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Abstract Wettability of electro- 
lytically oxidized graphite fibers has 
been investigated by contact angle 
measurements employing the 
Wilhelmy method. The atomic ratio 
of oxygen to carbon, O/C, in the 
surface layer of the graphite fiber 
increased with increasing electric 
specific charge. Contact angle 
hysteresis was not observed for the 
untreated graphite fiber (O/C = 0.01). 
The contact angles decreased with 
increasing O/C, especially for the 
receding angle, and approached 
constant for O/C > 0.2. The 
nondispersive and dispersive surface 
free energies of the oxidized graphite 
fibers were calculated from the 

experimentally determined contact 
angles. The nondispersive surface free 
energy increased by the oxidation, 
whereas the dispersive one decreased. 
From the results of surface analysis, it 
was found that the changes in the 
nondispersive and dispersive surface 
free energies were caused by the 
increase in O/C ratio and the decrease 
in surface crystallinity, respectively.' 
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Introduction 

In recent years many investigations of wetting of solid 
surfaces have been carried out because of the fundamental 
interest as well as the practical importance. Wettability 
has been most commonly described by the contact 
angle and the surface free energy. The theoretical calcula- 
tion of the surface free energy is difficult because of its 
sensitivity to atomic or chemical composition and mo- 
lecular orientation at the surface [-1,2]. For rigid, 
smooth and homogeneous surfaces, contact angles can 
be related to surface free energies by the well-known 
Young's equation from a force balance at the three- 
phase boundary. Hence, the surface free energy can be 
experimentally estimated by the contact angle measure- 
ments. 

In most cases, experimentally observed contact anlges 
for real surfaces have hysteresis [3, 4], which causes the 
difficulty in the experimental determination of the surface 
free energy. Therefore, the experimental determination of 
"thermodynamically significant contact angles" [5] is 
necessary for real surfaces having contact angles hysteresis. 
The obtained equilibrium contact angles are useful for 
better understanding of wetting behavior of the real 
surfaces. 

In this paper, we present an experimental study on 
wetting of real surfaces using graphite fibers which are 
manufactured from polyacrylonitrile (PAN) fibers by car- 
bonization and graphitization techniques. The main struc- 
tural elements of the PAN based graphite fibers are graphite 
ribbons that lie parallel to the fiber axis [6]. This structure 
gives homogeneity and low energy to the surface because 
the surface is mostly composed of graphite basal planes. 



K. Gotoh et al. 1145 
Wettability and surface free energy of graphite fibers 

Graphite fibers are used as the reinforcing agent in 
structural polymeric matrix composite materials. The mo- 
lecular interaction between the polymeric matrix and the 
reinforcing fiber at fiber matrix interface is important for 
composite mechanical performance and durability [7, 8], 
Since the graphite fibers are inactive, the surface treatment 
of the fibers is frequently done to improve adhesion be- 
tween the matrix and the fibers [9-14]. Electrolytic oxida- 
tion is one of the commercial surface treatments [15-17], 
which proivides additional functional groups to the fiber 
surface. Although the surface free energy of the oxidized 
graphite fiber has been experimentally determined by 
Tsutsumi et al. [18], the effect of oxidation has not been 
investigated in detail by using graphite fibers with different 
degree of oxidation. 

The experimental estimation of the surface free energy 
of the oxidized graphite fiber is not only important from 
the practical point of view, but also give fundamental 
information about the wettability of heterogeneous sur- 
faces or real surfaces because the surface of the oxidized 
graphite fiber can be considered to be the predomi- 
nantly low-energy surface with fractional high-energy 
regions. 

This study is dealing with the changes in the surface 
free energy and in surface chemical composition with the 
electrolytic oxidation of the PAN based graphite fibers. 
We have measured contact angles in the graphite fiber/n- 
alkane/water systems by the wetting force measurements 
employing the Wilhelmy technique. The dispersive and 
nondispersive components of the surface free energies were 
calculated from the angles obtained with a series of n- 
alkanes, The results were discussed in terms of chemical 
composition and crystallinity of the fiber surface. 

Experimental 

Materials 

Potyacrylonitrile (PAN) based graphite fibers studied here 
were the high tension (HT) and high modulus (HM) types. 
They were prepared on a laboratory scale in Toray Indus- 
tries Inc., and no additional surface sizing was done. The 
strength and modulus of the fibers are given in Table 1. 

The electrolytic oxidation of the graphite fibers was 
performed in an aqueous sulfuric acid solution [15, 17]. 
The surfaces of the untreated and oxidized fibers were 
analyzed by means of x-ray photoelectron spectroscopy 
(XPS) using an AEI-Kokusai Denki model ES-200 with an 
A1K .... x-ray anode (hv = 1486.6 eV). The base pressure 
was 10-s Torr. Samples were prepared by cutting a num- 
ber of fibers and placing them into a. sample holder. The 

Table 1 Untreated polyacrylonitrile based graphite fibers 

Fibers Strength Modulus 
(kgf/mm 2 ) (102 kgf/mn 2) 

HT 350 245 
HM 290 403 

details of the XPS measurements have been described in 
the literature [17]. The fiber surfaces were observed by the 
scanning electron microscope. 

The graphite fibers were successively purified by ex- 
traction with water, ethanol, and ethyl ether prior to use. 
Extrapure grade n-alkanes (n-pentane, n-hexane, n-hep- 
tane, n-octane, n-nonane and n-decane) and doubly 
distilled water were used for the contact angle measure- 
ments. 

Contact angle measurements 

Advancing and receding contact angles of water in the 
graphite fiber/n-alkane/water systems were measured by 
the Wilhelmy method using an electrobalance (Cahn In- 
struments Inc., C-2000) and a reversible elevator (Burleigh 
Instruments Inc., Inchworm Motor). The experimentai 
details have been reported elsewhere [19-22]. Weight 
recordings were obtained during a fiber immersion-emer- 
sion cycle at the velocity of 0.3 mm/min in the plateau 
region where the contact angles were independent of the 
velocity, since the contact angles in the plateau region are 
considered to be the "thermodynamically significant con- 
tact angles" [5, 20, 22]. The cycle was repeated twice or 
more for the same part on the same sample and reproduci- 
bility was checked. 

A typical weight recording is illustrated in Fig. 1. The 
points a and c in the figure show the moments when the 
lower edge of the fiber touched the n-alkane/water inter- 
face and separated from the interface, respectively. At the 
point b, the interface is reversed in direction. The weight 
recording during advancing and receding scans had no 
slope due to buoyancy. The mean advancing and receding 
contact angles of water were calculated by the Wilhelmy 
equation from the weight changes at the points a and c (i.e., 
A Wa andA Wr), respectively. For the calculation of contact 
angles, the effective perimeter of each fiber was determined 
from the weight recording obtained at the n-pentane/air 
interface since the contact angle in this system can be 
regarded as zero [20]. 

Contact angle measurements were carried out in 
a room maintained at a constant temperature (20 ~ and 
a constant relative humidity (65%). 
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Fig. l A typical weight recording for an untreated HT graphite 
fiber/water/n-octane system 

(A) 

Results and discussion 

Surface analysis of the fibers 

The atomic ratio of oxygen to carbon, O/C, in the surface 
layer calculated from the XPS data is shown in Fig. 2 as 
a function of specific electric charge. In either case of the 
HT  and HM graphite fibers, the O/C ratio increased with 
increasing specific electric charge. The scanning electron 
micrographs of the graphite fibers are shown in Figs. 3 and 
4. The fibers have diameters of ca. 6 #m and grooves 
parallel to the fiber axis. The morphological changes in the 
fiber surfaces due to oxidation were not observed for both 
HT  and H M  fibers. 
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Fig. 2 The carbon/oxygen atomic concentration ratio at oxidized 
HT (�9 and HM (zx) graphite fiber surfaces, O/C, as a function of 
specific electric charge 

(B) 
Fig. 3 Scanning electron micrographs of untreated (A) and oxidized 
(B, 320 coul m -2) HT graphite fibers 

Effect of surface oxygen concentration on contact angles 

Contact angles of water, 0, obtained in the graphite fiber/ 
n-hexane/water systems are given in Fig. 5 as a function of 
the atomic ratio of oxygen to carbon in the surface layer, 
O/C. The advancing and receding angles decreased with 
increasing O/C ratio, and they became almost constant for 
O/C > 0.2. For  O/C < 0.1, the receding angle was sensi- 
tive to the small change in the O/C ratio compared with 
the advancing one. The results of the HT  and HM fibers 
were plotted on the same line. The same trend as the curves 
for the n-hexane/water system in Fig. 5 was observed when 
the other n-alkanes were used. 
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Fig. 5 Relation between advancing (�9 zx) and receding (., A) contact 
angles of water and the carbon/oxygen atomic concentration ratio, 
O/C, at the fiber surface, in HT (�9 o) or HM (zx, A) graphite fiber/ 
water/n-hexane systems 

(B) 
Fig. 4 Scanning electron mJcrographs of untreated (A) and oxidized 
(B, 640 coul m-2) HM graphite fibers 
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Fig. 6 Relation between the local deviation in advancilig (o) and 
receding (.) contact angles of water and the carbon/oxygen atomic 
concentration ratio at the fiber surface, O/C, in HT graphite 
fiber/water/n-hexane systems 

In Fig. 1, the local deviation in weight trace is shown 
during advancing and receding scans. The local deviation 
was reproducibly observed for all systems in the present 
study. In the previous paper [22], we have reported the 
similar deviation in various fibers/n-alkane/water systems, 
and have concluded that the contact angle calculated from 
A Wa or A Wr corresponds to the mean angle and that the 
deviation in weight trace includes a local deviation in the 
contact angle due to heterogeneity as well as a deviation in 
perimeter of the fiber along the three-phase boundary 
during immersion and emersion. In this study, the max- 
imum and minimum contact angles on the same fiber 
surface were calculated from A Wmax and AWmi, in Fig. 1, 

respectively, by considering maximum and minimum pe- 
rimeters of the fiber which were estimated from the weight 
trace at the n-pentane/air interface in the same manner 
[22]. The maximum and minimum perimeters obtained 
from the weight trace were 23.3/~m and 22.5 #m for the 
untreated HT  fiber, respectively. The difference between 
the maximum and minimum angles was expressed by A 0 
as the local deviation in contact angle. 

Figure 6 shows the local deviation in contact angle, A 0, 
at the n-hexane/water interface as a function of the O/C 
ratio. The values of A 0 are large in receding, especially at 
the small value of the O/C ratio, Considering that the local 
deviation in contact angle is caused by the change in 
atomic concentration of oxygen from point to point on the 
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heterogeneous graphite fiber surface, it is expected that AO 
is large when the dependence of the contact angle on the 
O/C ratio is large. The experimental facts are consistent 
with this expectation; the O/C dependence of 0 is large in 
receding for O/C < 0.1 (Fig. 5), and the AO values are also 
large under the same condition (Fig. 6). 

As can be seen in Fig. 5, contact angle hysteresis was 
observed for all graphite fibers except the untreated HM 
fiber (O/C = 0.01). Contact angle hysteresis increased with 
increasing O/C ratio. In general, contact angle hysteresis 
can be caused by surface roughness, surface heterogeneity, 
penetration of a wetting liquid, deformation, reorientation 
and surface mobility during the contact angle measure- 
ments. In the present study, the penetration is not a serious 
cause of hysteresis because of the reproducibility of the 
weight recording for the same sample. The differences in 
surface topography between the untreated HT and un- 
treated HM graphite fibers were not found, and no mor- 
phological changes on the fiber surface were produced by 
the oxidation (see Figs. 3 and 4). In addition, deformation, 
reorientation and surface mobility is not expected because 
the fiber surface is composed of graphite basal plane. 
Therefore, we concluded that the contact angle hysteresis 
here was caused by surface heterogeneity. In our previous 
studies [19, 21], the contact angle hysteresis was observed 
in commercially available HM PAN-based carbon fibers 
pyrolyzed at 2500 ~ and disappeared after repyrolyza- 
tion at 3000~ in vacuum [19]. When atomic oxygen 
irradiation was applied to the repyrolyzed carbon fibers, 
the hysteresis was again observed [21]. Scanning electron 
micrographs and Auger electron spectroscopic analysis 
showed that surface heterogeneity is a dominant factor 
causing the contact angle hysteresis; no hysteresis ap- 
peared for the repyrolzed carbon fiber whose surface has 
1% oxygen other than carbon atoms and the hysteresis 
became larger with respect to atomic concentration of 
oxygen at the fiber surfaces. These results in the previous 
studies are in accordance with the results in Fig. 5. 

Johnson and Dettre [23] have calculated the contact 
angle of a liquid drop on a model heterogeneous surface 
having regions of different intrinsic wettabilities. Accord- 
ing to their calculation, in the case of the predominantly 
low-energy surface with fractional high-energy regions, the 
receding contact angle varied with the precentage of the 
high-energy region whereas the advancing one remained 
almost constant or slightly decreased. Considering that 
surface oxygen concentration corresponds to the percent- 
age of the high-energy region, the plots of the receding 
contact angles against surface oxygen concentration for 
the oxidized graphite fibers (Fig. 5, closed symbols) have 
the same tendency as their calculated curve. 

However, the decrease in the advancing angles with 
surface oxygen concentration (Fig. 5, open symbols) is 

noticeabie compared with the calculated curve [-23]. In the 
case of the carbon fibers exposed to atomic oxygen men- 
tioned above, the advancing angle was constant with in- 
creasing surface oxygen concentration [22]. Dettre and 
Johnson [24] have experimentally found that the wettabil- 
ity of a heterogeneous surface relates to the intrinsic wet- 
tabilities of high-energy or low energy regions as well as 
the sizes and shapes of the regions; the advancing contact 
angle decreases with increasing percentage of high-energy 
regions when the intrinsic wettabilities of the regions 
change with keeping their sizes and shapes constant, 
whereas the advancing angle is independent of the percent- 
age of high-energy regions when the sizes and shapes of the 
regions change without changing their intrinsic wettabili- 
ties. On the basis of their findings and our results, we 
assume that the oxidation by the electrolysis gives the 
qualitative change (i.e., the change in the intrinsic wettabil- 
ity) in the high-energy regions on the fiber surface whereas 
the oxidation by the atomic oxygen exposure gives the 
quantitative change (i.e., the change in the sizes and 
shapes). A more detail investigation is needed to verify our 
assumption. 

Estimation of surface free energies 

Assuming that the Young's equation holds in the graphite 
fiber/n-alkane/water system, one can obtain the expression 
using the extended Fowkes' equation with respect to the 
surface free energy [19-21] 

7w - 70 + 7ow cos 0 = 2(7~) 1/2 [(Taw) 1/2 - (70) 1/2] 

.nd ,nd ~1/2 + 2(y, yw J (1) 

where 7 is the surface free energy, 0 is the contact angle of 
water, the subscripts s, w, and o refer to solid, water, and 
n-alkane, and the superscript d and nd refer to dispersive 
and nondispersive components, respectively. The relations 
between 7w-7o  + 7owCOS0 and (7~) 1/z -(7o) 1/2 which 
were obtained by using the experimentally determined 
contact angles showed straight lines. The linear relations 
indicate that the three phase boundary of graphite fiber/n- 
alkane/water is formed, i.e., that the adsorption layer of 
n-alkane on the fiber does not give a serious effect on the 
contact angles. The dispersive and nondispersive surface 
free energies were calculated from the slope and the inter- 
cept of the plot. The dispersive and nondispersive compo- 
nents of the surface free energy were determined from 
the advancing and receding contact angles, respectively 
[20, 213. 

The relation between the nondispersive surface free 
energy, nd Ys , and O/C is shown in Fig. 7. The 7~ d values 
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Fig. 7 Relation between nondispersive surface free energies of liT (o) 
and HM (A) graphite fibers and the carbon/oxygen atomic concen- 
tration ratio at the fiber surface, O/C 
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Fig. 8 Relation between dispersive surface free energies of HT (o) 
and HM (A) graphite fibers and the carbon/oxygen atomic concen- 
tration ratio at the fiber surface, O/C 

increased with increasing O/C, and approached a constant 
value above O/C = 0.2. 

In Fig. 8 the dispersive surface free energy, 7s a, is plotted 
as a function of specific electric charge. The 7~ value of the 
untreated HM fiber was large r than that of the untreated 
H T  fiber. The degree of the axial preferred orientation of 
the fiber was determined to be 0.81 and 0.90 for the 
untreated HT  and untreated HM fibers, respectively, by 

x-ray diffractiometry. Considering that the high degree of 
orientation in bulk is corresponding to the high degree of 
orientation at the surface, one can expect that the y a value 
associated with the surface concentration of interacting 
volume elements [25] is larger for the HM fibers com- 
pared with the H T  ones. The results in Fig. 8 are consistent 
with this expectation. In either case of the H T  and HM 
fibers, 7~ a decreased by the electrolytic oxidation. The de- 
grees of noncrystallinity of untreated and oxidized (160 
coul m -z )  H M fibers were determined to be 0.36 and 0.76, 
respectively, from the ratio of peak intensity of 1355 cm-  t 
to 1580 cm -1 in Raman spectra. This suggets that the 
decrement of surface crystallinity by oxidation caused the 
decrease in dispersive surface free energies. 

Conclusion 

The advancing and receding contact angles of water were 
measured by the Wilhelmy method using the electrolyti- 
cally oxidized graphite fibers with different atomic ratio of 
oxygen to carbon, O/C, in the surface layer. The advancing 
and receding angles decreased with increasing O/C ratio, 
and they approached constant above O/C = 0.2. The re- 
ceding angle was sensitive to small changes in the O/C 
ratio for O/C < 0.1. Contact angle hysteresis was not 
detected for untreated high modulus graphite fiber 
(O/C = 0.01), and increased with increasing O/C ratio by 
the oxidation. The relation between the contact angle'and 
the O/C ratio was explained by considering the oxidized 
graphite fiber surface to be a heterogeneous surface having 
regions of different intrinsic wettabilities. 

The nondispersive and dispersive surface free energies 
of the oxidized graphite fibers were determined from the 
contact angles. The nondispersive surface free energy in- 
creased with increasing O/C ratio. The dispersive surface 
free energy decreased with increasing electric specific 
charge, which was caused by the decrease in surface crys- 
tallinity due to oxidation. 
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