Influence of Fiber Wettability on the Interfacial Adhesion
of Continuous Fiber-Reinforced PPESK Composite
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ABSTRACT: Interfacial adhesion between fiber and ma-
trix has a strong influence on composite mechanical per-
formance: better interfacial adhesion can enhance composite
transverse properties, flexural properties, and interlaminar
shear strength, and so on. To exploit the reinforcement
potential of the fibers in advanced composite, it is necessary
to reach a deeper understanding on the relation between
fiber wettability and interfacial adhesion. In our experiment,
we study the influence of fiber wettability on interfacial
properties of fiber/PPESK composites by choosing three
kinds of fibers with different wettabilities. The relation

between fiber wettability and surface free energy was dis-
cussed, and the influence of fiber wettability on the interfa-
cial property of fiber/PPESK composites was analyzed.
Results indicate that higher surface free energy can enhance
the wettability between fiber and matrix, and the humid re-
sistance and interfacial adhesion can be improved at the
same time. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 102:
2544-2551, 2006
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INTRODUCTION

Fiber-reinforced composite is composed of resin and
reinforced fiber. Reinforced fiber determines the me-
chanical performance, and resin determines the heat
resistant property, chemical corrosion resistant pro-
perty, and process ability. Besides, composite mech-
anical performances are critically dependent on the
interfacial adhesion between fiber and matrix: better
interfacial adhesion can enhance composite humid
resistant property, transverse property, flexural prop-
erty, and interlaminar shear strength and so on. Fiber
wettability has a strong influence on the interfacial
adhesion between fiber and matrix: incomplete wet-
ting may produce interfacial defects and reduce the
IFSS by flaw-induced stress concentration. When fiber
surface free energy is high, the contact angle between
fiber and polymer solution is small, so fiber can be well
impregnated by polymer solution, as a result, the flaw
(voids forming during the process) can be reduced. On
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the other hand, better wetting can enhance the IFSS by
improving the work of adhesion, high surface energy
indicates that fiber contains more polar groups on
the surface, interfacial adhesion can be improved by
the strong interaction between resin and the polar
groups.'”

PPESK is a kind of novel thermoplastic (the structure
is shown in Fig. 1), compared with traditional thermo-
plastics_6 (such as: PEEK, PES, PEI), it has excellent
thermal resistance property (T, = 287°C), besides it can
be dissolved in usual solvents (such as DMAc, NMP,
and chloroform), thus fibers-reinforced PPESK com-
posite can be prepared through solution impregnation
technique. In our experiment, we study the influence
of fiber wettability on interfacial properties of fiber/
PPESK composites by choosing three kinds of fibers
with different wettabilities. Fiber surface chemical
composition was indicated by X-ray photoelectron
spectroscopy (XPS), surface free energies of the fibers
were characterized by Wihelmy method, and compos-
ite interfacial properties were indicated by humid re-
sistance property, interfacial mechanism test, and rup-
ture morphology analysis (SEM, scanning electron
microscope).

EXPERIMENTAL
Material

The matrix used in our experiment is poly(phthal
azione ether sulfone ketone) (characteristic viscosity,
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Figure 1 Structure of PPESK molecule.

n = 0.35; glass transition temperature, T, = 287°C).” 12

The structure is shown in Figure 1.

From Figure 1 we can see that PPESK molecular is
composed of rigid benzene and 4-(4"-hydroxyphenyl)-
2,3-phthalazin-1-one (DHPZ), linked together by
ether-bond and polar groups of ketonic and sulfonic.
Since noncoplanar twisted aramatic structure DHPZ is
introduced into the polymer backbone, the matrix
is endued with good solubility and novel thermal re-
sistance, thus fiber-reinforced PPESK composite can be
prepared through solution impregnation technique.
Solvent: DMAC, solution concentration (20 wt %), high
strength glass fiber (S-GF 250 dex) (dewaxing treat-
ment); carbon fiber (Toray: T700sc); aramid fiber
(Armos: F-12). The fibers used here were not treated
with any methods in our laboratory except dryness.
The properties of the fibers are listed in Table L.

Fiber surface element analysis

Fiber surface chemical composition was analyzed by
XPS (thermo ESCALAB 250) using AlKa photo beams
atnormal emission angle.

Fiber wettability

Fiber wettability is the reflection of surface free energy
which includes polar and dispersive component. In
our experiment, surface free energy of the fibers was
analyzed according to Wihelmy method, on a dynamic

contact angle analysis system (Cahn DCA-322) (as
illustrated in Fig. 2):

Fueasured = Friber — F Buoyancy +F Wetting (1)

Fwetting = v;p cos 0 2)
Yi(14cos0) =2 \/¥Ev) +2- /vy ©)

YTotal = 'Y}Z + YZ (4)

Fiyetting is the wetting force measured by the micro-
balance; p is the wetted perimeter; 0 is the dynamic
contact angle between fiber and liquid; vy, is the sur-
face tension of the testing liquid; yrow is the surface
free energy of the fiber; y! is the polar component;
and v¢ is the dispersive component.

In the experiment, a single fiber was mounted indi-
rectly to a wire hook suspended from a microbalance
and then immersed (emersed) into the test liquid by
raising the elevating stage with the test liquid reser-
voir. The force exerted on the fiber may be expressed
as the sum of the wetting, gravitational, and buoyancy
force, the measured force is given as eq. (1). By moving
the stage up to the fixed immersion depth at a constant
speed of 1 mm/min, a typical force-high plot (y) was
given schematically. The advancing and receding
dynamic contact angles (0) were calculated from
eq. (2). Fiber surface energies were calculated using
Owens-Wendt egs. (3) and (4).1213-17

TABLE I
Property of the Fibers

Fiber diameter

Property E (GPa) G (GPa) eute (%) p(g/ cm3) (um)
Glass fiber 81.3 3.44 4.8 2.5 15
Aramid fiber (F-12) 109 44 3.2 1.45 15
Carbon fiber (T700sc) 230 49 1.5 1.8 7
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Figure 2 Schematic of dynamic contact angle measurement.

Interfacial properties and humid resistance

Preparation of fiber /PPESK composite: PPESK was dis-
solved in DMACc solvent (20 wt %) and then continuous
fiber was impregnated with the low viscosity PPESK/
DMAC solution, and after removing the solvent, fiber/
PPESK composite was made by compression molding
technique.’'® Composite transverse property and inter-
laminar shear strength were carried out according
to GB3354-82 and GB3357-82 on Shimadzu universal
testing machine with a constant crosshead rate of
2 mm/min; at least seven specimens were tested for
each of the composite studied.
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Composite water absorption tests were carried as
follows: composites were cut into 100 mm x 60 mm
x 2 mm smaller pieces, then they were immerged into
boiling water(100°C), and the increase in weight of the
composites at a fixed interval time was measured.
Humid resistance properties were indicated by me-
chanical performance that remained after the compo-
sites were immerged into boiling water (100°C) for 48 h.

Morphologies of composite interlaminar shear rup-
tures were characterized using a JSM-5600LV scanning
electron microscope (SEM), the failure mechanisms of
the composites were analyzed from the SEM pictures.

RESULTS
Surface composition

The surface chemical composition of the fibers was
obtained from the fiber surface by XPS analysis (Fig. 3),
and the element concentration on fiber surface were
estimated from the corresponding peak areas (Table II).
From Figure 3, we can see that all of the three fibers have
high C(~280 eV), and O(~530 eV) content, however the
015/ Cy; of the fibers are different, among the fibers car-
bon fiber has the highest O;5/Cy ratio (about 0.26),
while aramid fiber and glass fiber are relatively lower.

40000 - ( b )

30000

ity

200004

Intens

100004

P asmpannd
04

0 200 400 600 800 1000 1200
Binding energy{eV)

Figure 3 Surface chemical composition of the fibers (a) glass fiber; (b) aramid fiber; and (c) carbon fiber.
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TABLE II
Surface Element Content of the Fibers (%)
C (@) N Si
Glass fiber 78.7 19.75 0 1.55
Aramid fiber 80.18 16.46 2.57 0.79
Carbon fiber 78.36 20.44 0 1.2

We take a further analysis of the functional groups
(—C—OH or —C—0O—R, C=0, —COOH  or
—COOR) on the surface of the fibers (Fig. 4), and
the content of the functional groups were calculated
from the peak areas (Table III). From Figure 4(a)
(glass fiber), we can see that a single peak at 284 eV
is due to C—C(H) group (content 98.1%); small polar
group can be seen on the glass fiber surface. From
Figure 4(b) (aramid fiber), the peak at 283.7 eV is due
to C—C(H) group (58.4%), and the peak at 285.8 eV
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might correspond to —C—N— (39.0%); the ratio of
polar/nonpolar is 0.71. From Figure 4(c) (carbon
fiber), the peak at 284.5 eV is due to C—C(H) group
(19.4%), the peak at 286.3 might correspond to
—C—N— group (54.5%), and the peak at 287.5 eV is
considered to be C=O group of simple carbonyl
compounds (26.1% ), and the ratio of polar/nonpolar
is 4.16. From the above analysis, we can conclude
that the surface polarity of aramid fiber and carbon
fiber is greater than that of glass fiber.

Surface free energy of the fiber

The contact angles were derived using a Cahn dynamic
contact angles analysis system, and surface free ener-
gies were calculated using eqgs. (3) and (4) and the
results are listed in Table IV.
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Figure 4 Surface functional groups of the fibers (a) glass fiber; (b) aramid fiber; and (c) carbon fiber.
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TABLE III
Functional Groups on Fiber Surface

Functional group (%)

| | | | O
== ==N— s =)= Il Il
I I | | =i ===
Fibers 284 (eV) 285.8 (V) 286 (eV) 287 (eV) 289 (eV)
Glass fiber 98.1% 0 0 0 1.9%
Aramid fiber 58.4% 39.0% 0 0 2.6%
Carbon fiber 19.4% 0 54.5% 26.1% 0

The polarity of the fiber can also be indicated by the
surface free energy, which is equal to the figures of the
work required to form a new unit surface when sepa-
rating two phases that remain in equilibrium in a re-
versible isothermal process. From Table IV, we can see
that the surface free energy of aramid fiber and carbon
fiber are 34.6 and 38.9 mN/m, while glass fiber is only
242 mN/m, as can be seen the surface polarity of ara-
mid fiber and carbon fiber is higher than that of glass
fiber, the result agrees with the XPS analysis. The dif-
ference of the surface free energies is due to the differ-
ent surface treatment of fibers. During fiber prepara-
tion, sizing is often used to protect fibers. Generally,
glass fiber is treated with paraffin emulsion, carbon
fiber is treated with diluted epoxy resin solution, and
aramid fiber is mainly treated with aliphatic ester, un-
saturated ester, aromatic ester, aliphatic ester salt, and
amine.'*'*? Though glass fiber used in our experi-
ment has been dewaxed, substantial amount of nonpo-
lar group can be seen from XPS analysis, so the surface
free energy is low. Carbon fiber and aramid fiber have
been sized, there are many polar groups on fiber sur-
face, so the surface free energy is relatively higher.

DISCUSSION
Fiber wettability

When a drop of liquid comes into contact with an
ideally smooth solid surface, a three-phase equilibrium
among the solid, liquid, and vapor can be observed.
The equilibrium is described by Young’s equation:

Y1 €cos0 = v, — vy 5)

Where 0 is the contact angle; y; is the experimentally
determined surface tension of the liquid; s is the sur-
face free energy of the solid, and v, is the solid-liquid
interfacial energy. Surface free energy can be divided
into two parts: polar part and dispersive part.

(6)

Polar part result from the molecule interaction due
to Keesom Polar contribution (hydrogen bonding and
dipole-dipole interaction etc.) and dispersive part is
due to the London dispersion forces.

Solid-liquid interaction can be expressed by Owen-
Wendt equation which includes polar and dispersive
interactions:

=7+

d d)1/2

Ya = Vs + 1 — 207DV = 2(vy @)

The thermodynamic work of adhesion between fiber
and solution (W,) is also a measure of the interaction
between two phases. It is given by the work required to
separate reversibly the interface between two phases
from their equilibrium to infinity. The energy balance
is given by Dupre’s equation:

8)

By substitution of vy in Dupre’s eq. (8) by eq. (7), the
work of adhesion with its polar and dispersive compo-
nents becomes'>?":

Wo=v,+v —va

W, = 2| (v + ()2 )

From eq. (9) we can see that the thermodynamic
work of adhesion (W,) is determined by the surface

TABLE IV
The Dynamic Contact Angle and Surface Free Energy of the Fibers

Contact angle Contact angle v d Yiotal

Sample with water with n-octane (mN/m) (mN/m) (mN/m)
Distilled water - - 51.0 21.8 72.8
n-octane - - 0 21.8 21.8
Glass fiber 81.2 80.0 16.7 7.5 24.2
Aramid fiber 68.2 52.8 20.6 14.0 34.6
Carbon fiber 62.7 72.8 29.8 9.1 38.9
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free energy (y) of the fibers, when surface free energy is
higher the work of adhesion is bigger, as a result fibers
can be well impregnated by solution. From fiber sur-
face chemical composition and surface free energy
analysis, we can see that the surface polar group of car-
bon fiber and aramid fiber is higher than that of glass
fiber, besides the surface free energy of aramid fiber
and carbon fiber is 34.6 and 38.9 mN/m, while glass
fiber is only 24.2 mN/m, so the wettabilities of aramid
fiber and carbon fiber are better than that of glass fiber.

Composite humid resistance property

High surface free energy can enhance fiber impregna-
tion, as a result fiber will be adhered to resin tightly
with little flaw in the interface, so composite humid re-
sistance property can be improved. In fiber/compo-
sites, moisture absorption depends on the properties of
matrix” fibers” and interfacial adhesion. In fiber/
PPESK composite, both of the fibers and resin have
lower water absorption, moisture permeates into com-
posite through the interface rather than through the
resin matrix or fiber. So moisture absorption can reflect
the interfacial flaw of the composites indirectly.”*
The moisture absorptions of three composites are indi-
cated in Figure 5.

From Figure 5, we can see that the moisture absorp-
tion velocity of glass fiber composite is the fastest, wher-
as carbon fiber and aramid fiber composites are rela-
tively slower. At the end of the experiment, glass fiber
composite absorbs more water (about 1.63 wt %) than
aramid fiber and carbon fiber composites (1.18 and 0.93
wt %). The fastest moisture absorption velocity of glass
fiber composite indicates that moisture can permeate
through the interface easily, which means that the inter-
facial adhesion of glass fiber and matrix is poor; while
the moisture absorption velocity of carbon fiber and ara-
mid fiber is relatively lower, which means both of the
two composites have a good interfacial adhesion, and
they can resist moisture permeation effectively.

When water permeates into the interface, interfacial
adhesion will be destroyed or even debonded, so the
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Figure 5 Moisture absorption of the composites.
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Figure 6 Humid resistant property of the composites.

mechanical performance of the composites will
decrease (Fig. 6).

Figure 6 shows the mechanical performance after the
composites were immerged into boiling water (100°C)
for 48 h. From Figure 6, we can see that the loss of their
mechanical performance is little, composites exhibit
excellent humid resistant properties. However, ILSS is
sensitive to humid influence, after exposing to humid
condition, ILSS of aramid fiber and carbon fiber com-
posites drops to 16 and 13%, respectively, glass fiber
composite drops to 36%. The flexural strength of car-
bon fiber and aramid fiber composites remain 94 and
83%, and glass fiber is merely 78%. Based on the rela-
tion between interfacial adhesion and humid resist-
ance properties, it can be concluded that the carbon
and aramid fiber composites have better interfacial ad-
hesion than glass fiber composites.

Interfacial properties of fiber/PPESK composites

When composite suffers form load, the stress distribu-
tion on the fiber and matrix satisfies the Kelly-Tyson
the01ry.27’28 Based on the theory, if a constant load loads
on a nonfailing fiber fragment (with a diameter D and
length L), the interfacial shear stress along the fiber is
given by eq. (10):

_DG

T

(10)
When interfacial adhesion is strong, destruction of the
composite will take place in matrix near the interface,
with resin adhesive on fiber surface. While interfacial
adhesion is weak, fibers will be peeled off from matrix,
the fiber is clean, with little resin adhesive on the sur-
face. The morphology of composite interlaminar shear
ruptures is indicated in Figure 7.

From the photographs (Fig. 7), we can see that rup-
tures of different composites are obviously different.
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Figure 7 Morphology of interlaminar shear ruptures for (a) glass fiber; (b) aramid fiber; and (c) carbon fiber.

From the photograph of glass fiber composite
[Fig. 7(a)], fibers are loosely held by matrix and the
clean fiber surface indicates weak fiber /matrix interfa-
cial adhesion, the destruction takes place on the inter-
face between fiber and matrix. Conversely, aramid
fiber and carbon fiber ruptures show [Figs. 7(b) and
7(c)] considerable matrix deformation together with
fibers that are tightly held by the matrix. The primary
failure mode in aramid fiber and carbon fiber compo-
sites is matrix failure. So, the interfacial adhesion of
aramid fiber and carbon fiber composites are better
than that of glass fiber composite.

The ILSS and transverse properties are shown in Fig-
ure 8. From the figure, we can see that the ILSS aramid
fiber and carbon composites are 61.8 and 60.8 MPa,
while glass fiber is only 45.0 MPa, besides, the trans-
verse properties of aramid fiber and carbon fiber com-
posite are relatively higher than that of glass fiber com-
posite; aramid fiber and carbon fiber composites have
better interfacial adhesion than glass fiber composite,
the result agrees with our analysis above.

CONCLUSIONS

Fiber wettability has a strong influence on composite
mechanical performances; surface free energies of car-
bon fiber and aramid fiber are higher than that of glass
fiber; higher surface free energy can enhance the wett-
ability between fiber and matrix and reduce interfacial

flaws, and the humid resistance and interfacial adhe-
sion performance can be improved at the same time.
SEM of the ruptures indicate that the primary failure
mechanism of carbon fiber and aramid fiber composite
is matrix failure, and glass fiber composite is interfacial
failure, aramid fiber and carbon fiber composite have
better interfacial adhesion than glass fiber composite.
So the improvement of fiber wettability is a convenient
way of improving the mechanical performance of
fiber /thermoplastic composite.
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Figure 8 Transverse properties and ILSS of three different
composites.
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