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In order to clarify the differences in the anodic surface oxidation mechanisms of PAN-based
and pitch-based carbon fibres, the fibres were oxidized in an electrolyte and characterized
using the coulostatic method, X-ray photoelectron spectroscopy, laser Raman
spectroscopy, and X-ray diffraction. The interfacial bonding strength to an epoxy resin was
evaluated based on the interlaminar shear strength (ILSS). The results showed a good
correlation between the differential double layer capacities, which were measured with the
coulostatic method, and the ILSS values of PAN-based high tensile strength carbon fibres
(PAN-HTCFs), PAN-based high modulus carbon fibres (PAN-HMCFs), and pitch-based high
modulus carbon fibres (pitch-HMCFs). Their morphologies for the anodic oxidation were as
follows: PAN-HTCFs are anodized homogeneously; pitch-HMCFs are selectively oxidized
and promote crevice etching; and PAN-HMCFs resist crevice etching due to the many
defects in the hexagonal network. © 7999 Kluwer Academic Publishers

1. Introduction 2.2. Materials characterization
It is a well known fact that most carbon fibres are oxi- The surface treated samples and untreated samples were
dized to obtain sufficient adhesion to epoxy resin ma-unidirectionally impregnated with epoxy resin consist-
trices [1-5]. However, excessive surface treatment reing of tetraglycidyldiaminodiphenylmethane (MY720
duces the longitudinal strength of the composites [6]Chiba-Geigy), methyl nadic anhydride, and 2, 4, 6-tris-
In particular, high modulus carbon fibres do not possesdimethylaminomethyl-phenol at 46, 52, and 2 parts by
good wettability, so they have to be adequately treatedveight, respectively. The samples were cured at20
in order to provide good mechanical properties. In ourfor 3/4 hours and post-cured at 18D for 2 hours. The
previous study [7], it was proved that the coulostaticdebonding strength between the fibres and the epoxy
method [8, 9], an electrochemical method, was veryresin was evaluated from the interlaminar shear strength
useful for investigating the anodic oxidation mecha-(ILSS) using the short beam method.
nisms of carbon fibres. In this study, the differences In order to determine the electrical components on
in the anodic oxidation morphologies of PAN-basedthe surface, the differential double layer capacy)(
and pitch-based carbon fibres were clarified mainly byand polarization resistanc®(), the carbon fibres were
means of the coulostatic method. immersed in a Clark-Lubs buffer solution (pH 7.2) and
measured rapidly and nondestructively using a coulo-
static apparatus (Hokuto Denko HK201) [7].
2. Experimental The surfaces of the samples were analyzed using
2.1. Sample preparation X-ray photoelectron spectroscopy (XPS). The spec-
PAN-based high tensile strength carbon fibretrometer, which had a monochromatizedkal X-ray
(PAN-HTCF), PAN-based high modulus carbon fibreanode (10 kV, 30 mA), was used in a vacuum
(PAN-HMCF), and pitch-based high modulus carbonof 1x 10~7 Pa. Laser Raman spectroscopy (Nihon
fibre (pitch-HMCF) [10] whose mechanical properties Bunkou Kogyo NR-1100) was also employed in order
are shown in Table | were prepared for anodic surfaceo estimate the surface crystalline sizes corresponding
oxidation. The pitch-HMCF has nearly same tensileto La from the intensity ratio of the Raman spectrum
modulus as the PAN-HMCF. The surfaces of the threeat D-line (1360 cm') to that at G-line (1580 cm),
kind samples were anodized in 0.1-N MHCO;  R[11]. The structural parameters for these fibres were
solution by their specific electric charges [electric also characterized by powder X-ray diffraction (XRD)
charge C) per unit area (f)]. using ClK,, a-radiation.
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TABLE | Mechanical properties of carbon fibres 1800

Tensile strength (GPa) Tensile modulus (GPa) 1600 b
PAN-HTCF 3.61 245
PAN-HMCF 2.93 392 1400 |
pitch-HMCF 3.44 401
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sensitively represent slight surface changes caused by
oxidation; the values a4 were related to the apparent

0 S E— surface area and the valuesRyf depended on the ap-
0 Specific electrlioc charge (C/n2) 100 pearance of the chemically unstable prismatic surface.
ThereforeCq and R, on the surfaces of those samples
Figure 1 ILSS vs. specific electric charge of surface treatment. were measured by the coulostatic method.
The relationships between tl& and the specific
electric charge are shown in Fig. 2. ThR tenden-
3. Results and discussion cies for all fibres, PAN-HTCF, PAN-HMCEF, and pitch-
3.1. Anodic oxidation effect HMCEF, are very similar to the ILSS tendenciesin Fig. 1.

Fig. 1 shows the relationships between the ILSS valud he Ca of the anodized PAN-HTCF with 60 Crf is

as the anodic oxidation effect and the specific elecuch higher than the others.

tric charge of the surface treatment. The PAN-HTCF To confirm the similarity, the ILSS values were plot-
with low tensile modulus exhibits a high ILSS value ted against th€, values for all samples in Fig. 3. As
(950 MPa) without being anodized, and the ILSS val-& r.esult,' it was found that there was a strong linear re-
ues further increase slowly with the increase in thdationship for the PAN and pitch-based fibres when the
specific electric charges. On the other hand, the unCd was lower than 750 Frif. WhenCq became higher
treated PAN-HMCF and the untreated pitch-HMCF
with high modulus present low ILSS values (32.0 and
38.5 MPa, respectively). However, the ILSS values of
the pitch-HMCF increases with a small amount of spe- 140 |
cific electric charges, while the PAN-HMCF shows

different behavior from the pitch-HMCF and could 120 "
not achieve adequate ILSS values through the spe -
cific electric charges 3 and 6 Crh Since the PAN- 100 b N

[ 4 |

HMCF and pitch-HMCF are 6 and @m in diameter,
respectively, the interfacial area of the ILSS specimeng
for PAN-HMCEF is larger than that for pitch-HMCF.

Thus, PAN-HMCF might have an advantage for ad- g 6 |

hesion to an epoxy resin when compared with pitch- = PAN-HICF
HMCF. However, the results suggest that the adhesior
of PAN-HMCEF is much lower than that of pitch-HMCF 0 :-' * PAN-ENCE
with the same specific electric charge. 4 pitch-HHCF
20
3.2. Characterization 0 ' ; ) ;
In our previous research on thin metal films [9] and 0 500 lOOé)d F /m21)5°0 2000 2500

pitch-HMCFs [7] using the coulostatic method, it was
revealed that the measurement valGgsind R, could  Figure 3 ILSS vs.Cq.
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0.4 TABLE Il Structural parameters for carbon fibres

. d(002) Le(002) La(110) Surface La by
(nm) (nm) (nm) Ramah(nm)
0.3k PAN-HTCF 0.357 1.6 — —
PAN-HMCF 0.344 5.5 4.8 10.2
pitch-HMCF 0.343 8.1 4.9 5.2
u
A
@ aThe surface La was estimated from the Tuinstra relationsha=(
Sozt " 4.4R).
by a

large R, value, and this value immediately decreases
with the increase in the specific electric charge. The
0.1 o PAN-BNCF different behavior ofR, might come from the differ-
ence in the original surface structure.

bd u PAN-HICF

4 pitch-HUCF

0 1 'l 1 -
0 500 1000 1500 2000 3.3. Sfcructural difference . .
cd (F/u2) The microstructural parameters of the three kinds of fi-
bres are shown in Table II. From the d(0 0 2) space val-
Figure 4 O1s/C1s vsCq. ues and crystalline sizes, it was confirmed that the PAN-

HTCF with the lowest tensile modulus had the lowest
graphitization degree and the smallest crystalline size
than 750 Fm?, the slope decreased. The inflectionamong the three kinds of fibres and that the PAN-HMCF
point seems to be arour@y =750 Fnm2. In order to  had nearly the same graphitization degree as the pitch
investigate the cause of this good relationship, the suHHIMCF. However, the crystalline sizes for PAN-HMCF
face oxygen concentration of the fibres was analyzeavere quite different from those of pitch-HMCF; the
by XPS. Fig. 4 shows the relationship between Ol1s/C1surface crystalline sizd,a, obtained by laser Raman
andCy. The results suggest that a good correlation waspectroscopy for PAN-HMCF was twice as large as the
obtained because the oxidation on the carbon fibre sugverage crystalline sizéa(1 1 0), obtained by powder
face induces an increase in the apparent surface areaXRD, although the surfaceéa for pitch-HMCF was
The relationship between the other electrical compoalmost the same as the averdgg1 10). Thus, PAN-
nent on the surfac&,, and the specific electric charge HMCF seems to have a heterogeneous structure, and
is shown in Fig. 5. Unlike the untreated pitch-HMCF, its surface should be covered with larger crystallites
the untreated PAN-HTCF and PAN-HMCF exhibit low than its interior. On the other hand, from the values of
R, values and the changes of th& by surface oxi- Lc(002) it turned out that the graphite layer of PAN-
dation are much smaller than for pitch-HMCF. There-HMCEF is thinner than that of pitch-HMCF.
fore, itis assumed that micro cells have been originally
formed on the untreated PAN-based carbon fibres. On
the other hand, the untreated pitch-HMCF exhibits a3.4. Difference of anodic oxidation
mechanisms for PAN-based and
pitch-based carbon fibres
25 Because PAN-HTCFs are composed of small crystal-
lites, they have many chemically active sites which can
be homogeneously anodized so that they obtain the ad-
hesion to the resin gradually with the increase in the
specific electric charges. For PAN-HMCFs and pitch-
—o— PAN-HNCF HMCFs with nearly the same modulus, we would like to
propose the different anodic oxidation models shownin
Fig. 6a and b. The surface of PAN-HMCF is covered by
largerLa (graphite layer size) and thinnec (graphite
layer thickness) than that of pitch-HMCF. However, the
low Ry value for untreated PAN-HMCF implies that
the graphitic layer is not a perfectly chemically stable
basal plane due to the original precursor. The hexag-
onal network might include heterogeneous atoms or
vacancies and be curved so that the potential difference
between the crystalline surface and the boundary might
be small. Thus, crevice etching seems to be difficult to
0 O‘R — "'1'0 —_ "'100 occur on PAN-HMCF with the large crystalline size as
Specific electric charge (C/2) shown in Fig. 6a. Therefore, it is not possible to easily
pecilic eleciric charge m . . . . .
make strong bonding sites, like prismatic surfaces, to
Figure 5 R, vs. specific electric charge of surface treatment. the €poxy resin.
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Figure 6 Schematic models of the anodic oxidation mechanism: (a) o,

PAN-HMCF; (b) pitch-HMCF.

anodic oxidation, an untreated pitch-HMCF with a low
ILSS value increases rapidly in particular at the early
stage, and an untreated PAN-HMCF with also a low
ILSS value increases slightly. In spite of the differ-
ences among these three kinds of carbon fibres, there
is a strong linear correlation betwe€g by the coulo-
static method and the ILSS values whHeqnwas lower
than 750 Fm?. PAN-HTCFs are anodized homoge-
neously, while pitch-HMCFs are selectively oxidized
and promote crevice etching, which can become strong
bonding sites to epoxy resin. On the other hand, PAN-
HMCFs resist the crevice etching due to the defects in
the hexagonal network.
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