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Synthesis and Characterization of Cu-PTFE Composites
with Enhanced Tribology Properties using
Supercritical Impregnation Process

Jung-Teag Kim

Department of Chemical Engineering, Graduate School
Pukyong National University

Abstract

This study was attempted to develop the Cu - PTFE (polytetrafluoro
- ethylene) composite with enhanced tribology property using supercriti
- cal carbondioxide. Copper bis (trifluoroacetylacetonate) hydrate, Cu(hfa), -
H>O was adopted as copper precursor.

The supercritical synthesis process was composed of the impregnation
of copper precursor and thermolytic reduction. The impregnation process
was performed over a range of temperatures from 40 to 160 |C and
pressures from 120 to 200 bar. The reduction process was performed at
230 C and 250 bar for 2 hours consecutively after impregnation. Super
- critical apparatus, was consisted of ‘a low-temperature bath, high
pressure pump, twoconsecutive high pressure cylinders and auxiliary
facilities. And a borescope to -observe the inside of the cylinder was
installed on it.

To determine the amount of copper precursors impregnated into
PTFE, mass gain of the impregnated PTFE samples was measured by
precision balance. To study cross-sectional morphology of synthesized Cu
- PTFE composites, SEM (scanning electron microscopy) and TEM (transmi
- ssion electron microscopy) were applied. For the preparation of TEM

samples, PTFE films with 0.1 mm thickness were sliced to 140 nm by



cryomicrotome at -140 C.

The effect of the temperature on the impregnation ratio showed
different behavior at higher than 120 C. The impregnation ratio
increased with the pressure up to 160 bar and showed similar values for
the pressure range between 160 bar and 200 bar. These results are
thought to originate from the dehydration reaction of Cu(hfa), - HxO and
the thermodynamical affinity difference of copper precursors for PTFE
and supercritical carbon dioxide.

The equilibrium impregnation ratio at 160 bar was more than that of
at 180 bar due to the thermodynamical affinity difference of Cu(hfa),-
H>O for carbon dioxide. And the impregnaion profile with time at 160
bar almost agreed with that at 180 bar.

Optimum conditions for the process impregnating PTFE with Cu(hfa);
‘H,O was 120 C, 160 bar. And the impregnation rate at optimum

conditions was expressed-as following equation.

M, - .
dtt = 3.3228 X 10 ° Y exp [~ 1:3664 10 ° (2i +1)%t]
=0

From SEM images and 'EDS (energy - dispersive X -ray spectroscopy)
analysis, it is turned out copper was penetrated inside the synthesized
Cu - PTFE composite. SEM images showed that synthesised Cu-PTFE
composite didn’t reach impregnation equilibrium yet and copper particles
were penetrated deeper. at higher pressure. And- from TEM images, it
could be identified that the Cu=PTFE composite where copper particles
were dispersed homogeneously could be made.

Finally, from tribology test for the Cu-PIFE composite with homoge
-neously dispersed copper nano - particles, it was identified that the

wear resistance was enhanced.
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Table 1. Comparative physical properties of gas, liquid and

supercritical fluids

Phase
Property Unit
Gas SCF Liquid
6 ~2.
Density g/cm (0.6 3 0 0.2~0.9 0.6 ~1.6
x10
Diffusion 0.2 ~0.7) 0.2 ~2.0)
cofficient c'/sec 0.1~04 10 107
. . (1.0 ~3.0) (1.0 ~9.0)
Viscosity cP %1072 %10 0.2~2.0

Where SCF is the abbreviation of "SuperCritical Fluid".
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Table 2. Critical properties of some common supercritical solvents

Solvent Pc (bar) Tc (T) pc (g/cm®)
Carbon Dioxide 73.8 31.0 0.468
Propane 42.5 96.8 0.217
n-Pentane 33.7 196.6 0.237
Propylene 46.0 91.8 0.232
Ethanol 61.4 240.8 0.276
Water 221.2 374.1 0.315

- 12 -
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Fig. 4 = silicone rubber - ©]2FstEHA A9} polycarbonate - ©]4F8} g4
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Fig. 4. Sorption isotherms for silicone rubber - carbon dioxide system
and polycarbonate - carbon dioxide system (The line in
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dual - mode sorption-parameters) [29].
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polymer molar volume

where xr =
gas molar volume

HFshe 71Ale] "erh ke Ao Bt ZA|g, aiAke

A

o FTSE /A BAZ wate] ofF Atk PR 4 (7)F @) 9

ol

e

1/x<= 4 (2) ¢ 3) A" IrtF o= FA| 7hs3sith

Chang 5 [32] & L&Al gk &4 E¥ o BlgAS &9lstr] 8,
FA SAH (gravimetric method)” &2 silicone rubber - ©]4F3}gHA Al o]
e AFS FASATE Fig. 53 d 219 E&E 300 bar 9 &
E

dol= =stal, 483 dxel Ry ARt A9 dAs AT AT

4
Lo
r o
-
fr
]
4
o
]
Mo
R
ro
9.
FT"
o)

)

)

=

c

o
o
®

=

o3
=
o
=
T
%)
td
ol
filo
»
ofo

Random Hydrogen Bonding (NRHB) & & o] 7%y, HFF X5}

Ax|3le Aoz HnE uF Qlrk[42].

222, I EZo] )3 FAk

_20_



o 208.15K
| ® 32315K
|——- calculated

S

Sorption [cm°(STP) CO, / cm’ Polymer]

0 10 20 30
Pressure [MPa]

Fig. 5. Sorption isotherms for silicone rubber - carbon dioxide system

[32].

-21 -



oA HojuA

=

o] =7] wj&ol Fick o]

o}
H

KeN
o

h

BN
—_

il
™

.

oF

T

(ano

]

2]

non - Fickian &=+ W

= /
=

]_

3, FX

5

Fickian 32V o]z}

A -

d9o

neo.

- malous) g1V o=

!

|

o
&

A

-
= &

Crank [46]

n #Aako

S+ A 7to] &2z+A o) 7] W&o Fickia

To-

W3}l o

N

o)

il
™

i

J]

o H

)
—_

Aol
A%l o

L
T

5

o)

A

bl 3742 2R s

J]

iii. non - Fickian &

L
L

Case 1 F4HAI4= (diffusion coefficient) o] &8l - =31, Case 2

3

ToR

vl

A
]

A

A T H3Ee

s}sk 4= Qi) [48].

Gl

el

ze]

il

)A
o

= kt"

=

=

supercase 1l

>

case II

- 22 -



1/2 <n <1 non - Fickian
n=1/2 Case I (Fickian)

n<1/2 pseudo - Fickian
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SHA (isotropic) ZAlC] e Fake] 4814 o|2e “Balste EHo
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23. YA & AL olET U 25 -1EA EFA Y FA

Howdle & [66] o 93l Z=dA T3 FAHol A A= 3, Watkins

9} McCarthy [4] & Y= F59] ¥ B3dH= FA57] 98 wHo=

i
[
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U_?‘_'.

H FHE ALSATE Howdle 5 [66] = polyethylene o] cyman
-tren 9] FFES A|=3Fa, Watkins ¢ McCarthy [4] & polymethylpent
-ene ¥ PTFE o] U= =719 W5 QA7 ddstAl £4d HEFAE A=
itk 2 T2 B AFAE[67,69-72] o o A FH FHE ol
o 534 3 sA- dd A7t R E A

Watkins ¢} McCarthy [4]9] Y= F<&- a8z B30 FAe 2 &
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F A5l mate] YriEAe gudor e e /A7) W, 488

4% £AIZ PTFER WAl o}F olels d4olth([73]. mepy &

AFE PIFE & e 2719 2] 448 83 249 F4 2 34
=l

e MEste, WrtEAds 7daksh= Aol

Ahstebae] tigk T AFAZE AFREE f7] 7E A9 dEEEY fAx
£ ZAFSIY AL [73], L AARE Table 3 o A|AlSkA T A5 ZHE  Cu(hfa),
s} Cu(hfa)- H:0 7 ©+2 £7] 72 o9l SIFERTE 297 olatstetsd
We $A=It ST ANS BRIE 5 AT BE 297 oltstuiao
| =7t =ohstel, PTFEC, &9 T2 AFAY dol a4 =2
ofyth AHY PTEE ol 79 728 A7A9 ¢S PIFESH 78 AT
A Aol s olEdte AOE Il Ak AT PTFEC §5¥
7 ArAe] B AL @
& FHstodor A4HE 7o YAt #LE U= 2712 44" Re=

FEE AT 223l Cu(bfa), = W7 TolN =3 Aste dH= 7R

fiu)
rSL‘

A

flo

W

PG W, Fe SHENM WE SEZ B

4

ATk ol @ 2 A ol WEel ® AFINE THol vF A
Cu(hfa),- H,O & A€l3tA .
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Table 3. Mole fraction solubilities of copper (II) complexes in

supercritical carbon dioxide at 40 C [73]

Pressrue [MPa] (density [g/mL])

Complex 1034 1379 1724 2068 2413 2758  31.03 3447
(0.652) (0.760) (0.811) (0.847) (0.874) (0.897) (0.916) (0.933)
Cu(acac), 0750 1300 1.612 1.845 2006 2.120 2229 2307
Cu(bzac), 0.179 0324 0462 0599 0721 0838 0944 1.047
Cu(thd), 6.173 3035 4469 5824 6274 6797 7164 7415
Cu(tod), 2603 49.00 7751 1141 1488 181.0 2128 2697
Cu(tfa), 2960 3133 3527  42.08 48:18. 5462 5738 59.38
Cu(hfa), - HoO 1520 1741 2063 2417 2610 2913, 3320 4140
Cu(hfa), 225.1 321.1 3535 3820 449.7 5027  569.9
Cu(dmhd), 3696 1540 2051 2604 3211 3401 3621
Cu(dibm), 9170 2726 3860 46.19 563  73.05 . 7942 884l
Cu(tfbzm), 0702 / 1.424 2.113 | 2.740. 3.313 '3.843 | 4.269

Original chemical names for abbreviations were showed in Table 4.
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Table 4. Abbreviations used for copper (II) complexes

Abbreviation Chemical name
Cu(acac), bis(pentane-2,4-dionato) copper(Il)
Cu(bzac), bis(1-phenylpentane-1,3-dionato) copper(Il)
Cu(thd), bis(2,2,6,6-tetramethylheptane-3,5-dionato) copper(Il)
Cu(tod), bis(2,2,7-trimethyloctane-3,5-dionato) copper(Il)
Cu(tfa), bis(1,1,1-trifluoropentane-2,4-dionate) copper(Il)
Cu(hfa), bis(1,1,1,6,6,6-hexafluoropentane-2,4-dionate) copper(Il)*
Cu(dmhd), bis(1,1-dimethylhexane-3,5-dionate) copper(Il)
Cu(dibm), bis(2,6-dimethylheptane-3,5-dionate) copper(Il)
Cu(tfbzm), bis(1,1,1-trifluoro-4-phenylbutane-2,4-dionato) copper(Il)

x BILo| A= copper(I) bis(trifluoroacethylacetonate) & 3£ 7]3}4 ).
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Fig. 8. The schematic diagram of experimental apparatus for the

supercritical impregnation. process.
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Fig. 10. The diagram of differential scanning calorimetry for raw PTEFE.
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1) Drive motor
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3) Disc

4) Pin-specimen
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Fig. 11. The schematic diagram of tribology tester apparatus.
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Fig. 15. PTFE samples in the copper precursor supercritical solution

observed by the borescope-at 160 bar; (a) 80 C (b) 160 C.
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Table 5. The diffusion coefficient for the supercritical impregnation of

Cu(hfa), - H,O into PTFE at 120 C

Pressure Equilibrium impregnation amount Diffusivity
[bar] [mg/gl [107* m?/sec]
120 4.2 0.1582
140 3.7 0.4205
160 3.0 1.3845
180 2.7 1.5279
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Fig. 21. The diffusion coefficient for the supercritical impregnation of

Cu(hfa); - HO into PTFE at 120 C.
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Fig. 23. The result of EDS analysis on the cross section of the Cu-
PTFE composite synthesized using supercritical carbon dioxide;

impregnation at 120 C, 160 bar / reduction at 230 C, 250 bar.
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synthesized using supercritical carbon dioxide; (a) impregnation
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bar.
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Fig. 26. The cross sectional SEM image of the PTFE specimen

penetrating copper for the friction and wear test.
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Table 6. Friction and wear test results for raw PTFE

Load [kg:] Power [kW] cf;;i?lzloezt Wear loss [g]
20 0.1634 0.265 0.010
40 0.2663 0.216 0.019
60 0.3494 0.189 0.027
80 0.4184 0.169 0.041
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Table 7. Friction and wear test results for the Cu-PTFE composite

Load [kg:] Power [kW] cf;;i?lzloezt Wear loss [g]
20 0.1493 0.242 0.006
40 0.2609 0.211 0.010
60 0.3449 0.186 0.015
80 0.4173 0.169 0.025
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Fig. 27. The friction coefficient on a load at conditions of 0.88 m/sec

sliding speed ‘and-40-C lubricated oil.
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Table 8. Constants expressing the relation between the friction

coefficients and the applied load

Raw PTFE Cu-PTFE
K 0.6840 0.5163
m-1 -0.3157 -0.2497
m 0.6843 0.7503
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Fig. 28. Wear on a load at conditions of 0.88 m/sec sliding speed and

40 C lubricated oil.
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Appendix

1. Derivation of Fick’s Second Diffusion Equation

The fundamental differential equation of diffusion in an isotropic
medium is derived from eq. (10) as follows.

Consider an element of volume in the form of a rectangular
parallelepiped whose sides are parallel to the axes of “coordinates and
are of lengths 2 dx, 2dy, 2 dz. Let the centre of the element be at P (x, y,
z), where the concentration of diffusing substance is C. Let ABCD and
A'B'C'D’ be the faces perpendicular to the axis of x as shown in| Fig. A
-1. Then the rate at which diffusing substance enters the element

through the face ABCD in the plane x - dx is given by
od,
4dydz\J,———d=x/|,
ox

where J; is the rate of transfer through unit area of the corresponding
plane through P. Similarly the rate of loss of diffusing substance

through the face A'B‘C'D’ is given by

_81_



4evd(F, —-—dxa§ k) | 24y
X

o —

Fig. A-1.

- 82 -



T

ox

4dydz(Jx— dx).
The contribution to the rate of increase of diffusing substance in the

element from these two faces is thus equal to

T

—8dxdydz P

Similarly from the other faces we obtain

z

o0z

aJ,
—dedydza—y and —8dx dydz

But the rate at which the amount of diffusing substance in the element

increases is also, given by

0C
8dxddeW,

and hence we have immediately

od, aJ, alJ.
00 2 L 20 = 0. (A-1)
ot ox oy 0z

If the diffusion coefficient is constant, J., J,, J. are given by eq. (10),

and eq. (A-1) became

_83_



aC 8°C  9*C  8’C
— =D s Tt |,
ot dx oy 9z

reducing simply to

oC  _9°C
o =D (11)

if diffusion is one - dimensional i.e. if there is a gradient of concentration
only along the x-axis. Eq. (10) and eq. (11) are usually referred to as
Fick’s first and second laws -of ~diffusion, since they were first
formulated by Fick [49] by direct analogy with the equations of heat
conduction.

In many systems, e.g. the interdiffusion of metals or the diffusion of
organic vapours in high-polymer substances, D depends on the
concentration of| diffusing substance C. In this case, and also when the
medium is not homogeneous so.that D varies from point to point, eq.

(A-1) becomes

aC _ 1(D8_0)+1(D8_0)+1(D8_0),
ot ox ox oy oy 0z 0z

where D may be a function of x, y, z, and C.
If D depends on the time during which diffusion has been taking

place but not on any of the other variables, i.e.
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D= f(t)

then on introducing a new time - scale T such that

dT = f(t)dt

the diffusion equation becomes

oC  2°C
2

2 2
C o
_ L o%C
3T ox 2 2

0
+
oy 0z

which is the same as eq. (11) for a constant diffusion coefficient equal

to unity.

2. Derivation of Diffusion Equation for Plane Sheet

Let us derive solution of eq. (11) when diffusion coefficient is
constant. Consider a plane sheet of thickness I, whose surface are
maintained at constant concentration Cs, and with zero concentration of
diffusing substance throughout the sheet initially (Fig. A-2). Let the

sheet occupy the region - [/2 < x < [/2, so that there is symmetry
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about x = 0 and the boundary conditions may be written

Cc=0C, at xZ—é (0<t)

oC

_ = = < -
on — 0 at =0 (0<t) (A-2)

Eq. (A-2) expresses the condition that there is no diffusion across the
central plane of the sheet. It is often more convenient to use this
condition and to consider only half the sheet, 0 < x < [/2, instead of
using the condition C = C;, x = -1/2.

The equations for the Laplace transform C' are

&PC /oy l
dIQ q C—O, << E,
with
dc & LC; b
H_O at m—O, C— S at I—E

where qz =S/D as before. The solution of these is

C,coshqx

C = (A -3)

q
Scosh 5
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There are two methods of dealing with this transform solution, leading
to the two standard types of solution we have already met. We shall

first obtain a solution useful for small values of the time.

(i) Expansion in negative exponential.

We express the hyperbolic functions in eq. (A-3) in terms of
negative exponentials and expand in a series by the binomial theorem.

Thus we obtain from eq. (A -3),

Se?(1+e ) S ) ‘
C, | & —q2n+1) - —z £ *q(2n+1)i+z
=3 lZ(—l)e { }+Z(—1)” ()
n=0 n=0
Thus, by the inverse transformation®, we obtain
C - (2n+1)l/2—x 2n+1)l/24+x
— = —1)"|erf -
c nzo( ) [er C S po)” +erfc > (D (A -4)

This is a series of error functions-such-as-we obtained by the method

of reflection and superposition.

(ii) Expansion in negative exponential [60].

e = foo g T
* - e /erfcid:ﬂ
S Q(Dt)l/Q

0
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It can be shown that if a transform y has the form

f(S)
g

IGE "

where f(S) and g(S) are polynomials in S which have no common

factor, the degree of f(S) being lower than that g(S), and if
9(8) = (S—a)(S—ay) - (S—aqa,), (A-6)

where a;, a5, *-:, an are constants which may be real or complex but

must all be different, then the function y(f) whese transform is y(S) is
given by

L fla)

y(ﬂ = E 7 ( 7)

r=19 \Gy

ea,,t (A L 7)

Here g¢’(a;) denotes' the wvalue of dg(S)/dS when p=a, Since the
hyperbolic functions coshz and sinhz can be represented by the

following infinite products [61]

2 2 2
4
coshz:(1+4—22)(1+4—2)(1+ & )

T 3272 522
) 2 2 2
sinhz = |1+ |1+ 5= |1+ 5|
T 2°m 3T
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a quotient of these functions such as in eq. (A-3) may still be
regarded as being of the type eq. (A-5) except that now £S) and g(S)
have an infinite number of factors. The ai;, a4, - are the zeros of g(5),
i.e. solutions of the equation, g(S)=0, and if these are all different it is
plausible to assume that eq. (A-7) still hold with n=co. The
justification of this assumption involves the theory of functions of a
complex variable in order to carry out a contour integration and is to
be found in the fuller accounts of the use of eq. (A-7) with n=co, can
be justified in diffusion problems in a finite region only. The above
refers to a;, a, -+ all different. Its application to an infinite number of
factors is still justifiable.

We may now consider the application of eq. (A-7) to eq. (A-3).
First the zeros of the donominator must be found. Clearly, S=0 is a
zero, and the other zeros'are given by the values of g for which

cosh (¢l/2) =0, i.e.

2n+1
HM@ o o5l (A-8)
and hence
D(2n+1)*7"
S:_w, n=1,2-- . (A -9)

To apply eq. (A-7) to eq. (A-3) we need
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d q 1 ) l
—(Scoshql) = cosh— +—glsinh L. (A -10)

g'(8) = as 1 2

For the zero S=0, ¢'(S) =1. For the other zeros, given by eq. (A-8) and

eq. (A-9), coshgl =0, and

) ) 2 1)me . 2n+1
sinh¢l = smh(n—;ﬂ = z'sm% =4(—1)",

so that for these zeros, by substituting in eq. (A -10) we obtain

1)n+1 (2n +1)7T

g(9) = (- :

Hence finally by inserting the zeros into eq. (A -7) we obtain

C _ 4 & D(2n +1)*7t Qn+1)rx
C ? Z: eXp COS

; l . (A-11)

This is the trigonometrical - series type jof solution .obtained previously
by the method of separation: of the variables.: The series converges
rapidly for large values of t.
The total amount of substance M; diffusing in a plane sheet of
thickness | and unit cross - section from eq. (A -11) is given by
/2

M, = Cdz , (A-12)
—1/2
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that

M, = Cl at t — oo,

as applying eq. (A-12) to eq. (A-4) and (A-11), we obtain

M Dt 1/2 1/2 > n-. nl

R :4( : ) +27§1(_1) ierfc DO (12)

M, g & D(2n+1)*7t

Wi =1-— Z 2 p{— 2 (13).
o =0 (2n+1) l
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