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(Abstract)

The adhesion of carbon fibers to several high performance polymers, including a
phosphorus-containing bismaleimide, a cyanate ester resin, and a pyridine-containing
thermoplastic, was evaluated using the microbond single fiber pull-out test. The
objective was to determine the chemical and mechanical properties of the fiber and the
polymer which affect the fiber/polymer adhesion in a given composite system.
Fiber/matrix adhesion is of interest since the degree of adhesion and the nature of the
fiber/matrix intérphase has a major influence on the mechanical properties of a
composite.

The surface chemical composition, topography, tensile strength, and surface energy
of untreated AU-4 and commercially surface treated AS-4 carbon fibers were evaluated
using x-ray photoelectron spectroscopy (XPS), scanning eleclron microscopy (SEM),
single fiber tensile tests, and dynamic contact angle analysis. The commercial surface
treatment which converted the AU-4 to the AS-4 fiber oxidized the carbon fiber surface.
The surface of the AS-4 carbon fiber was further modified using air, oxygen, ammonia,
and ethylene plasmas. The AS-4 fiber tow was also characterized following exposure to
the aqueous poly(amic acid) solution used to disperse the matrix powder during aqueous

suspension prepregging of thermoplastic matrix composites.



The air and oxygen plasma treatments significantly oxidized and roughened the
surface of the AS-4 carbon fibers. In addition, the air and oxygen plasma increased the
the polar component of the AS-4 fiber surface energy. The ammonia plasma increased
the concentration of nitrogen on the fiber surface, without significantly altering the fiber
topography (at a magnification of 50,000X). The atomic oxygen present in the air and
oxygen plasma treatments is capable of reacting with both the edge and basal planes in
the carbon fiber structure. As a result, the oxygen-containing plasmas progressively
ablated the organic material in the carbon fiber surface. Energetic species in the
ammonia plasmé cleaned the fiber surface and reacted with the carbon fiber surface,
increasing the concentration of amine groups in the fiber surface. The ethylene plasma
deposited a layer of plasma polymerized polymer on the carbon fiber surface. The AS-4
carbon fibers were coated with poly(amic acid) when the tow was wet with the aqueous
suspension prepregging solution.

The carbon fiber adhesion of bis(3-maleimido phenoxy) triphenylphosphine oxide
was compared to that of Ciba-Geigy's Matrimid 5292 A/B bismaleimide system. With
both bismaleimides, the carbon fiber adhesion increased significantly when the fiber
received an oxidative commercial surface treatment or was exposed to an air or ammonia
plasma prior to bonding. In contrast, the poly(pyridine-bis A) microbond pull-out test
results showed that the carbon fiber adhesion of poly(pyridine-bis A) was not affected by

the fiber surface chemical composition, fiber surface energy, or topography.
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CHAPTER 1
INTRODUCTION
1.1 CARBON FIBER-REINFORCED COMPOSITES

Combining and orienting materials to achieve superior properties is a well-proven
concept. Evidence of man-made composites, such as straw-reinforced bricks and boats
constructed of reeds and pitch, are found throughout recorded history [1, 2]. In addition,
many biological materials are complex composite systems based on fibrous polymeric
structures. Examples of such biocomposites include wood and tendons [3]. Today, the
demand for high performance, lightweight materials has led to considerable research and
development in the field of fiber-reinforced resin matrix composites. Advanced
composites are formed by aligning extremely strong and stiff continuous fibers in a
polymer matrix [1]. Composites can be fabricated from a wide variety of reinforcement
fibers and matrix resins and, therefore, their properties may vary over a considerable
range.

The majority of advanced composites are manufactured for use in aerospace
applications [1, 4]. Although metals can withstand higher temperatures and are generally
less expensive, composites are attractive for weight savings, which average from 20 to
30% [4]. Weight reduction translates into several advantages specific to the aerospace
industry including fuel economy, increased range or speed, and shorter takeoff and
landing distances [4]. Advanced composites are also used in industrial machinery,
automobiles, sports equipment, and in marine products [5-8]. In general, carbon fiber-
reinforced composites possess a number of advantages relative to conventional materials
including high strength and stiffness, excellent compressive properties, light weight,

improved fatigue resistance and vibration damping, good friction and wear qualities, low



thermal expansion, and thermal and electrical conductivity [9, 10]. Properties of carbon
fiber composites are compared to those of steel and aluminum in Figure 1.1 [11].

The matrix material in an advanced resin matrix composite may be either a
thermoset or a thermoplastic polymer. The matrix must adhere well to the reinforcing
fibers, be strong, offer environmental protection, damage resistance, and good thermal
properties [12]. In 1989, thermosets accounted for about 99% of the advanced composite
market [4]. This is largely due to the low viscosity of thermosetting resins, which
facilitates fiber impregnation during composite fabrication. However, because
thermosetting resins must be cured, thermosetting matrix composites are time consuming
to process and difficult to repair [13].

Epoxies account for about 80 to 90% of the thermosetting resins used in advanced
composites, followed by bismaleimides and polyimides [4]. Epoxy resins are the
composite matrix resin of choice because they are easy to process, adhere well to
reinforcing fibers, offer low shrinkage upon cure, chemical resistance, and good electrical
insulation [1, 10, 14, 15]. However, the upper use temperature of epoxy for structural
performance is approximately 350°F (177°C) in dry and only 300°F (149°C) in moist
environments [4, 14]. Therefore, the application of epoxy composites is limited to non-
thermally critical structural parts. Recently, interest has developed in making parts for
thermally critical areas such as engines and in the use of high performance composites in
military aircraft, where skin temperatures can be higher than epoxy resin capabilities [14].
Higher temperature performance resins such as bismaleimides and polyimides are needed
for composites when epoxies cannot be used [14].

In contrast to thermosets, thermoplastics are not crosslinked and promise high

volume processing, an associated low cost per part, and superior impact resistance [13].
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Figure 1.1. Properties of carbon fiber composites compared with those of steel and
aluminum [11].



The advantages and disadvantages of continuous-fiber reinforced thermoplastic
versus continuous-fiber reinforced thermoset composites are listed in Table 1.1 [5]. A
large number of high temperature thermoplastic polymers have been investigated for use
in advanced composites, including polyetheretherketone, polyphenylene sulfide,
polyetherimide, polyamideimide, and thermoplastic polyimide [13]. These materials are
of interest due to their high use temperatures, low flammability and smoke generation,
and resistance to a variety of chemicals and solvents [4].

In one cubic meter of continuous fiber composite, there are from 9 to 18 square
meters of fiber/matrix interfacial area [16]. It is generally accepted that this extensive
region must play a key role in the basic mechanical properties of the composite and in its
environmental stability. Indeed, "good" fiber/matrix adhesion is essential to achieve high
interfacial and off-axis strength, efficient load transfer from the matrix to the fiber, and
long term property retention [17]. The fiber/matrix bond may have both a chemical
component and a physical component [18]. On a clean carbon fiber surface, chemical
interactions may occur between the fiber and the matrix at active sites located on the
edges of the layer planes in the carbon fiber structure as well as at imperfections in the
structure. In addition, fiber/matrix adhesion may either increase or decrease with surface
roughness, depending on the magnitude and geometry of the roughness and, the ability of
the matrix material to wet the rough fiber surface [18].

Carbon fibers are normally treated to improve ﬁber/matﬁx adhesion. The objectives
of these treatments are to etch the surface, remove any weakly bonded carbon debris and
impurities, leave polar hydrophilic oxygen-containing groups on the surface, and increase
the fiber wettability and bondability to the resin matrix [10]. Various techniques have
been studied to improve the fiber/matrix adhesion by chemically modifying the fiber

surface [10, 11, 19]. Interest in carbon fiber plasma treatments has been promoted by the



Table 1.1. Advantages and disadvantages of continuous-fiber-reinforced thermoplastic
composites as compared to continuous-fiber reinforced thermoset composites [5].

ADVANTAGES:

1. Infinite storage capability (shelf life).

2. Vanety of thermoplastic materials available to meet such specific requirements as
abrasion resistance, UV resistance, good electrical properties, and weathering
resistance.

Shorter fabrication time.

Post-formable

Ease of handling - no "tack" problems.

Ease of repair - welding, solvent bonding, adhesive bonding.

Reprocessing capability.

RS

Lower cost.

DISADVANTAGES:

1. Creep

2. Limited temperature capability

3. Limited processing technology available.

4. Limited chemical resistance of materials used to date.




development of continuous plasma treatment equipment and because plasma treatment is
environmentally responsible with no harmful by-products.

The shear strength of the fiber/matrix bond can be estimated using tests on real
composites and on model single fiber composites [20]. When evaluating a number of
surface treatments or when working with novel matrix materials, the preparation and
testing of real composite samples may be expensive and time consuming. Single fiber
tests are an economical alternative [21]. Single fiber tests have been used extensively in
the study of fiber/epoxy adhesion [22, 23]. However, few researchers have used single
fiber tests to investigate the effect of carbon fiber surface treatments on the adhesion of

high performance polymers.

1.2 RESEARCH OBJECTIVES

The objective of this research is to study the adhesion of high performance
polymers to "as received" and plasma treated carbon fibers using the microbond single
fiber pull-out test. The effects of air, oxygen, ammonia, and ethylene plasma treatments
on the carbon fiber tensile strength, surface free energy, surface atomic composition, and
topography were explored. The carbon fiber properties were related to the fiber/matrix

adhesion of commercially available and novel high performance thermoplastic and

thermoset polymers.
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