (mean particle diameter: 50
um). For the virgin PTFE powder shown in Fig. 5 (a), lump-
like structures of fine particles and a fibrous structure linking
the structures were confirmed. It is known that PTFE induce
the fibrillating phenomenon in which particles easily become
fibrous when it is subjected to shearing force. It has been
reported that the fibrillating does not occur with PTFE of low
molecular weight and it develops when the mean molecular
weight exceeds 600,000.'¥) But details identifying the cause of
the fibrillation occurrence and fibrous structure have not yet
been clarified. The recycled PTFE powder shown in Fig. 5 (b)
consisted of particles 5 to 20 pum in particle diameter. On the
surface of the PTFE particles, roughness is observed and the
fibrous structure confirmed in the virgin PTFE was not
observed at all. This difference indicates that virgin PTFE
powder was an extended chain crystal and was easy to induce
the fibrous structure while the recycled PTFE powder was a
folded chain crystal making it difficult for the fibrous structure
to occur. This phenomenon in which the fibrous structure was
not observed in the recycled PTFE powder was confirmed for
the first time in this research.

3.2 Properties of virgin PTFE and recycled PTFE

The porosity of the virgin PTFE (M392) and recycled PTFE
(mean particle diameter: 100 pm) was 0% and 22.7%,
respectively. The structure of the PTFE compacts was observed
using an optical microscope. The images are shown in Fig. 6.
The surface structure of the virgin PTFE compact had no pores
and formed a smooth surface. On the other hand, the recycled
PTFE exhibited a rough state composed of particles with
diameter of 20 to 200 pm and pores shown as a black-color
portion. Such pores existed only for the recycled PTFE.

For ultrahigh molecular weight polyethylene, it is known
that the particle filling and sintering are promoted by the
particles of the fibrous structure.*» ¥ The similar phenomena
might occur for the virgin PTFE powder having fibrous
structure, as the result, the virgin PTFE powder might form
denser and more uniform structure than the recycled PTFE. In
particular, when the virgin PTFE was pressed, the fibrous
structure was entangled with the particles, thus improving the
packing ratio and causing some degree of strengthening, and
when 1t was fired, a greater closeness and fusion between the

particles might occur, thus forming a strong interfacial bonding.

Fig. 5 FE-SEM images of (a) virgin PTFE powder (7A) and (b)
recycled PTTFE powder (mean particle diameter: 100 pum).

Fig. 6 Surface images of molding (a) virgin PTFE prepared using M-
392 and (b) recycled PTFE prepared using raw powder with
mean particle diameter of 100 pm. Black areas are holes.
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Fig. 7 Tensile strength and tensile elongation of virgin PTFE and
recycled PTFE.
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On the other hand, for the recycled PTFE powder without a
fibrous structure, the particle entangling did not occur when
molding and only large voids were produced between large
particles retaining a crushed shape. Therefore, the closeness
and fusion might not progress between the particles even after
firing and the strong interfacial linkage did not form between
the particles.

3.3 Mechanical strength of PTFE compact

Figure 7 shows the tensile strength and elongation of the
virgin PTFE and recycled PTFE prepared under the same
compacting and firing conditions. The tensile strength was
about 32 MPa for the virgin PTFE and about 6 MPa for the
recycled PTFE. This made it clear that the tensile strength of
the recycled PTFE is very low in comparison with the virgin
PTFE and it was about 20% of the strength of the virgin PTFE.
The elongation to the breakage of the test piece was about
340% for the virgin PTFE and 45% for the recycled PTFE.

As shown in Fig. 6, pores not observed in the virgin PTFE
were observed in the recycled PTFE. Since properties are often
deteriorated by pores acting as a starting point of breakage in
other representative engineering plastics as well,'” the effect of
the pores on the mechanical strength of the recycled PTFE was
investigated.

Changing the compacting and firing conditions such as the
contact pressure and pressure holding time, recycled PTFEs of
different porosity were prepared. The porosity of these recycled
PTFEs is shown in Table 1. The recycled PTFE with porosity
of about 0% was prepared using the following procedures. The
formed recycled PTFE compact was placed into the kiln with
the compacting dies and fired at 370°C for 3 h, and then the
dies was brought out from the kiln and further pressurized at a
constant pressure of about 20 MPa for 2.5 h. In this way the
recycled PTFE with about 0% porosity was obtained. The bulk
density of this recycled PTFE with about 0% porosity was 2.20
g/cm’, and this was almost the same as the bulk density (2.16
g/em?) of the virgin PTFE with 0% porosity.

The relationship between the porosity and tensile strength of
the recycled PTFE is shown in Fig. 8. As the porosity increased,
the tensile strength and elongation tended to decrease. From
this it is clear that the porosity influenced the mechanical
strength of recycled PTFE.

Figure 9 shows a comparison of the mechanical strength of
the recycled PTFE with 0% porosity and the virgin PTFE. The
tensile strength of the recycled PTFE with 0% porosity was
about 15 MPa and the elongation was about 196%. The tensile
strength and the elongation of the virgin PTFE were about 32
MPa and about 340%, respectively.

Table 1 Preparation conditions and mechanical strength of recycled

PTFE compacts.
o surface pressure porosity
SHAkGGn pressure  holding time (s) (%)
melt press 400/200 120 /9.0x10° 0.097
long time press 300 3.456x10°(4 6.953
high pressure 600 60 19.33
medium 450 60 20.57
low pressure 322 60 2210
200.0 20.00
Atensile elongation(%)
p mtensile strength(MPa)
S =
3; 150.0 A 1500 g
£ =
= o
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Fig. 8 Influence of porosity on tensile strength and tensile elongation
of recycled PTFE.
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Fig. 9 Tensile strength and tensile elongation of virgin PTFE and
recycled PTFE with 0% porosity.

FEven when the porosity is 0%, the virgin PTFE had about 18
MPa higher tensile strength and about 140% higher elongation
than the recycled PTFE. Although the porosity affected the
mechanical strength of the PTFE compact, the results of
mechanical properties showed that other deciding factors for
strength also existed.

3.4 Factors that influence mechanical strength

The factors that influence the mechanical strength were not
only the porosity but also the fibrous structure that existed only
in virgin PTFE. In the virgin PTFE compact, the particles were
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entangled with each other due to their fibrous structure, and
when they were fired, strong interfacial bonding was formed
between the PTFE particles. Since the recycled PTFE powder
did not have the fibrous structure, the strong interfacial bonding
was not formed even by firing. As to the reason why the
mechanical strength of the recycled PTFE was inferior to that
of the virgin PTFE, we conclude that it was the failure to form
the strong interfacial bonding between the PTFE particles due
to the lack of the fibrous structure in addition to the existence
of pores. Although the recycled PTFE with about 0% porosity
and the virgin PTFE had about same bulk density, the
mechanical strength of the recycled PTFE was inferior to that
of the virgin PTFE because the recycled PTFE powder had not
the fibrous structure.
4 Conclusion

We have clarified that the mechanical strength of PTFE was
affected not only the existence of pores but also greatly affected
by the particle morphology of the raw powder. While the virgin
PTFE powder had a fibrous structure, the recycled PTFE
powder did not have such fibrous structure and consisted of
large particles. The fact that the recycled PTFE powder lacked
this fibrous structure was confirmed for the first time in this
research. The fibrous structure in the virgin PTFE particles was
entangled when the virgin PTFE powder was compacted, thus
improving the packing ratio and causing some degree of
strengthening, and when the virgin PTFE compact was fired,
closeness and fusion were caused between the particles, thus
forming strong interfacial bonding. On the other hand, even
when the recycled PTFE powder was compacted at a high
contact pressure and porosity 1s thus lowered, the particle

entangling did not occur because there was no fibrous structure,

and the strong interfacial bonding did not form even after firing.

This difference, in addition to the existence of pores, was the
reason why the mechanical strength of the recycled PTFE is
significantly lowered.

In the future we plan to regenerate the fibrous structure by
adding a modifying process to the recycled PTFE powder. It is
known that fibrillation tends to occur with virgin PTFE that is
dispersion-synthesized through emulsion polymerization. We
plan to investigate what kind of effect that has on the
mechanical strength of the recycled PTFE by adding the
dispersion to the recycled PTFE.

The authors wish to express their gratitude to Professor K.
Domen of the Engineering Research Department in the
School of Engineering at the University of Tokyo, and
Professor S. Oishi and Professor S. Masuda of the
Engineering Department at Shinshu University for their kind
advice regarding our experimental plan and discussion of our
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Influence of Addition of Emulsion Polymerized PTFE Powder on Particle Morphology and

Mechanical Strength of Recycled PTFE Compacts
by

Hideyuki Kasuaa™® **, Satoshi Itapasui**,

Wataru Kawamura®* and Shozi Misumva™ #%

PTFE compacts fabricated using recycled PTFE powder show much lower mechanical strength than those
fabricated using virgin PTFE powder. We reported in the previous paper that its main reason was the fibrous
morphology which the virgin PTFE had but the recycled PTFE did not have. Then, in order to heighten the mechanical
strength of the recycled PTFE compacts, we focused on the emulsion of PTFE which is called “dispersion” because the
dry powder is easy to become a fiber form by suffering external stress. So in this study, PTFE compacts were fabricated
using recycle PTFE and dispersion powder mixtures and the microstructure and mechanical properties of the obtained
PTFE compacts were investigated. The porosity of the PTFE compacts decreased with an increase in dispersion
powder content, was under 1% at more than 50wt% dispersion powder content and was 0% at 100wt% dispersion
powder content. These results indicate that the PTFE compacts fabricated using recycle PTFE containing more than
50wt% dispersion powder can densify almost completely. Tensile strength of the PTFE compacts increased with an
increase in dispersion powder content, that of the PTFE compact fabricated using recycle PTFE containing 50wt%
dispersion powder reached 90% of that of the PTFE compact fabricated using only dispersion powder and was four
times larger than that of the PTFE compact fabricated using only recycle PTFE powder, which resulted from not only
poreless microstructure but also entangled structure of fibrous dispersion powder surrounding recycle PTFE particles.
In addition, such PTFE compacts had lower tensile strength and larger tensile elongation, compared with those

fabricated from normal virgin PTFE powders, which shows that they are particular PTFE compacts.

Key words:

Polymeric materials, Sintered materials, Morphological observation, Strength degradation,
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Fig. 1 SEM images of (a) recycled PTFE powder, (b) dried dispersion
powder and (c) molding powder.

Rf &b L, BERRORFILOKRELS, 20Ok
[0S SEINGTRC R RAS 7 27 A/ AL D E - PR QUAYSR 2R 3
BB, ZORGHEROR 1LY Y1 24 PTFE B 112
FEFPEDT 4 A= g URRAEEE L TR BT f
BLEZBNS. £, Fig2b)ich, 714 AR—Va
KL Fig.1(b) T B 5 L 5 Je, M EEHER Tld /s,
RENTRLIZEZDO L S Ik Th 5 Z Lo s h
B, F o4 AT g VERITIG ) & F T T L LR
Wizth, T —EHWT U A 2V PTFE LiRAET 5
BRI, MHEIEASEETR, U A 2 L PTFE i 12 A2\ e
LEZOND. 2, T4 A=V a VBEROSHEEN
BOWIN DR BB TIL, MHEIR DT 1 23— 3 Akl
FHEHE->TY YA 7 PTFE LiREENTWSEET
Bomd., —hH, T—AT TRy H— U7
PTFE IRE¥IF TIZ, $EE L=V 44 74 PTFE KL 1-H3#
AN, BERDROE— LT 4 v TN S —
ENT BT ORET, BW—-BEEN TS,

Fig. 2 SEM images of recycled PTFE powder mixtures containing (a)
50wt% dispersion powder, (b) 80wt% dispersion powder and
(¢) 50wt% molding powder.
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Fig. 3 (a) Bulk density and (b) void ratio of sintered PTFE compacts.
@ recycled PTFE, e: recycled PTFE containing dispersion
powder, O: recycled PTFE containing molding powder, A:
virgin PTFE” .
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Fig. 4 SEM images of sintered recycled PTFE compacts containing
(a) 50wt% dispersion powder, (b) 80wt% dispersion powder
and (¢) 50% molding powder.
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Fig. 5 (a) Tensile strength and (b) tensile elongation of sintered PTFE
compacts. @: recycled PTFE, e: recycled PTFE containing
dispersion powder, O: recycled PTFE containing molding
powder, A : virgin PTFE” .

Fig. 6 FE-SEM images of recycled PTFE compacts containing
50wt% dispersion powder.
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Influence of the Addition of Emulsion Polymerized PTFE Powder on the
Particle Morphology and Mechanical Strength of Recycled PTFE Compacts

by

1 1 Kasuga™ 1 ItABASHI
Hideyuki Ka **% Satoshi I -

Wataru Kawamura** and Shozi Misamva ***

PTFE compacts fabricated using recycled PTFE powder exhibit much lower mechanical strength than those
fabricated using virgin PTFE powder. We reported in a previous paper that the main reason for this was the fibrous
morphology which the virgin PTFE had but the recycled PTFE did not have. In order to improve the mechanical
strength of the recycled PTFE compacts, we focused on an emulsion of PTFE which is called a “dispersion” because
the dry powder easily becomes a fiber form by incurring external stress. Thus, in this present study, we fabricated
PTFE compacts using recycled PTFE and dispersion powder mixtures and investigated the microstructure and
mechanical properties of the obtained PTFE compacts. The porosity of the PTFE compacts decreased with an increase
in dispersion powder content, and was under 1% at more than 50 wt% dispersion powder content and was 0% at 100
wt% dispersion powder content. These results indicate that PTFE compacts fabricated using recycled PTFE containing
more than 50 wt% dispersion powder can densify almost completely. The tensile strength of the PTFE compacts
increased with an increase in dispersion powder content, and that of the PTFE compact fabricated using recycled PTFE
containing 50 wt% dispersion powder reached 90% of that of the PTFE compact fabricated using only dispersion
powder and was four times larger than that of the PTFE compact fabricated using only recycled PTFE powder. This
resulted from not only the poreless microstructure but also the entangled structure of the fibrous dispersion powder
surrounding the recycled PTFE particles. In addition, these PTFE compacts had lower tensile strength and larger tensile
elongation compared with those fabricated from normal virgin PTFE powders, and this indicates that they are particular
PTFE compacts.

Key words:

Polymeric materials, Sintered materials, Morphological observation, Strength degradation, Recycle

1 Introduction

Polytetrafluoroethylene (PTFE) is a very excellent polymer
material with various superior characteristics such as heat
resistance, chemical resistance, weather resistance and sliding.
PTFE maintains a high viscosity (10" to 10" Pa-S) even at
melting point or higher temperatures and does not exhibit
fluidity. For this reason, the manufacturing the PTFE products
requires a series of processes similar to powder metallurgy such
as compacting the raw powder, firing to make the firing bodies,
and cutting out the product shape,”‘ 2 During the cutting
process to form the PTFE products, a large amount of cutting
waste is produced. Since PTFE is very stable chemically, it is

not subject to microbial degradation in soil. Complete

vaporization requires a temperature of 600°C or higher, and
much gas harmful to the human body (hydrogen tluonide) 1s
produced when it is heated at high temperatures,”* the waste
cannot be incinerated. For this reason, there is no other disposal
method than burying the cutting waste as industrial waste * and
an effective disposal or recycling method has been required.

It has been confirmed that recycled PTFE product produced
from PTFE product fired once or from cutting waste
(hereinafter recycled PTFE) tends to be greatly inferior in
mechanical strength to PTFE product produced by compacting
and firing PTFE powder prepared from fluorite (hereinafter
virgin PTFE).” The authors clarified in a previous report” that
the mechanical strength of PTFE is influenced by the
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morphology of the fired PTFE. Since the raw powder of the
virgin PTFE has a fibrous morphology, the fibrous structures of
particles entangle with each other when compacted, thus
improving the packing ratio and strengthening it to some extent,
and when fired, densification and fusion occurs between the
particles, thus forming strong interfacial bonding. On the other
hand, the raw powder of recycled PTFE has no fibrous
morphology, and no particle entangling occurs, and strong
interfacial bonding was not formed between the PTFE particles
even when it is fired. This difference, in addition to the
existence of pores, is the reason why the mechanical strength of
the recycled PTFE greatly decreased.

For PTFE materials, a powder called molding powder is
through
tetrafluoroethylene, a powder called fine powder is prepared

prepared suspension  polymerization  of
through emulsion polymerization, and a colloidal emulsifying
liquid called a dispersion are commercially available.® ® Of
these materials, dispersion is normally used for coating
substrates and impregnating,® ® and it is known that PTFE
powder obtained by coagulating the dispersion is white, soft
and adhesive and tends to become fibrous when subjected to
stress.” '” By utilizing this characteristic of easily becoming
fibrous, the addition of dispersion can be expected to increase
the mechanical strength of recycled PTFE. However, there
have been no studies on preparation and evaluation of PTFE
compact by mixing the dispersion with the recycled PTFE.

In this study, therefore, we prepared the PTFE compact by
adding dispersion, which tends to become fibrous, to the raw
powder of the PTFE with the purpose of improving the
mechanical strength of the recycled PTFE, and investigated the
microstructure and mechanical strength of the obtained PTFE
after firing. As a comparison with the dispersion, we also
fabricated the PIFE compacts by mixing the virgin PTFE
powder (molding powder) prepared by  suspension
polymerization and the recycled PTFE and evaluated the
obtained PTFE after firing.

2 Expermmental Method

2.1 PTFE matenal powder

As the raw powder of the recycled PTFE (heremafter
recycled PTFE powder), PTFE powder with its mean particle
diameter adjusted to about 50 um by crushing the PTFE cutting
waste again into fine particles with a cutter, was used. As the
dispersion, virgin PTFE emulsifying liquid prepared through
emulsion polymerization (Mitsui DuPont Fluorochemicals: 31-
JR, mean particle diameter: 0.2 to 0.25 wm, bulk density: 1.5
glem®, concentration: 60 wt%) was used. As the molding
powder, virgin PTFE powder prepared by suspension
polymerization (Juhua Group Corporation: JF4Al, mean
particle diameter: 350 pm, true density: 2.17 g/em’, melting

point: 329°C, tensile strength: 29 MPa, tensile elongation:
300%) was used.

2.2 Preparation of virgin and recycled PTFE mixed powder

The recycled PTFE powder and the dispersion were
weighed and were put into a flask. Isopropyl alcohol (IPA) as
a solvent was also added into the flask. The mixture in the
flask was sufficiently shook and mixed. Using a Buchner
funnel, the solvent in the mixtures were suction-filtrated and
then the mixtures were washed using water and IPA to
remove the emulsifying agent contained in the dispersion.
After washing, the mixtures were dried, and then crushed and
mixed using a blender (Waring Products, Inc.: Waring
Blender: 7011HS) to prepare the dispersion and recycled
PTFE mixed powder.

The weighed recycled PTFE powder and molding powder
were uniformly crushed and mixed using the blender to
prepared the molding powder and recycled PTFE mixed
powder.

2.3 Preparing the PTFE compact

Using the mixed powder prepared in section 2.2, the
compacts were prepared through the same procedure as
shown in our previous report.” An outline is presented below.
The virgin and recycled PTFE powder (16.8 g) were
uniformly filled in a cylindrical stainless steel dies with the
diameter of 70 mm, and were pressed at constant pressure of
30 MPa for 1 min using a manual pressing machine (Matsuda
Seisakusho, C-37). The obtained PTFE compacts were fired
mn a kiln (Kusumoto Chemicals, EHT-1H). The temperature
took 3 h to raise to 300°C from room temperature,
subsequently took 4 h to raise to 370°C and was maintained
370°C for 3 h. Subsequently, the temperature took 5 h to
lower to 300°C. When the temperature reached 300°C, the
samples were got out from the kiln and was cooled to obtain
the target PTFE compacts. In the same way as in our previous
report”, the PTFE compacts were processed into dumbbell-
shape using a punching machine to measure the mechanical
strength.

The recycled PTFE prepared by adding the dispersion and
that prepared with the molding powder are mdicated as D-
recycled PTFE and M-recycled PTFE, respectively.

2.4 Evaluation

As in our previous report”, the characterization of the PTFE
raw powder and microstructure, the bulk density, porosity,
tensile strength and elongation of the prepared PTFE were
evaluated.

3 Results and Discussion
3.1 Morphology of PTFE material powder
and mixed powder
Since the powder prepared by drying the dispersion had the

fibrous structure which possessed low cohesive force between
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Fig. 1 SEM images of (a) recycled PTFE powder, (b) dried dispersion
powder and (¢) molding powder.

the molecular chains, it becomes fibrous under a small
shearing stress as mentioned above.®*® Figure 1 shows SEM
images of the recycled PTFE powder used in this study, the
dispersion powder obtained by filtering, washing and drying
the dispersion and the molding powder. The recycled PTFE
powder consisting of particles with diameter of 5 to 80 pm, is
coagulated, and fibrous structure was no observed. The
dispersion powder consisted of very small particles less than
1 um, and many small fibrous structures extending from the
particles and linking them were observed. This dispersion
was not loaded with any mechanical stress and the fibrous
structure had already formed in the raw powder. This fibrous
structure was similar to the morphology of the dispersion
powder orientated by extruding.® The molding powder was in
a spherical granular state of 300 to 400 pm in diameter and a
granule consisted of primary particles up to 50 pm in
diameter.

Figure 2 shows SEM images of the dispersion-recycled
PTFE powder mixtures containing 50 wt% and 80 wt% of the

Fig. 2 SEM images of recycled PTFE powder mixtures containing (a)
50 wt% dispersion powder, (b) 80 wt% dispersion powder and (¢) 50
wt% molding powder.

dispersion powder and the molding-recycled PTFE powder
mixture containing 50 wt% of the molding powder. In the
dispersion and recycled PTFE powder mixtures, compared the
powder mixture containing 50 wt% of dispersion powder (Fig.
2 (a)) with the recycled PTFE powder observed in Fig. 1 (a),
the particles of the powder mixture contaming 50 wi% of
dispersion powder were larger and fibrous particles as shown
by the arrow were attached on the surface of the large particles
in some cases. The particles in this powder mixture might result
from the coagulation of the adhesive dispersion powder which
were surrounding the recycled PTFE particles. Also in Fig. 2
(b), it is confirmed that the dispersion powder was fibrous
structure which was indicated by the arrow, although there
were not such fine fibers as seen in Fig. 1 (b). Since the
dispersion powder tended to become fibrous when subjected to
stress, the fibrous state progressed to entangle with the recycled
PTFE particles when it was mixed with the recycled PTFE
using the blender. In the powder mixture containing 80 wt% of
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Fig. 3 (a) Bulk density and (b) void ratio of sintered PTFE compacts.
@ recycled PTFE, o: recycled PTFE containing dispersion
powder, O: recycled PTFE containing molding powder, 4 :
virgin PTFE” .

the dispersion powder, the fibrous dispersion powder particles
were entangled with each other, and mixed with the recycled
PTFE powder particles. In the molding-recycled PTFE powder
mixture, on the other hand, the coagulated recycled PTFE
particles were fine and the granular molding powder was also
crushed, and the primary particles were in a uniformly mixed
state.

3.2 Effects of the addition of dispersion

on densification and microstructure

Figure 3 shows the bulk density and porosity of the
recycled PTFE, D-recycled PTFE and M-recycled PTFE. The
bulk density of the D-recycled PTFE increased as the content
of the dispersion powder increased, and when the content of
the dispersion powder became 50 wt%, it reached about 2.2
gem™, the same level as the fired PTFE prepared from the
dispersion powder only. Even when the content of the
dispersion powder further increased, the bulk density hardly
changed and remained constant at a value of about 2.2 gem™.
The fired PTFE prepared from the dispersion powder only
showed a slightly higher bulk density than the virgin PTFE in
our previous report”. The porosity decreased as the content of

Fig. 4 SEM images of sintered recycled PTFE compacts containing
(a) 50 wt% dispersion powder, (b) 80 wt% dispersion powder
and (¢) 50% molding powder.

the dispersion powder increased, and it became 1% or lower
when the content of the dispersion powder became 50 wt%,
and when the content further increased to become 100 wit%, it
was 0%. From these results, the fired PTFE prepared from the
dispersion powder was completely densified as with the
virgin PTFE containing the dispersion powder in our previous
report”, which indicates that when the content of the
dispersion powder became 50 wi% or more, complete
densification occurred even for the D-recycled PTFE. Even
when the molding powder was added to the recycled PTFE,
on the other hand, the bulk density of the PTFE compact was
high and the porosity decreased. When the content of the
dispersion powder is same as that of the molding powder,
however, the M-recycled PTFE had lower bulk density and
higher porosity than the D-recycled PTFE.

Figure 4 shows SEM images of the surface of the D-
recycled PTFE and M-recycled PTFE. In the D-recycled
PTFE containing 50 wt% of the dispersion powder, large
particles with size of about 50 um were packed closely. The
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large particles might be recycled PTFE particles surrounded
by the dispersion powder particles, and though it was difficult
to see in the SEM image, a fine fibrous structure was
observed between the large particles, as shown in the portion
circled in Fig. 4 (a). In the D-recycled PTFE containing 80
wi% of the dispersion powder, granular PTFE particles and a
PTFE fibrous structure could be clearly discriminated and
observed. In the fibrous structure portion, fibers of a few pm
in diameter entangled with each other were seen. A short

fibrous structure is observed on the surface of some the

granular PTFE particles as shown in the portion circled in Fig.

4 (b). Since there was no fibrous structure on the recycled
PTFE particles as shown in Fig. 1 (a), it is clear that the
recycled PTFE particles were surrounded by the dispersion
powder particles. On the other hand, the M-recycled PTFE
consisted of spherical particles of a few pm in diameter, and
the coagulated particles consisting of the spherical particles
were observed. In the M-recycled PTFE, voids of a few pm
were confirmed, and these were not seen with the D-recycled
PTFE containing 50 wt% of the dispersion powder.

From the above results, the densification of the D-recycled
PTFE and M-recycled PTFE is discussed as follows.

In the D-recycled PTFE containing 50 wt% or more of the
dispersion powder, the adhesive dispersion powder particles
surrounded the recycled PTFE particles as shown in Fig. 2 (a)
and (b), and by compacting, the packing structure in which
the dispersion powder particles formed the matrix and the
recycled PTFE particles were embedded in the matrix, were
formed. Therefore, the densification of the D-recycled PTFE
depended on the densification of the dispersion powder
particles, and scarcely affected by the recycled particles, the
porosity reached 1% or less, which is almost the same level as
that of the PTFE prepared form the dispersion powder only.
That is, the D-recycled PTFE was completely densified. On
the other hand, in the D-recycled PTFE powder mixtures
containing less than 50 wt% of the dispersion powder, the
dispersion powder particles could not sufficiently surround
the recycled PTFE particles, and after compacting, the
recycled PTFE particles contacted each other, and the contact
increased as the content of the dispersion powder decreased.
As a result, a three-dimensional skeleton structure was
formed by the recycled PTFE particles and the fine dispersion
powder particles entered the wvoid. Therefore, the
densification of the D-recycled PTFE depended on the
densification between the recycled PTFE particles, and as the
content of dispersion powder increased, the porosity
decreased, but the porosity did not become near 0%.

In the M-recycled PTFE, on the other hand, the recycled
PTFE particles coagulated during mixing and the granular
molding powder were crushed, and the recycled PTFE particles
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Fig. 5 (a) Tensile strength and (b) tensile elongation of sintered PTFE
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powder, A: virgin PTFE” .

Fig. 6 FE-SEM images of recycled PTFE compacts containing 50
wt% dispersion powder.

and the molding powder particles, which were almost the same
diameter, were uniformly mixed, as shown in Fig. 2 (c).
Therefore, especially when the additive amount of the molding
powder was less than 50 wt%, the structure, after compacting,
1s not such that the voids m the skeleton structure formed by
large recycled PTFE particles were filled with small molding
powder, and thus the packing ratio of the M-recycled PTFE
was not improved. In addition, since the densification also
depends on the densification between the recycled PTFE
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particles, the M-recycled PTFE was not densified compared
wth the D-recycled PTFE.
3.3 Effects of the addition of dispersion powder
on the mechanical properties

Figure 5 shows the tensile strength and tensile elongation
of the recycled PTFE, D-recycled PIFE and M-recycled
PTFE. As the content of the dispersion powder increased, the
tensile strength of the D-recycled PTFE was improved. When
the content of the dispersion powder increased from 0% to 50
wi%, the tensile strength increased about 4 times from about
5 MPa to 21 MPa, and when the content became 50 wt% or
more, the increase of the tensile strength was slight, and at a
content of 80 wt% and 100 wt%, the tensile strength became
about 23 MPa. Like the tensile strength, the tensile elongation
also increased as the content of the dispersion powder
increased. In particular, when the content of the dispersion
powder increased from 20 wt% to 50 wit%, the tensile
elongation rapidly increased, and at a content of 50 wt%, the
tensile elongation was about 400%. When the content of the
dispersion powder was further increased, the tensile
elongation exhibited its highest value of about 460% at a
content of 80 wt%, and at a content of 100 wt%, it decreased
slightly to about 440%.

The above results show that the porosity of the D-recycled
PTFE containing 50 wt% of the dispersion powder became
almost 0% but its tensile strength was a value of about 90%
of the mechanical strength of the PTFE fired body prepared
from the dispersion powder only. The improvement of the
remaining 10% may depend on the amount of the fibrous
structure. When the content of the dispersion powder and the
molding powder was the same, on the other hand, the M-
recycled PTFE with high porosity had lower tensile strength
than the D-recycled PTFE. This result agreed with the result
in our previous report” that the mechanical strength of the
PTFE fired body was also affected by the porosity in addition
to the existence of the fibrous structure. Furthermore, the
dispersion powder became fibrous and was entangled with the
recycled PTFE particles, which effectively decreased the
porosity and also contributed to the improvement of the
tensile strength.

Figure 6 shows FE-SEM image of cracking caused in the
D-recycled PTFE containing 50 wt% of the dispersion
powder. This D-recycled PTFE had a microstructure with
fibers entangled with each other that was not observed in Fig.
4 (a). It is clear from this figure that a fibrous structure was
formed in the D-recycled PTFE by adding the dispersion to
the recycled PTFE. Since the diameter of the fibers was
almost the same as that of the fibrous bundle consisting thin
fibers which was formed through fine particles as shown in

Fig. 1 (b), the fibrous structure was derived from the fibrous

structure of the dispersion powder particles, and as the fibrous
structure  surrounded the recycled PTFE particles, the
densification was promoted and the mechanical strength was
improved. By adding about 50 wt% of the dispersion powder
having such fibrous structure, the mechanical strength of the
D-recycled PTFE achieved about 90% of that of the PTFE
fired body prepared from dispersion powder only, and By
adding 80 wt% of the dispersion powder, the D-recycled
PTFE exhibits almost an identical level of mechanical
strength of that of the PTFE fired body prepared from
dispersion powder only.

The tensile strength (about 20 MPa) of the PTFE fired
body prepared from dispersion powder only is lower than the
tensile strength (about 32 MPa) of the virgin PTFE presented
in our previous report”, but it is higher than the tensile
strength (about 15 MPa) of the recycled PTFE with 0%
porosity. Furthermore, the tensile elongation of the D-
recycled PTFE containing 50 wt% of the dispersion powder
became about 8 times that of the recycled PTFE, and the
tensile elongation (about 440%) of the PTFE fired body
prepared from dispersion powder only became larger than the
tensile elongation (about 340%) of the virgin PTFE m our
previous report’. These results were caused by the
phenomena that when the dispersion powder particles formed
the matrix in the PTFE fired body received tensile stress, the
fibers entangling with each other greatly expand as shown in
Fig. 6 while the entangling fibers were separated by a
relatively low stress.

As described above, we found that in the PTFE fired body
were prepared using only a dispersion powder composed of
thin fibers and fine particles shown in Fig. 1 (b), the fibers
entangled with each other to form the fibrous structure, and a
characteristic the PTFE fired body having larger tensile
elongation and smaller tensile strength than that prepared
using ordinary virgin PTFE was obtained. We also found that
the tensile strength and tensile elongation of the PTFE fired
body containing even 50 wt% of recycled PTFE did not
decrease significantly, because the recycled PTFE particles
were surrounded by the fibrous structure.

4 Conclusion

We found that the mechanical strength of the recycled
PTFE could be increased by mixing a dispersion, an
emulsifying liquid of PTFE, with the recycled PTFE powder.
The mechanical strength of the recycled PTFE increased as
the content of the dispersion powder increased. When the
dispersion powder was 50 wit%, the pores of the recycled
PTFE almost disappeared, and its tensile strength reached
about 90% of that of the PTFE fired body prepared from the
dispersion powder only, about 4 times that of the recycled
PTFE compact. The PTFE fired body containing 50 wt% of
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the dispersion powder had a densified structure in which
pores were free and the recycled PTFE particles were
surrounded by the fibrous dispersion powder particles and in
which the fibrous dispersion powder particles entangled with
each other. We found that this PTFE fired body was a
charactenistic PTFE having larger tensile elongation and
smaller tensile strength than the PTFE fired body fabricated
using virgin PTFE powder prepared by an ordinary
suspension polymerization method.

In the future, we will conduct experiments to improve the
dispersibility of the dispersion and investigate a method to
increase the mechanical strength using a smaller amount of
dispersion. Such a method would make it possible to adjust
the mechanical strength of PTFE by changing the amount of
the dispersion added and may be expected to contribute to an
expansion in the use of recycled PTFE.

The authors wish to express their gratitude to Professor K.
Domen of the School of Engineering at the University of
Tokyo, and Professor S. Oishi and Professor S. Masuda of the
Engineering Department at Shinshu University for their kind
advice regarding our experimental plan and discussion of our
analysis results.
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3 Claims,

A. This invention relates to new compositions
of matter, being polymers of exceptional proper-
ties.

B. At the present time there are no totally

3 satisfactory materials for handling certain cor-
rosive agents, such as hydrofluoric acid, or for
protecting workers against the fumes which arise
from such reagents. Goggles having glass disks
are attacked by the fumes, and shortly become

I+ unserviceable.

C. It is an object of the invention to provide a
new composition of matter which is highly resist-
ant to corrosive influences and to oxidation, and
which can be melded and spun and put to a wide

15 variety of uses where its peculiar properties would

be advantageous.

D. The objects of the invention are accom-
plished by the compositions of matter which may
be formed by the polymerization of tetrafluoro-
ethylene. Other objects of the invention are ac-
complished by the process of polymerizing the
fluoroethylene herein set forth.

E. I have discovered that tetrafluoroethylene
will polymerize at ordinary temperatures when
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time fthe unpolymerized tetrafluoroethylene was
removed, leaving a residue of 0.6 part of white
solid polymer. The yield was 7.1% or a poly-
merization rate of 0.71% per day.

Ezxample IT

Tetrafluoroethylene (7.8 parts) was placed in
a container under pressure at 20° C.. The yield
of polymer after 21 days was 0.05 part or 0.64%.

Example IIT

Tetrafluoroethylene (7.3 parts) was placed in a
container with 0.1 part of zinc chloride, under
pressure and maintained at a temperature of
20° C. The yield of polymer after 21 days was
0.1 part or 1.37%.

Ezample IV

Tetrafluoroethylene (5.4 parts) was placed in a
container with 0.1 part of silver nitrate, under
pressure at 25° C. After three days the con-
tainer was completely filled with spongy white
polymer, This material was partially polymer-
ized tetrafluoroethylene, and had a very high

5 vapor pressure. Yield of completel 1 i
25 subjected to super-atmospheric pressure. I have maieﬁg_l was 0.05 part or 9.93%_ AR
also discovered that the rate of polymerization
may be quickened by carrying out the polymeriza- Ezample V
tion under pressure in the presence of a catalyst. Tetrafluoroethylene (6.8 parts) was placed in
30 Furthermore, I have discovered that the polymer- a container with 0.1 part of silver nitrate under
ization of tetrafluoroethylene can be carried out pressure at 25° C. The container was com-
advantageously in the presence of a solvent. pletely filled with partially and completely poly-
F. The following examples, which are sum- merized tetrafluoroethylene. Yield of completely
marized in the table, {llustrate but do not limit polymerized product was 0.3 part or 4.4% in 10
35 the invention. days.
' Table
Ex- | Parts | Time, | Temp., | Catalyst.and solvent for | Yield, | Yield,
ample | C:Fy | days °Q. monomer parts | percent
8.5 10 25 7.1
7.8 21 20 04
7.3 21 20 .37
5.4 3 25 97
6.8 10 2 i
7.0 21 25
L) E— 28
4.5 3 25
7.4 25 | 0.1 pt. AENOs, 33 methyl | 2.0
alcohol.
P P B.8 21 25 | 0.1 benzoyl PeroX.....ee... 0,05 0.57
o G 8.6 50 | None.
50
Ezample I Ezample VI
Tetrafluoroethylene (8.5 parts) was placed in
a steel cylinder under pressure and allowed to Tetrafluoroethylene (7 parts) and 0.1 part sil-
65 stand for 10 days at 25° C. At the end of this ver nitrate were placed in a container under
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pressure at a temperature of 25° C. for 21 days.
The yield of polymer was 2.3 parts or 33%.

Ezxzample VII

Tetrafiuorcethylene (4.0 parts) was placed in
a container under pressure with 0.1 part silver
nitrate and 2.5 parts methyl alcohol, and main-
tained at 25° C. After a short period a jelly like
polymer was formed.

Ezample VIII

Tetrafluoroethylene (4.5 parts) was placed in
a container with 0.1 part silver nitrate and 2.2
parts of methyl alcohol under pressure at 25° C.
Polymerization began immediately with the for-
mation of a jelly like mass. In three days this
had solidified to a brown powder which had

properties similar to those of the white polymer.

The yield was 1.3 parts or 29%.
Ezxample IX

Tetrafluoroethylene (7.4 parts) was placed in
a container with 0.1 part of silver nitrate and
3.3 parts of methyl alcohol under pressure at
25° C. The yield of the brown polymer was
2.0 parts or 27%.

Ezample X

Tetrafluoroethylene (8.8 parts) was placed in
a container with 0.1 part of benzoyl peroxide
under pressure at 25° C, The yield of polymer
after 21 days was 0.05 part or 0.57%.

Ezample XI

Tetrafluoroethylene (3.5 parts) was placed in
a container under pressure at 50° C. Polymeri-
zation in this case was more rapid than at lower
temperatures.

G. Reaction is not limited to temperature, al-
though the rate of polymerization at tempera-
tures as low as —80° C. is slow. The rate in-
creases with the temperature and this factor
may be used to produce higher yields in shorter
times. In general, it may be stated that the

2,280,654

temperatures and pressures to be employed are
limited only by the economics of the process.

H, The polymers of tefrafluoroethylene are
white or brown powders or jellies, which are in-
soluble in the usual solvents and are inert to
the usual chemical reagents. These polymers
become incandescent in the presence of a flame
but do not burn when the flame is removed, and
melt only at red heat. The polymers are in-
soluble in hot or cold water, acetone, ether, pe-
troleum ether, ethyl alcohol, iso-amyl alcohol,
carbon tetrachloride, C2F3Cl, dichlorobenzene,
ethyl acetate, pyridine, nitrobenzene, 30% NaOH,
petroleum oil, glacial acetic acid, concentrated
sulfuric acid and concentrated nitric acid.

I. The inertness of this polymer to chemical
reagents, its insolubility, and its resistance to
heat and to fire make its use desirable in many
places. By the use of sufficiently high pressure
and temperature it can be molded into articles
which are relatively clear and colorless. Such
articles are laboratory apparatus for handling
corrosive reagents, disks for goggles used in
corrosive atmospheres, such as those which per-
vade cerfain chemical plants, and the material
may be extruded into fibers which can be used
in the manufacture of heat-resistant clothing
and the like.

J. As many apparently widely different em-
bodiments of this invention may be made without
depariing from the spirit and scope thereof, it
is to be understood that I do not limit myself to
the specific embodiments thereof except as de-
fined in the appended claims.

I claim:

1. Polymerized tetrafluoroethylene.

2. The process of polymerizing tetrafluoro-
ethylene which comprises subjecting it to super-
atmospheric pressure,

3. The process of polymerizing tetrafluoro-
ethylene which comprises subjecting it to super-
1a.tl:;n)sx:»l:.er:ic', pressure in the presence of a cata-
yst.

ROY J. PLUNKETT.
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