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A B S T R A C T

In order to improve the fibre-matrix interaction in carbon fibre reinforced composites the polycarbonate (PC) matrix polymer was modified by the introduction of
ethyl-3,5-dihydroxybenzoate as reactive sequences in the polycarbonate backbone. This promising strategy can be considered as an alternative approach to the
modification of the carbon fibre surface to control and tailor the adhesion between carbon fibres and polymer matrix. The modification of the polycarbonate
demonstrated improved adhesion to carbon fibre in pressed films, which was observed with microscopy-ATR-FTIR and SEM when compared to unmodified poly-
carbonate. Single fibre pull-out testing subsequently confirmed the improved adhesion, demonstrating higher interfacial shear strenght for the functionalized
polycarbonate.

1. Introduction

Polycarbonate resins based on bisphenol acetone (BPA, 4,4'-(pro-
pane-2,2-diyl)diphenol) have an extraordinary property profile, com-
bining ductility, strength and durability with high transparency and
acceptable temperature stability. Materials based on this resin are used
in compact discs, appliances, helmets, packaging materials, sunglasses,
automotive headlamp lenses, etc. Over the past 50 years, the produc-
tion and processing of polycarbonate has become a multibillion dollar
industry, serving a 3 million tons market in 2009 [1]. Further im-
provements on mechanical properties like stiffness and strength di-
rected research towards polycarbonate/carbon fibre composites [2,3];
an area of interest shared with many other thermoplastic polymers
[4–8].

The role of the interface between the fibre and resin is of great
importance from both a processing point of view as well as perfor-
mance. To exploit the mechanical properties of fibre reinforced ther-
moplastic composites, the fibre-matrix adhesion must be on an opti-
mized level [9–13]. Different approaches have been followed to
increase the adhesion between carbon fibres and polymer matrix that
were summarized in detail in Ref. [14]. In general, carbon fibre surface
modification is done by wet-chemical (sizing/polymer finish, acidic
modification, electrochemical modification), dry-chemical (plasma/
high energy irradiation modification, nickel surface coating, thermal
modification) and also multiscale methods by applying nano-particles
on the surface. For polycarbonate specifically, studies have been done
mainly with respect to oxygen plasma-treated carbon fibres [15–17] or
electrochemical oxidation [18–21] generally showing significant

increase in adhesion to polycarbonate after treatment.
Modification of polymers for improved adhesion has been studied

for numerous thermoset systems, utilizing comonomers as one of the
approaches [13,22,23]. For thermoplastic materials, matrix modifica-
tion is described in literature [15,24–27], as well, but at a much lesser
extent. For polycarbonates, the inherent reactivity of the polycarbonate
backbone towards reactive sites on the carbon fibre by transesterifica-
tion was studied [19], as well as the addition of coupling additives
which react onto the carbon fibre and scramble with the polycarbonate
backbone [27–30], compared to BPA polycarbonate homopolymer [31]
(Table 1). Studies on polycarbonate copolymers is focussed on changing
material properties like flow, heat and optical performance [32,33], but
for improved adhesion to carbon fibres only limited work is presented.
Attention to alternative routes was given by studying cyclic oligomers
[34].

In this work, we are combining reactive, functional groups, in-
corporated in the polycarbonate backbone, using a monomer with
limited impact on the material properties. The monomer can be reacted
by thermal impulse. The selection of functional groups is hindered by
the processes of making polycarbonates [32,33], where the melt pro-
cess requires thermal stability and the interfacial process requires so-
lubility and inertness towards used solvents. Rosenquist [35] has de-
scribed the use of this reactive group build into the polymer backbone
for its use in flame retardant compositions, demonstrating reactivity at
elevated temperatures, resulting in network formation. The same
principle is studied here for improvement of adhesion to carbon fibre.
Multiscale modelling of improvement of mechanical performance of
composites is under development [36], currently however, actual
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testing of materials is the preferred method for evaluation of these
concepts. In literature, different micromechanical testing methods
[36–40] have been established to determine the interfacial shear
strength. Table 1 summarizes these techniques. In this work, the single
fibre pull-out (SFPO) test is applied to study the fibre-matrix interac-
tion.

2. Materials and experiments

2.1. Materials

PAN (polyacrylonitrile)-based carbon fibre (24 K), unsized, TOHO
TENAX® Co. Ltd.

LEXAN™ PC105, a BPA polycarbonate homopolymer, as produced
on commercial scale by SABIC, and available as high molecular weight
resin for injection moulding. This material was used for lab evaluation,
selected for its good melt-strength and ductility.

LEXAN™ HF1110, a BPA polycarbonate homopolymer, as produced
on commercial scale by SABIC and available as high flow general
purpose grade. This material was used for the SFPO testing, selected for
its lower viscosity enabling efficient fibre embedding.

2.2. Synthesis of functional (co)polycarbonate

A 4.9 mol% polycarbonate copolymer of ethyl-3,5-dihydrox-
ybenzoate (EDHB) and BPA (Fig. 1) was prepared according the pro-
cedure described by Rosenquist [35]. The resin was isolated as a white
powder by steam precipitation followed by drying in a cone shaped
vessel using heated nitrogen. From size exclusion chromatography
analysis (SEC) (polystyrene standard) of the powder Mw=48,677 g/
mol; Pd= 2.76 was determined. Incorporation of EDHB was confirmed
by 1H NMR (Fig. 3) and verified by 13C NMR, the incorporated
monomer had a small impact on Tg (measured 141 °C versus 145 °C for
the BPA homopolycarbonate).

For the 8.6 mol% polycarbonate copolymer of EDBH and BPA, the
same procedure was used, charged amounts were altered as required.
From SEC analysis (polystyrene standard) of the powder
Mw=49,585 g/mol; Pd= 2.80 was determined. Incorporation of EDHB
was confirmed by 1H NMR and verified by 13C NMR, the incorporated
monomer had a small impact on Tg (measured 138 °C versus 145 °C for
the BPA homopolycarbonate).

2.3. Characterization

2.3.1. NMR
1H NMR (proton nuclear magnetic resonance spectroscopy) spectra

of both functionalized polycarbonate copolymers were recorded on an
Agilent 600 at 600MHz in CDCl3 at a concentration of 20mg/mL with
CHCl3 calibrated at 7.26 ppm: δ 7.90 (d, 2H), 7.50 (t, 1H), 7.25 (d, 4H),
7.17 (d, 4H), 4.40 (q, 2H), 1.68 (s, 6H), 1.39 (t, 3H). The spectrum of
the polycarbonate copolymer with 4.9 mol% ester is shown in Fig. 2.
The content of EDBH was confirmed for both functionalized poly-
carbonate copolymers using the integral of the peaks at 7.17 ppm (4H,
BPA) and 7.90 ppm (2H, ethyl 3,5-dihydroxybenzoate).

2.3.2. X-ray photoelectron spectroscopy (XPS)
All XPS studies were carried out by means of an Axis Ultra photo-

electron spectrometer (Kratos Analytical, Manchester, UK). The

Ta
bl
e
1

O
ve

rv
ie
w

of
m
at
ri
x
m
od

ifi
ca
ti
on

s
an

d
m
ic
ro
m
ec
ha

ni
ca
lt
es
ts
ap

pl
ie
d
on

C
F/

PC
co

m
po

si
te
s
to

in
cr
ea
se

an
d
ch

ar
ac
te
ri
ze

th
e
fi
br
e-
m
at
ri
x
ad

he
si
on

by
th
e
in
te
rf
ac
ia
ls
he

ar
st
re
ng

th
(I
FS

S;
th
e
re
su
lt
s
re
pr
es
en

tt
he

lo
w
es
ta

nd
hi
gh

es
t
ac
hi
ev

ed
va

lu
e
of

in
ve

st
ig
at
ed

m
at
er
ia
ls

fo
r
ea
ch

re
fe
re
nc

e)
;*

M
w
=

m
ol
ec
ul
ar

w
ei
gh

t,*
*S

D
=

st
an

da
rd

de
vi
at
io
n.

m
at
ri
x
m
od

ifi
ca
ti
on

fi
br
e

m
at
ri
x

pr
oc

es
si
ng

co
nd

it
io
ns

te
st
in
g
m
et
ho

d
IF
SS

PA
N
-b
as
ed

C
F
w
it
h
un

kn
ow

n
si
zi
ng

(1
2
K
,H

TS
40

,T
oh

o
In
c.

C
or
p.
,J

ap
an

)
an

d
se
lf
-p
re
pa

re
d
C
F
w
it
h
ep

ox
y

si
zi
ng

PC
(D

on
gg

ua
n
Pl
as
ti
c
Fi
lm

C
or
po

ra
ti
on

C
hi
na

),
fo
cu

si
ng

on
po

ly
ca
rb
on

at
e
ba

ck
bo

ne
tr
an

se
st
er
ifi
ca
ti
on

si
ng

le
fi
br
e
fr
ag

m
en

ta
ti
on

te
st

25
.0
4
±

1.
08

M
Pa

(n
ot

ox
id
iz
ed

);
47

.5
3
±

1.
23

M
Pa

(1
5
m
in

tr
ea
tm

en
t

ti
m
e)

[1
9]

PA
N
-b
as
ed

un
si
ze
d,

bu
t
co

m
m
er
ci
al
ly

su
rf
ac
e-
tr
ea
te
d

C
F
H
er
cu

le
s
M
ag

na
m
it
e®

A
S4

Bi
sp
he

no
l-A

PC
,p

ur
e
gr
ad

es
:

PC
16

M
w
16

,0
00

to
PC

65
M

w
65

,0
00

;
C
om

m
er
ci
al

gr
ad

es
:

Le
xa

n
14

1
PC

25
0–

30
0
°C
;8

–4
5
m
in
;

23
0–

27
5
°C
;1

5–
30

m
in
;1

37
–1

37
8
kP

a
m
ic
ro
in
de

nt
at
io
n
te
st

si
ng

le
fi
br
e
fr
ag

m
en

ta
ti
on

te
st

20
.2
–4

8.
3
M
Pa

(9
–1

5%
SD

**
)

51
.1
–5

6.
2
M
Pa

(7
–1

0%
SD

)
[2
7]

D
es
iz
ed

C
F
su
pp

lie
d
by

Ta
e-
K
w
an

g
C
o.

(T
Z-
30

7)
PC

(S
am

Y
an

g
C
o.

N
o.

30
22

I)
M

w
14

0,
00

0;
m
od

ifi
ed

PC
as

co
up

lin
g
ag

en
ts
:

w
at
er
-d
is
pe

rs
ib
le

(W
D
G
P)

co
po

ly
m
er

w
it
h
lo
ng

po
ly
ac
ry
la
m
id
e
ch

ai
ns
;

te
tr
ah

yd
ro
fu
ra
n
(T
H
F)

-s
ol
ub

le
gr
af
t
co

po
ly
m
er
s

(T
SG

P)
w
it
h
sh
or
t
po

ly
ac
ry
la
m
id
e
ch

ai
ns

PC
pr
oc

es
si
ng

24
0–

30
0
°C
;t
re
at
m
en

t
ti
m
e
an

d
te
m
pe

ra
tu
re

w
it
h
co

up
lin

g
ag

en
ts
:5

–1
20

m
in
;

40
–9

0
°C

si
ng

le
fi
br
e
fr
ag

m
en

ta
ti
on

te
st

U
nt
re
at
ed

:2
5.
3
M
Pa

W
D
G
P:

39
.8

M
Pa

TS
G
P:

42
.8

M
Pa

[2
9]

PA
N
-b
as
ed

Pa
ne

x
33

,Z
ol
te
x
R
t,
el
ec
tr
oc

he
m
ic
al

ox
id
iz
ed

PC
(M

ak
ro
lo
n
28

05
,B

ay
er
),
M
D
I,
TG

IC
,E

PS
an

d
SA

S
co

up
lin

g
ag

en
t

PC
pr
oc

es
si
ng

at
28

0
°C
,c

ur
in
g
24

h
at

12
0
°C

fi
br
e
fr
ag

m
en

ta
ti
on

le
ng

th
R
an

gi
ng

fr
om

21
to

28
M
Pa

ba
se
d
on

co
up

lin
g
ag

en
t
an

d
am

ou
nt

us
ed

[3
0]

PA
N
-b
as
ed

C
F
ta
pe

,u
ni
di
re
ct
io
na

l
sp
re
ad

(e
la
st
ic

m
od

ul
us

24
0
G
Pa

)
Bi
sp
he

no
l
A

PC
,A

D
55

03
(M

w
15

,0
00

)
an

d
K
13

00
(M

w
30

,0
00

)
Te

iji
n
C
he

m
ic
al
s
Lt
d.
,J

ap
an

30
0°
,2

M
pa

,9
0s
ec

fo
r
co

ns
ol
id
at
io
n.

si
ng

le
fi
br
e
pu

ll
ou

t
68

.4
M
Pa

(K
13

00
)

53
.9

M
Pa

(A
D
55

03
)

[3
1]

Fig. 1. Idealized structure of EDHB - BPA polycarbonate copolymer.
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