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The mechanical performance of composite materials depends not only on the matrix 
and the reinforcing fiber, but also to a great extent on the fiber/matrix interfacial 
adhesion. The focus of this work was to study carbon fiber surface chemical and 
physical properties and their effects on fiber/matrix adhesion. Untreated, commercially- 
surface-treated, and oxygen-plasma-treated PAN-based carbon fibers were used. SEM 
was used to examine the fiber surface topography. XPS was used to determine fiber 
surface chemistry. A two-liquid tensiometric method was conducted to determine fiber 
surface energy and its dispersive and polar components. Carbon fibers with varying 
surface properties were incorporated into epoxy matrices. Single fiber fragmentation 
tests were carried out to evaluate the strength as well as the temperature and humidity 
effects on interfacial adhesion. Commercially-treated carbon fibers having a higher 
surface oxygen content and a higher surface energy clearly produced superior interfacial 
adhesion, relative to untreated fibers. An even greater level of adhesion was achieved 
with oxygen-plasma-treated fibers. Fiber surface roughness improved durability under 
elevated temperature and relative humidity conditions. The presence of sodium on the 
fiber surface dramatically decreased durability at high relative humidity. 

Keywords: Composite; interfacial adhesion; carbon fiber; surface property; surface 
treatment; plasma treatment 
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214 H. ZHUANG AND J. P. WIGHTMAN 

1. INTRODUCTION 

A composite is an arrangement of reinforcing fibers in various con- 
figurations held together by a cohesive matrix. The fibers constitute 
the major load-bearing element of the composite and the role of the 
matrix is to both distribute the internal stress and protect the fibers 
from the environment. Factors which determine the mechanical per- 
formance of a composite are the strength and modulus of the fiber, the 
strength and chemical stability of the matrix resin, and the interfacial 
integrity between fiber and resin. The importance of the nature and 
degree of fiber/matrix interfacial adhesion on the mechanical perform- 
ance of composites has been well established [l-31. A weak interface 
tends to improve impact strength and fracture toughness of the com- 
posite by resisting cracks that would otherwise propagate through the 
matrix. A strong interface, on the other hand, insures effective stress 
transfer through the interface and improves off-axis strength. To 
achieve optimum performance, some compromise is needed between 
very strong and very weak interfacial adhesion. 

In recent years, as composite material systems have become increas- 
ingly sophisticated to meet ever-increasing performance requirements, it 
has become more important to control the interaction between the 
reinforcing fibers and matrix materials. The major challenge here 
is the lack of fundamental understanding and knowledge about the 
reinforcement/matrix system which contributes to the establishment of 
the interface. It has been recognized that the state of the fiber surface 
substantially affects the quality of interfacial adhesion [4-61. However, 
basic and specific correlation is still incomplete. The possible mechan- 
isms by whch the fiber surface parameters contribute to the constitution 
of the fiber/matrix interface include (i) the interfacial chemical and 
physical interactions caused by fiber surface functionality and surface 
energy, (ii) the mechanical interlocking due to fiber surface irregula- 
rity, and (iii) the interfacial wetting based on fiber surface energy. 

It was the objective of this work to explore the effects of physical 
and chemical aspects of carbon fiber surfaces on the strength and 
durability of interfacial adhesion. Surface analytical techniques were 
utilized to obtain properties of untreated, commercially-surface- 
treated, and plasma-treated carbon fibers. The contributions of fiber 
surface characteristics to fiber/matrix adhesion were evaluated. 
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CARBON FIBERiEPOXY MATRIX ADHESION 215 

11. EXPERIMENTAL 

A. Materials 

Carbon fibers used for this study were two untreated [AU-4 (Hercu- 
les), Panex 33 (U) (Zoltek)] and two commercially surface treated 
[AS-4 (Hercules), Panex 33 (S) (Zoltek)] polyacrylonitrile (PAN) based 
medium modulus carbon fibers. To study the effect of surface sodium 
on fiber/matrix adhesion, AS-4-Na fiber was prepared from AS-4 with 
electro-adsorbed surface sodium. 

Amine cured epoxy systems were selected as matrix resins. A difunc- 
tional epoxy, diglycidyl ether of bisphenol-A (DGEBA), Epon* 828 
(Shell), was cured with a stoichiometric amount of either an aromatic 
amine, mPDA (1,3-phenylene diamine) (Aldrich), or an aliphatic 
amine, Jeffamine* DU-700 (an amine-terminated urea condensate of 
polypropylene glycols) (Texaco). The cure schedule for both cases was 
two hours at 75°C and two hours at 125°C. 

B. Surface Analysis 

I. Fiber Surface Topography by Scanning Electron Microscopy ( S E M ) .  
An IS1 SX-40 scanning electron microscope was used to examine the 
fiber surface topography. Carbon fibers were secured on a copper 
sample holder and sputter coated with gold for measurement. Second- 
ary electron imaging was obtained usually at 15 kV accelerating volt- 
age and 10 K magnification. 

2. Fiber Surface Chemistry by X-ray Photoelectron Spectroscopy ( X P S ) .  
The carbon fiber surface chemistry was determined by XPS using a 
Perkin-Elmer PHI 5400 X-ray photoelectron spectrometer with a non- 
monochromatic Mg Ka X-ray source (1253.6 eV). All spectra were 
collected with the X-ray source operated at 15 kV and 400 W. The spot 
size was 1 mm x 3 mm and the take-off angle was 45". The spec- 
trometer was typically run at lo-' torr. Data acquisition and analysis 
were performed using PHI software version 4.0. Binding energies were 
referenced to that of graphite carbon at 284.6 eV. 

3. Fiber Surface Energy by Wetting Analysis. The two-liquid tension- 
metric technique developed by Schultz etal .  [7] was used to access 
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216 H. ZHUANG AND J. P. WIGHTMAN 

carbon fiber surface energies and their dispersive and polar compo- 
nents. This method is based on the measurement of the wetting force 
of a single fiber by an immiscible two-liquid system of known surface 
free energies. The upper liquid was a series of non-polar n-alkanes and 
the bottom liquid was polar formamide. The relationship between 
surface energies and wetting force was given by, 

where y F ,  y;, y i  are the surface energy of formamide and its dispersive 
and polar components, respectively, y H  is the surface energy of the 
hydrocarbon, y;, y; are the dispersive and polar components of carbon 
fiber surface energy, respectively, and F ,  is the wetting force at the 
fiber/hydrocarbon/formamide interface. 

The tests were performed on a Cahn 322 dynamic contact angle 
analyzer. A single fiber was suspended from the arm of the micro- 
balance while a precise elevator raised or lowered the test liquids at a 
speed of 20 pm/min to probe the fiber. Wetting force data were 
recorded at l-second intervals for dynamic and static advancing im- 
mersion and receding emersion contact angles. The static advancing 
wetting force, that is, the plateau’ force reading when the advancing 
immersion was stopped, was used to calculate the carbon fiber surface 
energy. Five to six fibers were measured to get average values. A linear 
regression was made for experimentally-measured data [ y F  - yH 
+ F J p ]  uersus [(y;)”’ - and the slope and intercept provided 
a solution to the fiber surface energy terms y$ and y; according to 
Equation (1). Fiber perimeters were determined using the wetting 
force by hexane which was assumed to wet the fibers completely. 

4 .  Resin Surface Energy by Contact Angle Analysis and FiberlMatrix 
Interfacial Work of Adhesion Calculation. The surface energy analysis 
of the cured epoxy resins was done using the method proposed by 
Owens and Wendt [S]. With this method, the values of the solid 
surface energy dispersive component, y$, and polar component, yg, can 
be determined from contact angles of two or more liquids against the 
solid. Water (double deionized), formamide, di-iodomethane and 
l-bromonaphthalene were used as test liquids. The contact angle of 
each liquid against the resin surface was measured by the sessile drop 
method with a Rame-Hart 100-00 115 NRL contact angle goniometer. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
1
7
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



CARBON FIBERiEPOXY MATRIX ADHESION 217 

Drops of liquid, 5 microliters each, were carefully placed on the sub- 
strate using a microliter syringe. The contact angles on both sides of 
each drop were measured. Measurements from 6-  10 drops were used 
to obtain an average value of the contact angle. 

Epoxy surface energies were obtained by linear regression of con- 
tact angles plotted against liquid surface energies according to equa- 
tion: 

yL(1 + COSO) =&+d& L 
2 f i  

The interfacial reversible work of adhesion (Wad,) between the resin 
and carbon fiber defined by the DuprC equation as: 

can be calculated from the resin and fiber surface energies by: 

where Wtdh and W:d, are the reversible work of adhesion correspond- 
ing, respectively, to dispersive and polar interactions, $ and $ are the 
fiber dispersive and polar surface free energies, and, y$ and 7: are the 
resin dispersive and polar surface energies. Equation (4) is based on 
the semiempirical interfacial surface energy theory: 

proposed by Fowkes [9]. 

C. FiberlMatrix Adhesion Measurement 

1 .  Single Fiber Fragmentation Technique. A review of publications on 
methods for measuring fiber/matrix adhesion led to selection of the 
single-fiber fragmentation test for this study because it is less sensitive 
to fiber local variations, straightforward in experimental procedure, 
and the results agrees well with other methods. 
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218 H. ZHUANG A N D  J. P. WIGHTMAN 

With this method, the stress transfer capacity of the fiber/matrix inter- 
face is evaluated by a model single-fiber composite [lo, 111. The speci- 
men is a dog-bone-shaped coupon whch is composed of a single fiber 
embedded in a polymeric matrix. When the specimen is pulled in tension 
axially, the tensile load is transmitted to the fiber by the fiber/matrix 
interface. The tensile stress is much more concentrated in the fiber be- 
cause of the large difference in moduli between the two materials. As a 
result, increasing stress will result in fiber fracture at some point. Further 
increase in stress will result in repetition of this process until a limiting 
size is reached which is defined as the critical fragment length, 1,. The 
interface of fragments with length shorter than the “critical length can 
not transmit stress high enough to break the fiber. The capacity of the 
fiber/matrix interface to transfer stress can be reflected by this critical 
length in terms of the interfacial shear strength (IFSS), z: 

where d is the fiber diameter and as is the fiber strength at the critical 
length. The critical length 1, can be conveniently measured to obtain 
the interfacial shear strength and, thus, the adhesion strength of 
fiber/matrix interface can be evaluated. 

2. Carbon Fiber Diameter and Tensile Strength Determination. To ob- 
tain the interfacial shear strength, the carbon fiber diameter (d)  and 
fiber tensile strength (af) at the critical length is needed. Average fiber 
diameters calculated from 20 SEM photomicrographs of each fiber 
type were used for this purpose. 

Since fiber strength is a function of fiber gauge length and direct 
measurement of at a gauge length of 1, is difficult, it is necessary to 
extrapolate fiber strengths measured at longer gauge lengths. In this 
study, the estimation of the fiber strength at 1, has been made using a 
linear logarithmic dependence of tensile strength on gauge length. 
This method of extrapolation was based on the weakest link theory of 
strength. A commonly used statistical model for strength is a two- 
parameter Weibull Equation [12]. 

F = 1 - exp[ - L(o//l)”] (7) 
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CARBON FIBERiEPOXY MATRIX ADHESION 219 

where F is the probability of failure up to a stress level 0. L is the fiber 
gauge length, f l  is a scale parameter, and CI is a shape parameter. The 
mean value, 0, of the carbon fiber can be calculated from these pa- 
rameters by using: 

Equation (8) shows that a plot of In5 versus In L should yield a 
straight line. 

Fiber tensile strengths were measured on single filaments at gauge 
lengths of 1, 12,20, and 44 mm. Twenty data points were collected for 
each gauge length and the mean tensile strengths were obtained by the 
maximum likelihood approach of Equation (7). Fiber strengths at the 
critical length were calculated by extrapolation of the data from a 
linear regression in the log-log plot of fiber tensile strength versus 
gauge length down to the critical length which is usually fractions of a 
millimeter. 

3. Preparation of Single Fiber Composite. Silicone rubber molds with 
dog-bone-shaped cavities were used for preparation of the single-fiber 
fragmentation samples. Single fibers were placed into the cavities and 
fixed by glass cloth electrical tape at ends. Epoxy resins were thor- 
oughly degassed in vacuum and carefully poured into the cavities and 
filled to the level of the mold surface. The cure schedule was 75°C for 
2 hours and then 125°C for another 2 hours. After cooling overnight 
in the oven, the specimens were demolded and stored in a desiccator 
until testing. 

4. Intedacial Shear Strength by Single-Fiber Fragmentation Test. A 
single-fiber specimen was mounted in a hand-operated loading device 
which was placed on the stage in between of the polarizer and ana- 
lyzer of a transmitting-light microscope. The orientation of the polar- 
izer was perpendicular to the fiber and that of the analyzer parallel to 
the fiber. The sample was pulled in tension at a speed of 1 mm/min 
and the fiber-breaking process was observed. The pulling was stopped 
when no further breaks were observed. The fragment lengths were 
read with the aid of an eyepiece which was calibrated using a Weitzler 
stage micrometer. 
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220 H. ZHUANG AND J. P. WIGHTMAN 

In practical measurement, instead of a single critical length, a dis- 
tribution of fragments is observed due to fiber defects and heterogene- 
ity. Therefore, a statistical analysis of the fragment data is needed. The 
two-parameter Weibull distribution was used for this purpose: 

and the mean value determined by: 

I ,  = pr (q )  

was used to calculate the interfacial shear strength from Equation (6). 
Data from six specimens were taken for each carbon fiber/matrix 
system. 

D. Interfacial Shear Strength (IFSS) After Humidity Exposure 

It has been found that moisture and temperature are two environ- 
mental parameters that can have deleterious effects on the perform- 
ance of advanced graphite-epoxy composites. The changes of IFSS 
with humidity exposure time were measured for the purpose of ident- 
ifying the effects of surface properties on the humidity durability of 
interfacial adhesion. 

The embedded single-fiber specimens of AU-4, AS-4, Panex 33(S) 
and AS-4-Na in the Epon 828-mPDA system were stored separately 
in desiccators which were (i) kept dry at 23"C, (ii) saturated with water 
vapor at 23°C 100%RH, (iii) kept dry at 75°C and, (iv) saturated with 
water vapor at 75°C 100%RH. Samples were removed from the desic- 
cator periodically for measurement of interfacial shear strength. 

E. interfacial Shear Strength at Elevated Temperature 

The changes of IFSS with temperature were determined by measuring 
IFSS at elevated temperature. The loading device and mounted single 
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CARBON FIBER/EPOXY MATRIX ADHESION 22 1 

fiber specimens were immersed in a thermostated silicone oil bath at 
set temperatures. After allowing 10 minutes to achieve steady state, 
the temperature was recorded and the sample was pulled in tension 
to the desired elongation at a rate lmm/min. The specimen was 
unloaded immediately after the device was retrieved from the hot 
bath. The sample was examined under a polarized transmitting-light 
microscope and break lengths were read with the aid of birefrin- 
gence. 

F. Matrix Resin Structure Analysis 

Cured epoxy resin powder was taken from the surface of the original, 
the sodiumfiumidity, and the sodium/humidity/temperature exposed 
dog-bone samples. Pellets were prepared by pressing a mixture of KBr 
and resin powder. Transmission IR spectra were obtained using a 
Nicolet SDXB Fourier transform infrared spectrometer with a resol- 
ution of 2 cm- '. The spectrometer was purged with dry nitrogen prior 
to and during the measurement. 

G. Plasma Treatment of Carbon Fibers 

AU-4 and Panex 33(U) fibers were oxygen plasma treated to investi- 
gate the effects of plasma on carbon fiber surface characteristics and 
interfacial adhesion. Plasma treatments were carried out in a March 
Instruments Plasmod unit. The unit was operated at 13.56 MHz 
frequency, 50 watts power and 1 torr of pressure. Prior to activating 
the RF field, the plasma chamber was pumped down to 1 torr and 
filled to 400 torr with oxygen twice to minimize the residual air 
content. 

Treated carbon fibers for interfacial shear strength measurements 
were immersed with mixed resin and hardener immediately after re- 
moval from the plasma chamber. Fibers for surface analyses were 
stored in a desiccator. Surface chemistry analysis by XPS was carried 
out within 30 minutes, surface energy analysis by the two-liquid dy- 
namic contact angle method within 5 days, and surface morphology 
by SEM within 10 days. 
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222 H. ZHUANG AND J. P. WIGHTMAN 

111. RESULTS AND DISCUSSION 

A. Carbon Fiber Surface Topography 

Scanning electron microscopy provides a direct view of the fiber sur- 
face topography. The SEM photomicrographs of the fibers used in 
this study at magnification of 10,000 x are shown in Figure 1. The 
Hercules AU-4 and AS-4 fibers are relatively featureless and smooth, 
whereas the Panex 33(U) and Panex 33(S) fibers showed a rather 
rough surface topography. 

The topographic changes in the carbon fiber surface caused by 
oxygen plasma treatment are shown in the SEM photomicrographs in 
Figure 2. Some evidence of etching and pitting can be seen in plasma- 
treated AU-4 fiber but that is not so evident in Panex 33 (U) fiber at 
the resolution of the SEM. 

B. Carbon Fiber Surface Chemistry 

Qualitative analysis of as-received and oxygen-plasma-treated 
carbon fiber surfaces in the XPS survey scan mode identified the 
existence of carbon, oxygen, nitrogen, and sodium. Quantitative 
analysis results from the multiplex scan peak areas and correspond- 
ing photoelectron cross section of the elements are listed in Table I. 
Carbon is the primary element; oxygen is attributed to  oxidation of 
carbon fiber surface and adsorbed materials; nitrogen is attributed 
to the PAN source and adsorbed materials; and sodium is at- 
tributed to the alkyl sodium thiocyanate added to the spinning 
precursor. 

Compared with AU-4 and Panex 33(U), AS-4 and Panex 33(S) both 
have a higher level of surface oxygen produced by commercial surface 
pretreatment. Angle-dependent XPS results showed that oxygen is 
more concentrated on the very top surface. 

A considerable amount of sodium was observed on the Panex 33(S) 
fiber which was taken from an early production run. It has been 
assumed that the presence of sodium on a carbon fiber surface is 
harmful because it could induce both degradation of the matrix resin 
and oxidization of the carbon fiber. To study the effect of surface 
sodium and isolate this effect from other variations, AS-4-Na fiber was 
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CARBON FIBERiEPOXY MATRIX ADHESION 223 

FIGURE 1 
AS-4, (c) Zoltek Panex 33 (U), and (d) Zoltek Panex 33 (S). 

SEM photomicrographs of carbon fibers. (a) Hercules AU-4, (b) Hercules 
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FIGURE 1 (Continued). 
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CARBON FIBER/EPOXY MATRIX ADHESION 225 

FIGURE2 SEM photomicrographs of carbon fibers after exposure to an oxygen 
plasma. (a) AU-4 original, and (b) AU-4 90 sec. plasma, (cj Panex 33 (Uj original, and 
(d) Panex 33 (U) 90 sec. plasma. 
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FIGURE 2 (Continued). 
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TABLE I XPS surface composition of carbon fibers 

Fiber Surface Composition (atom%) 

Carbon Oxygen Nitrogen Sodium 

AU-4 94 f 1.2 3.1 f 0.9 2.5 f 0.2 0.04 & 0.03 
AS-4 85 f 1.3 12 f 0.7 3.6 f 0.3 0.34 & 0.15 
Panex 33 (U) 93 i 1.2 4.7 f 1.0 1.8 f 0.4 0.43 & 0.10 
Panex 33 (S) 80 & 1.5 9.1 f 1.2 7.6 f 0.4 3.0 f 0.5 
AS-4-Na 85 f 0.9 10 k 0.5 3.2 I 0 . 2  2.3 & 0.4 

prepared from AS-4 fiber. A surface sodium concentration of 2.3% 
was determined by XPS. 

XPS photoelectron peak shape analysis by curve fitting gives an- 
other level of surface chemistry information about chemical states. 
For instance, the carbon 1s graphite peak at 284.6 eV exhibits an 
asymmetric tailing toward high binding energy. This tail is caused 
partly by the main graphite peak’s intrinsic asymmetry and also by 
the chemical shift of photoelectron peaks associated with functional- 
ized carbons. Ideally, the type of functionality can be determined by 
the extent of this chemical shift. 

The fiber surface carbon 1s photopeaks were curve fitted into six 
peaks as shown in Figure 3. Table I1 lists the peak positions, area 
percentages and peak assignments. The peak assignments were based 
on published works [13-161. Curve fitting results indicate that the 
fiber surface carbon was functionalized by oxygen and nitrogen in 
several bonding states. Commercial fiber surface pretreatment in- 
creased fiber surface oxygen in all bonding states. 

It was determined by XPS surface analysis that significant changes 
in the surface composition of as-received (untreated) carbon fiber oc- 
curred during oxygen plasma treatment. As shown in Figures 4 and 5, 
exposure to oxygen plasma significantly increased the surface oxygen 
content and slightly increased the nitrogen and sodium contents of 
both AU-4 and Panex 33(U) fibers. The plasma species reacted with 
the carbon fiber quickly and saturation was reached in about 15 
seconds. Saturation is the limit of carbon fiber surface functionali- 
zation corresponding to a steady state established where the rate of 
functionalization is equal to the rate of plasma erosion. 
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228 H. ZHUANG AND J. P. WIGHTMAN 

The curve fit carbon 1s photoelectron peaks of carbon fibers before 
and after oxygen plasma treatment are shown in Figure 6. Table I11 
lists the peak positions and area percentages. The carbon peak curve 

BINDING ENERGY (rv) BINDING ENERGY (eV) 

BINDINO ENERGY (*V) BINDING ENERGY (8V)  

FIGURE 3 Curve fit carbon 1s XPS photoelectron peaks of (a) AU-4, (b) AS-4, (c) 
Panex 33 (U), and (d) Panex 33 (S) carbon fibers. 

TABLE I1 Carbon Is photopeak curve fit results of carbon fibers 

Fiber Binding Energy (eV)* 

284.6 285.9 287.2 288.6 290.0 291.7 

AU-4 70.2 11.7 7.0 4.2 3.8 3.1 

Panex 33 (U) 71.4 11.2 6.7 4.2 3.7 2.8 
Panex 33 (S) 61.1 13.6 9.4 8.5 4.7 2.7 

AS-4 64.7 12.4 8.1 7.0 4.4 3.4 

Assignment C-C C-OH C=O O = C 4 H  0-C-0 plasmon 
- &-H C--0-C N--C=O O=C-OR O=C-O- 

(graphite, C-N o=c-o 
aromatics, C=N 
aliphatics) C-CN - 

Peak No. 1 2 3 4 5 6 

*Gaussian function curve fit. Uncertainty in peak position is +. 0.1 eV, FWHM are 
1.4 1 eV. 
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FIGURE4 AU-4 carbon fiber surface composition as a function of oxygen plasma 
treatment time. 

---c--- O/C -X- N/C -u- NdC 

0.35 

0.3 

0.25 
u ‘z 0.2 

0.15 

0.1 

0.05 

0 
A-X-X-X X X 

0.2 
0.18 
0.16 
0.14 
0.12 

0.08 
0.06 
0.04 
0.02 
0 

W 
z 0.1 a 

0 20 40 60 80 100 

Plasma Exposure Time (second) 

FIGURE 5 Panex 33 (U) carbon fiber surface composition as a function of oxygen 
plasma treatment time. 
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191 a0 284 191 a0 284 

EINDINQ ENERGY (N) BlNDlNQ ENEROY (OV) 

292 aa m 191 a0 284 

ElNDlNQ ENERGY (N) 6lNMmi ENERQY (N) 

FIGURE 6 Curve fit carbon 1s XPS photoelectron peaks of (a) AU-4 original, (b) 
Panex 33 (U) original, (c) 90 sec. oxygen-plasma-treated AU-4, and (d) 90 sec. oxygen- 
plasma-treated Panex 33 (U) fibers. 

fit results indicate that exposure to an oxygen plasma increased the 
amount of oxygen-functionalized carbon groups on the fiber surface. 
The peak assignments are the same as given in Table 11. 

C. Carbon Fiber Surface Energy 

Values of the polar, dispersive, and total surface energies of carbon 
fibers obtained by the two-liquid wetting analysis are listed in 
Table IV. Compared with untreated fibers, the two commercially- 
surface-pretreated fibers (AS-4 and Panex 33(S)) exhibited higher sur- 
face energies principally due to the polar component. This result 
paralleled the higher surface oxygen levels for these two fibers deter- 
mined by XPS analysis (see Tab. I). 

Paralleling the incorporation of surface functional groups on the 
fiber, the polar surface energy increased significantly by oxygen 
plasma treatment. The change of the fiber polar surface energy with 
plasma treatment time is shown in Figure 7. Saturation was reached 
quickly in about 15 seconds. The values were slightly higher for Panex 
33 (U) compared with the AU-4 fibers. 
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TABLE 111 Carbon Is photopeak curve fit results of oxygen-plasma-treated carbon 
fibers 

Fiber Binding Energy (eV)* 

284.6 285.9 287.2 288.6 290.0 291.7 

AU-4, 
original 
AU-4,7 sec. 
0, pIasma 
AU-4, 15 sec. 
0, plasma 
AU-4,30 sec. 
0, plasma 
AU-4,90 sec. 
0, plasma 
Panex 33 (U), 
original 
Panex 33 (U), 
7 sec. 0, 
plasma 
Panex 33 (U), 
15 sec. 0, 
plasma 
Panex 33 (U), 
30 sec. 0, 
plasma 
Panex 33 (U), 
90 sec. 0, 
plasma 

70.2 

54.2 

48.4 

53.0 

46.6 

71.4 

60.5 

62.0 

59.8 

57.3 

11.7 

15.8 

14.4 

14.2 

14.5 

11.2 

11.6 

12.3 

13.5 

13.3 

7.0 

13.9 

18.1 

14.9 

18.9 

6.7 

10.6 

10.6 

8.9 

7.1 

4.2 

8.6 

11.9 

10.4 

11.9 

4.2 

8.2 

7.6 

7.9 

9.4 

3.8 3.1 

4.5 3.0 

4.5 2.7 

4.8 2.7 

5.3 2.8 

3.7 2.8 

5.3 3.8 

4.3 3.2 

5.9 4.0 

7.9 5.0 

Peak No. 1 2 3 4 5 6 

*Gaussian function curve fit, uncertainty in peak position IS i- 0 1 eV, FWHM are 
1.4k0.1 eV. 

TABLE IV Carbon fiber surface energies (in mJ/m2) 

Fiber 

AU-4 46.4 6.86 53.2 
AS-4 56.9 16.3 73.2 
Panex 33 (U) 44.5 7.48 51.0 
Panex 33 (S) 50.9 19.5 70.4 
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232 H. ZHUANG AND J. P. WIGHTMAN 

D. Fiber/Matrix Adhesion 

The single-fiber fragmentation test does not yield a single 1, but a 
distribution because of the fiber surface flaws. Figure 8 shows some 
typical Weibull plots of fragment lengths obtained from the fragmen- 
tation tests. The 1, values used in the IFSS calculations were taken as 
the statistical mean of the two-parameter Weibull distribution. 

-X- AU-4 
+ Panex 33(U) 

0 so 100 
Plasma Exposure Time 

(second) 

FIGURE 7 Polar component of fiber surface energy as a function of oxygen plasma 
treatment time. 
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FIGURE 8 Weibull plots of fragment lengths by single fiber fragmentation tests for 
the fiber/Epon 828-mPDA system. (a) AU-4 fiber, (b) AS-4 fiber, (c) Panex 33 (U) fiber, 
and (d) Panex 33(S) fiber. 
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Surface-treated AS-4 and Panex 33 (S) fibers gave substantially 
higher levels of interfacial adhesion with both expoxy matrices com- 
pared with untreated fibers based on calculated interfacial shear 
strengths. The improved interfacial adhesion may result from the 
increased fiber surface oxygen content, increased polar component 
and, therefore, total fiber surface energy by surface treatment. Figures 
9 and 10 show the direct correlation between interfacial shear strength 
and fiber surface O/C ratio and fiber surface energy. The error bars 
represent the standard deviation of the mean value for each of the six 
samples tested. Another possible effect is that surface treatment may 
remove a weakly-bound layer from the original fiber surface leading 
to a mechanically sound surface to which the resin can form a good 
bond as suggested by Drzal et al. [17]. 

Surface roughness is another factor possibly affecting interfacial 
adhesion. Two types of surface topography were available in this 
study. The Panex 33(U) and Panex 33(S) fibers had rough, striated 
surfaces whereas the AU-4 and AS-4 had rather smooth surfaces. A 
general model by Nardin et al. [lS] proposed that a linear relation- 
ship should exist between the interfacial shear strength (z) and the 

50 - 
h 

d -  
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8 30 - 

Ei 1 0 -  

c 7A 

0 I 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 

Surface OIC Ratio 

FIGURE 9 Relationship between interfacial shear strength and fiber surface oxygen 
content. 
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FIGURE 10 Relationship between interfacial shear strength and fiber surface energy. 

reversible energy of adhesion (W,,): 

where Em and E,  are the moduli of matrix and fiber, respectively, 
and A is a constant corresponding to the distance between atoms 
undergoing physical interaction. Figure 11 shows the relationship 
between the interfacial work of adhesion and interfacial shear 
strength. For both systems, Panex fibers gave a lower level of ad- 
hesion instead of a higher level as expected for a rough surface 
morphology by a mechanical interlocking type mechanism. This dis- 
crepancy was attributed to incomplete filling of valleys of the fiber 
surface striations by the matrix resin leading to a reduction of inter- 
facial area. When the resin came in contact with the striated fiber 
surface, small amounts of residual air could have been sealed in the 
bottom of the valleys and was not eliminated during the curing 
process. Figure 12 shows the SEM photomicrograph of the cross 
section of the Panex 33(S)/Epon 828-DU-700 single fiber composite. 
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A!WmPDA 
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90 95 100 105 110 115 120 125 
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FIGURE 11 Relationship between the reversible work of adhesion and interfacial 
shear strength. 

FIGURE 12 SEM photomicrograph of the Panex 33 (S)/Epon 828-DU700 interface. 
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60- 

H %. 

1 -  
J 4 0 .  

j 30-  

20- 

Some void areas at the bottom of the striations between fiber and 
matrix are visible. 

E. Effect of Temperature 

The influence of temperature on the interfacial shear strength (IFSS) 
measured by the single fiber fragmentation test is illustrated in 
Figures 13 and 14. The glass transition temperatures measured by 
DSC were 144°C for mPDA-cured Epon 828 and 19°C for Jeffamine 
DU-700-cured Epon 828. 

In the fiber/Epon 828-mPDA system, in which all temperatures 
were below Tg, the IFSS generally decreased with increasing tempera- 
ture. The decrease of matrix modulus with increasing temperature was 
one cause for the IFSS reduction. The predictions of the effect of 
matrix modulus on interfacial adhesion by researchers based on vary- 
ing assumptions end up with a similar expression [l8]: 

4 , . , , l . l . , . , , l ,  

Test Temperature (“C) 
20 40 60 80 103 I20 140 

FIGURE 13 
and Panex 33 (S) fibers in Epon 828/mPDA. 

Temperature dependence of interfacial shear strength for AU-4, AS-4 
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where I ,  is the critical fragment, d is the fiber diameter, C is a propor- 
tionality constant, and E ,  and G, are the Young's modulus of the 
fiber and the shear modulus of the matrix, respectively. 

A dramatic decrease in IFSS, especially in the AS-4 fiber system (see 
Fig.13), was observed at temperatures about 80°C which is much 
lower than the glass transition temperature of the bulk polymer. After 
this major decrease, the IFSS of the surface-treated AS-4 fiber system 
decreased to essentially the same level as that of the untreated AU-4 
fiber system. Two reasons were suggested to account for this effect. (i) 
At low temperature, the interfacial strength was controlled by inter- 
facial interactions and systems with different surface properties lead to 
different levels of adhesion. However, there exists an interphase zone 
of lower glass transition temperature and lower modulus than the 
bulk matrix as suggested by other authors [19-211. When the tem- 
perature was increased (even though still lower than the bulk matrix 
Tg), the properties of this interface zone decreased such that the inter- 
phase matrix became the weakest linkage in the system. The interface 
strength was then matrix-controlled which is the same for all the 
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238 H. ZHUANG AND J. P. WIGHTMAN 

fibers. (ii) Treated fibers, with higher surface energy and more sur- 
face functionalization, established more atomic/molecular interactions 
with the matrix resin at low temperature. With increasing tempera- 
ture, thermal motion increased and kinetic energy (3/2 R 7') overcame 
the hydrogen and secondary bonding energies so that these forces 
no longer contributed as much to the interfacial adhesion as at low 
temperature. The fact that AS-4 and AU-4 fell to the same adhesion 
level after 100°C suggested that surface-treated As-4 fiber had not 
formed significantly more chemical bonding with the matrix resin 
because much higher temperature would be needed to break chemical 
bonds. 

Although the Panex 33(S) fiber did not give superior initial inter- 
facial adhesion, this system maintained a higher IFSS over a wider 
temperature range than AS-4. This fact can be attributed to the 
greater degree of surface roughness of Panex 33(S) fiber compared 
with the AS-4 fiber. The interfacial interactions predominated at low 
temperature whereas mechanical interlocking caused by surface 
roughness enhanced the IFSS when interfacial interactions were di- 
minished at high temperature. 

In the Jeffamine DU-700-cured Epon 828 systems (see Fig. 14), in 
which all temperatures were all above Tg, similar tends were found. 
IFSS decreased with temperature. The AS-4 and AU-4 systems fell to 
a similar level of IFSS at high temperature. Panex 33(S) gave higher 
IFSS over a wider temperature region than the AS-4 fiber. 

F. Effect of Humidity 

The effect of humidity on the durability of the fiberlmatrix interface 
was studied by measuring the interfacial shear strength after speci- 
mens were exposed to humidity environments for a period of time. 
For the effect of humidity to be tested in a reasonable time, the fiber 
was placed near the surface of the specimen. The depth of the fiber in 
the matrix was measured by a micrometer, with the aid of a micro- 
scope, as 0.2 mm from the sample surface. 

The IFSS values for the Epon 828/mPDA samples stored at dry 
conditions at 23°C and 75°C are shown in Figures 15 and 16, respect- 
ively. The IFSS of samples stored under dry conditions stayed essential- 
ly constant even at the storage temperature of 75°C. Figures 17 and 18 
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FIGURE 15 The influence of exposure time on interfacial shear strength in 
fiber/Epon 828-mPDA system at 23°C 0% RH. 
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FIGURE 16 The influence of exposure time on interfacial shear strength in 
fiber/Epon 828-mPDA system at 75°C 0% RH. 
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FIGURE17 The influence of exposure time on interfacial shear strength in 
fiberkpon 828-mPDA system at 23°C 100% RH. 
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t AU-4 
+ AS4 

-x- AS4-Na 
-+Panex 33(S) 
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Exposure Time (days) 

FIGURE 18 The influence of exposure time on interfacial shear strength in 
fiber/Epon 828-mPDA system at 75°C 100% RH. 

show the interfacial shear strength changes when single fiber speci- 
mens were exposed in humid atmospheres. The IFSS of samples ex- 
posed to either 23°C or 75°C water-vapor-saturated environments 
decreased with exposure time indicating the degradation of interfacial 
adhesion by moisture. 

The deleterious effect of moisture on interfacial adhesion has been 
studied by other authors [22-251 and was attributed mainly to matrix 
plasticization and a decrease in glass transition temperature by moist- 
ure absorption. Epoxy resin systems are especially susceptible to 
moisture attack because of the hydrophilic nature of the resins. 

AS-4-Na fiber initially gave the same IFSS as AS-4 fiber (see Figs. 
17 and 18) indicating that surface sodium did not affect the initial 
interfacial shear strength. However, upon exposure to humidity, the 
IFSS of the AS-4-Na system decreased much more dramatically than 
the other fiber systems documenting the fact that sodium contamina- 
tion on a carbon fiber surface has a very deleterious effect on fiber/ 
matrix durability. 

The effects of sodium on the hydrolysis degradation of the epoxy 
resin were studied by FTIR analysis of resin samples exposed to hu- 
midity and aqueous Na,CO, solutions. The amine cured epoxy net- 
work is usually quite stable to aqueous and alkaline aqueous media. If 
any degradation occurs, it is expected that elimination of -OH and 
formation of olefin and, even further, cleavage of C-N bonds and 
formation of aldehyde will occur. Neither olefin nor aldehyde were 
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present in the original resin and, thus, any degradation could be easily 
detected in FTIR spectra. The transmission FTIR spectra of samples 
exposed to humidity and aqueous Na,CO, at 23°C and 75°C are 
shown in Figure 19. The olefin bond vibration at 1648 cm-’ and 
aldehyde bond vibration at 1700 cm- ’ were only slightly evident (see 
Fig. 19e) under the most severe condition, that is, when dipped in 10% 
Na,CO, solution at 75°C for 30 days. These results support the con- 
clusion that no significant resin degradation under test conditions. 

Therefore, it is concluded that the hygroscopic nature of sodium ion 
must be responsible for the reduction in interfacial bond strength. 
Once moisture diffuses through the matrix and reaches the interface, it 
preferentially bonds to sodium and displaces the existing interfacial 
secondary bonds which provided the original interfacial adhesion. 

Panex 33(S) fiber contained a considerable amount of residual so- 
dium on the fiber surface. However, compared with AS-4-Na fiber, 
this system had a higher level of interfacial adhesion at both room 
temperature and elevated temperature humidity as shown in Fig- 
ures 17 and 18. This result is again attributed to the surface roughness 
of this fiber. Under dry conditions, the secondary forces were stronger 
than the mechanical interlock contribution and dominated the inter- 
facial bond strength. Under high humidity conditions, secondary force 

I 

400 900 1400 I900 

Wave Number fcm”) 

FIGURE 19 FTIR spectra of mPDA-cured Epon 828 epoxy resin. (a) original, (b) 
after 30 days in 23°C 100% RH, and (c) after 30 days in 23°C 10% Na,CO, aqueous 
solution, (d) after 30 days in 75°C 100% RH, and (e) after 30 days in 75°C 10% 
Na,CO, aqueous solution. 
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242 H. ZHUANG AND J. P. WIGHTMAN 

interactions were diminished by moisture interacting, while the rela- 
tive contribution of mechanical interlocking increased. 

G. Effect of Carbon Fiber Oxygen Plasma Treatment 

The effect of fiber oxygen plasma treatment on the interfacial adhesion 
of AU-4 and Panex 33(U) fibers in Epon 828/mPDA matrix resin 
evaluated by interfacial shear strength measurement using the single- 
fiber fragmentation test are shown in Figures 20 and Figure 21. As a 
result of oxygen-plasma-induced surface changes, IFSS increased from 
about 30 and 31 to 52 and 60 MPa, respectively, for the AU-4 and 
Panex 33(U) fibers. The fiber surface oxygen/carbon ratio and polar 
surface energy are also plotted in Figures 20 and 21. Oxygen plasma 
treatment is more effective in increasing fiber surface oxygen content, 
surface energy, and fiber/matrix interfacial shear strength compared 
with commercial surface treatment (see Figs. 9 and 10 for compari- 
son). The surface modification by plasma treatment was quite efficient, 
the steady state for measured properties being reached in about 15 
seconds. 

IFSS X rp 0 O/C 

70 - 

0 0 

X 

I 

0.35 3 I Q  0.3 

0.25 8 

0.15 

0-40 
0 20 40 60 80 100 

Plasma Exposure Timc (second) 

FIGURE 20 Interfacial shear strength as a function of oxygen plasma treatment time 
in AU-4 fiber and Epon 828/mPDA resin system. 
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FIGURE 21 
in Panex 33 (U) fiber and Epon 828/mPDA resin system. 

Interfacial shear strength as a function of oxygen plasma treatment time 

IV. SUMMARY 

Fiber surface topography examination by SEM showed that AU-4 and 
AS-4 fibers were essentially smooth and featureless, whereas Panex 33 
fibers had a rather rough surface. The comparison of fibers before and 
after oxygen plasma treatment indicated that oxygen plasma resulted 
in etching and pitting of the AU-4 carbon fiber surface. 

Carbon fiber surface XPS results revealed that commercially-sur- 
face-treated AS-4 and Panex 33(S) carbon fibers gave considerably 
higher surface oxygen atomic concentrations than those of untreated 
AU-4 and Panex 33(U) fibers. An even higher surface oxygen content 
was achieved by oxygen plasma treatment of AU-4 and Panex 33(U) 
fibers. A steady state oxygen content (about 20%) was reached in 15 
seconds. 

Compared with untreated fibers, commercial surface treated fibers 
had a higher surface energy predominantly in the polar part as meas- 
ured by the two-liquid tensiometric test. The polar surface energy was 
increased even further for oxygen-plasma-treated fibers. 

Fiber/matrix interfacial adhesion was evaluated using the single- 
fiber fragmentation test. Commercially-treated carbon fibers, which 
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had higher surface oxygen contents and higher fiber surface energies, 
clearly produced higher interfacial shear strengths (IFSS), relative to 
untreated fibers. An even greater level of adhesion was achieved with 
oxygen-plasma-treated fibers. 

Interfacial shear strength (IFSS) decreased with temperature in both 
the fiber/Epon 828-mPDA system where the test temperature was 
below the Tg of the matrix and the fiber/Epon 828-Jeffamine DU-700 
system where the test temperature was above Tg. In the fiber/Epon 
828-mPDA system, a quite dramatic decrease was observed at about 
80°C which is considerably lower than the matrix Tg of 144°C. This 
decrease was attributed to the existence of a low Tg interphase region 
and the loss of secondary forces with increased temperature. Above 
lWC,  the IFSS of the commercial surface treated AS-4 fiber system 
dropped to the same level as that of the untreated AU-4 fiber system 
implying the higher IFSS of AS-4 compared with the AU-4 was essen- 
tially non-chemical in nature. 

The IFSS of the fiber/Epon 828-mPDA system decreased when 
exposed to high humidity environments. The presence of surface so- 
dium did not affect the initial interfacial adhesion. However, IFSS 
decreased dramatically when the fiber/matrix system was exposed to 
humidity. This phenomenon was attributed to the hygrometric prop- 
erty of sodium which led to water accumulation in the interface. 

Fiber surface roughness did not enhance the initial interfacial ad- 
hesion strength. However, mechanical interlocking appeared to play a 
role when interfacial strength was lost by elevated humidity or ele- 
vated temperature. 
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