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Abstract : Two-designed model coupling agents, ie., water-dispersible (WDGP) and tetrahydrofuran
(THF)-soluble graft copolymers (TSGP), were synthesized for catbon fiber/pelycarbonate (PC)
composites. WDGP contains long polyacrylamide {PAAm) chain grafted on PC backbone, whereas
TSGP contains short-grafted PAAm chain. Measurements of the interfacial shear strength (IFSS) and
other interfacial properties were evaluated using fragmentation test for two-fiber composites (TFC) in
order to provide the same loading state. Optimal condition for the surface treatment was established as
a function of treating time, temperature, and initial concentration as well as melting procedure.
Adsorbed amount of TSGP on the carbon fiber was larger compared to WDGP, whereas the maximum
improvements in IFSS for WDGP and TSGP were 54 and 74%, respectively. Mechanisms of the energy
adsorption for WGP and the intermotecular interaction for TSGP can be considered to contribute to
IFSS improvemment differently. The improvement in [FSS for both coupling agents may be due to the
chemical and hydrogen bonding between functional groups in carbon fiber and PAAm in coupling

agents, and the inter-diffusion in the interface between PC in coupling agents and matrix PC.

Introduction

The interfacial properties between fiber and
matrix are considered to be a very important
factor in determining mechanical performance for
composite materials. It may be necessary that
[FSS should be determined via an optimization in
accordance with the final purpose. IFSS in the
fiber-reinforced composites can be improved by
an introduction of chemical functions after the
oxidation or plasma treatment of fiber surface
and/or by the use of commercial coupling agents
for compatibility of fiber and matrix.”* Several
micromechanical techniques have been proposed
for measuring [FSS the fiber reinforced
thermoplastic/thermosetting composites. Some of
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the most frequently used techniques include the
single fiber pullout test,” the single fiber composi-
tes (SFC) test (called as fragmentation test),”>*
and the microindentation method,? ete.

SEC test method, originally proposed by Kelly-
Tyson® for the fiber/metal composites,
provide abundant statistical information, such as
the interfacial failure mode and IFSS value using
only several specimens. Base on the force
balance in a micromechanical model, Kelly and
Tyson showed that IFSS, 7, is given by

can
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where d is the fiber diameter, ©; is the fiber
fracture stress, and L. is the critical fragment
length. Since the actual fragment lengths and the
fiber strengths are not constant but are strongly
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dependent on the gauge length, Eq. (1) can be
modified by
_od

(2)

T
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where ¢ is the ultimate tensile strength of the
fiber, L, is the average ol the measured fragment
length, and K is a coefficient, which depends on
the variation.!" Therefore, the measured fragment
lengths, L, should be distributed between L/2
and L., and the average fragment length can be
approximated as

Lf =—i—Lc (3)

the measured fragment length, L, was assumed
by Gaussian distribution. Therefore, K=0.75 can
be taken as a mean value. However, recently a
Weibull distribution has been used. Since &
distribution of fragment lengths
experimentally, Drzal et ol.*' altered the equation
to reflect Weibull statistics to the form,

_ _1
=2 1 ﬁ} {4)

is observed

where o and B are the scale and the shape
parameters of the aspect ratio, respectively, and
Iis the gamma function.

Commercial silane coupling agents are usually
known to improve the interfacial adhesion in
glass fiber reinforced composites under ambient
and especially under high humid conditions. It
allows the retention of the adhesion between fiber-
matrix even in the event of any ingress of water
to the interface due to enhanced physical,
mechanical and/or chemical bonding between the
glass fiber and polymer matrix.™ ‘

Carbon fiber used to be coated with
polydivinyl benzene, polyaride, polyimide, and
organosilanes to improve fiber-matrix interfacial
adhesion. Requirements for this type are o be
anchoring to carbon fiber surface by covalent or
ionic bonding, and to have compatibility with
matrix polymer. if commercial polymeric coupling
agents possessing wettability as well as functional
groups can be used, there may be additionally
improved IFSS and impact strength.”"™ The
effect of vapor deposited adsorption of pyrolytic
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carbon showed negligible improvement of IFSS
but significant oxidation resistance of carbon fiber. '

For carbon [iber/isotactic polypropylene
composites, a synthesized water-dispersible graft
copolymer (WDGP) as a polymeric coupling
agent was studied previously in our group to
improve IFSS, impact strength, and weathering
improvement.? It was composed of polypropylene
as a stem polymer and polyacrylamide as a
branch polymer that is chemically bonded with
the functional portion in the carbon fiber. The
effect of surface modification using graft copoly-
mer was investigated based on the various works
and adsorption models.****"

Many SFC works'?” were done for the ther-
mosetting composites for 1980 up to 1990
However, the fragmentation method has recently
applied to many thermoplastic composites.***
The interfacial effect and their microfailure modes
of the carbon fiber reinforced PC composites
using synthesized coupling agents were evaluated
via fragmentation test. Water-dispersible and
tetrahydrofuran (THF)-soluble graft copolymers
(hereafter abbreviated as WDGP and TSGP)
were used as coupling agents. Adsorption
mechanism based on their chemical compositions
and morphological structures of the coupling
agents on carbon fiber surfaces were charac-
terized to understand the interfacial aspects
between fiber and PC matrix.

Experimental

Materials, Carbon fibers supplied by Tae-
Kwang Co. (TZ-307), had a density of 1.8 g/em®
and average diameter of 7.34 pm, and were
subjected to washing with acetone for 2 hours
thoroughly in shaking container to remove any
sizing agent or impurity materials. This process
was repeated three times to rinse with new
acetone, then followed by wvacuum-drying at
80°C for overnight. For matrix resin, PC in the
form of pellet type was supplied by Sam Yang
Co. (30221) with molecular weight 140,000 and
density of 0.9 g/em® Acrylamide (AAm) (1st
grade) for the grafting material in the synthesized
coupling agent was purchased from Junsei
Chemical Co. They were recrystallized with
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benizene in methanol solution. Other reagents
including methanol, THF, CaCl., benzoyl peroxide
(BPO), and @, o'-azobis-iso-butyronitrile (AIBN)
were used without further purification. As a mold
releasing material, the commercial Kepton tape
made of polyimide was emploved.

Methods.

Synthesis of WDGP and TSGP and Their
Separation., WDGP and TSGP used as
coupling agents were synthesized by solution
graft copolymerization method. In four-branched
flask with condenser with N: gas injection, PC
was dissolved in THF. After a certain amount of
acrylamide was added, they were mixed well for
10 minutes with the speed of 200 rpm. Suitable
amounts of AIBN and BPQ dissolved in THF
were poured in a reaction vessel and then
polymerized at 65°C based on the various
reaction schedules. After the copolymerization
reaction ended, WDGP and TSGP coupling
separated from the
compound containing various kinds of species in
according to the scheme outlined in Figure 1.
Grafting functional group was identified by FT-IR
spectroscopy.’

agents were reaction

Copolymerization

[Pracipltation of polymers with taiuene and kerosine 21
vol.%} and then removal of unreacted acrylamide by
washing with solution of n-heptane and acetona {1:1 vol.%} ]

[ Urveected PC + Homo PAAM + PC-g-PAAM ]

(Removal of homao PAAM with aq. 30% CaCl,
solution containing 80 vol.% methano! )

Unreacted PC + PC-g-PAAM

{Treatment with THF at 70 °C)

[THF sallon : Ureacted PG + T8GP | | Residue : WDGP + MDGF |

(Extraction
with methancf)
[ Resiue :wDGP | [ Extract : MOGP
[Fractional previpitation with mixure [Precipitation of
SFtoluene and methanol (11 vol.%) | MDGP with toluene
and kerosine
(@1 vol%) |

[ solution  T8GP || Preciptation : nresctod PG | [ moee |

{Precipitation of TSGP with

TSGP

Figure 1. Experimental separation procedure of a graft co-
polymers (WDGP and TSGP).
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Large amounts of toluene and kerosene were
poured into the polymerized solution at the ratic
of 2 versus 1 to precipitate. After filtration, un-
reacted AAm was removed completely using
solution extraction method and the reaction
compound consisting of GPs, homo PAAm, and
unreacted PC was obtained. Unreacted AAm
was extracted from the compound. After the
compound was treated with 30% aqueous Call,
solution composing of 60% methanol, homo
PAAm was removed. Remaining CaCl: was also
removed completely by repeating phase inversion
with water and methanol 6-7 times. Grafted
PAAm (g-PAAm) was extracted from the
compound. Methanol dispersible GP (MDGP) was
separated by the extraction of the residue with
methanol and the WDGP was separated as the
residue. Remaining compound consisting of GPs
and unreacted PC was dissolved in THF at 70°C.
WGP was obtained as a precipitate by filtraling
with filter paper. Remaining solution (TSGP and
unreacted PC) was treated with mixed solution
of toluene versus methanol as one by one.
Unreacted PC was separated as precipitate and
TSGP was obtained finally by pouring methanol
into remaining solution. Schematic models of
WDGP and TSGP are shown in Figure 2. Based
on the grafting efficiency, TSGP can be con-
sidered to show short PAAmM chain grafted on PC
backbone, whereas WDGP shows entangled long
PAAm chain grafted on PC backbone.

Adsorption Amount Measurements of
Synthesized Coupling Agents on Carbon
Fiber. The surface treatment of carbon fibers

(@) (b)

TSGP WDGP

— : Backbone polymer (PC)
e Grafted PAAM

Figure 2. Schematic model of two-type graft copolymers of
(a) WDGP and (b) TSGP.
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with WDGP or TSGP was carried out in aqueous
or THF solution at various concentrations, tem-
perature, or treating time conditions, respectively.
After circulated and dehydrated for 3 min, they
were subjected to drying in a vacuum oven for
overnight to obtain a constant weight.

Carbon fiber tow was cut into each 20 cm,
then washed with acetone for 30 min Desizing
was repeated three times and dried for 24 hours
at 60°C. WDGP was adsorbed at wvarious
treating conditions in aqueous solution, whereas
TSGP was adsorbed in THF solution. They were
circulated with 500 rpm for 3 min at the same
treating temperature. After excess GP in aqueous
or THF solution was removed, they were dried in
vacuum oven for 24 hours at 60°C. Increased
weight ratio and adsorbed amount per 1 g of
carbon fiber were calculated. The experiment
was repeated five times and the average in-
creased amount was considered as an adsorp-
tion weight.

Measurement of Single Fiber Strength.
The mean diameter of about fifty carbon fibers
was determined via the optical microscope with
a calibrated evepiece lens. Test specimens for
measuring the tensile strength of carbon fibers
had a gauge length 20 mm, which was
approximately equal to the critical fragment
length L. of carbon fibers within the TFC
specimen. The single carbon fiber was placed on

the strawboard frame with each gage length. It -

was fixed by scotch tape in the centerline on
both ends, and subjected to curing by means of
the epoxy curing adhesives. The tensile strength
measurements of carbon fibers were carried out
at a cross-head speed of 1 mm/min, and small
capacity, 100 N load cell for the universal testing
machine (Lloyd Instruments Lid.). About fifty
samples were tested for adequate statistical
analysis.

Preparation of Two-Fiber Compeosite (TFC)
Specimens. The dimension of specimen was 3
mm width, 25 mm gauge length, and about 1
mm thickness as shown in Figure 3(a). TFC
specimens were made of the untreated and the
treated carbon fibers embedded with molten PC
matrix on the hot plate. As shown in Figure 3(b),
two carbon fibers were positioned along the

Korea Polym. J.. Vol. 7, No. 1, 1999

(]
Amm

16mm L e e — e mmm e mm———

l T Fiber \

|

(b

“c’y vlate Kestone tape
.
77

Al/fame
V.
A _L,//
s

/
PC paliet Carbon fiber
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center axis, and fixed using polyimide kepton
tape on a sheet of aluminum plate of 1 mm thick.
The granular typed-PC was melted on the frame
for various melt temperatures and holded time.
After being melted, they were dipped into cold
water quickly for quenching. The specimen was
then cut out using sharp knife to produce a
dogbone-shaped and correct sized specimen.
After fiber position and straightness were
checked under the optical microscope, misaligned
specimens were discarded. Two fibers can act as
reinforcing materials independently by separating
with sufficiently apart in same matrix without
interacting with each other. Mechanical properties
on cooling procedures of the PC matrix without
embedding fiber were obtained using universal
testing machine {LR 10K, 5kN load cell) by stress-
strain curve.

IFSS Measurements. The fragmentation test
using TFC specimen was carried out to obtain
mainly the comparative IFSS value using a
specially-designed strain fixture mounted under
the optical microscope. During testing, the
specimen was incrementally stressed and the fiber
fractured into small segments within the matrix.
As higher tensile stress is applied, the fracture
process continues until no longer fracture occurs
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in the fiber. At this sirain an ultimate fragment
length attains critical length, L. Ultimaie frag-
ment lengths within the mafrix were measured
and subsequent failure process was observed via
a polarized-light microscopy.® The failure locus is
identified and the process is replicated in-situ
events in the actual composites.

The classical relationship among fiber tensile
strenath 6, the ratio of critical fragment length to
diameter li.e., critical aspect ratio, L/d) and IFSS,
7 was given by Kelly-Tyson.” Widely-distributed
7 values are obtained as a result of random
distribution and heterogeneities of flaws in the
fibers. The data for both fragment length and
fiber strength may be approximated by Weibull
distribution and their distributions can be com-
bined to calculate IFSS. Cumulative probability
of failure of a fiber length L loaded to stress level
ois given by

(o]
F=1-exp| -L] —
P G

(5)

Where 6. is scale parameter, m is shape
parameter (or Weibull modulus), and the mean
value of estimated probability, F is assigned as i/
N+1, where N is the total number of fiber
fragments, and i is the recording number. In order
to evaluate the parameters m and &, Eq. {5) can

be rearranged into a linearized form as

In[-In(1-F)] = Bln{r) - Blnex (6)

A plot of In [-In (1-F)] versus In (aspect ratio)
vields a straight line whose slope and intercept
vields f and ¢, respectively. From Eq. {6), IFSS
can be shown as Eq. (4) finally.”

In determining value at a critical length, a
direct fiber tensile test at such a short length may
result in experimental difficulty.” Hence, fiber
strengths are usually determined by macroscopic
gauge lengths, and then with subsequent extra-
polation to smaller gauge lengths using. the
Weibull weakest link rule.” The tensile strength at
a critical length is

1

O (L |?

7
o | T (7)
where, G, is the fiber strength at gauge length L.,
and p is the shape parameter of the Weibull
disiribution for fiber strength.”

Results and Discussion

Fiber Strength Distribution and Optimum
Preparation Conditions. Table | shows the
tensile strength of carbon fibers at wvarious
concentrations of the WDGP and TSGP used as
coupling agents. They were measured at gage
length 20 mm, and tensile strength values for
fibers treated at wvarious concentrations were
higher than the untreated case. The improvement
in the tensile strength may be because a thin
coating layer on carbon fiber surfaces can be

Table 1. Tensile Strength and Elongation of Carbon Fiber Coated with Various Concentration of WDGP and
TSGP Coupling Agents

Concentration No. of Specimen Diameter Elongation Tensile Strength
(wi%} (EA) {pm) (%) {MPa)
Untreated 49 7.89 1.64(0.30)* 2939{(507)
- 0.02 48 8.31 1.65(0.39) 3021(708)
D 0.05 47 334 1.43{(0.31) 3482(628)
G 0.1 49 852 1.41(0.34) 3883(640)
p 0.3 48 848 1.49(0.52) 3674(640)
0.5 45 8.68 1.34{0.32) 3436(552)
T
g 0.05 45 8.56 1.43(0.27) 33541422}
G 0.1 43 8.52 1.32{0.30) 3656(507}
p 0.3 46 855 1.49(0.32} 3785{545)

* Standard Deviation.
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50 pm

Figure 4. Optical microscopic photographs of carbon fiber
surfaces with WDGP adsorbed at different treating con-
ditions: (a) thin layer adsorbed, in dilute {0.01%} aqueous
solution at 80°C for 10 min; (b} muiti-layer adsorbed, in
coneentrated agueous solution at 80 °C for 40 min.

considered to work on healing flaws. Such flaws
on fiber surfaces are actually the main source of
deterioration of fiber tensile strength.

Figure 4 shows the optical microscopic
photographs of the untreated (upper) and the
WDGP adsorbed (bottom) carbon fibers (a)
without polarized and (b) with polarized-light. As
seen in Eq. (1), there was more cracking of fiber
for the WDGP-treated case and vertical micro-
crack was observed in the PC matrix under
tensile loading. This microcracking can result in
the catastrophic failure eventually after fiber can
not stand the transferring load in the composites.
Arrow bars indicate the breaking positions of the
carbon fiber in Figure 4{a), whereas breaking
position was clear under polarized-light condition
in Figure 4(b).

Table Il shows the fiber shape and the status of
PC matrix for various-typed TFC specimens as a
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Table II. Fffect of Melting Temperature and Time
on Fiber Shape and PC Matrix Condition in TFC

Specimens
Melting  Melting Time  Fiber Shape PC Matrix
Temp. {min) in TFC Condition
240 40 - not melted
250 60 Straight melted
270 40 Straight melted
270 100 Curve too melted
300 40 Curve Degradation

function of melting temperature and time. An
optimum condition for melting time was in the
range of 40 to 100 minutes. In the case of 100
minutes, matrix was appeared to be too molten
to make carbon fiber straight-shaped. The reason
for quick quenching in cold water after melting
PC matrix is to improve the properties of plastic
deformation when it cooled from the melted PC.
A carbon fiber in TFC specimen having sufficient
matrix elongation can be broken inio sufficient
fragments to measure fragment lengths for IFSS.
Figure 5 shows the stress-strain curves of two
dogbone-shaped specimens without embedded
carbon fibers at two different cooling procedures.
For slow cooling, the elongation up to strain
failure was relatively small, because less ductile
specimen was broken just after necking. In
contrast to this, the quick cooling case showed
much larger elongation value after necking. This
is macro-mechanically due to the result of
necking based on the plastic deformation of the
relatively ductile PC resin. On the other hand,

W
LS Slow cooling
;.:‘ L
g @ |
=
E - Quick cooling
-
; I
] |
g
= 20
W -
P 1 I 1 L L
L1} 2.5 5 15 10 12,5 15
Strain (%)

Figure 5. Stress-strain curves of the PC dogbone-shaped
specimens for two different cooling methods.
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this is also micro-mechanically because of large
free volume in the random amorphous portion of
PC in the case of fast cooling. Tensile moduli
obtained from two initial slopes in the curves
were 1.07 and 143 GPa for quick and slow
cooling procedures, respectively. A specimen
from slow cooling showed also less ductile than
the case of quick cooling.

Effect of Treating Conditions on Adsorp-
tion Amount. To improve the interfacial
adhesion of carbon fiber/PC composites,
synthesized graft copolymers can work efficiently
as coupling agents, because grafted PAAm can
react with the functional on carbon fiber and
backbone PC contains the same polymer as
matrix. The effect of interfacial improvement
using WDGP and TSGP coupling agents were

Table L Adsorption Amount of GP on Carbon
Fiber versus Treating Time (a) in 0.1 wi%
Aaqueous Solution of WDGP at 60°C; (b) in 0.1
wi% THF Solution of TSGP at 45°C

Treating WDGP* TSGP*
time  Amount of Adsorption Amount of Adsorption
{min] (mg/g) {mg/g}

5 0.565 1.325
10 0.796 2.309
20 0.974 1.926
40 0.627 1.878
&0 0.249 1.760
90 0.248 1.765

120 0.251 1.753
2.1 wit% ag. solution of WDGP at 60 °C.
0.1 wi% THF solution of TSGP at 45°C.

30
| —e—wncp |
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< s e \.\

e 4
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L] 20 4 60 B 190 120 140
Treating Time (min}
Figure 6. Cffect of treating time on the adscrption amount
of GP on the carbon fiber {{a) WDGP: 0.1% aqueous solu-
tion and 60 °C; {b) TSGP: 0.1% THF sohution and 45 °C).
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Figure 7. Schematic figures of adsorption mechanisms of (a)
WDGP on carbon fiber in aqueous dispersion solution; and
(b) TSGP on carbon fiber in toluene solution: {..) grafted
PAAm; (__) back bone polymer (PC); {Blcarbon fiber.

investigated under the same matrix condition.

In Table Il and Figure 6, the effect of ad-
sorption with treating time was shown for (a)
WDGP of 0.1 wt% aqueous solution, 60°C and
for (b) TSGP of 0.1 wt% THF solution at 45°C
during the period of 5-120 min. Adsorption of
WDGP in aqueous solution shows the maximum
at 20 min, and then decreased. On the other
hand, adsorption of TSGP shows the maximumn
adsorption to be reached in 10 minutes, then
decreased.

Figure 7 shows a schematic illustration of the
adsorption mechanisms of {a) WDGP and (b)
TSGP on the carbon fiber surfaces in agueous or
THF solution, respectively. Although the initial
WDGP in aqueous solution is sphere-like in
Figure 7(a), this WDGP coupling agent is
expected to be adsorbed rather flatly on the
carbon fiber surface. Soluble PAAmM portions in
the coupling agent may be stretched out, where-
as the insoluble PC portion may be relatively

Korea Polym. J. Vol. 7, No. 1, 1999
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aggregated in the aqueous solution. These may
be an equilibrium state of aggregation and dis-
sociation of WDGP in aqueous solution. These
dissociated WDGP particles can be adsorbed on
the carbon fiber surfaces. PAAm portion among
them can be adsorbed on the fiber surfaces,
whereas the insoluble PC can be oriented toward
outside, so it can interact with matrix PC after
being embedded with the PC resin. Consequently,
adsorbed amount decreased due to this equili-
brium condition and the phenomenon can be
expected to occur frequently after maxirmnum
adsorption.

The WDGP phenomenon in aqueous solution
can be explained as two points of view in detail
as follows. The first, as the dependence of
molecular weight of stabilizing polymer is known
in the study of critical flocculation temperature,™
the WDGP containing larger content of grafted
PAAm of GP in the state of colloid can
dissociated more easily and has the adsorption
ability on the carbon fiber primayily. However,
since the WDGP containing rather small amount
of grafted PAAm is unstable in agueous solution,
they can be substituted with previously-adsorbed
GP which is more stable, and thus the redis-
tribution occurred. Finally, GP having small
portion of grafted PAAm was adsorbed instead
of GP having abundant portion of the grafted
PAAm. This phenomenon occurred because GP
containing small amount of grafted PAAmM has
lower stability in agueous solution due to the
decrease of Gibb's free energy, compared to the
GP containing large portion of grafted PAAm.

The second, GP containing more branch of
grafted PAAm has more contacting opportunities
and anchoring can occur rapidly even with one
branch. As the time passes, the multi-branched
GP which is already adsorbed, make the weakly-
adsorbed GP to be desorbed by pushing-out.
Since the molecule became anchored continuous-
ly into the surface, surface coverage of one
molecule becomes larger as shown in Figure 7(a).

TSGP in THF solution showed the maximum
adsorption at 10 min. as shown in Table Il and
Figure 6. This is because TSGP in THF solution
can be mobile freely compared to the WDGP and
it can take short time to reach equilibrium when

Korea Polym. J.. Vol 7, No. 1, 1999

it adsorbs on the carbon fiber surfaces. Since the
grafted portion in the TSGP is very small as
shown in Figure 2, the association phenomena
between the grafted PAAm can not be possible
unlike in the WDGP case. TSGP can be dispersed
in a mono-particle state directly and there may
be no adsorption procedure from aggregation via
dissociation as WDGP case. The maximum adsorp-
tion time of TSGP will be shorter compared
to the WDGP case. The reason for varying
equilibrium adsorption amounts is as follows:
because surface coverage per soluble moiety of
WDGP is expected to be very larger, adsorbed
GP amount will be very smaller. On the other
hand, since surface coverage per soluble moiety
of TSGP may be very smaller, TSGP can adsorb
much more densely as shown in Figure 7(b).
Since rather longer TSGP particle is unstable in
THE solution, it can be adsorbed to carbor fiber
preferably rather than relatively-short TSGP
because it is more stable in THF sclution.

The temperature effect on adsorption was
shown in Table IV and Figure 8. WDGP and
TSGP in 0.1 wit% aguecus solution were treated
for 10 min. in the temperature range of 40 to
90 °C. Amphipathic polymer like GF is known to
be similar to micelle structure like soap in aqueous
solution. As shown in Figure 7(a), WDGP is com-
posed of the grafted PAAm as outside portion
and grafted PC as a core, and then became a
stable colloid particle. These colloidal particles
can be dissociated to be GP molecules, and

Table IV. Adsorption Amouni of WDGP and TSGP
on Carbon Fiber versus Treating Temperature

Treating WDGP* TSGP’

Temp.  Amount of Adsorption Amount of Adsorption
) {rmg/g) (mg/g)
40 0.254 2934
45 - 2.325
50 0417 2021
55 - 1.576
60 0.796 1415
65 - 1.375
70 0.365 -
80 0.243 1.305
90 0.298 -

“0.1 wt% in aq. solution of WDGP for 10 minutes.
2.1 wi% in THF solution of TSGP for 10 minutes.
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Figure 8. Effect of treating temperature on the adsorption
amount of GP on the carben fiber {(a} WDGP: 0.1% aque-
ous solution and 10 min: {b) TSGP: 0.1% THF solution and
10 min).

associated to be colloidal particle again. GP can
be adsorbed to the polar portion on the carbon
fiber surfaces due to hydrogen bonding and
electrostatic interaction and then anchoring.
Although the colloid can dissociate well as the
temperature increases, adsorption on the carbon
fiber can company the desorption reversibly. The
higher the temperature, the more the desorption.
Above around 60°C of the moderate
perature, the adsorption amount decreased. Since
the PC forming inner layer of dispersible particle
is known to be lower crystallinity and lower
intermolecular attraction, it can be easily dis-
sociated around 60°C and adsorbed on the
carbon fiber surfaces. However, since at higher
temperature the desorption of polymer can occur
prevalently, the adsorption amount decreased
consequently. It is also because the improvement
of kinetic energy of GP adsorbed on the carbon
fiber surfaces can prevail rather than the
acceleration of adsorption by resulting in the
dissociation of colloidal particles. TSGP is not
existed in an associated colloidal state, but they
existed freely in a molecule state. As temperature
increases, kinetic energy of molecule increases.
Therefore, since the desorption of GP adsorbed
on the carbon fiber surfaces occurred -easily,
adsorption amount decreased.

Table V and Figure 9 shows the result of
adsorbed amounts versus the initial concentration
of WDGP and TSGP in the range of 0.02 to
0.5 wt%. There can be reversible reaction of

tem-
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Table V. Adsorption Amount of WDGP and TSGP
on Catrbon Fiber versus the Initial Concentrations

WDGP* TSGR
Tnitial
Concentration Armount of Amount of
GA) Adsorption Adsorption
0.02 0.122 j
0.06 0.429 1.325
0.1 0.796 1.878
0.2 1.487 .
0.3 1.966 2.934
0.5 3.635 .

® Aqueous solution of WDGP at 30°C for 40 minutes.
" THF solution of TSGP at 45 °C for 40 minutes.
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H T
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Figure 9. Effect of initial concentration (%) on the ad-
sorption amount of WDGP on the carbon fiber (60°C for 10
min}.

adsorption and desorption in aqueous solution of
WDGP. Generally, the more GP in solution, the
more opportuniiy to be adsorbed for both WDGP
and TSGP cases. As the initial concentration of
GP increases in the molecular state in solution,
the dissociated WDGP became unstable and
hence, adsorbed on the carbon fiber surface in
the aspect of Gibb's free energy. As this
dissociated GP increases as associated colloidal
particle increases, the adsorbed amount increases
rapidly as WDGP concentration increases. In
TSGP case, there is no associated particle like
WDGP case, whereas relatively-small sized TSGP
can be dispersed in THF solution. As the initial
concentration increases, dispersed TSGP can be
adsorbed directly to the carbon fiber surfaces.
Since there is no associating step, adsorbed
amounts with initial concentration can be larger
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Table V1. IFSS and Aspect Ratio (L/d) for the
Untreated and the WDGP and TSGP Treated
Carbon Fibers

Concentration  Aspect Ratio IFSS  Improvement
{wit%) (Ldd) (MPa) (%)
Unireated 72,9 (24.6)* 25.3
W 0.02 65.6 (22.3) 319 26.1
D 0.05 69.5 (21.0) 341 34.8
G 0.1 68.2 (20.6) 308 57.3
p 0.3 67.5 (20.9) 392 54.9
0.5 82.0 (30.4) 30.1 19.0
; 0.05 69.2 (24.9) 319 26.1
G 0.1 61.6 (22.4) 42.8 69.2
p 0.3 65.9 (22.2) 381 50.6

* Standard Deviation.

than WDGP case as explained in Table I
and Figure 6.

Comparison of IFSS Using WDGP and
TSGP Coupling Agents. Table VI shows the
data for the fiber aspect ratio and IFSS as a
function of initial concentration of the WDGP and
TSGP coupling agents, by combining fiber tensile
strength and measured critical aspect ratio (CAR)
together. Figure 10 shows the improvement in
[FSS compared with the untreated case. For both
WDGP and TSGP cases, the maximum improve-
ment was shown at 0.1 wt% concentration, then
decreased. Improvement % for both coupling
agents was generally comparaiive with each
other, although TSGP showed higher improve-
ment at 0.1 wt%. Comparing WDGP with TSGP,

OWOGF
ATSGR

o

20

1788 Improvement (%)
4

10

0.1 (131 05
Concentration (wt%)

Figure 10. Improvement % in IFSS by using WDGP and

TSGP coupling agents.
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there are differences in the adsorbed amount and
free volume based on the packing type and
density and the short and long chain PAAm as a
branch. Improved % may be changed as a
degree of adsorbed amount and packing density.
Impact strength can be also expected to be
higher in WDGP treated case than the TSGP
case, since amorphous portion in GP. can adsorb
the impact energy due to more free volume."

In addition, above 0.1 wt% concentration of
both coupling agents the decreasing trend of
IFSS was observed. This is probably because at
too high concentration the adsorbed layer may
result in a bulky multilayer, deteriorating the
bonding performance and may act as a weak
boundary layer. This result is also consistent with
previous reports™ saying that the monolayer
treatment of fiber surfaces can resuli in the
maximum improvement of the interfacial bonding
between fiber and matrix. Since the over-
adsorbed TSGP was arranged with vertical shape,
they can be pushed out less than WDGP case
due to the intermolecular interaction between
neighboring chains, and thus IFSS in TSGF can
deteriorate less than WDGP case at high
concentration.

We can explain IFSS improvement using two-
type coupling agents in the carbon fiber/PC
composites by considering two different inter-
phases. The first interphase between carbon fiber
and WDGP or TSGP coupling agent can be
considered, whereas the second interphase
between coupling agent and PC matrix can also
be considered.

In the first interphase, the chemical reaction
between amide group [CONH:) in PAAm portion
and carbonyl group (C=0) or hydroxyl group
{OH) in the carbon fiber surfaces may increase
IFSS. In the second interphase, backbone and
matrix PC are composed of mainly amorphous
structure with a minor crystalline portion. Since
the chemical structure of matrix and backene PC
in GP are identical, they can be inter-diffused
and thus become indistinguishable. IFSS between
PC matrix and WDGP coupling agent can be
improved due to the physical inter-diffusional
bonding. There may be a contribution in IFSS
based on the induced transcrystallinity effect by
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near matrix PC due to the increased alignment of
anchoring grated PC. In addition, there is a
report’ that the interfacial bonding between
polymer matrix and a coupling agent is known to
give stronger bonding than that bonding of the
interphase between carbon fiber and the coupling
agent. This may correlate with, and contribute to,
the interfacial bonding between matrix PC and
backbone PC in the coupling agent based on the
inter-diffusion.

Based on two interphases, possible schematic
plots of chemical reaction between carbon fiber
and PC matrix using WDGP and TSGP are
shown in the Figure 11. When two coupling
agents are used respectively, both the stress
transfer through polymer matrix to the fiber and
the energy adsorption mechanisms due to the
random coil conformation of PAAm as an
amorphous portion of the GP in the coupling
agent can also contribute to IFSS differently. In
addition, multiply-adsorbed layers by two
coupling agents can occur in the fiber position
irregularly.

On the other hand, excessive concentration
such as 0.5 wt% induces a lumpy coating on the
fiber surfaces. They may act as defects, which
affect the interfacial bonding reversibly and
deteriorate IFSS. Although identical coupling
agents are used, there will be significant
differences in the improvement effect on IFSS
between fiber and matrix depending on the
adsorption amount and the interphase type.
Properly-chosen coupling agent based on the
chemical functional groups between fiber and
matrix can be said not to be a unique parameter
to determine the final IFS5.

For using two-type coupling agents mentioned
above the grafted PAAm chains, which may be
adsorbed and chemically bonded on carbon fiber
surface, may result in inter- and intra-molecular
interactions between adsorbed coupling agents.
Especially, there can be much more intermole-
cular interaction between TSGP coupling agents
as shown in Figure 11{b). It can induce the van
der Waals interactions between adsorbed TSGP
coupling agents in order to align against fiber
surface direction. In case of TSGP, close-packed
coupling agents may act as a stress transfer
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ical bonding contributing to IFSS between fiber and PC ma-
trix using (a) WDGP and (b) TSGP coupling agents.

Interphase

bridge between fiber and PC matrix by external
loading well and thus improved [FSS slightly
more compared to the WDGP case.

An interaction can also lead such a chernical
reaction, ie., imidation to form CONHCO group.
and crosslinking between amide groups in grafted
chains from 180°C to 220°C, to cause polarity
to decrease. This means that the surface property
of the carbon fiber may be changed from
hydrophilic to hydrophobic. Since water mole-
cules cannot easily access the interphase, strong
chemical bonding can also prevent the decom-
position of interfacial region between carbon fiber
and grafted PAAm. Hence, the breakage of the
interfacial bonding between fiber and water
molecules can be limited, and thus it may result
in the retention in IFSS.

Conclusions

The interfacial aspects of two-carbon fiber
reinforced PC composites using two model
WDGP and TSGP coupling agents are as follows:
The procedure to determine IFSS  between
carbon fiber and the thermoplastic PC matrix
was reproducible using fragmentation technique.
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Optimum conditions for the treatment of carbon
fiber were obtained as functions of treating time,
temperature, and initial concentration as well
as melting procedure. Although for two coupling
agents TFC specimens showed about in the range
of 55-70% improvement in IFSS compared to
the untreated case. these improvements were
comparaiive to each other. This may be because
of reaction between functional groups in the
carbon fiber and PAAm in the coupling agent,
and inter-diffusion in the interphase between PC
in backbone graft copolymer and PC matrix.
Remarkable improvements in IFSS observed for
two-type coupling agents could be qualitatively
explained in terms of the energy adsorption and
mechanisms of the intermolecular interaction
between adsorbed GP molecules for the WDGP
and TSGP cases, differently.
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