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Abstract—This study attempted to develop a copper-PTFE composite consisting of copper nano-particles homoge-
neously distributed into PTFE using scCO,. The overall synthesis process consisted of impregnation of copper pre-
cursor and thermolytic reduction. The impregnation process was performed over a range of temperature from 40 to
160 °C and pressure from 120 to 200 bar. The reduction process was performed at 230 °C and 250 bar for 2 hours con-
secutively after impregnation. The changes in appearance, mass, and morphology of the PTFE composite were examined
by precision balance, SEM, TEM, and EDS. The impregnation ratio increased with temperature up to 120 °C, but de-
creased above 120 °C. The impregnation ratio increased with the pressure. These results could be explained by dehy-
dration reaction of Cu(hfa),H,0O and thermodynamical affinity difference of copper precursors for PTFE or scCO,. Cop-
per nano-particles impregnated into the PTFE were identified from SEM, TEM and EDS analysis.
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INTRODUCTION

ScCO, (supercritical carbon dioxide) has unique mass transport
properties, which are engaged in extraction and impregnation appli-
cations [1]. Berens et al. [2] suggested that compressed CO, could
be useful to facilitate the impregnation of additives into glassy poly-
mers. The important role of CO, is its plasticizing effect on poly-
mers during penetration. The plasticization is caused by the sorption
of high amounts of a penetrant that interacts strongly with the poly-
mer; the glassy polymer can thus transform from the glassy state to
a rubbery. In a rubbery state, the polymer chains can move more
freely, which makes polymer impregnation with additives more ef-
ficient [3-6]. That is, polymers are swollen by scCO, so that they
may be impregnated rapidly with additives.

Because of this property, supercritical impregnation is explored
for the formulation of drug-delivery devices [7,8], for the dyeing of
hard-to-dye fibers in the textile industry [9], for the deposition of
nanofillers into substrates [10], to create new polymeric blends through
infusion of a monomer and subsequent polymerization, or as a first
step of the devulcanization process of rubber [4].

Metallopolymer nanocomposites exhibit some unusual structural,
magnetic, catalytic and biological properties untypical for large parti-
cles, owing to their small size [11]. An original method using super-
critical fluids, especially scCO,, for the metallopolymer nanocom-
posite synthesis was proposed by Watkins and McCarthy [12]. The
method is performed in two steps. The first step,called the super-
critical infusion process or supercritical impregnation process [2],
is the diffusion of organometallic precursors dissolved in scCO, into
polymer matrix. The second step is the reduction process of the pre-
cursor to the metal. The method using scCO, can induce metal nano-
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particles homogeneously distributed throughout polymer matrix.

Generally, metal complexes that contain fluoroacetylacetonate
or cyclooctadecyl ligands have relatively high solubility in scCO,,
but the impregnation ratio of impregnants into the polymers is not
proportional to solute concentrations in scCO, [1-4,13]. Neverthe-
less, these metal complexes have been used to fabricate metallopoly-
mer composites by supercritical impregnation [9,12].

The aim of this study is to develop the copper-PTFE composite
consisting of copper nano-particles homogeneously distributed into
PTFE (poly tetrafluoroethylene) using scCO, as a carrier for the
tribological application. In this study, we adapted Cu(hfa),H,O (Cop-
per bis(trifluoroacetylacetonate) hydrate) and PTFE as copper pre-
cursor and polymer matrix, respectively.

EXPERIMENTAL

1. Equipment and Procedures

The schematic experimental apparatus for the copper-PTFE com-
posite synthesis using scCO, is depicted in Fig. 1. The apparatus
consisted of a low-temperature bath, high pressure pump, two con-
secutive high pressure cylinders and auxiliary facilities. A borescope
(Rigid Borescope, Olympus®) was installed on the ‘Cylinder 2’ to
observe the inside of the cylinder.

Cu(hfa),H,0, copper precursor, was purchased from TCI with a
purity of 95%. PTFE sheet and film whose thickness is 1 mm and
0.1 mm were provided from Jinil Tec-Pla. Co., Ltd. (Korea), and
experimental specimens had dimension of 1x10x100 mm and 0.1
10x100 mm. The experiments were carried out as described below.

Cu(hfa),H,0 and PTFE were loaded in the ‘Cylinder 2, and the
system was purged with pure CO, for 10 minutes to eliminate air
inside cylinders. ‘Cylinder 2’ was heated to a desired temperature.
Liquid CO, was then pumped into the cylinders to achieve the de-
sired pressure. ‘Cylinder 1’ was used in order to relieve the shock
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Fig. 1. Schematic diagram of supercritical equipment for the cop-
per-PTFE composite synthesis.
1. Low temperature bath 4. Pressure gauge
2. Pump 5. Cylinder 1 (100 mL)
3. Check valve 6. Cylinder 2 (50 mL)

of pressure fluctuation that occurred when CO, was pumped into
the ‘Cylinder 2. For the proper operation, CO, was supplied to the
top of ‘Cylinder 2’ via the bottom of ‘Cylinder 1°. After ‘Cylinder
2’ was pressurized, the CO, flow was disconnected. And ‘Cylinder
2’ was maintained for the duration in order to impregnate PTFE
with copper precursors.

The experimental scope of temperature and pressure was 40-160 °C
and 120-200 bar. The impregnation was maintained for 20 hours in
order to examine the effect of temperature and pressure.

When the impregnation process was completed, we performed
the thermolytic reduction prior to decompression in order to reduce
copper precursors to copper. All thermolytic reductions were induced
by raising the temperature of ‘Cylinder 2 to 230 °C [16] and were
carried out for 2 hours at 250 bar. Then ‘Cylinder 2° was depres-
surized and washed with pure CO, for 10 minutes at 60 bar and cop-
per-PTFE composites were collected from the ‘Cylinder 2°.

2. Characterization

The changes in appearance, mass, and morphology of the cop-
per-PTFE composites were examined by precision balance (Sarto-
rius BP210S, resolution 10 g), scanning electron microscopy (SEM,
JSM-6700F, Jeol), transmission electron microscopy (TEM, H-7500,
Hitachi) and energy-dispersive X-ray spectroscopy (EDS).

To determine the amount of copper precursors impregnated into
PTFE, the mass gain of the impregnated PTFE samples was meas-
ured by precision balance. To study cross-sectional morphology of
synthesized copper-PTFE composites, SEM and TEM analysis was
applied. For the preparation of TEM samples, copper-PTFE com-
posites with 0.1 mm thickness were sliced to 140 nm by cryomi-
crotome at —140 °C.

RESULTS AND DISCUSSION

For the synthesis of the copper-PTFE composite, experiments
proceeded in two steps. The first step was supercritical impregna-
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Fig. 2. Effect of temperature on the impregnation of copper pre-
cursor into PTFE at 160 bar.

tion of copper precursor and the effects of temperature and pres-
sure on impregnation of copper precursor into PTFE were examined.
The second step was the thermolytic reduction process performed
at a scCO, atmosphere. The thermolytic reduction was followed
by the impregnation process without decompression.

1. Supercritical Impregnation Process

The effect of temperatures for the supercritical impregnation pro-
cess was examined and the result is shown in Fig. 2. It was con-
firmed that the impregnation ratio increased with temperature up to
120°C and then decreased with temperature. This result might be
due to the chemical change of copper precursor, Cu(hfa),H,0O, and
affinity of impregnant between scCO, and polymer. From the bores-
copic observation into ‘Cylinder 2’, it was identified that the color
of the supercritical solution was blue at low temperature and turned
to orange at 160 °C. Their images are shown in Fig. 3. The impreg-
nated samples showed the same color with the supercritical solu-
tion at each temperature.

Garriga et al. [15] reported that a purple color appeared due to
dehydration of Cu(hfa),H,O as the temperature of the reactor in-
creased to 200 °C in supercritical media. In this study, however, the
color of the supercritical solution observed by the borescope at 160 °C
was orange, and this orange color is guessed to be connected with
dehydration equilibrium between Cu(hfa), and Cu(hfa),HO.

It is also well known that the impregnation ratio depends on the
relative affinity of impregnant between scCO, and the polymers
for the supercritical impregnation process [1-4,13,16,17]. The scCO,
impregnation process actually involves the approach toward an equi-
librium distribution of five components [PTFE, CO,, Cu(hfa),H,0,
Cu(hfa),, H,O] between the phases present. However, phase rela-
tions for a five-component system are very complex. Therefore, a
somewhat simplified approach seems appropriate for the discus-
sion on the effect of temperature. Lagalante et al. [18] measured
the solubility of Cu(hfa), and Cu(hfa),H,O in scCO, and showed that
Cu(hfa), dissolved more than Cu(hfa),H,O in scCO,. Therefore, it
seems to be valid that Cu(hfa), has more affinity than Cu(hfa),H,O
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Fig. 3. PTFE samples in copper precursor supercritical solution observed by borescope at 160 bar; (a) 80 °C (b) 160 °C.

for scCO.,.

For the effect of temperature, we could explain that the increase
in impregnation ratio up to 120 °C might be attributable to affinity
of Cu(hfa),H,0O for PTFE, and the decrease in impregnation ratio
above 120 °C might be to occur because Cu(hfa), produced by de-
hydration of Cu(hfa),H,O has more affinity for scCO,.

The relation between the impregnation ratio and pressure is shown
in Fig. 4. The impregnation ratio increased with pressures, but the
ratio shows almost similar values above 160 bar.

Berens et al. [2] reported that the diffusivity of impregnant in-
creased with pressure, but the equilibrium impregnation ratio de-
creased with pressure for the supercritical ternary system (polyvinyl
chloride, dimethyl phthalate, and CO,). They mentioned that the
major effect of CO, is accelerating the kinetics of additive absorption
when the interaction between a polymer and an additive is favored
thermodynamically.

For the scCO, solution, it is well known that the solubility of a
solute increases with pressure because the increase in pressure im-
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Fig. 4. Effect of pressure on the impregnation of copper precursor
into PTFE at 120 °C.
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proves the affinity of a solute for scCO,. That means the relative
affinity for PTFE decreases with pressure. Therefore, for pressure
up to 160 bar, diffusivity of Cu(hfa),H,O in PTFE seems to affect
more than the affinity for PTFE. However, for the pressure over
than 160 bar, the diffusivity of Cu(hfa),H,O may be considered to
have the similar effect on the impregnation process with the affin-
ity for PTFE and scCO,.

From these results of temperature and pressure effect, we could
determine that the optimum process condition from the viewpoint
of diffusivity and affinity for PTFE was 120 °C and 160 bar.

Experimental researches on the impregnation equilibrium time
at the optimum process condition were performed and the results
are shown in Fig. 5. From the Fig. 5, it turns out that the impregna-
tion equilibrium time is about 55 hours at 120 °C and 160 bar.

2. Thermolytic Reduction Process

PTFE samples impregnated at 120 °C and 160 bar were super-
critically reduced at 230 °C and 250 bar for the preparation of cop-
per-PTFE composites. This reduction process was based on Gar-
riga’s result.

Garriga et al. [15] reported that copper appeared above 190 °C
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Fig. 5. Time profile of the impregnation process for copper pre-
cursor into PTFE at 120 °C, 160 bar.
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Fig. 6. EDS analysis on the cross section of the copper-PTFE composite synthesized using scCO,; impregnation at 120 °C, 160 bar/reduction

at 230 °C, 250 bar.

Fig. 7. Cross sectional SEM images of the copper-PTFE composite synthesized using scCO,; (a) impregnation at 120 °C, 160 bar (b) im-

pregnation at 120 °C, 180 bar/reduction at 230 °C, 250 bar.

when Cu(hfa),H,O was pyrolyzed in supercritical condition of CO,-
ethanol mixture of molar composition 80 : 20%. And they reported
that the solubilities of Cu(hfa),H,0O and Cu(hfa), in scCO, were in-
creased and the precursor decomposition temperature was about
30°C lower than in pure CO, when ethanol was added as co-solvent.
Therefore, we adopted 230 °C as the reduction temperature.

The existence of copper in the resultant composites was confirmed
by EDS and SEM analysis on the cross-section. EDS analysis and

SEM images on the cross section of the composites are shown in
Fig. 6 and Fig. 7. From Fig. 6, we could identify that white spots
inside the synthesized composite are copper particles.

Fig. 7 shows that copper particles are more deeply penetrated in
the copper-PTFE composite synthesized at 180 bar than in the com-
posite synthesized at 160 bar. If the composite reached at impreg-
nation equilibrium, copper would be homogeneously dispersed in
all regions of the cross-section. Therefore Fig. 7 indicates that the

Fig. 8. Cross sectional TEM images of the copper-PTFE composite synthesized using scCO,; impregnation at 120 °C, 160 bar/reduction at

230 °C, 250 bar.
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composite did not reach impregnation equilibrium yet. From this
result, we could identify that diffusivity increases with pressure as
mentioned in the literature [2].

Finally, we attempted to synthesize a copper-PTFE composite in
which copper particles were dispersed homogeneously. An experi-
ment using a PTFE film with 0.1 mm thickness was carried out in
order to shorten the impregnation equilibrium time. Impregnation
and reduction were consecutively performed at 120 °C, 160 bar for
2 hours and at 230 °C, 250 bar for 2 hours. Its TEM images are shown
in Fig. 8. From images, we leamned that copper particles were dis-
persed homogeneously inside the synthesized composite and impreg-
nation equilibrium had been reached. The size of copper particles
was less than 20 nm.

CONCLUSIONS

Experimental researches have been made for the development
of copper-PTFE composite consisting of copper nano-particles homo-
geneously distributed into PTFE using scCO, and some valuable
results were obtained.

The impregnation ratio of copper precursor increased with tem-
perature up to 120 °C, but decreased above 120 °C. The impregna-
tion ratio increased with pressure up to 160 bar and showed similar
values for the pressure over than 160 bar. It seems to be caused by
the dehydration reaction of Cu(hfa),H,O and thermodynamic affin-
ity difference of copper precursors for PTFE and scCO.,.

From the effects of temperature and pressure on the impregnation,
we could obtain that the optimum impregnation process condition
was 120 °C and 160 bar.

PTFE supercritically impregnated with the copper precursor at
120 °C and 160 bar was effectively reduced at 230 °C and 250 bar
to prepare copper-PTFE composites.

SEM images and EDS analysis indicated that copper particles
were penetrated into the synthesized composites. Finally, from TEM
images, we could identify that copper-PTFE composites with homo-
geneously dispersed copper particles could be made.

February, 2011
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