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Abstract 

The wettablllty of carbon fiber was improved wlthout decrease of tensile strength by 
slight fluorlnatlon The adhesive property of such fluorinated fibers with epoxy resin 
was also evaluated, and it was found that the higher the wettablllty of the carbon 
fiber, the greater the adhesion of fiber 

Introduction 

Reinforcement in composites is only achieved by efficient stress 
transfer between fiber and matrix. Such stress transfer can be realized by 
mechanical interlocking, physical adhesion and chemical bonding. 

A better adhesion of carbon fibers to the polymer matrix is firstly 
achieved by improving the surface of the carbon fibers to allow a good 
wettability and physical interlocking of the fibers with the matrix, and 
secondly by forming surface groups on the surface of carbon fiber and 
surface active resins [ 11. Various methods employed to improve the sur- 
face of carbon fibers include polymer grafting to the surface [2, 31, 

etching of the fibers by air oxidation [l], anodic oxidation and nitric 
acid treatment [5-71. In the case of oxidation treatment, the decrease in 
tensile strength of carbon fiber due to etch pits on the surface is a 
problem [ 81. 

Recently fluorine gas has been used as a surface treatment for many 
kinds of organic and inorganic plastic materials, because of its very 
high reactivity. We investigated the hydrophdiclty of slightly fluorinated 
carbon fiber as a new method of surface treatment, and found that 
through this treatment, wettability of the surface of carbon fibers in- 
creased drastically compared with oxidation treatment without decrease 
in tensile strength. This new method is a dry process, and requires 
a relatively simple device compared with such methods as anodic oxida- 
tion. 

In this report, we will describe the effect of fluorine pressure and 
treatment time on the wettabihty, which is investigated by the contact 
angle using the Whilhelmy method [9], and the adhesion of this fluori- 
nated carbon fiber with epoxy resin by z* 
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Experimental 

Materials 
Experiments were performed with pitch-based carbon fibers without 

sizing agents; the epoxy used was the dlglycidylether of blsphenol A 
(EP-828, Shell). The curing agent was hexahydrophthahc anhydride 
(HHPA), and the catalyst benzyldimethylamlne (BDMA). 

Treatment of carbon fiber wsth fluorine gas 
Fluorine gas was supplied by Daikln Kogyo Co. at 99.7% purity. The 

impurity was almost only nitrogen and the amount of hydrogen fluoride 
was under 0.01 mol”/o. Trace amounts of hydrogen fluoride In the fluorine 
gas were removed by sodium fluoride pellets heated at 100 ~‘C. A schematic 
of the device for fluorination 1s shown In Fig. 1. The reaction tube and 
vessel were made of nickel, with pipe and valves of stainless steel. The 
carbon fiber ( -0 2 g) within the Ni vessel was inserted into the reactor, 
and the system was evacuated to -10 _‘mmHg. Fluorine gas was lntro- 
duced to the system from a buffer tank for the fluorine reservoir. After 
reaction, fluorine gas was removed quickly through the exhaust line from 
the reactor 

Measurement of contact angle 
For mvestlgatlon of the wettablhty of carbon fibers, we measured the 

contact angle to water using the Whllhelmy method 
The principle of the method IS explained in Fig. 2 The adhesive force, 

IJ,,, was measured at the moment when the fiber touched the hquld. By 
use of the equation in Fig. 2, the wetting angle can be evaluated from the 
experimental data of F,, and F,. On using only a single monofilament, F, 
(and F,,) were too small to detect, so we used 15 monofilaments for 
measurement. 

Fig 1 SchematIc diagram of fluormatlon reactor 1 NL gas cylmder, 2 
pressure gauge, 1 HF absorber 5 buffer tank, 6 reactor. 7 F, absorber, 
rotary pump 

F, gas cylinder, 3 
8 glass cock 9 to 
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Fig. 2. Principle of contact angle measurement by Whilhelmy method, where: 

F 
cosH=--cTcr, 

u 

~w: surface tension of liquid (dyne/cm), 0: contact angle (deg), U: circumference of fiber 

(cm). 

ESCA measurement 
The changes in the surface of carbon fiber after fluorination were 

analyzed by ESCA measurement. Spectra were obtained on an ESCA 750 
electrometer (Shimadzu Seisakusho Ltd.) with an Mg KU,, 2 X-ray source 
(1253.6 eV). We obtained the C Is, F 1s and 0 1s spectra, and calculated 
the surface chemical compositions of carbon fibers from their peak areas. 

Adhesion to epoxy resin 
For the investigation of the adhesive property of fluorinated carbon 

fibers, we measured the interlayer shear strength 7”. 
In Fig. 3, the carbon fiber monofilament is buried in the dumbell 

shape of epoxy resin, and cured first for 2 h at 85 ‘C, then 12 h at 150 “C. 
After curing, the carbon fiber was stretched from both ends until the fiber 
snapped. The higher the adhesion of the carbon fiber to epoxy resin, the 
larger the number of parts the carbon fiber is snapped into and the 
smaller the critical fiber length, I,:. We obtained the value of z” using the 
KellyyTyson equation. 

Results and discussion 

Effect of fluorine pressure on the wettability 
The effect of fluorine pressure on the contact angle is shown in 

Fig. 4. The contact angle of the original fiber to water was 95”. At room 
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Fig 3 Prmclple of mterlayer shear strength (T*) measurement with epoxy resm according 
to the Kelly-Tyson equation 

T*=r+ d/2 2, 

where (r, = tensile strength of carbon fiber monofilaments (25 mm) d = diameter of carbon 
fiber, 1, = critical fiber length 

temperature, 3 min treatment gave an angle of only 77’. The hydrophilic- 
ity of carbon fiber was particularly improved by slight fluorination, i.e. up 
to 50 mmHg fluorine pressure. At higher fluorine pressures, the contact 
angles tended to increase. It is known that at 600 “C, graphite reacts with 
fluorine to form graphite fluoride ((CF),) [lo-131, which has C-F covalent 
bonding and hydrophobic character. In the room temperature reaction, it 
seemed to form some C-F covalent bonding, so the higher the fluorine 
pressure, the more C-F covalent bonding is formed and the more hydro- 
phobic the character [14] 

Effect of fluorination time on wettability 
The effect of fluorination treatment time on contact angle is shown in 

Fig. 5. The contact angle was drastically lowered by only a few minutes’ 
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Fig 4 Effect of F, pressure on contact angle, reactlon temperature 25 ‘C, reaction time 
3 min 
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Fig 5 Effect of treatment time on contact angle; reaction temperature 25 ‘C, reaction 
pressure 10 mmHg 

treatment. The contact angle also tended to increase with longer treat- 
ment times, as in the case of greater fluorine pressure. As the treatment 
enhanced the wettability of carbon fibers sufficiently, the decrease in 
tensile strength was negligible. The hydrophiliclty induced by this 
method lasts for a least six months. 

ESCA measurement of fluorinated carbon fibers 
The F 1s ESCA spectra of the surface of the fluorinated carbon fiber 

is shown in Fig. 6. The binding energy of the F Is peak is -688 eV. In the 
case of a covalent C-F bond such as graphite fluoride, the binding energy 
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Fig 6 ESCA spectra of F Is 
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TABLE 1 

Atomrc ratios of carbon fiber surface 

Original Oxldatlon” Fluormatron” 

C(%) 
O(X) 
F(%) 
contact angle 
(deg) 

93 9 70 6 77 3 
61 29 4 12 2 
0 0 10 5 

96 89 78 

~‘Oxldatlon fiber anodm oxrdatlon with 1 N NaOH solution 10 C/g CF 
“Fluorlnatron fiber fluormation pressure 10 mmHg, reaction trme 3 mm, reaction tempera- 
ture 25 C 

of the F 1s peak is - 689 eV, and in the case of an ionic fluoride such as LiF, 
the peak is near 684 eV. That is, the F 1s peak of slightly fluorinated carbon 
fibers has a value between that of a covalent and that of an ionic bond. 

The chemical composition of the carbon fiber surface examined by 
ESCA is shown in Table 1. The amount of oxygen, O(%), increased on 
fluorination [5]. The CH bonding of the surface of the fiber 1s weakened 
by the attached fluorine, which has an extremely hrgh electronegativity 
Due to this effect, oxygen species should be introduced onto the surface of 
the fiber. 

Surface oxidation seems to contribute to the hydrophilicrty of slightly 
fluorinated carbon fibers. However, compared with oxidized fibers, the 
amount of surface oxygen of the fluorinated carbon fibers is less and the 
hydrophilicity of fluorinated fibers is better than that of oxldlzed fibers. 
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Fig 7. Effect of F, pressure on contact angle to water and adhesion to epoxy resin, reaction 
temperature 25 “C, reaction time 3 mm 
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The effect of fluorine pressure on the adhesion to epoxy resin 
The effect of fluorine pressure on the contact angle with water and 

on the adhesion of fluorinated carbon fibers to epoxy resin is shown in 
Fig. 7. The lower the contact angle to water with wettability, the higher 
the adhesion z” with epoxy resin. On the surface of fluorinated carbon 
fibers, there exists more oxygen-containing species to bond with epoxy 
resin than on the original fiber. Thus in the case of fluorinated fibers, both 
good wettabillty and an increase in surface oxygen-containing groups 
contribute to the good adhesive properties of fluorinated carbon fibers. 
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