This article was downloaded by:

On: 22 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

— The Journal of Adhesion

Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713453635

oty Fiber-Matrix Interfacial Adhesion Improvement in Carbon Fiber-
Bisphenol-A Polycarbonate Composites by Polymer Grafting

Venkat K. Raghavendran®; Lawrence T. Drzal*
* Composite Materials and Structures Center, Michigan State University, East Lansing, Michigan, USA

Online publication date: 08 September 2010

To cite this Article Raghavendran, Venkat K. and Drzal, Lawrence T.(2002) 'Fiber-Matrix Interfacial Adhesion
Improvement in Carbon Fiber-Bisphenol-A Polycarbonate Composites by Polymer Grafting', The Journal of Adhesion,
78: 10, 895 — 922

To link to this Article: DOI: 10.1080/00218460214096
URL: http://dx.doi.org/10.1080/00218460214096

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with prinary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713453635
http://dx.doi.org/10.1080/00218460214096
http://www.informaworld.com/terms-and-conditions-of-access.pdf

09: 21 22 January 2011

Downl oaded At:

The Journal of Adhesion, 78: 895-922, 2002 & & FQ’Y
Copyright © 2002 Taylor & Francis I/
0021-8464/02 $12.00 +.00 \‘E
DOI: 10.1080/00218460290010476

STOY

%, *®
Unded A

FIBER-MATRIX INTERFACIAL ADHESION IMPROVEMENT
IN CARBON FIBER-BISPHENOL-A POLYCARBONATE
COMPOSITES BY POLYMER GRAFTING

Venkat K. Raghavendran

Lawrence T. Drzal

Composite Materials and Structures Center,

Michigan State University, East Lansing, Michigan, USA

Fiber-matrix interfacial adhesion in thermoplastic composites is generally poor
due to the lack of formation of strong covalent and/or ionic bonds between the
generally inert thermoplastic resins and the surface of the reinforcing fiber.
Adhesion can be improved by forming covalent linkages between the fiber and the
matrix by grafting a polymer of appropriate compatibility, molecular weight, and
sufficient density onto the surface of the fiber. We have grafted low molecular
weight polycarbonate and polymethyl methacrylates onto the surface of carbon
fibers and measured an improvement in the level of adhesion ranging from 25%
to 100% over the ungrafted composites. It was also observed that the level of
improvement in adhesion appears to be independent of the molecular weight of the
grafted polymer. Examination of the fracture surface of these composites reveals
that the failure is cohesive in the matrix for the polymer grafted fiber composites,
while it is adhesive for the ungrafted composites.

Keywords: Grafting; Fiber-matrix adhesion; Polycarbonate; Polymethyl methacrylate;
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INTRODUCTION

It is well known that carbon fibers have excellent mechanical proper-
ties. Their high structural strength and modulus makes them desirable
material in a large number of applications as the reinforcing medium.
However, due to their high cost of production, composite materials
containing carbon fibers have been mostly restricted to aerospace
applications, where cost is secondary to performance. Now, however,
with the reduction in their prices because of the availability of the fibers
in larger tows, they are poised to play a major role in increasing the use
of composites in high-volume markets such as transportation and
infrastructure. Since ease of processing, good impact strength, and
recyclability are of major importance, graphite-fiber-reinforced poly-
mer matrix composites need to be fabricated with thermoplastic
matrices. Thermoplastic matrices have desirable properties of good
impact strength, ease of processing, and recyclability but are handi-
capped by the low level of adhesion they exhibit with carbon fibers. This
low level of adhesion may be due to alack of formation of strong covalent
bonds, insufficient wetting, and interlocking with the fiber surface.

In one of our studies on interfacial adhesion [1, 23] we found that
increasing the level of surface oxygen and the surface roughness did
not result in any discernable improvement in the interfacial adhesion
in these systems, indicating that van der Waals interactions either
alone or in combination with mechanical interlocking are insufficient
to ensure high levels of adhesion.

However, we have seen an improvement in the interfacial adhesion
with increasing molecular weight of the polycarbonate matrix and
interphase with higher processing temperature [2]. The improvement
in the level of adhesion with higher molecular weight was attributed to
the formation of a beneficial interphase in which the polycarbonate
molecules experienced stronger adsorption and better fiber wetting at
higher processing temperatures. However, increasing the molecular
weight also results in a higher viscosity and requires increasing the
processing temperature to assist with wetting and impregnation of the
fiber tows, at the risk of polymer degradation. Further, it was also
shown that the use of polydisperse matrices or low molecular weight
additives to improve the processability results in entropically driven
segregation of low molecular weight polymer to the fiber-matrix
interface, resulting in lowering of the level of adhesion. The ability to
maintain the concentration of high molecular weight polymer at the
interphase and prevent it from being displaced by lower molecular
weight polymer appears to be an important factor for achieving
improvement of adhesion of thermoplastics to carbon fibers.
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Retention of the high molecular weight species at the fiber surface
can be accomplished in two ways: thermodynamically, by increasing
the enthalpic contribution, or physically, by immobilizing higher
molecular weight chains at the interface by either tethering them to
the surface or crosslinking them in the interphase around the fiber
surface. In our previous studies [1, 23] an attempt to increase the
enthalpic contribution by increasing the amount of polar and hydrogen
bonding groups on the surface showed that increasing the surface
functionality alone had a minimal effect on fiber-matrix adhesion.
Crosslinking the high molecular weight chains at the interface in
order to immobilize them is not possible for all types of polymers.
Further, crosslinking the chains constrains their mobility as well as
their interdiffusion potential and reduces their flexibility and, there-
fore, the toughness of the crosslinked interphase, which can lead to an
increase in brittle failure of the interface region. Tethering the poly-
mer chains by their ends at the interface, however, would provide
sufficient mobility for the chains to deform under load and therefore
retain polymer and interphase toughness.

Tethering polymer chains by their end results in three major con-
formations, namely mushrooms, pancakes, and brushes [3, 4]. These
conformations of the tethered chain are very different from the con-
formations exhibited by ungrafted chains. These differences in con-
formation can result in very different properties for the grafted chains
with regards to their ability to entangle with the bulk chains.

A large body of research has been published on the effects of areal
density of surface grafts, the conformation of the grafted chains, the
fracture rate, etc. on the interfacial adhesion in grafted fiber compo-
sites. Excellent reviews of various theories and experimental work on
grafted polymer chains are available [5, 10]. However, there is a lim-
ited amount of experimental work available in the literature on the
effect of polymer chain length on interfacial adhesion of end-grafted
composites. Dibenedetto et al. [6] found a decrease in the interfacial
adhesion with increasing molecular weight of the grafted chain in
polycarbonate-grafted glass fiber composites. However, annealing the
grafted composite for a longer time resulted in improvement in the
interfacial adhesion of the higher molecular weight grafted compo-
sites. The final level of adhesion becomes independent of the molecular
weight. Chou and Penn [7] have shown that in aramid-fiber-reinforced
epoxy composites, grafting polyamides on the fiber surface resulted in
an improvement in adhesion. As the grafted oligomer length was
increased from 2 to 6 times, they found that the interfacial adhesion
increased from 20% to 60%. Kramer et al. [8] have studied the effect of
the molecular weight of a grafted layer of deuterated polystyrene on
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the interfacial adhesion between an epoxy and polystyrene. It was
seen in their study that, at a lower degree of polymerization, there was
no improvement in the fracture toughness of the interface, while at
higher degree of polymerization the fracture toughness, G., was seen
to be independent of the chain length. They also observed that above a
critical areal density the grafted polymer chains at the interface fail by
chain scission, while below this critical areal density the failure occurs
by chain pull out, as shown in Figure 1. Their observations are con-
sistent with the theory of cohesive zone models and crack growth
proposed by Xu et al. [9].

The fracture mechanism map predicts that the interface modified
with short grafted chains will fail by pull out of the grafted chains from
the thermoplastic matrix when a stress, cpyilout, is reached (Figure 2).

A
do-scissinn =sz
]

Chain "' GCcraze

seission [ . _ . . __ A e 8 5 5 >

Elastic deformation only

increasing N

O Tensile Stress on the Interface

2 Grafting Density (chains/area)

FIGURE 1 Tensile stress on interface, o, plotted versus the grafting density,
%, of the chains anchored by one end to the interface. The craze widening
stress on the interface is shown as a dot-dashed line. The stress required to
break the backbone bonds of the grafted chain is shown with a dashed line.
The stress on the interface for the pull out of grafted chain is shown with a
solid line [9, 10].
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FIGURE 2 Schematic diagram of the chain pull out and scission process that
takes place as the crack grows along the interface. For low molecular weight
chains, as the crack advances each connector is stretched to its maximum
length and gets pulled out; it then collapses on the surface [10]. For the high
molecular weight chains, the stress can exceed the strength of the bond
between the backbone molecules, resulting in chain scission [9].

This stress depends linearly on the degree of polymerization, N, the
areal density of the grafted chain, X, and the static friction coefficient,
frmonomers Detween a monomeric segment of the grafted chain and the
surrounding matrix. As N increases, additional stress will be required
to fracture the interface and eventually the stress exceeds the fracture
strength (i.e., molecular bond strength) of the grafted chain backbone.
At low grafting densities, X < X¢, the interface will fail when there is
sufficient force, f;,, on the backbone of the grafted chains to cause chain
scission. Interface failure will occur when the interfacial stress
exceeds Ogeission = fb2. As X increases, the areal density of the entan-
glements between the grafted brushes and matrix will provide effec-
tive stress transfer across the interface to cause large-scale plastic
deformation. The transition from og;ssion t0 a stress-causing large-
scale plastic deformation or crazing, Graze, 0occurs when the strength of
the grafted interface is higher than the yield strength of the grafted
chains. As the stress is increased further, fracture of the samples with
2 > ¥ will occur by craze failure via pullout of the grafted chains or
by scission of chains in a fibrillar structure [10].

The intent of the research reported in this paper is to investigate
the effect of grafting polymers to fiber surfaces and to determine the
effect of the grafts on fiber-matrix adhesion in composite materials.
For this study, we grafted bisphenol-A polycarbonate and polymethyl
methacrylate on to the surface of polyacrylonitrile-based carbon fibers
via anionic polymerization. The reaction of the fiber surface with butyl
lithium in the presence of N, N, N’, N’, tetra methyl ethylene diamine



09: 21 22 January 2011

Downl oaded At:

900 V. K. Raghavendran and L. T. Drzal

and 18 crown—6 crown ether was found to be the most effective
method to produce highly active metallized aromatic groups capable of
initiating anionic polymerization. The grafting of polycarbonate on to
the surface proceeded via a ring opening polymerization of cyclic oli-
gocarbonates, while Polymethyl Methacrylate (PMMA) was formed
through the consumption of Methyl Methacrylate (MMA) monomer, as
shown in Figure 3. The degree of polymerization of polycarbonate was
found to be low, while that of polymethyl methacrylate was high. A
detailed description of the grafting process and the amount and
molecular weight of the polymer grafted onto the surface of the carbon
fiber is given in Raghavendran and Drzal [11, 23]. In the present
study, due to the constraints of the reaction we were unable to produce
grafted polycarbonate of high molecular weight. The use of Tetra-
hydrofuran (THF) as the solvent in the grafting reaction is probably
the reason for the formation of lower molecular weight grafted
Bisphenol-A Polycarbonate (BPA-PC) chains. Since THF is a poor
solvent for BPA-PC, it precipitates out of the system once it reaches a
particular degree of polymerization. The BPA-PC formed has a mole-
cular weight of around 5000 Daltons, which is one-sixth the molecular
weight of the bulk matrix used in the study. We were, however, con-
strained to use THF, as most of the good solvents for BPA-PC such as
CHyCl,, dichlorobenzene, and CHCl; were susceptible to attack by
butyl lithium. Therefore, to study the effect of grafting a polymer of
much higher molecular weight than the bulk, we had to use a polymer
that could blend with BPA-PC and have similar mechanical properties.
PMMA was found to be an ideal choice. With the solubility parameters
of BPA-PC being 19.3 (J/m3)1/2 [12] and PMMA ranging from 18.8 to
20.3 (J/m?’)l/2 [12, 13], a large body of published research [14—17] has
shown that the interaction between BPA-PC and PMMA is favorable
enough to form miscible blends when both components have molecular
weights typical of useful polymers [14](My of 25 K to 35 K Daltons for
BPA-PC and 100K to 200 K Daltons for PMMA). The PMMA grafted
on to the IM7 series fibers has six times the molecular weight of the
BPA-PC used as the bulk matrix in the present study. Blends of BPA-
PC and PMMA have been used for gas separation membranes [18],
stabilization of PMMA from photodegradation [19], and enhancement
of toughness [20]. Homogeneous blends of PC and PMMA, which are
transparent and have a single glass transition temperature, T, lying
in between their individual T,, can be formed when cast from THF at
elevated temperature (47°C) [21]. However, these blends are not
thermodynamically stable and tend to phase separate between 150°C
and 220°C, again forming a homogeneous blend when processed above
220°C [22].
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EXPERIMENTAL
Materials and Processing Method

For preparing the polymer-grafted fiber composites, two sets of the
polyacrylonitrile-based, intermediate modulus IM7 series carbon fiber
from Hexcel Corporation (Salt Lake City, Utah) were used. One set
contained fibers with different degrees of fiber surface treatment
ranging from 20% to 400% of the nominal commercial treatment
levels. The other set contained oxidized fibers that had had their
surfaces passivated in hydrogen. The oxidative surface treatment
changed the surface oxygen content of the carbon fibers. The oxygen
content of the carbon fiber surface increased from 4% to 22% by
changing the degree of surface treatment from 0% to 400% of nominal
commercial surface treatment levels. The oxidative surface treatment
also causes an increase in surface roughness by creating pores and
fissures in the surface by removing carbon from the regions between
the graphite crystallites. To decouple the effects of surface roughness
and the surface oxides on the interfacial adhesion, the oxidized fiber
surface was passivated via hydrogenation at elevated temperature.
Thermal hydrogenation removes the oxides on the surface without
significantly altering the surface topography. A detailed description of
the oxidation and thermal hydrogen passivation of the fibers used in
this study is given in Raghavendran and Drzal [23]. The oxidized fiber
tows were grafted with either BPA-PC or PMMA by converting the
graphitic edge surface groups on the carbon fiber surface into anions
and initiating the polymerization described earlier. The hydrogenated
fibers were also grafted with PMMA in a similar manner. The BPA-PC
grafted on to the carbon fiber surface were low molecular weight
chains with a molecular weight of around 5000 Daltons, while the
PMMA grafted on the surface were high molecular weight, ranging
from 55,000 Daltons to 225,000 Daltons.

The polymer used as the bulk matrix was Bisphenol-A poly-
carbonate. The BPA-PC was a high molecular weight, low melt flow
index grade polycarbonate having an average molecular weight of
31,000 Daltons. The polycarbonate was supplied by GE Plastics, Inc.,
(Mt. Vernon, Indiana) without any additives or stabilizers. The poly-
mer-grafted fibers, after thorough washing and extraction of ungraf-
ted bulk polymerized material by Soxhlet extraction in a good solvent,
were then dipped for 60 minutes in a 10% w/w solution of the high
molecular weight BPA-PC in chloroform to swell the grafted chains
and allow bulk PC to reptate and entangle with the swollen grafted
polymer layer. The fiber bundle was then carefully spread into a thin



09: 21 22 January 2011

Downl oaded At:

904 V. K. Raghavendran and L. T. Drzal

tape, one inch (2.5 cm) wide, and allowed to dry in air and later in a
vacuum oven at 70°C to remove the solvent completely. The carbon-
reinforced, thermoplastic polycarbonate composites were fabricated
from the amorphous BPA-PC resin and the polymer-grafted IM7 fibers
by compression molding. The composite samples fabricated for
microindentation tests were processed according to the hot press
fabrication technique described in previous research [1, 28, 29].

Prior to the fabrication of the composite specimens, preform sheets,
one-third of the final thickness, were prepared by hot pressing of the
oven-dried polycarbonate powder between acetone-cleaned, 30pum
thick, optically smooth Kapton®™ polyimide sheets, with the thickness
controlled by a surrounding stainless steel dam. The preform sheets
were produced at 250°C and a pressure of 3.45 MPa, with a residence
time of 5 minutes at the consolidation temperature. The time and
temperature for the preliminary step were kept as low as possible to
minimize thermal degradation, as these preform sheets would have to
undergo reconsolidation at a higher temperature. The thin polyimide
sheets were used to avoid the use of release agents which can cause
surface contamination. The polyimide sheets are nonbonding and can
easily be peeled off the polycarbonate sheets without deforming them.
Further, thin films of polycarbonate 5 to 15 um thick were cast from a
solution of polycarbonate in methylene chloride for interleaving and
lamination of the fiber bundles during the composite fabrication.

For the fabrication of composite specimens, two 15cm x 10cm
polycarbonate preform sheets, thoroughly cleaned with isopropyl
alcohol, were used. One preform sheet was placed on a smooth 30 pm
thick Kapton® polyimide sheet, and two 2mm thick x 2mm wide
spacer strips were placed on the two edges lengthwise to bear the load
during the initial part of the consolidation cycle. The preform sheet
was then draped with the polymer-grafted carbon fiber tow followed by
the solution-cast polycarbonate film. Another 3 alternating layers of
fiber tow and polycarbonate film were then stacked on top of each
other and, finally, the upper preform sheet was placed on the top of
this layered assembly. This fiber matrix assembly was surrounded by a
3 mm thick stainless steel dam. A smooth Kapton®™ polyimide sheet
was then placed over the assembly and the entire assembly was
vacuum bagged for the consolidation. The composite fabrication of the
15cm x 10 cm polycarbonate preform sheets was done using a multi-
step consolidation cycle on a programmable, smart Tetrahedron®™
press. In the initial step a very small load of 0.3 tons (producing a
pressure of ~0.17 Mpa) was placed on the platens to ensure intimate
contact between the precomposite assembly and the platens for
obtaining uniform heating of the specimen. The temperature was
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ramped at a rate of 5°C/minute upto 125°C, and the assembly was
allowed to soak at this temperature for half an hour to remove any
traces of moisture on the fiber surface and the polycarbonate. Fol-
lowing the 125°C soak, the temperature was ramped upto 275°C at a
rate of 5°C/minute. Upon reaching the consolidation temperature, a
load pressure of 6.9 MPa was applied and maintained throughout the
pressing cycle. The specimen was consolidated for 15 minutes and
then cooled at approximately 1°C/second to 30°C. The composite
specimens were then cut into 1ecm x 1em samples and fixed with
polyester resin in a sample holder, with the fibers lying normal to
sample surface, and polished according to standard metallographic
technique to optical smoothness.

A second set of specimens was made under the same processing
condition using the prepregged fiber bundle to produce high volume
fraction, aligned-fiber composites for transverse tensile testing. How-
ever, due to constraints of the reaction setup, only a small amount of
fibers could be grafted per batch [11], and hence there was not a suf-
ficient number of high fiber volume fraction composites to do a stan-
dardized transverse tensile test on them. The composite specimens
produced were only 2mm in thickness. To test the composite speci-
mens without damaging them, and also to produce a uniform stress
field across them, the composites were sintered onto a 0.5 mm thick
polycarbonate sheet at 200°C at a pressure of 10 MPa. Similar test
specimens were also made using ungrafted fiber bundles for compar-
ing the transverse tensile properties of these composites. The test
specimens were then cut into 50 mm x 12.5mm pieces within the
composite part lying on the surface of the polycarbonate sheet in the
middle of the specimen measuring 12.5 mm x 12.5 mm.

Composite Test Methods

The interfacial shear strength (IFSS) adhesion measurement of the
aligned continuous fiber composite was done using a microindentation
test. The microindentation tests were performed on a commercially
available Interfacial Testing System (IT'S) developed by Dow Chemical
Co. Inc. [30]. This fully automated instrument is designed to test real
composite specimens. The ITS is constructed on a Mitutoyo optical
microscope. A diamond-tipped, hemispherical indenter mounted on
the objective lens is used to indent single fibers in the composite
specimens. The microindentation testing can be done by an automatic
or semiautomatic debond technique. Initiation of fiber debond is
sensed by a load cell attached to the sample holder. The motion of the
sample holder is controlled using a precision-controlled, motorized
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stage with three degrees of freedom. A television camera and monitor
are used to observe the debonding. The force required to debond the
fiber is input to a computer program that utilizes a closed-form algo-
rithm derived by Mandell et al. [31] based on a least-squares fit of a set
of solutions using finite element analysis. The interfacial shear
strength (IFSS) was calculated based on the load at debonding. The
generalized Eq. (1) is used to calculate the IFSS:

t= G{A* @—‘;) . B*Ln(%“) + 0}7 (1)

where 1 is the IFSS, ¢ the axial stress in the fiber at debond, G, the
shear modulus of the matrix, Ef the axial tensile modulus of the fiber,
T,, the distance of the nearest neighbor of the tested fiber, and D the
diameter of the tested fiber. The theory and the analysis of the various
factors affecting the microindentation test can be found in Drzal and
Herrera-Franco [32].

The transverse tensile test of the composite specimens was done on
an Applied Test Systems (Butler, PA), Series 1600 Universal Testing
Machine, with a 1000 1b (455kg) load cell with an accuracy of 0.5%.
The tests were done at a crosshead speed of 0.05 inches/minute
(~1.3mm/minute). The crosshead displacement was used to deter-
mine the “engineering” strain on the composite specimen.

The fractured transverse tensile test specimens were imaged using
an Electroscan 2020 environmental scanning electron microscope with
a 1.0 mm bore gaseous secondary electron detector at an accelerating
voltage of 20 KeV in water vapor at a pressure of 3 torr and relative
humidity of 10% to 30%. The images were stored as 1024 x 1024 pixel
TIFF files.

RESULTS AND DISCUSSION

Interfacial Adhesion in Low Molecular Weight Grafted
Composites

The interfacial adhesion of the BPA-PC grafted carbon fiber compo-
sites is given in Table 1 and Figure 4. The interfacial adhesion dif-
ferences between the ungrafted and the BPA-PC grafted fibers show
that there is around 25% improvement in the level of adhesion for the
20% surface-treated IM7 fibers, from 21 MPa to 26 MPa. There is a
much greater improvement in the level of adhesion in the 100% to
400% surface-treated fibers, with IFSS values for the grafted fibers
ranging from 42.5 MPa to 49.2 MPa, an improvement of 60% to 80%
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TABLE 1 The Interfacial Adhesion of the Ungrafted and
BPA-PC—grafted, IM7 Series Carbon Fibers in Bisphenol-A
Polycarbonate Matrix

Degree of fiber

surface treatment Ungrafted BPA-PC grafted
% (MPa) (MPa)
20 21.0+2.63 25.9+4.07
100 27.0+1.94 49.2+5.92
200 26.5+2.65 42.5+2.21
400 28.6+3.15 47.3+4.15

over the ungrafted surface. The lower level of improvement in the
interfacial adhesion due to polymer grafting onto the 20% surface-
treated fiber can be attributed to the lower number of grafted chains.
Taking the statistical variation in the IFSS into consideration, we
observe that there is no change in the level of adhesion with changing
surface treatment at 100% and above. Based on the theory of cohesive
zone failure proposed by Xu et al. [9], the results indicate that the
areal density of the grafted chains must be sufficiently large for large-
scale plastic deformation or crazing to be the dominant failure mode in
these low molecular weight BPA-PC grafted carbon fiber composites.
The surface area ratio increase and the mean roughness of a similar
set of fibers, IM6 series carbon fibers shown in Figure 5 [23], indicate
a nonmonotonous increase in the surface area with surface treatment.
A similar trend was observed in the amount of active surface area on
the IM7 series fibers, based on the volume of the methane evolved
during the hydrogenation reaction [23].

Table 2 shows that the volume of methane evolved from IM7 series
carbon fibers with different degrees of surface treatment. Since
methane is evolved from the reaction of the carbon atoms on the edge
planes with hydrogen, the volume of methane evolved can be directly
correlated to the total active surface area of the fiber. If the nominal
surface concentration of carbon on the surface of the fibers is taken to
be about 10'° atoms/cm? and since it is well established by BET
measurements that the nominal surface area of the commercially
available PAN-based carbon fibers is around 0.5m?/gram [26], then
the total number of surface carbon atoms on these fibers would around
5 x 10'® atoms /gram, or about 7 umoles/gram. Based on the amount of
methane evolved during the hydrogenation, the active surface area
ranges between 12% to 15% of the total surface area.
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FIGURE 5 The surface roughness and surface area ratio increase with the
degree of fiber surface treatment (DFST) obtained from the STM analysis of an
IMS6 series carbon fiber [25]. (Continued.)

This result indicates that even though the surface area of the fiber
increases with increasing degree of fiber surface treatment, the active
surface area of the fiber remains a constant fraction of the total sur-
face area. The probability of all the surface-active sites initiating
polymerization is small. The carbon fiber surface is composed of tur-
bostratic layers of graphitic crystallites ranging in size from 2.5 to
8.0nm. The basal structure of the graphitic crystallite consists of
carbon surrounded by 6 other carbon atoms, and each of the carbon
atoms is bonded to 3 other carbon atoms through sp? hybridized
orbitals. This makes the bonds highly stable and not susceptible to
attack by most reagents. In contrast, the edges of these crystallites
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FIGURE 5 (Continued.)

TABLE 2 The Amount of Methane Evolved during the Hydrogenation of IM7
Series Carbon Fibers and Equivalent Values of the Active Surface Area

Volume of Equivalent
methane Moles of active surface Total surface
Degree of fiber evolved methane area area*
surface treatment (%)  (uL/gram ) evolved (m?/gram) (m?/gram)
20 31.2 1.4x10°¢ 0.083 0.6
100 29.1 1.2x107° 0.072 0.5
200 33.2 1.5x107¢ 0.090 0.6
400 43.8 2.0x107 0.12 0.8

*Total surface area based on the nominal surface area of 0.5m? /gram for IM7 100%
surface-treated fiber and the surface area increase with the degree of fiber surface treat-
ment measured by STM.
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contain unsaturated carbon atoms amenable to functionalization.
These edge sites on the surface of the fiber are the active sites for
metalation and grafting of the polymer chains.

The ability of a surface site to initiate polymerization depends on its
ability to be converted to an anion as well as the initial concentration
of the reactant monomers and oligomers. Even if the amount of
grafting were proportional to the amount of active surface area, the
overall surface areal density of the grafted chains would be relatively
small. Further, as shown in Figures 6 and 7, the surface topography of
the carbon fiber is very different from an ideal surface. The basal
planes consisting entirely of carbon-carbon bonds are highly dispersive
in character and most polymer chains do not have any affinity to
adsorb on them strongly, while the edge planes of the graphitic crys-
tallites contain the active sites. As can be seen in the STM micrograph
(Figure 5), the edge planes are very close to each other. Due to this
proximity of the active sites the level of grafting would be dependent
on the backbone structure and the presence of any sterically hindering
groups on the reacting oligomer. The initiation of polymerization at
any site can hinder the initiation in the surrounding sites that are
separated from the initiated site by less than the steric volume of the
grafted oligomer. Since only 12% to 15% of the total surface area of the
fiber can actively initiate grafting there is a large amount of non-
reactive basal plane separating the growing chains on either side of
the graphitic crystallite, so at even the highest possible concentration
of the grafted chains on the surface there would be a sufficient amount
of free basal surface for the grafted chains to bend over and coil. This
unique configuration of the active sites and the ability of the grafted
chain to have brushlike density but mushroom-like conformation
allows for an optimum amount of entanglement with the bulk matrix.
An increase in the grafting density would, however, allow efficient
stress transfer and formation of crazes in the grafted layer, resulting in
large plastic deformation during the chain pull-out process.

Interfacial Adhesion in High Molecular Weight Grafted
Composites

The interfacial adhesion of the PMMA-grafted chains is shown in
Table 3 and Figure 8. The level of adhesion in these long-chain grafted
composites also shows a large increase over the ungrafted composites.
The level of improvement in adhesion ranges from 25% to 70% with
increasing degree of fiber surface-treatment. For the IM7 20% surface-
treated fiber, the increase in the level of adhesion over the ungrafted
composites is relatively lower—at 33% for the oxidized fibers compared
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FIGURE 7 A schematic diagram of the carbon fiber surface showing the basal
plane and the likely location of the grafted chains at the edges of the graphite
crystallites.

with an increase of 60% for the hydrogen-passivated fibers. This fur-
ther confirms that the amount of electrolytic oxidative surface treat-
ment for the 20% surface-treated fiber is not sufficient to remove all of
the weak polyaromatic boundary layer present on the fiber surface.
Hydrogenation of the fiber up to 1000°C removes any remaining weak
boundary layer prior to metalation, reducing the cohesive failure in the
fiber and thereby improving the IFSS. As observed earlier in the BPA-
PC—grafted fibers, the improvement in the interfacial adhesion is
higher for the 100% to 400% surface-treated fibers, but this increase is
relatively constant, ranging from 50% to 60% over the IFSS of the
corresponding ungrafted composites fabricated from fibers with same
degree of surface treatment. The large increase in the interfacial
adhesion between the polymer-grafted fibers and the bulk matrix

TABLE 3 The Interfacial Adhesion of the PMMA-Grafted IM7 Series Carbon
Fiber/BPA-PC Matrix Composites Containing Oxidized and Hydrogen-
Passivated Fibers

Degree of fiber Oxidative surface Oxidative surface Hydrogen

surface treatment treated (ungrafted) treated passivated
(%) (MPa) (MPa) (MPa)

20 21.0+2.63 28.0 4+ 3.42 33.2+3.63

100 27.0+1.94 40.3 +5.65 34.4+2.64

200 26.5+2.65 44.8 +3.88 47.3+4.02

400 28.6 +3.15 45.24+5.69 47.6+6.77
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indicates that grafting polymer chains to the surface is indeed a useful
method to improve composite mechanical properties. These results
indicate that the improvement in the interfacial adhesion in these
composites is independent of the degree of surface treatment.

Since PMMA grafted onto the carbon fiber surface has a relatively
higher molecular weight than the bulk polycarbonate matrix, the
debonding at the surface would be occurring by chain scission. TGA
analysis of the grafted surface indicates that the amount of polymer
grafted on the surface ranges from 0.7% to 2.5% by weight [11], while
the BPA-PC grafted onto the surface ranged from 1.3% to 2.1%. This
relatively similar amount of grafting for two polymers having very
different chain lengths indicates that the surface areal density of
PMMA grafted onto the surface is much lower than for the BPA-PC
graft. But the level of improvement in the interfacial adhesion is
comparable for these two different molecular weight grafted chains, as
shown in Figure 9. The interphase deformation map shown in Figure 1
can explain these observations. In the case of chain pull out, the
surface areal density, Z, of the grafted chains has to be large (> %¢)
for the large-scale plastic deformation stresses, c¢raze, to become pre-
dominant. For chain scission, if the surface areal density is higher
than the critical density, X, the normal stresses on the interface
would initiate crazing.

The results of the adhesion tests indicate that the interfacial
adhesion is independent of the chain length of the grafted layer. The
level of adhesion was also observed to be independent of the degree of
surface treatment for the different chain lengths of the grafted poly-
mers, indicating that the surface areal density in both cases must be
sufficiently large for the large-scale plastic deformation and crazing to
dominate the failure at the interface. The interfacial shear strength
improvements in the grafted composites over the ungrafted compo-
sites, as shown in Figure 10 for both the electrolytically oxidized and
subsequent hydrogen-passivated surfaces, indicates that the forma-
tion of a strongly bonded but impenetrable boundary at the interface
due to polymer grafting is a useful technique for achieving improved
composite mechanical properties. Further, the grafting of polymers
onto the reinforcing fibers not only improves the mechanical proper-
ties of the composite but also improves its ability to withstand envir-
onmental effects such as attack by moisture.

Further evidence of the effectiveness of grafting is shown by the
transverse tensile tests of the model composites in Table 4 and Figure
11. While the interfacial shear strength and transverse tests produce a
different state of stress on the fiber-matrix interface, the trends of
increasing adhesion with surface treatment should be the same. These
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FIGURE 10 Comparison between the interfacial adhesion in the ungrafted
and polymer-grafted carbon fiber composites, where (1) is the oxidized fiber
ungrafted composite, (2) is the hydrogenated ungrafted composite, (3) is the
oxidized and PMMA grafted, and (4) is the hydrogenated fiber with PMMA
grafted onto it.

TABLE 4 The Transverse Tensile Strength of the Ungrafted and BPA-
PC—Grafted Carbon Fibers in Bisphenol-A Polycarbonate Matrix

Degree of fiber

surface treatment Ungrafted BPA-PC grafted
(%) (MPa) (MPa)
20 47.194+1.93 49.31+2.42
100 44.59+2.13 51.18 £1.09
200 48.67+6.31 54.33 £3.07

400 54.26 +1.31 57.12+5.60
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transverse results do indicate a higher tensile strength for the PC-
grafted composites compared with the ungrafted composites for all
degrees of fiber surface treatment. Further, these grafted fiber com-
posites failed by a different mechanism (i.e., failure occurred in the
composite), whereas the ungrafted composites generally failed in the
composite followed by necking and failure of the polycarbonate back-
ing sheet. This indicates that the strain energy released from the
ungrafted fiber composite failure is not sufficient to rupture the
polycarbonate backing, while all of the grafted composites failed by
rupture along with breaking of the polycarbonate backing sheet
without any necking. This indicates that the energy released during
the failure of the PC-grafted specimens is higher than the tensile
toughness of the polycarbonate.

MGT28888 . TIF - |

FIGURE 12 ESEM image of the fracture surface of an ungrafted polymer
composite.
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FIGURE 13 ESEM image of the transverse tensile fracture surface of a BPA-
PC—grafted polymer composite.

The ESEM micrographs of ungrafted and PC-grafted specimens are
shown in Figures 12 and 13, respectively. It can be clearly seen that in
the ungrafted composites the failure in the composite is adhesive in
nature, i.e., the composites failed at the interface between the matrix
and the fibers. Bare fibers are clearly visible on the fracture surface.
The fracture surface of the PC-grafted composites shown in Figure 13
is predominantly cohesive in the matrix. All fibers are covered with
matrix. The results from the electron microscopy shows that with the
grafting of polymer chains the maximum possible level of adhesion can
be achieved.
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CONCLUSIONS

The interfacial adhesion between a thermoplastic polycarbonate
matrix and a carbon fiber having polymer grafted onto its surface was
experimentally investigated. Grafting low molecular weight BPA-PC
chains and high molecular weight PMMA chains on both the electro-
Iytically oxidized and hydrogen-passivated surfaces of the IM7 series,
fibers with different degrees of surface treatment show improvement
in the interfacial adhesion ranging from 20% to 80% over corre-
sponding ungrafted fiber composites. It was also seen that the level of
improvement in the interfacial adhesion is independent of the chain
length above a critical length and density of grafting. The increase in
level of adhesion is not dependent on the degree of chemical surface
treatment for carbon fibers with treatment above 100% for the entire
set of fibers with different grafted chain lengths, indicating that the
surface areal density of the grafting is sufficiently large so that large-
scale plastic deformation and crazing predominates the failure at the
interface. The surface structure of the carbon fiber also allows good
entanglement of the grafted polymer with the bulk polymer, facil-
itating the development of strength and toughness in the polymer-
grafted carbon fiber composites. The fracture surface of grafted-fiber
composites also show failure to be predominantly cohesive in the
matrix, indicating that the maximum possible level of adhesion in
thermoplastic composites was achieved by polymer grafting.
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