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Amorphous and graphitic carbon fibers and film surfaces are characterized by wettability 
measurements and surface energy analysis which isolate the (London-d) dispersion yiv 
and (Keesom-p) polar yEv contribution to solid-vapor surface tension ysv = yiv + y&,. 
Graphitized carbon fibers which are surface treated to provide strong bonding to  polar 
matrix resins show consistent strong polar contributions to total surface tension with 
y&/ysv 1: &/ySv N 0.50. Amorphous carbon films prepared for biological implant 
applications display dominant dispersion character in surface energy with &,/ysv 21 0.74 
to 0.95 and yEv/ysv 2 0.05 to 0.24. 

INTRODUCTION 

Interest in amorphous and graphitic carbon is high at the present time due 
to its use as a reinforcement in advanced composite materials' and as a 
thrombo-resistant material for prosthetic implant devices.2 In both of these 
applications surface properties play an important role in performance and 
reliability. In order to understand more clearly this critical surface zone, 
we have carried out wettability studies on two graphitic types of composite 
reinforcements and two amorphous carbon implant materials. 

The two advanced composite reinforcements studied were Union Carbide 
Thornel 400 graphite fiber and P h e r  pyrolytic graphite ribbon. Thornel 
400 graphite fiber is produced by graphitization of a polyacrylonitrile 
precusor. The Pfizer product is a thin flexible film produced by vapor de- 
position of carbon on a hot surface. Unlike the unidirectional strength and 
modulus properties of graphite fibers, the graphite ribbon is reported3 to 
display isotropy in the two dimensions of the film plane. 

The two implant materials examined are products of Gulf Energy and 
Environmental Systems, Inc. One is vapor deposited silicon alloyed Pyrolitea 
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196 P. J. DYNES AND D. H. KAELBLE 

carbon which has been diamond polished. The second is a vapor deposited 
carbon on a polymeric substrate. 

EXPERIMENTAL 

A summary of the results of advancing contact angle measurements are 
furnished in Table I. Included are contact angle values reported by Baier2 
for a diamond polished carbon surface used in implant studies. Contact 
angle results for Thornel 400 graphite fibers presented in Table I were 
determined by the single fiber micro Wilhelmy plate te~hnique.~.  ' Contact 

TABLE 1 

Cosine of advancing liquid-solid contact angles 0 
of test liquids on various carbon surfaces 

Baier's 
Gulf Gulf diamond 

Thornel400 Pfizer vapor diamond polished 
graphite graphite deposited polished carbon 

fibers ribbon carbon carbon (Ref.2) 

YLV AM 
Test liquid (dynlcm) Ggm) cos 0 cos 0 cos e cos 0 cos e 

Water 
Glycerol 
Formamide 
Ethylene glycol 
Tricresyl phosphate 
Poly glycol P-1200 
Poly glycol E-200 
POly glycol 15-200 
1-Bromonaphthalene 
Hexadecane 
Methylene iodide 
Hexane 

72.8 
64.0 
58.3 
48.3 
40.9 
31.3 
43.5 
36.6 
44.6 
27.6 
50.8 
18.4 

144 
173 
118 
124 
104 
84.3 

94.1 

70.0 

47.0 

- 

111 

- 

0.734 
1 .00 
0.749 
0.950 
0.941 
1 .00 

0.951 
0.921 
0.938 

0.945 

- 

- 

0.105 
0.857 
0.438 
0.574 
0.891 
0.914 
0.755 
0.839 
0.982 
0.999 

0.301 
0.751 
0.676 
0.629 
0.949 
0.956 
0.821 
0.857 
0.956 
0.990 

0.087 
0.225 
0.454 
0.588 
0.982 
0.984 
0.788 
0.974 
0.966 
0.998 

0.17 
0.64 
0.60 

- 
0.99 

angle measurements on the other surfaces were made by the sessile drop 
method at 20°C in the B-100 Environmental Chamber of the NRL gonio- 
meter (Rame-Hart Inc.). The test liquids used in the present study are listed 
in Table I1 in descending order of surface tension values. Several techniques, 
including platinum-iridium Wilhelmy plate, glass capillary rise, and DuNouy 
ring method were used to determine the surface tension of the test liquids. 
Agreement between experimental and literature values of liquid surface 
tension, generally within L0.5 dyn/cm, is taken as evidence of purity. 
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CARBON FIBERS AND FILMS 197 

TABLE I1 
Surface tension properties of test liquids at 20°C 

d 
Test liquid YLV YLV YE" 2% BLl% 

dyn/cm (dyn/cm)* 

Water 
Glycerol 
Formamide 
Diiodomethane 
Ethylene glycol 
1-Bromonap t halene 

Tricresyl phosphate 
Glycol PG-E-1200 

Glycol PG-15-200 
Glycol PG-P-1200 
n-Hexadecane 
Ethanol (abs.) 
Hexane 

72.8 21.8 51.0 9.34 1.53 
64.0 34.0 30.0 11.66 0.94 
58.3 32.3 26.0 11.37 0.90 
50.8 48.5 2.3 13.93 0.22 
48.3 29.3 19.0 10.83 0.81 
44.6 44.6 0.0 13.36 0.00 
43.5 28.2 15.3 10.62 0.74 
40.9 39.2 1.7 12.52 0.21 
36.6 26.0 10.6 10.20 0.64 
31.3 24.5 6.8 9.90 0.53 
27.6 27.6 0.0 10.51 0.00 
22.4 17.0 5.4 8.24 0.56 
18.4 18.4 0.0 8.58 0.00 

The surfaces studied in the present report were used as received from the 
manufacturer, except for the Thornel 400 graphite fiber and Gulf vapor 
deposited carbon. These were rinsed in absolute ethanol and dried between 
measurements with the various test liquids. In addition, the Thornel 400 

*0° 

YLv (dyn/cm) 

FIGURE 1 Fiber-liquid contact force AM versus liquid surface tension y ~ y  Thornel 400 
graphite fiber. 
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198 P. J. DYNES AND D. H. KAELBLE 

graphite fiber was washed several times in acetone prior to its study to remove 
the polyvinyl alcohol sizing. 

Using the Wilhelmy plate technique the contact force AM @gm) between 
a single fiber of circumference C and a liquid of surface tension y L v  is 
described by the following relation4. 

1 .o 

0.8 

0.6 

0.4 

0.2 

m 

8 

cy,, cos 0 AM = 
9 

(3 0 ob@ 10 - - 
0 0  - - 

- - 
- - 

I I I 

where 0 is the advancing liquid-solid contact angle and g = 980.6 dyn/cm. 
By this relation both fiber circumference and advancing contact angle can be 
determined. In Figure 1 contact force AM (pgm) as measured by a recording 
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FIGURE 2 Critical surface tension plot (upper portion) and Wa/2q versus p ~ / q  for 
Thornel 400 graphite fiber. 
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CARBON FIBERS AND FILMS 199 
Cahn electrobalance is plotted versus liquid surface tension yLv. The curve 
drawn in Figure 1 corresponds to that for maximum wetting (cos 8 = l.O), 
thus allowing calculation of fiber circumference in Eq. (I). From this circum- 
ference an apparent diameter d N C/n can be calculated which corresponds 
closely with that revealed by microscopic examination. Those points which 
lie below the curve in Figure 1 represent liquids whose contact angles are 

0.2 

0 1 

- - 
0 

I I 

0.0 0.4 0.8 1.2 1.6 
*L'~L 

FIGURE 3 Critical surface tension plot (upper portion) and W,/Zccr. versus BL/aL for 
Pfizer graphite ribbon. 

greater than zero on the fiber surface. It was found that contact angle values 
for water on the carbon surfaces decreased substantially with time after a few 
minutes but that those for the other test liquids showed very little change. 
In order to overcome this problem only the initial contact angles measured 
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200 P. J. DYNES AND D. H. KAELBLE 

within a few seconds after contact of the water with the surface are given in 
Table I. 

In the upper portions of Figures 2 through 6 the wetting data are presented 
in a plot of cos 6 versus ~ L V .  As discussed by Zisman and coworkers6 a critical 

0.6 o*8k 
c 1 .o I 1 

E L  0.4 

1 .o 

0.8 

0.6- 

0.4 

VI 

V 

c 

I 

0 
- O O  

0 0  

- - 1 

l 6 I  

B L / ~ L  

FIGURE 4 Critical surface tension plot (upper portion) and Wn/2q versus /~L/ZL for 
Gulf vapor deposited carbon. 

surface tension yc for the solid surface is obtained from such a linear plot 
of cos 6 versus yLV if an extrapolation to cos 6 = 1.0 is made. For the test 
liquid series used in the present study the critical surface tension plots in the 
upper portions of Figures 2 through 5 show a large amount of data scatter. 
In Figure 6 from work by Baier’ the critical surface tension plot for a diamond 
polished carbon material shows a high yc N 50 dyn/cm. In order to obtain 
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CARBON FIBERS AND FILMS 201 

a more accurate description of the wetting behavior of these solid surfaces 
we have further analyzed the data by a two parameter model for interfacial 
interactions discussed by Kaelble.’ 

rn 0.6 ‘ 0.41 
0.2 

0.8 ’ “ ~ ‘ “ “ “ 0 “ ~  
rn 0.6- 

0.4 

0.2 

0.0 

v1 

u 

0 
- 0 

- 0 

I I I 0 I I I 0 
0 20 40 60 80 

0.0 

1 I I 
4b 0.4 0.8 1.2 1 

B L ~ O L  
6 

FIGURE 5 Critical surface tension plot (upper portion) and W a / 2 a ~  versus &/aL for 
Gulf diamond polished carbon. 

SURFACE ENERGY ANALYSIS 

In the analysis the surface energies of solids and liquids are considered to be 
the sum of separate (London-d) dispersion and (Keesom-p) polar contribu- 
tions. From such a two component model the following reIations can be 
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FIGURE 6 Critical surface tension plot (upper portion) and Wa/2a~ versus pL/aL for 
Baier's diamond polished carbon (Ref. 2). 

derived for the polar and dispersion interactions between liquids and solids.' 

YLY = YfY + re, = a: + sz 
Ysv = 7:" + YsP" = a: + s: 
w, = YLv(i + cos e) G 2yLY 
W, = 2[aLas + /IL&] = W: + W: 

(2) 

(3) 

(4) 

( 5 )  
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CARBON FIBERS AND FILMS 203 

where 
yLv = liquid-vapour surface tension 
ysv = solid-vapour surface tension 

aL,BL = square root of the respective (London) dispersion 7;" and 

as, ps  = square roots of respective dispersion $Y and polar 76" parts of ysv 
(Keesom) polar parts of y L y  

Wa = nominal work of adhesion 
0 = liquid-solid contact angle 

By this technique values for nominal works of adhesion determined from 
Eq. (4) are substituted into Eq. (6) where cxL and p L  are calculated from the 
literature values of y$ and yev as given in Table 11. In Eq. (6) a linear function 
of W,/2aL versus pL/ciL is predicted whose intercept at pL/aL = 0 is as = 
(y&)* and whose slope is ps = (ybv)*. Table I11 presents the data in the form 
for graphical analysis described by Eq. (6). The lower portions of Figures 2 
through 6 show these data plotted according to Eq. (7). The solid and dashed 
lines in these figures represent the calculated values of y& and y& with their 
respective standard deviations 6 d  and 6 p  as calculated by a determinant 
method of analysis.' Table IV summarizes the results obtained for all the 
surfaces studied including analysis of Baier's data' for a diamond polished 
carbon and four additional types of graphite fibers previously reported.' 

TABLE 111 
Analysis of liquid-solid interactions 

72.8 
64.0 
58.3 
48.3 
40.9 
31.3 
43.5 
36.6 
44.6 
27.6 
50.8 
18.4 

Thornel Gulf Gulf Diamond 
400 Pfizer vapor diamond polished 

graphite graphite deposited polished carbon 
fiber ribbon carbon carbon (Ref. 1) 

(dynlcm)* (dynlcrn), (dyn1cm)f (dyn/cm)* (dynlcm)* 
2crt PLbL Wal2a~ W a 1 2 ~ ~  W&L W ~ / ~ U L  W&~L 

(dyn/cm)* 

9.34 1.53 13.5 8.61 10.14 8.47 9.15 
11.66 0.94 - 10.19 9.61 6.72 9.02 
11.37 0.90 8.97 7.38 8.59 7.46 8.21 
10.83 0.81 8.70 7.02 7.27 7.08 - 
12.52 0.21 6.34 6.18 6.37 6.47 - 
9.90 0.53 - 6.05 6.18 6.27 - 

10.62 0.74 - 7.19 7.46 7.32 - 
10.20 0.64 7.00 6.60 6.66 7.08 - 
13.36 0.00 6.41 6.62 6.53 6.56 - 
10.51 0.00 5.09 5.25 5.23 5.25 - 

- 7.26 13.93 0.22 
8.58 0.00 4.17 - - 

- - - 
- - 
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1 4 -  

z 0 
v) 
p: W 

I 

n 

DISCUSSION OF RESULTS 

Graphl te Fiber 

One result which is immediately evident from the analysis is that the graphite 
fibers all show a high polar component of ySpv - 28dyn/cm compared to 
ybv N 2 to 11 dyn/cm for the other carbon surfaces. 

One possible consequence of this high polar component found for the 
graphite surface energy is that in composite materials made with such fibers 
the fiber/matrix interface would be sensitive to moisture exposure. A recent 

0 1  0 2 4 6 8 

t POLAR - E (dynlcm) 

FIGURE 7 Dispersion surface energy component a versus polar component /I for com- 
posite reinforcement materials. Shaded area indicates optimum zone for moisture in- 
sensitivity. 

study’ has shown that a substantial reduction in mechanical fracture energy 
does occur under high humidity or water immersion at 100°C for a graphite 
fiber/epoxy matrix composite. This reduction in fracture energy is believed 
to be a result of degradation of interfacial contributions to the total fracture 
energy. In Figure 7 a plot of a = (&)* versus p = ( y s ” ~ ) ~  is presented for the 
composite reinforcement carbon surfaces. All the graphite fibers display 
values within a small range of c1 N /3 N 5.3 (dyn/cm)*. In order to overcome 
moisture sensitivity at the fiber/matrix interface, it has been suggested’ that 
fiber surface energies should ideally lie in the shaded zone in Figure 7 where 
as 2 6.0 (dyn/cm)* and ps < 1.5 (dyn/cm)*. Within this zone the high 
dispersion surface energy should compensate for the decreased polar com- 
ponent to provide a strong, yet relatively moisture insensitive interfacial bond. 
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CARBON FIBERS AND FILMS 205 

The Pfizer graphite ribbon in this respect displays values much closer to the 
optimum region indicated than do virgin graphite fibers. 

Results of the analysis for the amorphous carbon implant materials given 
in Table IV show them to have relatively nonpolar surfaces compared to the 
graphite fibers, Baier's diamond polished carbon surface, although showing 
a low polar component (ybv = 2.4dyn/cm), does differ from the two Gulf 
implant materials in having a much higher dispersion component (y& = 
53.3 dyn/cm). 

Recently Baier" has suggested that on a critical surface tension plot of 
cosB versus y L y  there exists a zone of maximum thromboresistance (or 
minimum cell spreading) defined by a range of critical surface tension values 
23 < yc < 28 dyn/cm at cos 0 = 1.0 and slope factors b = (-dcos O/dyLy) 
of 0.016 < b < 0.026(cm/dyne) for the linear plots. We are currently 
proceeding to apply the two-parameter dispersion-polar argument to more 
clearly define such a zone and to the analysis of available wettability data on 
biologically important materials. 

TABLE IV 
Summary of solid surface. tension properties 

Hercules HT-S@ (Ref. 7) 
Hercules HM-S@ (Ref. 7) 
Morganite II@ (Ref. 7) 
Modmor II@ (Ref. 7) 
Thornel@ 400 graphite fiber 
Hzer graphite ribbon 
Gulf vapor deposited carbon 
Gulf diamond polished 

pyrolitem carbon 
Baier's diamond polished 

carbon (Ref. 2) 

25.9i1.5 
26.1 3Z2.1 
2 7 . 4 i  1.6 
28.33Z3.5 
25.5f2.6 
33.051.6 
32.2k2.6 

34.5 3Z 1.5 

53.3 k6.1 

25.7%3.3 
26.8 k4.1 
27.3 f4.1 
29.43Z6.0 
23.4k3.6 
3.6f0.6 

11.3i2.7 

3.250.5 

2.4% 1 .O 

51.6f2.3 
52.8f2.7 
54.73Z3.1 
58.2,t2.8 
49.0&1.8 
36.63Z 1.1 
43.4 k 2.1 

37.6i- 1.0 

55.8f5.4 

@ = Trademark 

CONCLUSIONS 

This study shows that graphitized carbon fibers which have been surface 
treated to provide strong bonding to polar matrix resins show consistent 
strong polar contributions to total surface tension with y&/ysv N y p / y s v  N 

0.50. Amorphous carbon films prepared for biological implant applications 
display dominant dispersion character in surface energy with ygv/ySv 0.74 
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206 P. J. DYNES AND D. H. KAELBLE 

to 0.95 and y&/ysv N 0.05 to 0.24. The two parameter models for surface 
energy analysis utilized in this discussion appears to provide a new and 
useful approach to isolating the dispersion and polar mechanisms of inter- 
facial bonding in biologically important materials. A system of analysis 
has been which utilizes the results of surface energy analysis 
for y& and ySPv to predict the effect of adverse immersion environments upon 
fracture energy and strength of bonded interfaces. This analysis scheme has 
recently been successfully exploited in reinforced composite systemsg and 
preliminary investigations strongly suggest its capability in analyzing adhesion 
phenomena in biological systems. 
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