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Carbon fiber surfaces were treated by cold plasmas of oxygen, nitrogen, argon, 
ammonia, and propylene. A two-component bismaleimide, an epoxy, and a 
model thermoplastic resin polypropylene were used as the matrices for 
composites. The effectiveness of various plasmas in improving the interfacial 
adhesion between carbon fibers and matrix resins was demonstrated. Predom- 
inant adhesion promotion mechanisms as influenced by various plasma 
treatments were determined. Oxygen and argon plasmas were found to 
promote mechanical keying by increasing the level of fiber surface roughness 
and porosity. The wettability of carbon fiber surface by the matrix resin was 
also enhanced by oxygen plasmas and argon plasmas (to a lesser extent), as 
evidenced by the increased total surface energies and their polar components. 
These surface energy increases are mainly due to the various oxygen- 
containing functional groups observed on the oxygen plasma-treated surface. 
For the cases of ammonia and combined ammonia/argon plasma treatments, 
possible chemical bonding between bismaleimide and the plasma-deposited 
amine groups is one important promoter of interracial bonding. In these cases 
increased wettability was also observed. Ammonia and ammonia/argon 
plasmas appear to be the more appropriate treatments for carbon- 
fiber/thermoset resin composites considering that they generally do not induce 
any appreciable reduction in fiber strength. In contrast, excessively prolonged 
exposure of carbon fibers to oxygen, nitrogen or argon plasma could lead to a 
significant reduction in fiber strength. The plasma-polymerized polypropylene 
deposited on the fiber surface was capable of improving the compatibility and 
adhesion between the fiber and the polypropylene matrix. 

Keywords: interface, carbon fiber, Kevlar fiber, plasma treatment, polymer 
composite, epoxy, polypropylene 

1 INTRODUCTION 

Fiber/matrix interracial adhesion plays an impor- 
tant role in determining the mechanical prop- 
erties of a polymer composite. A better 
interracial bond will impart to a composite better 
properties such as interlaminar shear strength, 
delamination resistance, fatigue and corrosion 
resistance. 

The adhesion between untreated carbon fibers 
and common aerospace-grade resins is usually 
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poor. A variety of surface modification tech- 
niques have been developed to promote inter- 
facial bonding in carbon fiber composites. In one 
approach, fibers were oxidized either with liquid 
oxidizing agents 1 such as concentrated nitric acid, 
or with gaseous media 2 such as air, oxygen, and 
ozone. Generally, oxidation etches the fiber 
surface and possibly implants carbonyl and 
hydroxyl groups onto the fiber surface, resulting 
in an increase in interracial bond strength. In a 
second approach, polymers such as vinyl, 
phenolic, and epoxy resins have been coated 
onto fibers to the extent of some 1-2% by weight 
of fibers. These coatings resulted in a varying 
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degree of improvement, but thickness control of 
the coating has been a problem. 

Solutions of reducing agents, such as FeCI3, 
have also been used to improve the carbon- 
fiber/epoxy ir~terfacial bond strength. 3,4 A sub- 
stantial improvement in composite interlaminar 
shear strength has been observed without an 
appreciable loss in fiber strength. However, the 
iron compound residues could possibly catalyze 
oxidation reactions during the intended service 
period, leading to high temperature instability. 

Vapor phase deposition, in which the fiber 
surface is 'whiskerized' by deposited whiskers 
(e.g. silicon carbide) to provide mechanical 
bonding sites, led to a significant improvement in 
the interlaminar shear strength? Nevertheless, 
the grown silicon carbide whiskers added 
additional weight to the composite. Fiber 
surfaces can also be coated with a thin layer of 
polymer through electrodeposition or electro- 
polymerization. Moderate improvements in the 
interlaminar shear strength and the impact 
strength of composites have been reported 6"7 for 
such treatments. 

Gas plasma activated by microwave or radio 
frequency (RF) radiations has been extensively 
applied for processing semiconductor and other 
materials. In the cold plasma state, ionization, 
excitation, dissociation, recombination, and 
other reactions can occur as a result of the 
collision of electrons and other species in the 
plasma medium. Consequently, when the plasma 
contacts a solid material, a highly efficient energy 
exchange can occur. Plasma chemical vapor 
deposition (CVD), plasma etching, and plasma 
polymerization are all plasma processing methods 
that make full use of this energy exchange 
mechanism. If properly controlled, plasma can be 
used to modify the physical and chemical state of 
the material surface without significantly altering 
the bulk properties. Because of these attractive 
attributes, plasma treatments of fiber surfaces 
have been considered to be a prime candidate 
technique for the control of interracial adhesion 
in composites. 

Plasma treatments are known to enhance 
significantly the adhesion of polymer fibers to 
epoxy resins. 8-n Amine plasma was claimed to 
promote formation of covalent bonds with epoxy 
resins, leading to a considerable enhancement of 
the epoxy composite strength. 1° Carbon fibers 
and pyrolytic graphite blocks were treated with 
plasma polymer coatings from acrylonitrile and 

styrene monomers. 12-14 Additional work 15,16 in- 
volving the use of plasma polymerization for 
modifying fibers also showed encouraging results. 
Treated fibers in some cases even exhibited 
higher tensile strengths than the untreated 
counterparts, suggesting the plasma coatings 
possibly healed some of the surface flaws of the 
fiberJ 2-16 However, more efforts are needed to 
verify this speculation. The plasma-coated fibers 
also exhibited increased functionality and lower 
contact angles. Single fiber interface testing 
results indicated a 100% increase in the 
interfacial shear strength. The interlaminar shear 
strength of epoxy composites improved by 
approx. 30% with minimal degradation in the 
flexural properties. 15,16 

When treated with oxygen plasma, the surfaces 
of the polyethylene (PE) fiber exhibited a high 
concentration of hydroxyl and carboxylic acid 
groups, which could permit chemical bonding 
between the fiber and the resin. An increase in 
interlaminar shear strength was obtained with 
epoxy resin matrices.17-~9 Similar functional 
groups were observed on the carbon fiber 
surfaces treated in an oxygen plasma. 2°'21 The 
presence of significant concentration of acid 
functionality on these fibers was confirmed by 
electron spectroscopy chemical analyses (ESCA) 
and titration techniques. The physical and 
chemical characteristics of carbon fiber surfaces 
were altered by the plasmas. 2~-32 The level of 
surface roughness in the form of pits and crevices 
w a s  increased .  21"22"27"29-32 Surface wetting pro- 
perties of fibers were also improved; this would 
permit a more intimate fiber/resin contact. 29-32 
Different functional groups were observed on 
different types of carbon fibers; both carboxyl 
and hydroxyl groups were observed on poly- 
acrylonitrile (PAN)-based fibers while very few 
carboxyl groups were seen on pitch-based 
fibers. 33 Changes in the composite failure mode 
were observed in carbon/bismaleimide compos- 
ites when the fibers were modified with a 
plasma. 34 

Continuous plasma treatments of fibers have 
been proven feasible. ~6'19'2~'2z'35 However, mechan- 
isms of interfacial adhesion as promoted by 
plasma treatments are not yet well understood. 
Plasma reaction parameters that might possibly 
govern the mechanical properties of the resultant 
composites remain to be identified. Also to be 
explored are the advantages and limitations of 
plasma techniques when applied to interface 
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control in imide-based high-temperature resin 
and advanced thermoplastic composites. In the 
present investigation, non-polymerizing gas plas- 
mas, such as oxygen, nitrogen, argon, and 
ammonia, were utilized to treat the carbon fiber 
surfaces. In one case, plasma polymerization was 
applied to promote the compatibility of fiber 
surface with a thermoplastic matrix. This was 
done in an attempt to develop a generic approach 
to improving interracial adhesion in thermoplas- 
tic composites. Efforts were also made to: (1) 
demonstrate the effectiveness of plasma treat- 
ments in tailoring interfaces for improved 
composite properties; (2) determine the mechan- 
isms of adhesion promotion through plasma 
treatments; and (3) identify the plasma para- 
meters that would dictate the resultant composite 
properties. 

2 E X P E R I M E N T A L  

2.1. Materials 

PAN-based untreated and unsized HT-type 
carbon fiber yarns (Hercules, AU4-12K) were 
used throughout this investigation. A two- 
component bismaleimide (BMI) resin (Ciba- 
Geigy, Matrimid 5292) was used as one of the 
matrix resins in the present study. These two 
components are 4,4'bismaleimido-diphenyl- 
methane (component A) and 0,0'-diallybisphenol 
A (component B). The ratio of A to B is 113/85 
parts by weight (pbw). It w a s  s u g g e s t e d  36 that 
initially the allyl function and the maleimide 
undergo an 'ene'-type linear chain extension 
reaction and the resulting 'substituted styrene' 
undergoes a Diels-Alder reaction with another 
maleimide residue. 

For epoxy-based composites, graphite and 
Kevlar fibers were used as the substrate for 
nonpolymerizing plasma modification. The fab- 
rics, with the commercial name Cofab, were 
obtained from Composite Reinforcement Inc. 
The samples for the qualitative wettability test 
were cut from a graphite rod which was obtained 
from the Union Carbide Corporation. Nomex 
paper was obtained from Du Pont to simulate 
Aramid fibers for a wettability study. A Ciba 
Geigy Araldite GY-507 epoxy resin with an 
HY-956 hardener was used as the matrix 
material. However, in some cases a mixture of 
epoxy resin (Epon 1001-A-80) and 'Z' curing 

agent from Shell Chemical Company was used 
instead. Polypropylene films obtained from 
Plasticorp were used as the matrix material in 
Kevlar composites. 

2.2 Plasma treatments 

2. 2.1 For the BAIl  resin matrix 
Carbon fiber yarns, with the individual fibers 
slightly spread out by a minor air-blowing action, 
were carefully wrapped around a stainless steel 
frame. The frame along with the yarns was then 
placed inside the chamber of a plasma reactor. 
Two types of plasma reactors (13.5 MHz, 100 W) 
were used: a model PEII-A plasma reactor from 
Technic West Inc. and a Plasmod from Tegal 
Corporation. The treatment conditions for both 
plasma reactors are shown in Table 1. 

Oxygen gas was introduced and excited by RF 
to alter the physical state of the carbon fiber 
surface and possibly to deposit desirable 
oxygen-containing functional groups onto the 
fiber surface. These functional groups may also 
vary the surface energies, and hence the 
wettability, of the fiber. Argon gas, being more 
inert, is expected predominantly to affect the 
physical characteristics of fiber surface by, for 
instance, removing the physically adsorbed 
surface species and creating surface porosity. 
Argon gas plasma will therefore facilitate a better 
fiber/resin contact and possibly promote the 
mechanical keying mechanism. Surface chemical 
functionality should not be significantly in- 
fluenced by argon gas plasma treatments. By 
comparing the results from these two treatments 
we can obtain significant insight into the nature 
of fiber/matrix interfacial adhesion. 

Ammonia plasma was utilized in the hope that 
amine groups could be attached to the carbon 
fiber surface for possible chemical reaction with 
the matrix resin. Amine groups are known to be 
highly reactive with respect to both epoxy and 

Table 1. Plasma reaction conditions 

First reactor Second reactor 

Gases used Oxygen and argon Ammonia and 
ammonia/argon 

53.3 Pa (0-374 torr) 25-7 Pa (0.18 torr) and 
285 Pa (2 torr) 

40 sccm° 10 sccm and 35 sccm 
50 W 70 W 
1, 3, 5, 10, 20min 1, 3, 5, 10, 20, 35 min 

Chamber pressure 

Flow rate of gas 
Plasma power 
Treatment time 

° sccm -- standard cubic centimeters per minute. 
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BMI resins. Different ratios of NH3/Ar were also 
used in order to study the effect of inert gas in 
the mixture of plasma gases. This task was 
motivated by the fact that an enhanced 
dissociation of oxygen by collision with excited 
helium species in a gas mixture environment  was 
o b s e r v e d .  37,38 

2. 2. 2 Propylene plasma treatment o f  fibers for the 
thermoplastic matrix 
The plasma-polymerized propylene (PPP) coat- 
ing should have a similar chemical composit ion,  
and therefore natural compatibility, to the 
polypropylene (PP) synthesized by conventional 
techniques. Further,  since plasma coatings are 
known to adhere well to any solid substrate, PPP 
should form a good bond with the carbon fiber. 
Therefore,  PPP should serve as a 'coupling agent'  
between the carbon fiber and the PP matrix. 
Tasks were designed to validate this concept. The 
operating conditions of P L A S M O D  for 
propylene gas plasma were 1 .2 -1-5mm Hg 
chamber pressure and 90% maximum output.  
The time duration for plasma t reatment  ranged 
from 30 s to 7 min. 

2. 2. 3 For the epoxy matrix 
The primary operating parameters of the 
plasma-etching experiment included input power,  
pressure, gas flow rate, and treatment  time. Since 
only nonpolymerizing gas was used in this phase 
of the study, plasma was produced by keeping 
the input power in the range 40-50W.  The 
mercury manometer  range at which plasma could 
be produced was limited to between 0.8 and 
1-2 mm Hg. The flow rate and the t reatment  time 
were the two process parameters varied in the 
attempt to find the op t imum conditions for 
nonpolymerizing gas plasma. 

then a pressure of 0.69 MPa for 1 h. The mold 
was then cooled to room temperature  under  this 
pressure. The demolded laminate was post-cured 
in an air circulating oven at 200°C for 2 h, then at 
250°C for 6 h. The fiber volume fraction of this 
composite is about 0.67. EPON 1001 and GY-507 
epoxy resins were cured at 135°C and 45°C, 
respectively, and were under  similar pressuriza- 
tion conditions as in BMI. 

2.4 Mechanical testing 

2. 4.1 Single filament tensile tests 
At least 10 filaments each (up to 28 filaments in 
some cases) were taken from both the treated 
and untreated carbon yarns. The two ends of 
each filament were carefully glued between two 
small pieces of plastic plates with a 'super'  glue. 
The distance between these two plates was 
approx. 5.08cm. An Instron Model 1122 
universal testing machine with a 50-g load cell 
was used to conduct tensile tests at a cross-head 
speed of 0.127 cm/min.  

2. 4. 2 Transverse tensile tests 
The transverse tensile test was chosen as the 
primary method for evaluating the relative 
interracial strength of composites in the present 
study. This test w a s  f o u n d  39 to be one of the 
more sensitive techniques for assessing the 
relative interfacial adhesion strength in compos- 
ites. Each laminate fabricated was machined into 
three transverse tensile specimens with dimen- 
sions 10 cm x 2 cm x 0-1 cm. The same Instron 
testing machine (Model 1125) but with a load cell 
of 454 kg (1000 lb) was run at a cross-head speed 
of 0 .051cm/min.  Two end tabs made of 
aluminum alloy were glued on both ends of each 
specimen to facilitate gripping. 

2.3 Sample preparation 

Upon completion of the plasma treating process, 
the fiber-wrapped frame was removed from the 
reaction chamber.  The yarns were impregnated 
with a resin to produce a small prepreg layer. For 
BMI composites, four prepreg layers for each 
treatment time were stacked into a mold, and 
compression molded under  a contact pressure 
with the temperature being ramped from room 
temperature to 177°C at a rate of 3°C/min. The 
mold was subsequently held at 177°C for 
10-15 min first under  a light contact pressure, 

2. 4. 3 Short-beam, flexural and impact tests 
A short-beam shear test (ASTM D2344-84) was 
also conducted to assess the interlaminar shear 
strength of composites. The short-beam shear 
test involved loading of unidirectional laminates 
in such a way that failure occurs in a shear mode 
parallel to the fibers. This was normally achieved 
by choosing a small specimen span-to-depth 
ratio. In a few cases, the short-beam shear test 
was modified in such a way that each specimen 
contained a strand of fibers on the neutral axis of 
the beam. A special mold was designed to ensure 
that the fiber bundles lay exactly on the neutral 
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axis. Charpy impact tests and slower speed 
three-point bending tests (ASTM D 790) were 
conducted to determine the failure energy and 
flexural strength of a composite. The area under 
the load/displacement curve obtained from the 
flexural test can also be used as a relative index 
for composite toughness. An effort was made to 
tailor the interface via plasma etching to improve 
composite toughness without significantly lower- 
ing other mechanical properties. 

2.5 Fiber surface characterization 

2.5.1 Wettability measurement 
The surface energy of a carbon fiber was 
determined by measuring the contact angles of a 
variety of liquids according to the method 
proposed by Kaelble et al.4° Using the Wilhelmy 
plate technique, 41 the contact force, M (/~gm), 
between a single fiber of circumference C and a 
liquid of surface tension rLv is described by the 
following equation: 

Cr, v cos 0 
M -- (1) 

g 

where /) is the advancing liquid/solid contact 
angle and g = 980.6 dyne/cm. Since M, rL~ and C 
can be evaluated independently, cos 0 can be 
calculated from eqn (1). In this study, M is 
measured by using a microbalance, and C is 
obtained from micrographs. In a typical Wilhelmy 
set-up, a carbon filament was attached to a small 
plastic plate with adhesive tape and then 
suspended from the loop of a Cahn model 2000 
microbalance. A beaker containing a test fluid 
was raised by an elevator at a constant speed of 
0.005 mm/s; this was sufficiently slow so that the 
dynamic contact angle was independent of 
velocity and identical to the static angle. 42 

The surface energies of solids and liquids are 
considered to be the sum of separate dispersive 
(London---d) and polar (Keesom--p)  contribu- 
tions. From such a two-component model the 
following relationships can be derived for the 
polar and dispersive interaction between liquids 
and solids. 

rLv = rd~ + r ~  = a 2 + b2L (2) 

rs~ = rs~ + rP~ = a 2 + b 2 (3) 

where rLv=liquid/vapor surface tension, rsv = 
solid/vapor surface tension, aL, bL = square roots 
of the respective dispersive r ~  and polar r~, parts 
of rLv, respectively, and as, bs = square roots of 

respective dispersive rs~ and polar rPv parts of rsv, 
respectively. 

The work of adhesion, Wa, is the decrease of 
Gibbs free energy per unit area when an 
interface is formed from two individual 
surfaces. 42 The greater the work of adhesion, the 
greater the interfacial attraction. The work of 
adhesion Wa is defined by eqn (4): 

Wa = rLv(1 + COS ~)) (4) 

From the relationship between Wa and the polar 
and dispersive components of the solid of 
interest, the work of adhesion can be expressed 
a s  

Wa = 2[aLas + bLbs], (5) 

which can be rearranged to give the following 
expression: 

Wa/2aL = as + bs(bL/aL), (6) 

The values of fLy, r~Lv, r[v are known for the 
liquids used and the contact angle 0 can be 
measured. A plot of (Wa/2aL) versus (bL/aL) will 
yield a straight line; its slope and intercept will 
give the values of rs~ and rP~, respectively, for the 
solid surface of interest. 

2. 5. 2 Qualitative wettability test 
Samples of 1.27cm (0.5in.) diameter were cut 
from a graphite rod. The two surfaces of each 
sample were polished to make them smooth and 
parallel to each other. In one sample, each 
specimen was plasma treated for 3 min with a 
fixed flow rate. Several specimens subjected to 
different flow rates were prepared. In the second 
sample, time was a variable with the flow rate 
being kept constant. A droplet of epoxy resin 
was then allowed to sit on each treated surface 
for a selected period of time (3 sec) and then the 
bubble diameter was read by a telescope-type 
Bausch & Lomb optical microscope. Each 
sample was subjected to an identical amount of 
epoxy resin in order to ensure the uniformity of 
the experimental conditions. This test was 
conducted before the Wilhelmy apparatus was 
installed. 

2. 5. 3 Transmission IR absorption spectrum 
The effect of propylene gas plasma on the fiber 

surface was examined by IR spectroscopy. 
Graphite fibers, both before and after plasma 
treatments, were ground into powders. The 
powders were mixed with KBr powder and 
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mounted in a mold at a pressure of 172.4 MPa 
and temperature of 120°C to form a disc-shaped 
specimen. Instead of being ground into powder, 
Kevlar-49 fibers were chopped into short 
segments before mixing with KBr powder. The 
mounting conditions were identical to those of 
graphite specimens. Transmission IR absorption 
spectrum analysis was conducted by using a 
Perkin Elmer 938 IR Spectrometer. 

2. 5. 4 Dynamic mechanical analysis 
Energy is expected to be dissipated at the 
fiber/matrix interface when the composite is 
subjected to continuous cyclic loading. The 
amount of internal energy dissipated at the 
interface depends upon the degree of adhesion. 
A weaker bond is expected to result in more 
energy loss which should be reflected by a higher 
damping coefficient. Thus it is possible to 
determine the amount of energy dissipation due 
to poor interracial adhesion by any vibration- 
based technique. A dynamic mechanical thermal 
analyzer (DMTA) manufactured by Polymer 
Laboratories Inc. was used to obtain loss tangent 
values. The test involves forced vibration of 
composite bars over a range of temperatures at a 
selected frequency. A temperature range of 
35-200°C at an increment rate of 3°C/min, with a 
single cantilever support and a vibration fre- 
quency of 1Hz were used throughout this 
investigation. 

2. 5. 5 Scanning electron microscopy 
The surface texture of each filament before and 
after plasma treatment was examined with a 
JEOL JSM-840 scanning electron microscope 
(SEM). The diameter of each filament was 
measured from the SEM micrographs. SEM 
examination of composite fracture surfaces was 
conducted to help identify the failure modes and 
to provide a qualitative assessment of the 
interracial adhesion strength. 

2. 5. 6 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) can be 
used for qualitative and quantitative elemental 
analyses of the surface region and for charac- 
terization of the bonding state. The spectra were 
obtained from two XPS systems. A model 
XSAM 800 (Kratos) X-ray photoelectron spec- 
trometer was operated in the fixed retarding ratio 
(FRR) scan mode with Mg K~ X-radiation 
(300 W) for the untreated carbon fibers and the 

oxygen plasma-treated ones, and a Leybold-  
Heraeus PAH 10/11 XPS spectrometer with Al 
K~ X-ray (310 W) was used for the untreated, the 
argon plasma treated and ammonia plasma 
treated carbon fibers when the XSAM 800 was 
out of service. The base pressure of these two 
systems was typically 10 -8 torr. In all cases fibers 
were glued at one end in a bundle arrangement 
with silver adhesive. A small piece of gold-coated 
copper foil was used to cover the silver glue so 
that no part of the silver glue and the sample 
probe could be detected during data scanning. 
The 4f7/2 peak (binding energy = 83-8 eV) of gold 
served as a reference for calibration. The surface 
compositions of various treated carbon fibers 
were identified and the elemental surface 
concentrations were calculated from the cor- 
rected XPS peak area. Curve fitting was carried 
out by means of an in-house software program 
based on nonlinear least-squares curve fitting 
with a Gaussian/Lorentzian production function. 

3 RESULTS AND DISCUSSION 

3.1 Carbon/BMl composites 

3.1.1 Oxygen plasma treatments 
Curve A of Fig. 1 indicates that, in response to 
oxygen plasma treatments, the transverse tensile 
strength of the composite increases gradually 
from 2.20 MPa (untreated) to 4.71 MPa (20-min 
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Fig. 1. The effect of oxygen plasma treatment of carbon 
fiber surface on the transverse strength of composites (curve 
A), and the tensile strength of fibers (curve B). 
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treated). The transverse tensile strength of a 
composite is a resin- and fiber-dominated 
property. This implies that, given the same 
matrix resin, the observed increasing trend in 
composite strength is induced by the improve- 
ment in interfacial adhesion. SEM fracture 
micrographs of the corresponding composites 
subjected to flexural testing (Fig. 2) clearly 
demonstrate the effect of these treatments in 
raising the interracial adhesion in composites. 
For the composites containing untreated fibers, a 
pronounced fiber pull-out phenomenon is 
evident--Fig. 2(a). After the plasma treatment, 
fiber pull-out became less extensive--Fig. 2(b) 
and 2(c). After an oxygen plasma treatment for 
20 min, the composite exhibited a brittle fracture 
mode with clean-cut fibers and very little fiber 
pull-out. The change in failure mode from 
interfacial failure to fiber breakage and matrix 
fracture in the treated fiber composites is 
ascribed to the improvement of interfacial 
adhesion. 

Since a plasma consists of various highly 
energetic species, exposure of fibers to the 
plasmas for an extended period of time could 
produce a negative effect. As shown in Curve B 
of Fig. 1, the average tensile strength of fibers 
was slightly degraded from 3.80 GPa (untreated) 
to 3-01 GPa (20 min treated). At given plasma 
reaction conditions, however, there appears to 
exist an optimal treatment time where the 
interracial adhesion can be significantly improved 
without reduction in filament strength. 

Representative surface topographic features of 
carbon fibers, with or without oxygen plasma 
treatments, are shown in Fig. 3. When the 
treatment time was short (e.g. less than 1 min), 
the fiber surface seemed to become slightly 
smoother, possibly exhibiting the cleaning effect 
of a plasma. Contaminants such as CO, H20, 
CO2 and other organic species are known to 
adsorb readily on the fiber surface. 4° Removal of 
such species may facilitate a better resin/fiber 
contact (improved wettability) and promote 
stronger van der Waals forces. The fiber surface 
became increasingly rough when the treatment 
time increased. This powerful solid surface 
etching capability is certainly more than adequate 
to remove those physically adsorbed contaminant 
species. Further, the increased fiber roughness, 
in the form of surface porosity, should promote 
the mechanical keying or interlocking mechanism 
between the fiber and the matrix. 

! I 

(a) 

I ! 

(b) 

I ! 

(c) 

Fig. 2. The effect of oxygen plasmas on the transverse 
fracture surface of composites (after flexural testing) 
containing carbon fibers subjected to: (a) no treatment; (b) 
a 5-min treatment; (c) a 20-min treatment. (Scale 

bar = 40 ym.) 
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(a) (b) 

(c) (d) 

(e) (f) 

Fig. 3. SEM micrographs of carbon fiber surfaces after oxygen plasma treatment. (a) Control (no treatment), (b) 1 min, (c) 3 
min, (d) 5 rain, (e) 10 min, and (f) 20 rain. 
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Fig. 4. Surface energy  values  of  c a r b o n  fibers t r ea ted  wi th  
oxygen and  a rgon  plasmas.  

From eqn (6), a best-fit straight line can be 
obtained for each Wilhelmy data set by using a 
linear regression analysis. The slope and 
intercept of the straight line can be used to 
determine rPv, d ray, and ray for each treatment case. 
The surface energies of carbon fibers treated by 
oxygen plasma are summarized in Fig. 4. 
Scrutiny of the polar and dispersive components 
of the surface free energy indicates that the 
dispersive portion decreases to a small extent and 
then levels off, but the polar component 
increases with treatment time up to 5 min and 
then slowly decreases again. The total surface 
energy follows the same trend as does the polar 
component. The reason for the decreasing polar 
component of surface energy after 10 min 
treatment is unclear. A smooth substrate surface 
was usually assumed in the contact angle 
measurements. 4° This assumption may become 
unjustifiable for the samples treated for more 
than 5 min that contain a high level of surface 
porosity. As a consequence, the total surface 
energy is found to decrease, although the total 
surface energy is expected to reach a plateau 
value. 

Relative atomic concentrations of oxygen and 
carbon on the fiber surface obtained by ESCA 
are shown in Fig. 5. Apparently, the oxygen 
concentration on the surface of fibers has been 
increased by oxygen plasma treatment from 
10.47% of the untreated to 27.53% of the 20-min 
treated case. The results of curve fitting of 
possible peaks (peak synthesis) are listed in 
Tables 2 and 3, which indicate a significant 
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Fig. 5. Concentrations of oxygen and carbon atoms on the 
carbon fiber surface plotted versus oxygen gas plasma 

treatment time. 

Table 2. Curve fitting results and relative areas for CIs 
spectrum of untreated carbon fibers 

Peak position Relative area Chemical shift Possible 
(eV) ratio ~ (eV) functional 

groups 

284-53 1-00 0-00 Graphite 
286-40 0-29 1.87 ---C---OH 

and/or C-----O 
and/or 
quinone 

288.60 0.07 4.07 Carboxylic acid 
and/or ester 

290.60 0.01 6.07 ---CO3 type or 
plasmon 

Relative area ratio = (area of peaki)/(area of peak284.53). 

Table 3. Curve fitting results and relative areas for CIs 
spectrum of carbon fibers treated by oxygen plasma for 

20min 

Peak position Relative area Chemical shift Possible 
(eV) ratio a (eV) functional 

groups 

284.50 1.00 0.00 Graphite 
286.60 0.26 2.10 --C----4)H 

and/or C------O 
and/or 
quinone 

288.60 0.16 4.10 Carboxylic acid 
and/or ester 

290.60 0.04 6.10 ----CO3 type or 
plasmon 

a Relative area ratio = (area of peaki)/(area of peak284.5o). 

increase in carboxylic acid and/or  ester groups by 
oxygen plasma treatment. Similar observations 
were made by several workers. 13,19--21,27-29,43 In 
general, oxygen plasma treatment increases the 
oxygen content and the polarity of the fiber 
surface. 
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3. 1.2 Argon plasma treatments 
The results of composite transverse tensile tests 
again show an improvement in interracial 
bonding as a result of argon plasma 
treatments. 3°'3~ This strength is increased from 
2.20MPa (untreated) to 4.28MPa (treated for 
20min), which is smaller than the value of 
4.72 MPa for those treated for 20 min by oxygen 
plasma. Improved bonding could also be 
accompanied by a loss in tensile strength of the 
bulk fibers if subjected to a prolonged treatment; 
e.g. from 3.80GPa for the untreated state to 
3.22GPa for the 20-min treated fibers. 3~ This 
degradation in fiber strength is probably due to 
the increased surface roughness, in the form of 
pits and crevices, which serve as stress con- 
centration sites. 

The surface morphology of argon treated fibers 
is similar to that of oxygen plasma treated ones 
(Fig. 6). The degree of surface roughness 
increases as the duration of argon plasma 
treatment increases. Argon plasma appears to 
have a similar level of etching power on the 
carbon fiber surface as oxygen plasma. It is of 
interest to note that this same degree of etching 
effect did not lead to the same extent of 
interracial adhesion improvement. Obviously, the 
increased level of surface porosity, playing the 
role of promoting the key and lock mechanism, is 
not the only important reason for the observed 
interracial adhesion improvement. 

Figure 4 also shows the variations of fiber total 
surface energy by argon plasma treatments. The 
dispersive component does not change much, yet 
both the polar component (not shown) and the 
total surface energy exhibit an appreciable 
increase with increasing treatment time. How- 
ever, the extent of enhancement in the polar and 
total surface energies is less than that caused by 
the oxygen plasma. Wettability of oxygen-treated 
fibers is superior to that of argon-treated ones. 
This is the second reason why the former is more 
effective in adhesion promotion. 

XPS results show that the atomic concentration 
of surface oxygen increases to 17.90% for the 
20-min treated fibers. This percent increase is 
much less than the value of 27-53% for the fibers 
treated for 20 min by oxygen plasma, and even 
less than that for fibers treated for 1 min by 
oxygen plasma which has a value of 20.22%. 
Oxygen was not deliberately charged into the 
plasma system with argon gas. The oxygen 
species which caused the increased oxygen 

I I 

t I 

F ig .  6. SEM micrographs showing surface topographic 
features of carbon fibers after argon plasma treatment for 20 

min. 

content on the fiber surface possibly came from 
the residual impurities in the argon gas, vacuum 
leakage, and/or desorption from the reactor 
walls. Another possibility is the post-treatment 
oxidation which occurred when the treated 
samples were exposed to the open air. It is 
known that plasma-treated surfaces may contain 
a substantial amount of free radicals.** These 
highly reactive free radicals could conceivably 
react readily with the oxygen molecules present 
in the air. The curve-fitting results of Cls peak for 
the carbon fibers treated by argon plasma for 
20 min are given in Table 4. 

Fitzer & Weiss  39 proposed that reactions may 
occur between functional groups (e.g. carboxylic 
acid and hydroxyl groups) present on the fiber 
surface and the amine groups present in the 
hardener which then form a network with epoxy 
resins. However, chemical bonding may be 
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Table 4. Cmrve fitting results and relative areas for Cls 
spectrum of carbon fibers treated by argon plasma for 

20 min 

Peak position Relative area Chemical shift Possible 
(eV) ratio ~ (eV) functional 

groups 

284.50 1.00 0 -00  Graphite 
286.45 0.34 1.95 ---C---OH 

and/or C----O 
and/or 
quinone 

288.60 0-17 4 .10  Carboxylic acid 
and/or ester 

290.60 0-03 6 .10  --COa type or 
plasmon 

a Relative area ratio = (area of peaki)/(area of peak284.50 ). 

difficult to achieve in the BMI matrix composites 
because the fiber surface functionality may not 
readily react with the functional groups in either 
component of the BMI resin. The interlocking 
mechanism, as promoted by surface roughness, 
was found to play a major role in the 
carbon-fiber/epoxy adhesion. 34'35 The drawback 
of improving carbon-fiber/BMI adhesion by 
oxygen and argon plasmas is a possible moderate 
loss in tensile properties of the carbon fibers, if 
the treatment time is too long. 

3. I. 3 Ammonia plasma treatments 
The results of transverse tensile tests are 
summarized in Fig. 7 (Curve A), which again 
clearly demonstrates the effectiveness of plasma 
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Fig. 7. The effect of ammonia plasma treatment on the 
transverse tensile strength (standard deviation ---5%) of 
composites and the tensile strength (standard deviation is 

@15%) of carbon fibers. 

Fig. 8. SEM micrograph showing the surface of a carbon 
fiber after 20 min of ammonia plasma treatment. 

techniques in enhancing adhesion. A 100% 
increase in the composite transverse tensile 
strength is observed for the samples containing 
fibers treated for 35 min. This improvement was 
achieved with a minimal penalty in filament 
strength reduction (Fig. 7, Curve B). The 
filament tensile strength is reduced from 
3.80 GPa for the untreated to 3-65 GPa for the 
35-min treated fibers by ammonia/argon plasma 
(NH3 = 30 sccm and Ar = 5 sccm). 

Unlike oxygen plasma and argon plasma, 
ammonia plasma has shown no obvious etching 
effect on the carbon fibers (Fig. 8). SEM 
micrographs show no appreciable sign of surface 
roughness change even up to 35min of 
treatment. Ammonia plasma may have a less 
effective etching power. Ammonia plasma 
treatment of poly(ethylene terephthalate) fila- 
ments to improve adhesion to rubber 45 and 
ammonia plasma treatment of polyaramid fila- 
ments to enhance adhesion to epoxy resin ~3 also 
showed no noticeable effect on the bulk fiber 
properties. 

The data on the variations in fiber surface 
energy as a result of ammonia and combined 
ammonia/argon treatments were reported 
earlier. 31 The changes in the dispersive com- 
ponent are negligible while the increases in the 
polar component of surface energy are remark- 
able. As a consequence, the total surface energy 
is increased considerably, leading to an improved 
surface wettability of carbon fibers. This can 
partially explain the observed interface adhesion 
improvement. 

As indicated in Table 5, the nitrogen content 
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Table $. XPS atomic ratios of carbon fibers treated by 
ammonia and ammonia/argon phumas 

Plasma Untreated  20 rain 20 min 20 min 20 min 
condit ion 10 seem 35 sccm 30 sccm 25 sccm 

NH3 NH 3 NH 3 NH 3 
+ + 

5 sccm 10 sccm 
Ar Ar 

O/C 0-12 0.31 0.14 0.18 0.30 
N/C 0.00 0.09 0.13 0.14 0.13 
O/N - -  3.57 1.11 1.305 2-40 

Table 6. XIPS atomic ratios of carbon fibers 
treated by ammonia (30sccm) and argon 

(5 sccm) plasma 

Reaction 
times 
(min) 

10 20 35 

O / C  0.15 0.18 0.23 
N / C  0.09 0.14 0.24 
O / N  1.74 1.330 0.99 

was increased when more ammonia was intro- 
duced into the reaction chamber; from an N/C 
ratio of 0.09 for 10 sccm ammonia to 0-13 for 
35 sccm ammonia. An enhanced dissociation of 
oxygen by collision with excited helium species 
was observed in a similar plasma work involving 
the utilization of gas mixtures. 46 However,  Table 
5 indicates a minimal enhancement of nitrogen 
content by the introduction of argon gas. When 
the argon content is raised in the gas mixture the 
atomic ratio of oxygen also increases. A longer 
treatment time generally results in an increase in 
the relative nitrogen content with respect to 
either carbon or oxygen (Table 6). 

A recent study of the plasma decomposition of 
ammonia has been reported by d'Agostino, et 
al. 47 The decomposition process was suggested to 
follow apparent zero-order kinetics through the 
following reaction sequence: 

NH3 "NH2 + "H (a) 
H2 .H + .H (b) 

• H + NH3 "NH2 + "H2 ( c )  

• NH2 .NH + .H (d) 
• NH + .NH N2 + H2 (e) 

Reactions (a), (b) and (d) are nonequilibrium 
processes which occur through electron impact 
with ground state molecules, bimolecular dis- 
sociation of vibrationally excited molecules, or 
through a joint vibrational-impact mechanism as 
discussed by Capitelli & Molinari. 4s Reaction 

(e) occurs at a very high rate and is the main 
channel for NH disappearance. 47 These observa- 
tions suggest that NH2 is the most likely species 
available for recombination with surface 
radicals. 42 

Since the aromatic diamine can convert 
bismaleimide building blocks into resins via a 
Michael Addition reaction, 49 incorporation of 
amine groups on the surface of carbon fibers is 
expected to improve the interfacial bonding 
between carbon fibers and bismaleimide resin 
possibly through chemical bonding. It is specu- 
lated that useful functional groups such as -NH2 
might have been deposited onto the carbon fiber 
surface to promote chemical bonding (primary or 
hydrogen) between fiber and matrix resin. The 
role of mechanical interlocking would be the less 
important mechanism to promote interfacial 
adhesion by ammonia plasma treatment. 

3.2 Fiber treatments for improved 
thermoplastic composi te  properties 

After propylene gas plasma treatment, the fiber 
surface tension values were measured by means 
of the Wilhelmy technique. The contact angles of 
fiber surface with distilled water are shown in 
Fig. 9. These data indicate that propylene gas 
plasma treatments tend to decrease the surface 
tension of the fiber, in direct contrast to the 
treatment results using other gas plasmas. A 
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Fig. 9. The  surface contac t  force and  contac t  angle  of  
carbon fiber by water (as measured by the Wilhelmy 
technique), plotted as a function of propylene gas treatment 

time. 
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Fig. 10. Flexural shear strength and transverse tensile 
strength of polypropylene-based composites containing 

fibers treated with PP gas plasma. 

possible reason for this decrease is that a layer of 
PPP has been deposited on the fiber surface. 
These molecules are relatively nonpolar, thereby 
reducing the wettability of fibers by highly polar 
water molecules. However, this PPP layer should 
have natural compatibility with the 
polypropylene matrix and therefore provide an 
intimate contact between carbon fibers and the 
matrix. The interfacial adhesion is therefore 
expected to be improved. 

The change in interracial adhesion was 
evaluated by transverse tensile tests and fiber 
bundle pull-out tests. The data, summarized in 
Fig. 10, show that the propylene-gas plasma 
treatments have improved the interfacial adhe- 
sion by up to 40% for PP/Kevlar composites and 
20% for PP/graphite composites. An effort was 
made to detect the change of surface structure by 
means of transmission IR absorption spectro- 
scopy. Unfortunately, no significant difference 
between plasma-treated fiber and as-received 
fiber was found. This observation may simply 
imply that the conventional transmission IR 
absorption technique is not adequate to detect 
the surface functionality of fiber. The penetrating 
depth of IR may have been too deep to resolve 
the signals from an ultra-thin PPP layer on the 
fiber surface. SEM examination shows that the 
surface profile of a Kevlar fiber has been slightly 
altered by plasma treatment. Several 'debris' 
particles were found on the plasma-treated 
Kevlar fiber surface. But the physical structure of 

graphite fiber surface did not seem to exhibit any 
appreciable change at a magnification of x5000. 32 

3.3 Fiber surface treatments for epoxy 
composites 

Tensile strength and percent elongation values of 
plasma-treated fibers are summarized in Fig. 11. 
The tensile strength reaches a minimum at an 
intermediate flow rate range of 30-50cc/min.  
Figure 12 shows the bubble diameter in a surface 
wettability test as a function of the gas flow rates. 
The diameter of each bubble was measured after 
30 s from the moment the bubble was placed on 
the sample. Maximum diameter bubbles were 
observed for the flow rates of 30-50cc/min.  
Since a larger bubble diameter means a better 
wettability, this simple qualitative experiment 
indicated that wetting was a maximum in the flow 
rate range of 35-50 cc/min. Thus the number of 
parameters required to define an optimum 
condition for plasma treatment with non- 
polymerizing gas can be reduced to only one, i.e. 
time. Therefore, throughout the remainder of 
this research program, plasma treatment time 
was taken as the working parameter in order to 
optimize the mechanical properties of 
composites. 
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Fig. 11. Tensile properties of carbon fibers after various 
plasma treatments (flow rate=30cc/min). The percent 
value associated with each data point indicates the 
corresponding average failure strain. The standard deviation 

of the strength values varies between 15% and 20%, 
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Fig, 12, The results of a qualitative wettability test. A 
higher bubble diameter implies a better prepared surface for 

wetting. 

The data obtained from the fibers treated for 
use in epoxy composites 32 also revealed that the 
tensile strength decreased with an increase in the 
plasma treatment  time at a constant flow rate. 
Fiber strength degradation only occurred to a 
negligible extent for the first 2 min of nitrogen 
and first 3 min of oxygen treatments.  Optimiza- 
tion of the t reatment  time is essentially to the 
achievement of balanced adhesion and other 
mechanical properties. Again, surface porosity 
was observed when the fibers were treated for an 
excessively long time. An upper  limit of 5-10 
min was chosen to be the proper  length of time 
for these plasma treatments.  

The values of loss tangent in composites,  as 
measured by the D M T A  method,  as a function of 
fiber treatment times are summarized in Fig. 13. 
Since a poor fiber/matrix bond will promote  
interface friction, this will be reflected by a 
higher value of the loss tangent. 5° For nitrogen- 
treated fiber samples, the minimum loss tangent 
value (or a maximum bonding strength) occurs at 
a fiber treatment time of 1 min. For oxygen- 
treated samples, minimum loss tangent occurs at 
a treatment time of 8 min. The short-beam shear 
test results of epoxy composites containing the 
oxygen and nitrogen plasma-treated graphite 
fibers are shown in Fig. 14. Again, SEM 
micrographs revealed extensive fiber pull-out in 
the sample containing untreated fibers. 32 These 
composite specimens containing untreated fibers 
exhibited rougher fracture surfaces than the 
treated specimens. 
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Fig. 13. The loss tangent values of composites as a function 
of fiber treatment time. 

3 5 0  

~E 
7 
~W 

£ -  
0 
Z 

3 0 0  

2 5 0  

200~ 

150  

~ -  p l a s m s  t r e a t e d  
~0~ p l a s m s  t r ea ted  

~ s  

100  , I , I , I , 1 , I , 

0 2 4 6 8 10 12 

TREATMENT TIME (rain.) 

Fig. 14. Composite shear strength plotted as a function of 
fiber treatment time. 

3.3. 1 Adhesion mechanisms 
The fiber/matrix interfacial adhesion in a 
polymer composite can be improved by the 
following means: 

(1) by increasing the wettability of fiber surface 
by the matrix resin; 

(2) by removing the weak boundary layer, e.g. ,  
contaminant species or gas molecules physically 
adsorbed on the fiber surface. This would 
provide a more intimate contact between the 
fiber and the matrix polymer to ensure a 
significant level of van der Waals force which, 



Control of interracial adhesion in polymer composites 347 

being a short-range force, would otherwise be 
relatively weak; 

(3) by allowing the matrix molecules physically 
to entangle with, or diffuse into, the molecular 
network of polymer coating applied on fibers; 

(4) by promoting mechanical interlocking 
between the fiber and the matrix. This can be 
achieved by creating surface porosity, into which 
resin molecules can penetrate; 

(5) by increasing the number of active sites on 
the fiber surface for subsequent chemical bonding 
with the unreacted species in the matrix resin; 

(6) by applying a thin layer of 'coupling agent' 
that will chemically bond to both fiber and 
matrix. 

In the present study, plasma etching and 
polymerization techniques were used to improve 
the interracial adhesion of Kevlar and graphite 
fiber composites. The plasma techniques involve 
the use of a low-pressure gas activated by an RF 
excitation to produce metastable excited species 
which are allowed to impinge upon the substrate 
to be treated. The gas plasma consists of ionized 
species, free electrons, free radicals, and excited 
molecules or atoms. The activated gases may be 
controlled to operate one or more of the above 
functions. By varying the plasma reaction 
conditions one can conveniently tailor the surface 
structure and properties of fibers. 

A fully polymerized polypropylene will not 
have any unsaturation in the backbone chain 
and, therefore, will not form a covalent bond 
with Kevlar and graphite fibers. Propylene 
plasma, however, is expected to remove a weak 
boundary layer so that a layer of PPP could 
adhere well to the substrate fiber. This PPP, with 
a similar chemical structure to the conventional 
PP, is likely to be compatible with the PP matrix. 
This would contribute to the improvement in 
fiber/matrix adhesion. A plasma cleaned fiber 
surface, even when not covered by PPP, would 
permit more intimate contact with polymer to 
ensure a significant level of van der Waals force. 

For treatments with an inert gas such as argon, 
surface contaminants can be removed and the 
level of porosity can be increased. The latter will 
promote mechanical keying while the former will 
improve the fiber wet-out and raise the van der 
Waals force. A more active gas like oxygen can, 
in addition to the above two mechanisms, create 
active surface sites or functional groups, e.g. 
carbonyl and hydroxyl groups, that will react with 
the matrix resins. These polar functional groups 

further increase the fiber surface energy, on top 
of the improvement obtained by the removal of 
surface contaminants. Evidence of this is 
provided by the greater surface energy observed 
on the oxygen-treated surface than on the 
argon-treated one. Compared to an inert gas, 
oxygen plasma is more effective in promoting 
fiber/resin adhesion. These plasmas, however, 
can produce some adverse effects on the fiber 
integrity. 

Organic vapor such as ammonia or hydrocar- 
bon molecules can be activated and deposited on 
the carbon fiber surface. This deposition process 
appears to compete with the 'etching' effect of 
the plasma. The latter serves to clean the surface 
and then possibly to destroy and remove some of 
the surface structure. E1 In contrast, the former 
process can coat the surface and possibly heal the 
flaws. Organic species can be selected to create 
desirable functionality in accordance with the 
chemical compatibility with the intended matrix 
resin. Deposition in this case is very thin, in 
contrast to the generally thicker plasma polymer 
discussed earlier. 

The methodology used in the present study 
could be applied for the optimization of plasma 
treatments of other fiber/resin systems. Essen- 
tially an unlimited number of gases could be used 
as a precursor to the plasma state. 

4 CONCLUSIONS 

The following concluding remarks can be drawn 
from the present investigation: 

1. The effectiveness of plasma treatments in 
improving the interracial adhesion in polymer 
composites has been demonstrated. For BMI 
composites, ammonia/argon plasma appears to 
be the best plasma system in enhancing the 
interracial adhesion without producing unde- 
sirable reduction in the fiber strength. In 
contrast, oxygen and argon plasmas show a 
greater etching effect on the carbon fiber surface 
and could degrade fiber integrity. 

2. Various adhesion mechanisms can be 
promoted by plasma treatments. These include: 
(a) possible removal of surface contaminants to 
provide better fiber/resin contact; (b) an 
enhanced degree of mechanical keying between 
the fiber and the matrix because of the increased 
fiber surface roughness; (c) an increased surface 
energy which would promote wetting of the fiber 
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by the matrix; and (d) deposited functional 
groups for possible chemical interactions between 
the fiber and the matrix resin. Mechanisms (a) 
and (d) could affect (c). 

3. Each mechanism works to a different extent 
in a different plasma. For oxygen, nitrogen and 
argon plasmas, mechanisms (a), (b) and (c) all 
work to some extent; however, oxygen plasma is 
the most effective in improving the wettability. 
This vastly improved wettability could be a result 
of the plasma-deposited oxygen-containing 
groups on the carbon fiber surface--mechanism 
(d). For ammonia and ammonia/argon plasmas, 
the chemical bonding between amine groups and 
bismaleimide (Mechanism d) and the enhanced 
surface wettability--mechanism (c)---are the two 
important factors in increasing the interfacial 
adhesion in carbon fiber/BMI composites. 

4. Plasma polymerization can be used to 
promote interracial adhesion between carbon 
fibers and thermoplastic resins. Plasma polymer 
is capable of adhering well to any substrate. The 
plasma polymer coating on the fiber surface can 
be designed to provide necessary chemical 
characteristics (functional groups, compatibility, 
etc.) to facilitate fiber-matrix adhesion. 

5. The operating parameters for oxygen and 
nitrogen plasma treatments of carbon fibers can 
be optimized for composite performance. Gas 
flow rate and treatment duration are two of the 
more important parameters to manipulate. 

ACKNOWLEDGMENTS 

Financial support for this project is provided by 
the Materials Engineering and Tribology Pro- 
gram of the National Science Foundation, to 
which we are grateful. 

REFERENCES 

1. Goan, J. C., Graphite Fiber Oxidation. Naval Ordnance 
Laboratory, TR-153, November, 1969. 

2. Nyo, H., Heckler, D. L. & Hoernschemeyer, P. L., 
Characterizing the structure of PAN-based carbon 
fibers, SAMPE 24th National Symposium, 24 (1979) 
51-62. 

3. Larsen, J. V., Surface Treatments and Their Effects on 
Carbon Fibers. Paper and Bibliography from Naval 
Ordnance Lab., Maryland, 1971. 

4. Delmont, J., Technology of Carbon and Graphite Fiber 
Composites. Van Nostrand Reinhold, New York, 1981, 
Chapter 7. 

5. Milewski, J. V. & Anderle, J. V., Interstitial growth of 
silicone carbide whiskers in carbon and graphite fibers. 
GTC Tech. Report, 127 (1974) 7-1. 

6. Subramanian, R. V. & Jukubowski, J. J., Electropoly- 
merization on graphite fibers. Polym. Eng. Sci., 18 
(1978) 590-8. 

7. Bell, J. P., Chang, J., Rhee, H. & Joseph, R., 
Application of ductile polymeric coatings onto graphite 
fibers. Polymer Composites, 8 (1987) 41-9. 

8. Ladizesky, N. H., Ward, J. M. & Phillips, L. N., Progr. 
Sci. Eng. Composi. Mater. 4th Conf., 1 (1982) 203-10. 

9. Gaur, U. & Davidson, T., Interfacial effects of plasma 
treatment on fiber pull-out. In Interfaces in Composites 
(MRS Symp. Proc., vol. 170), ed. C. G. Pantano & 
E. J. H. Chen. MRS, Pittsburgh, PA, 1989, pp. 309-14. 

10. Allred, R. E., Merrill, E. L. & Roylance, D. K., 
Amine plasma modification of polyaramid filaments. 
Polym. Prep. (ACS Div. Polym. Chem.), 24 (1) (1983) 
223-4. 

11. Wertheimer, M. R. & Schreiber, H. P., Surface 
property modification of aromatic polyamides by 
microwave plasmas. J. Applied Polym. Sci., 26 (1981) 
2087-96. 

12. Dagli, G. & Sung, N.-H., Properties of carbon/graphite 
fibers modified by plasma polymerization. Polym. 
Compos., 10 (1989) 109-16. 

13. Sung, N. H., Dagli, G. & Ying, L., Plasma 
polymerization of graphite fibers for composites. 37th 
Annual Conf. Reinf. Plast./Composites Inst., SPI, 
Session 23-B, 1. Composites Institute, Society of 
Plastics Industry, New York, (1982). 

14. Dagli, G. & Sung, N. H., Surface modification of 
graphite blocks and fibers by plasma polymerization. 
ACS PMSE, 56 (1987) 410-15. 

15. Kishnamurthy, V. & Kamel, I., Plasma grafting of 
allyamine onto glass fibers. 33rd Inter. SAMPE Symp., 
33 (1988) 560-70. 

16. Rose, P. W., Kolluri, O. S. & Cormia, R. D., 
Continuous plasma polymerization onto carbon fiber. 
34th SAMPE Symp., Reno, Nevada, 1989, pp. 144-56. 

17. Kaplan, S. L., Rose, P. W., Nguyen, H. X. & Chang, 
H. W., Gas plasma treatment of spectra fiber. SAMPE 
Quarterly, 19 (4) (1988) 55-9. 

18. Nguyen, H. X., Riahi, G., Wood, G. & Poursartip, A., 
Optimization of polyethylene fiber reinforced compos- 
ites using a plasma surface treatment. Proc. of the 33rd 
Inter. SAMPE Symposium, Anaheim, CA, 33 (1988) 
1721-9. 

19. Kolluri, O. S., Kaplan, S. L. & Rose, P. W., Gas 
plasma and the treatment of advanced fibers. SPE/APC 
Regional Technical Conf., Los Angeles, CA, Nov. 1988, 
pp. 501-10. 

20. Wesson, S. P. & Allred, R. E., Surface energetics of 
plasma treated carbon fiber reinforcements. Proc. of the 
A CS Div. of Polymeric Materials: Science and 
Engineering, 58 (1988) 650-4. 

21. Sun, M., Hu, B., Wu, Y., Tang, Y., Huang, W. & Da, 
Y., The surface of carbon fibers continuously treated by 
cold plasma. Composites Sci. Technology, 34 (1984) 
353-64. 

22. Su, J., Tao, X., Wei, Y., Zhang, Z. & Liu, L., The 
continuous cold-plasma treatment of the graphite fiber 
surface and the mechanism of the modification of the 
interfacial adhesion. In Interfaces in Polymer, Ceramic 
and Metal Matrix Composites, ed. H. Ishida. Elsevier 
Science Publishing Co., New York, 1988, pp. 269-77. 

23. Donnet, J. B., Carbon fibers electrochemical and 
plasma surface treatment and its assessment. In 
Interfaces in Polymer, Ceramic and Metal Matrix 



Control of  interracial adhesion in polymer composites 349 

Composites, ed. H. Ishida. Elsevier Science Publishing 
Co., New York, 1988, pp. 35-42. 

24. Loh, I. H., Cohen, R. E. & Baddour, R. F., 
Modification of carbon surfaces in cold plasma. J. 
Materials Sci., 22 (1987) 2937-47. 

25. Donnet, J. B., Brendle, M., Dhami, T. L. & Bahl, 
O. P., Plasma treatment effect on the surface energy of 
carbon and carbon fibers. Carbon, 24 (1986) 757-70. 

26. Donnet, J. B., Dhami, T. L., Dong, S. & Brendle, M., 
Microwave plasma treatment effect on the surface 
energy of carbon fibers. J. Applied Phys. 20 (1987) 
269-75. 

27. Ismail, I. K. & Vangsness, M. D., On the improvement 
of carbon fiber/matrix adhesion. Carbon, 26 (1988) 
749-51. 

28. Alsup, C. A., Interface control in fiber reinforced 
high-temperature polymer composites. MS thesis, 
Materials Eng. Program, Auburn University, AL, 
March, 1991. 

29. Chang, T. C. & Jang, B. Z., The effect of fiber surface 
treatments by a cold plasma in carbon/BMI composites. 
(MRS Syrup. Proc., vol. 170), ed. C. G. Pantano & 
E. J. H. Chen. MRS, Pittsburgh, PA, 1989, pp. 321-6. 

30. Chang, T. C., Humphries, C. A. & Jang, B. Z., The 
role of interface in polymer composites. In 
Advancements in Materials For Polymer Composites and 
Special Topics, SPE/APC RETEC Oct. 1990, Los 
Angeles, pp. 247-54. 

31. Chang, T. C. & Jang, B. Z., Plasma treatments of 
carbon fibers in polymer composites. SPE ANTEC, 36 
(1990) 1257-62. 

32. Jang, B. Z., Das, H., Hwang, L. R. & Chang, T. C., In 
Interfaces in Polymer, Ceramic and Metal Matrix 
Composites, ed. H. Ishida. Elsevier Science Publishing 
Co., New York, 1988, pp. 319-33. 

33. Jones, C. & Sammann, E., The effect of low power 
plasmas on carbon fiber surfaces. Carbon, 28 (1990) 
509-14 and 515-19. 

34. Allred, R. E. & Harrah, L. A., Effect of Plasma 
Treatment on Carbon/BMI Interracial Adhesion. In 
34th International SAMPE Symposium, May 8-11, 
1989, pp. 2559-69. 

35. Wei, Y. Z., Zhang, Z. Q., Li, Y., Guo, Z. H. & 
Zheng, B. L., A study of the interracial bonding 
between carbon fiber and PMR-15 resin. In Controlled 
Interphases in Composite Materials, (Proc. of 1CCI-3), 
ed. H. Ishida. Elsevier, New York, 1990, pp. 167-74. 

36. King, J. J., Chaudhari, M. & Zahir, S., A new BMI 
system for high performance applications. In 29th 
International SAMPE Syrup., 29 (1984) 392-8. 

37. Liston, E. M., Branson/IPC Applications Note 
ST2/484, 1984. 

38. Liston, E. M., Branson/IPC Applications Note 
ST4/884, 1984. 

39. Fitzer, E. & Weiss, R., Effects of surface treatment and 
sizings of carbon fibers on the mechanical properties of 
polymer composites. Carbon, 25 (4) (1987) 455-67. 

40. Kaelble, D. H., Dynes, P. J. & Cirlin, E. H., Interfacial 
bonding and environmental stability of polymer matrix 
composites. J. Adhesion, 6 (1974) 23-34. 

41. Neumann, A. W. & Good, R. J., In Surface and 
Colloid Science, Vol. 11, Plenum Press, New York, 
1979, pp. 31-91. 

42. Wu, S., Polymer Interface and Adhesion. Marcel 
Dekker, New York, 1982, pp. 4 and 248. 

43. Allred, R. E., Merrill, E. W. & Roylance, D. K. In 
Molecular Characterization of Composite Interfaces ed. 
H. Ishida & G. Kumar. Plenum Press, New York, 1983, 
pp. 333-75. 

44. Yasuda, H., In Plasma Chemistry of Polymers ed. M. 
Shen. Marcel Dekker, New York, 1976, pp. 15-52. 

45. Lawton, E. L., Adhesion improvement of tire cord 
induced by gas plasma. J. Appl. Poly. Sci., 18 (1974) 
1557-68. 

46. Linston, E. M., Plasma treatment for improved 
bonding: A review, J. Adhesion, 30 (1989) 199-218. 

47. d'Agostino, R., Cramarossa, F., DeBenedictis, S. & 
Ferraro, G., Plasma Decomposition of Ammonia in 
Radio Frequency. Plasma Chem. Plasma Processing, 1 
(1981) 19-28. 

48. Capitelli, M. & Molinari, E., Kinetics of Dissociation 
Processes in Plasmas in the Low and Intermediate 
Pressure Range. Topics in Current Chemistry, Vol. 90. 
Springer, New York, 1980, pp. 59-109. 

49. Stenzenberger, H., Bismaleimide Resins. In Structural 
Adhesion-Developments in Resins and Primers, ed. 
A. J. Kinloch. Elsevier Applied Science Publishers, 
New York, 1986, p. 96. 

50. Jang, B. Z., Hwang, L. R. & Lieu, Y. K., The 
Assessment of Interfacial Adhesion in Fibrous Compos- 
ites. In Interfaces in Metal-Matrix Composites, ed. 
A. K. Dhingra & S. G. Fishman. TMS, Warrendale, 
Pa, 1986, pp. 95-109. 


