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Abstract. Acrylic polymers have high potential as matrix polymers for carbon fiber reinforced thermoplastic polymers
(CFRTP) due to their superior mechanical properties and the fact that they can be fabricated at relatively low temperatures.
We focused on improving the interfacial adhesion between carbon fibers (CFs) and acrylic polymers using several functional
monomers for co-polymerization with methyl methacrylate (MMA). The copolymerized acrylic matrices showed good ad-
hesion to the CF surfaces. In particular, an acrylic copolymer with acrylamide (AAm) showed high interfacial adhesive
strength with CFs compared to pure PMMA, and a hydroxyethyl acrylamide (HEAA) copolymer containing both amide and
hydroxyl groups showed high flexural strength of the CFRTP. A 3 mol% HEAA-copolymerized CFRTP achieved a flexural
strength almost twice that of pure PMMA matrix CFRTP, and equivalent to that of an epoxy matrix CFRP.
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1. Introduction

Carbon fiber reinforced thermoplastic composites
(CFRTP) are lightweight materials that display high
strength, high elastic modulus, and high potential for
low-cost manufacturing or secondary fabrication,
which are attractive characteristics for many indus-
trial applications [ 1-5]. Several types of thermoplas-
tic polymers have been researched as matrices of
CFRTPs.

One class of promising thermoplastic polymers for
CFRTP is polyamides. Polyamide 6 [6—8], poly-
amide 6.6 [9, 10], and polyamide 12 [11] were gen-
eral purpose polyamides applied for CFRTPs. In gen-
eral, polyamides are semi-crystalline polymers having
strong intermolecular attractive force due to the hy-
drogen bonding. Especially, polyamide 6 and poly-
amide 6.6 have relatively high modulus of elasticity,
around 3 GPa. The modulus of elasticity is important
characteristic for the matrix polymers to achieve
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high strength of the CFRTP. Though the amide groups
generate strong interaction between polymer chains,
they have hydrophilic property simultaneously. There-
fore, polyamides have high water uptake nature. The
high water absorption plasticized the polymer matrix
and degraded the fiber/matrix adhesion of the com-
posites in the wet condition [9]. This was reported
even in the case of composites using polyarylamide
having hydrophobic aromatic structure in the poly-
mer backbone [12].

Polypropylene [13—15] is also a semi-crystalline poly-
mer that has been applied for CFRTPs. Unlike poly-
amides, polypropylene is a polymer with low water
absorption. Though polypropylene is a typical com-
modity polymer, the drawback as the matrix polymer
for CFRTP is relatively low elastic modulus less than
2 GPa and the low adhesive properties. The low ad-
hesive property with carbon fiber/filler could be some-
what improved by blending of maleic-anhydride
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modified copolymer [14, 15]. However, the low elas-
tic modulus would be fateful nature unless the poly-
mer backbone structure is changed. Because, the
room temperature is higher than the 7§ of the poly-
propylene (around 0 °C).

Moreover, aromatic thermoplastic polymers, such as
polycarbonate [16, 17], polybutylene terephthalate
[18], polyethersulfone [19-21], polyetherimide [19,
22, 23], polyimide [24, 25], polyetheretherketone
[19, 26-29] and polyphenylenesulfide [30—32] have
also been studied for high performance carbon fibers
(CFs)/polymer matrix composites. In general, the
aromatic polymers have high temperature resistance,
high modulus of elasticity, and water resistance.
However, the interfacial structure and the improved
adhesion between the matrix polymers and carbon
fibers should be important to realize the high poten-
tial of the composites. Polybutylene terephthalate
[18], polyetheretherketone [19, 26-30] and poly-
phenylenesulfide [31-33] are semi-crystalline ther-
moplastic polymer matrices. The crystal size, the crys-
tal structure, and the crystallinity would be influ-
enced by the surface of carbon fibers as crystaliza-
tion-nucleus, as well as by the cooling rate and the
annealing in the fabrication process. In other words,
the mechanical properties of these CFRTPs using
semi-crystalline polymers would be sensitive for the
crystallization kinetics in the fabrication process.
In these backgrounds, acrylic polymers, which are
highly transparent amorphous polymers, have not
been utilized as matrix polymers for CFRTPs. How-
ever, many types of acrylic copolymer can be de-
signed using commercially available monomers to
meet diverse requirements, such as high elastic mod-
ulus and low water absorption. Therefore, they have
high potential as the thermoplastic matrices of
CFRTPs that exhibit good mechanical properties.
Moreover, the acrylic polymers can be fabricated at
relatively low temperature, and no crystallization oc-
curs due to the amorphous nature. Therefore, the me-
chanical properties would be robust for the change
of fabrication temperature.

Meanwhile, it should be necessary to have good in-
terfacial adhesion between CFs and matrix polymers
for produce the high performance CFRTPs. Numer-
ous methods for surface treatment of CFs, such as
chemical modification [24, 34], electrochemical ox-
idation [35-41], and plasma treatment [16, 17, 19, 21—
23, 29] have been studied to assure good interfacial
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adhesion. The basic idea of the CF surface modifi-
cation is as follows. One is to increase the affinity or
reactivity with the matrix polymers, and improve ad-
hesive strength physico-chemically or chemically.
The other is to increase micro irregularities of the
CF surface, aiming at increasing in the adhesion area
and improving in the adhesive strength via the an-
chor effect. The numerous methods for CF modifi-
cation above-mentioned pursued either or both of
these.

Takahagi and Ishitani at the Toray Research Center
reported that the major functional groups introduced
onto the surface of CFs by an electrochemical oxi-
dation treatment were hydroxyl and carboxyl groups
[40, 41]. Typically, the surface of commercially avail-
able CFs is designed for interaction with epoxy poly-
mers and not for acrylic polymers such as polymethyl
methacrylate (PMMA). Interfacial adhesion between
CFs and acrylic polymers is the key to realize the po-
tential of acrylic CFRTPs, as well as the cases of other
thermoplastic polymers. In this study, we focused on
improving the interfacial adhesion between acrylic
polymers and CFs using several functional monomers
for co-polymerization with methyl methacrylate
(MMA), using commercially available CFs. The ef-
fect of the chemical structures of the functional mono-
mers on the physical properties of the resulting acrylic
CFRTPs was examined from the viewpoint of inter-
facial adhesive strengths, flexural strengths, and be-
havior under wet conditions.

2. Experimental procedure

2.1. Materials

The matrix polymer of CFRTPs was polymerized ba-
sically from methyl methacrylate (MMA, produced
by SIGMA-ALDRICH Japan). Functional monomers,
particularly acrylamide (AAm, produced by SIGMA-
ALDRICH Japan), 2-hydroxyethyl acrylate (HEA,
produced by KOHIJIN, Japan), and hydroxyethyl acry-
lamide (HEAA, produced by KOHJIN, Japan), were
co-polymerized at 60 °C with the MMA, using 2,2'-
azobis(4-methoxy-2,4-dimethylvaleronitrile), pro-
duced by Wako Pure Chemical Industries, Ltd., Japan,
as an initiator for the polymerization. The chemical
structures of the monomers are shown in Figure 1.
The weight-average molecular mass for the acrylic
polymers was controlled in the range 300000-
400000; this was evaluated using size exclusion chro-
matography (JASCO SEC, PU-2080 HPLC system,
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Figure 1. Chemical structures of acrylic monomers

Japan, using tetrahydrofuran as the solvent). The av-
erage molecular mass was calibrated based on mono-
disperse polystyrene standards.

CF plain-woven fabric CO6343B consists of T300-
3K (manufactured by TORAY Industries, Inc., Japan)
was utilized as reinforcement fibers for the acrylic
CFRTPs. The areal density of the carbon fabric was
198 g/m?. CF fabric/acrylic polymer prepregs were
produced using the plain-woven CF fabric and the
acrylic monomers. First, the CF fabric was placed in
an aluminum mold, and the properly weighed acrylic
monomer mixture was poured into the mold. Then,
the monomers were polymerized in the CF fabric at
60°C for 2 hours, and the prepreg sheet was obtained.
The prepreg sheet was sandwiched between alu-
minum plates, and was placed in an oven at 100°C
for 5 hours and 150 °C for 4 hours. The fiber volume
content (V7)) of the CF fabric prepreg sheet was
50 vol%.

2.2. Fabrication of CFRTP laminates

The CF fabric prepregs containing the acrylic poly-
mers were stacked, and placed between aluminum
plates. The 2-ply prepregs were stacked for fabricat-
ing specimens for lap-shear evaluation. On the other
hand, the 8-ply prepregs were stacked for flexural
evaluation. CFRTP laminates were fabricated from
the stacked prepregs using a hot-pressing machine at
220°C for 10 minutes under a pressure of 0.64 MPa.
After that, the CFRTPs with aluminum plates were
moved to a cold-pressing machine, and cooled down
until ambient temperature.

2.3. Evaluation of mechanical properties of
CFRTP laminates

The shear strength of the interface between the CFs
and the matrix polymers was evaluated using a lap-
shear configuration in a tensile strain rate of
0.5 mm/min at 23 °C, using a testing machine (Shi-
madzu AUTOGRAPH AGS-J, Japan). The thickness
of the 2-ply laminates was 0.65 mm. The lap area
had a length of 6 mm, and a width of 6 mm.

The flexural strength of the CFRTP laminates was
measured using a three-point bending configuration
in a cross-head speed of 5 mm/min at 23 °C, using
a testing machine (Shimadzu AUTOGRAPH AGS-
J, Japan). The load capacity was 10 kN. The speci-
men length was 80 mm, the width was 12 mm, the
thickness was 2 mm, and the span length for the
three-point bending was 64 mm. For evaluation of
the influence of water absorption, the CFRTP lami-
nates were pre-soaked in water at 36°C for
220 hours. The edges of the pre-soaked specimens
were free as cut.

2.4. Evaluation of mechanical properties of
acrylic matrix polymers

Specimens with a length of 50 mm, a width of
10 mm, and a thickness of 2 mm were machined from
2 mm-thick polymer plates made using a hot-press-
ing machine. Flexural stress-strain curves for several
acrylic polymers were evaluated in three-point bending
configuration with a cross-head speed of 5 mm/min
at 23 °C, using a testing machine (Shimadzu AUTO-
GRAPH AGS-J, Japan). The span length for the three-
point bending was 28 mm. For evaluation of the in-
fluence of water absorption, the weight increase of
the specimens was measured after pre-soaking in
water at 36 °C until 220 hours. The edges of the pre-
soaked specimens were free as cut.

2.5. Microscopic observation

2.5.1. Scanning electron microscopy

The fracture surfaces of the cured resins were ob-
served by scanning electron microscopy (SEM:
KEYENCE VE-9800, Japan). The samples were
mounted on brass stubs and coated with a thin layer
of gold using an ion sputter coater (JEOL JFC-
1100E, Japan).

2.5.2. Optical microscopy

After the flexural test, the specimens were removed
for side-view observation using optical microscopy
(OM: KEYENCE Digital microscope VHX-200,
Japan) in reflected light mode. The specimens were
cut using a diamond saw, and the sides were polished
petrographically and observed.

3. Results and discussion

3.1. Acrylic CFRTP vs. epoxy CFRP

Figure 2 shows flexural stress-strain curves for an
epoxy CFRP and an acrylic (PMMA) CFRTP. The
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Figure 2 Flexural stress—strain curves of epoxy CFRP and
acrylic (PMMA) CFRP

flexural strength of the epoxy CFRP was 830 MPa,
while that of the PMMA CFRTP was 450 MPa, cor-
responding to 54% of the strength of the epoxy CFRP.
For the epoxy CFRP, the initial fracture occurred at
the tensile side of the bending specimens. In contrast,
fracturing of the PMMA CFRTP occurred at the com-
pression side of the specimens. In addition, the stress-
strain curves for the PMMA CFRTPs deviated from
a linear stress-strain relationship by around 300 MPa.
Figure 3 shows a comparison of the fracture surfaces
of the PMMA CFRTP and the epoxy CFRP. In the
epoxy CFRP, there was good adhesion between the
matrix resins and the CF surface; in contrast, for the
fracture surface of PMMA CFRTPs, the CFs were
not covered with the matrix polymers. Adhesion be-
tween the CFs and PMMA was poor, and it was there-
fore confirmed that interfacial adhesion is a key fac-
tor in improving the mechanical properties of acrylic
CFRTPs.

3.2. Interfacial adhesion and mechanical
properties of acrylic CFRTPs using
functional copolymers as matrices

It was reported that electrochemical oxidized CFs
have small numbers of functional groups, particular-
ly carboxylic groups and hydroxyl groups, on the
surfaces [40, 41]. The CF surfaces were expected to
have positive interactions, such as hydrogen bonding
and dipole interactions, with the copolymerized
acrylic polymers.

Figure 4 shows the effect of functional monomers

co-polymerized with MMA on the flexural proper-

ties of acrylic CFRTPs (V;: 50 vol%). Although all
of the monomers had some effect on the flexural
strength of the CFRTP laminates, co-polymerization
with HEAA caused the greatest improvement in
strength. A CFRTP with a PMMA/3 mol% HEAA
copolymer matrix had a flexural strength of 810—
950 MPa, which was almost twice the value of
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Figure 4. Effect of co-polymerization on the flexural strengths
of acrylic CFRTPs

a)

b)

Figure 3. Fracture surfaces of epoxy CFRP and acrylic (PMMA) CFRP, a) epoxy CFRP, b) acrylic (PMMA) CFRP
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Figure 5. Side view of fractured acrylic CFRTP specimens after flexural tests, a) compressive area of CF/PMMA, b) tensile

area of CF/P(MMA/3 mol%HEAA)

450 MPa for the pure PMMA matrix CFRTP. It can be
seen from Figure 4 that even a small amount of HEAA
copolymerization, less than 1 mol%, had a consider-
able effect in improving the strength of CFRTPs. A
key point that should be noted is the change in the
fracture mode for CFRTP. Delamination occurred on
the compressive side of flexural specimens of pure
PMMA matrix CFRTP (Figure 5a). In contrast, for
HEAA copolymerized CFRTPs, the main fracture

a)

3 mol% AAM oy

c)

mode was CF breakage on the tensile side of the
flexural specimens (Figure 5b). It may be presumed
that increased interfacial adhesion prevented delam-
ination of the laminates, which changed the fracture
mode, and this resulted in a dramatic increase in the
flexural strength of the CFRTPs.

Figure 6 shows the fracture surfaces of several acrylic
CFRTPs. Copolymerization with HEA seemed to
have only a small effect on adhesion to the CFs, but

3 mol% HEA

b)

3 mol% HEAA

Figure 6. images of fractured surfaces of CFRTP specimens in the flexural tests, a) PMMA, b) P(MMA/3 mol%HEA),
¢) P(IMMA/3 mol%AAm), d) PIMMA/3 mol%HEAA)
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Figure 7 Effect of copolymerization on the shear adhesive
strengths of acrylic CFRTPs

copolymerization with HEAA and AAm had a con-
siderable effect. In order to quantify the increased
adhesive strength of the interface between the matrix
polymers and the CFs, the shear adhesive strength
of the CFRTP laminates was evaluated. Figure 7
shows the effect of co-polymerization of functional
monomers on the shear adhesive strength of the
CFRTPs. Copolymerization with HEAA and AAm
had a clear effect on the shear adhesive strength of
acrylic polymers. As shown in Figure 8, there was a
good relationship between the shear adhesive strength
and the flexural strength of the acrylic CFRTPs. The
data showed that the source of the high flexural
strength of the modified acrylic CFRTP was the in-
creased shear strength of the interface between the
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Figure 8. Relationship between the shear adhesive strengths
and the flexural strengths of acrylic CFRTPs

CFs and the acrylic copolymers, POIMMA/HEAA)
and P(MMA/AAm).

It is known that the flexural strength of CFRPs is af-
fected not only by the interfacial strength but also by
the elastic modulus of the matrix polymer. Specifi-
cally, a large elastic modulus in the matrix polymer
results in high compressive strength and high flex-
ural strength of the CFRP [42]. Therefore, the effect
of co-polymerization on the elastic modulus of acrylic
matrix polymers must be also examined. Table 1
shows the elastic moduli and 7s of the acrylic copoly-
mers. Copolymerization with AAm, HEA and HEAA
gave a positive effect on the elastic moduli of acrylic
polymers. And, Figure 9 shows the effect of the elas-
tic modulus of acrylic copolymers on the flexural
strength of the corresponding acrylic CFRTPs. In-
creasing the elastic modulus in the matrix polymers
had a positive effect on the flexural strength of the
acrylic CFRTPs. However, among matrix polymers
with the same elastic modulus, the flexural strength
of the resulting CFRTPs was different. HEAA copoly-
merization had the greatest effect on the flexural
strength of the acrylic CFRTP. Therefore, it can be con-
cluded that the adhesive strength of the interface be-
tween the CFs and the acrylic copolymers was the
main contributor to increased flexural strength in the
laminates. This was due to the fracture mode change
from delamination (on the compression side) to ten-
sile breakage of the CFs for the flexural specimens.
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Figure 9. Relationship between the elastic moduli of acrylic
copolymers and the flexural strengths of the acrylic

CFRTPs
Table 1. Moduli of elasticity and Tgs of acrylic co-polymers
PMMA P(MMA/AAm) P(MMA/HEA) P(MMA/HEAA)
mol% of co-monomer 0 1 3 1 3 1 3
E [GPa] 3.15 3.33 3.41 3.23 3.30 3.28 3.35
T, [°C] 105 105 105 104 102 105 105
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3.3. Performance of acrylic CFRTPs using
functional copolymers under wet conditions
In general, copolymerization with functional mono-
mers with an amide structure confers hydrophilic
properties on the copolymers. Figure 10 shows the
amount of water absorption by both pure PMMA and
PMMA 3 mol% HEAA copolymer at 36°C. The
copolymer absorbed more water than the pure PMMA.
This increase in water absorption may result in de-
terioration of the mechanical properties of the
CFRTPs from the point of view of both the elastic
modulus of the matrix polymer and the interfacial ad-
hesive strength. Therefore, the mechanical properties
of acrylic CFRTPs were examined after 220 hours
water absorption at 36 °C, and the results are shown
in Figure 11.
The flexural strength of both the PMMA CFRTP and
3 mol% HEAA copolymer CFRTP decreased after
water absorption. However, the fraction of flexural
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Figure 10. Water absorption of PMMA and P(MMA/3 mol%
HEAA)
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Figure 11. Flexural stress—strain curves of P(MMA/3 mol%
HEAA) matrix CFRTP and PMMA CFRTP — be-
fore/after water absorption

Figure 12. Fracture surface of P(MMA/3 mol% HEAA)
CFRTP after water absorption

strength remaining was about 80% for both CFRTPs,
although the 3 mol% HEAA copolymer absorbed
more water than PMMA. Figure 12 shows the frac-
ture surface of the 3 mol% HEAA copolymer CFRTP
after water absorption, at which point it showed good
adhesion to the CFs. Thus, high interfacial adhesion
and flexural strength were retained for the 3 mol%
HEAA copolymer CFRTP after water absorption.
The 20% decrease in flexural strength was thought to
have been caused by the decrease in the elastic mod-
ulus of the matrix polymers after water absorption.

4. Conclusions

In order to improve the interfacial adhesive proper-
ties of acrylic polymers with CFs, several functional
monomers were co-polymerized with methyl
methacrylate (MMA) in order to fabricate acrylic
CFRTPs. It was observed that the functional copoly-
mer matrices adhered well to the CF surfaces. In par-
ticular, a hydroxyethyl acrylamide (HEAA) copoly-
mer containing both amide and hydroxyl groups
showed high adhesive strength with CFs, which re-
sulted in high flexural strength for the resulting
CFRTP laminates, even under wet conditions. The
flexural strength of CFRTPs fabricated from HEAA
co-polymerized acrylic matrices was almost twice
that of pure PMMA CFRTPs, and equivalent to that
of an epoxy CFRP. This was thought to be due to a
fracture mode change from delamination on the com-
pression side to tensile breakage of the CFs in the flex-
ural specimens. Therefore, it can be concluded that
the increased interfacial adhesive strength of HEAA
co-polymerized acrylic copolymers with CFs con-
tributed to the high flexural strength of the laminates
by preventing delamination.
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