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SYNOPSIS

To exploit the reinforcement potential of the fibers in advanced composites, it is necessary
to reach a deeper understanding on the interrelations between fiber surface chemical and
energetic characteristics, wetting properties, and mechanical performance. In this study
CF/EP was chosen as a model thermoset composite material, whereby a hot-curing epoxy
(EP) system served as the matrix. The fibers selected were PAN-based high-tenacity carbon
fibers (CF) of varying surface treatment level and/or coating. Surface free energies for the
carbon fibers were determined by dynamic contact angle measurements in a variety of test
liquids of known polar and dispersive surface tension utilizing a micro-Wilhelmy wetting
balance and following the methods proposed by Zisman and Owens and Wendt, respectively.
Surface treatment resulted in an increase of the polar fraction of the fiber surface free
energy, whereas its dispersive part remained unaffected. The interfacial shear strength
(IFSS) as determined in the microdroplet pull-off test was enhanced both by intensification
of the surface treatment and sizing the CF with an EP component. A linear relationship
between IFSS and the polar fraction of the fiber surface free energy v* was found. Further
attempts were made to find correlations between surface free energy of the CF and laminate

strengths measured in shear and transverse tension. © 1996 John Wiley & Sons, Inc.

INTRODUCTION

The mechanical performance of composites is de-
termined mainly by the composition and arrange-
ment of their constituents, i.e., matrix and rein-
forcement, involving parameters such as fiber vol-
ume fraction, fiber aspect ratio, fiber orientation, as
well as strength and moduli of matrix and fibers,
respectively. Considering the volume-related contact
surface of the fibers (6-10 um in diameter) being in
the range of 10° to 106 m?/m? for advanced com-
posite materials (fiber volume fraction 40-60%),*
the dominant role of the interface becomes obvious.
To utilize the full potential of the reinforcing fibers,
both perfect impregnation (or wetting) and for-
mation of strong bonds have to be guaranteed for
reliable materials in structural applications. On the
other hand, a weak interfacial link providing in-
creased toughness by promotion of pull-out effects
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can be desirable and beneficial for energy-absorption
purposes, e.g., crash elements for bumpers. There-
fore, even “interface-tailoring” upon strength/
stiffness and/or toughness requests seems not to be
unrealistic, but this can only happen based on a
comprehensive knowledge of the nature and char-
acteristics of the interface.

The adhesive bond itself may, in principle, be due
to chemical (covalent), physical (including acid—
base type), or mechanical (interlocking or anchor-
ing) interactions across the interface. Adhesion
phenomena are not only very complex, but they are
also not fully understood yet from a scientific point
of view. So, in respect to carbon fibers (CF) and
epoxy resin (EP), one has, e.g., to take into account
(a) both the microstructure and chemistry of the
CF surface and (b) possible reactions of the matrix
components (resin + curing agent) with functional
groups at the CF surface.??

When CFs first became available, the bonding
between the fibers and the matrix resins used was
poor.? This fact relies on the heterogeneous buildup
of CF consisting of layered aromatic planes (plate-
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lets).> The various structural models for CF have
been reviewed by Hiittinger et al.2 The “classical”
description (see Fig. 1) shows differences in the de-
gree of orientation of platelets in the core and skin
regions (the latter having a more ordered structure
with preferred orientation parallel to the fiber
surface®). Considering the chemically potential ac-
tive sites on a graphite crystal that may contribute
to adhesion, they can be found on edges of the basal
planes, structural imperfections, or lattice defects.®
The basal crystal surfaces of fully bonded carbon
atoms are chemically inert. Therefore, the reactivity
of a CF is greatly dependent on the (dis) order of its
structure; in other words, the more graphitic and
aligned the surface, the less is the affinity for chem-
ical bonding.” That is the reason why all commercial
CF's are available in surface-treated form. In prin-
ciple, all the proprietary surface treatments, i.e., dry
gaseous, wet chemical, electrolytic (anodic), or
plasma treatment oxidation processes, are of an ox-
idative nature.” As a result, four major possible
mechanisms contributing to the fiber /matrix bond
are triggered: (i) removal of surface contaminants
which may inhibit wetting of the fiber or block active
sites; (ii) removal of weak boundary layers, provid-
ing a mechanically sound surface which the resin
molecules can adhere; (iii) microroughening of the
surface to increase contact area and promote me-
chanical anchoring effects; and (iv) production of
chemically or physically active sites (owing to the
attack of faulty surface areas in the basal planes)
to bond with the polymer matrix.»*®

During recent years, extensive research activities
have been devoted to the question of which one of
the above-listed mechanisms is responsible for an
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increased fiber /matrix bond strength for surface-
treated CFs. Nevertheless, the results are contra-
dictionary: In particular, it is not clear whether the
chemical bond on its own is the relevant and dom-
inating mechanism in CF/EP composites. Inter-
ested readers on this topic are addressed to Refs. 3,
4, 6, and 9-13. In summary, all the articles agree
that (i) in most cases an increase in the surface
functionality (oxygen-containing functional groups)
is accompanied by an increase in surface area, which
makes the differentiation of these two factors dif-
ficult.”'? Whatever type of surface treatment is used,
the number of chemical bonds is limited by the
number of reactive sites available (““active surface
area’ ). The active surface is controlled by the phys-
ical structure of the fiber (graphitization and ori-
entation) and its microtopography.” (ii) The main
functional groups produced by standard surface-
treatment techniques are carboxyl (COOH), car-
bonyl (CO), and hydroxyl (OH),*® all of acidic na-
ture. The strongly acidic carboxylic groups exhibit
a stronger interaction with materials of alkalic
character than the other groups present on the CF
surface and thus are the ones principally responsible
for adhesion to basic polymers.* In general, it can
be stated that improvements in the adhesion will
always depend on both the fiber and matrix material
used and on the particular surface treatment applied.

A surface treatment process generally consists of
a surface cleaning (and activating) step which may
be followed by the application of a “finish,” “cou-
pling,” or “compatibility” coating or sizing.! The
intended function of this size, i.e., usually an epoxy
without a hardener for EP matrices, is to improve
the handling of the tow and to decrease surface
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Figure 1 Structure model of PAN-based high-
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damage to the fibers during industrial operations.
Although controversially discussed, it has been re-
ported that the presence of a finish may improve
the wetting performance of the fiber by the matrix
resin and protect its surface reactivity.*”!® It was
also suggested that the structure of the sizing resin
and even its deposition technique affects the wet-
ting.’®17 The effect of hydrogen bridging and even
of stable covalent bonds with surface active groups
has been found to be responsible for the wetting
performance.*!? Anyway, the presence of sizings or
coatings on CF's suggests that the interphase (which
exists in three dimensions) concept is correct rather
than the interface (two-dimensional) approach. As
it is dissimilar to the bulk matrix material in stoi-
chiometry and thus mechanical properties, '8 it may
affect essentially the mode of failure in composites.'®
A variety of more or less complex schemes on such
interphases is proposed in the literature, e.g., by
Drzal®*® and Hughes,’ but the most comprehensive
model is given by Matsui® (see Fig. 1). Here, not
only active surface sites and matrix functional
groups are considered, but also sizing, adsorbants,
and wetting performance are taken into account.

Adhesion between fiber and matrix cannot be
achieved without intimate contact, i.e., unless the
fiber surface contacts the resin on a molecular level.®
Then, the molecules will undergo motions toward
preferred configurations to reach an absorptive
equilibrium. This results in the formation of a diffuse
interphasial zone and /or chemical bonds across the
interface.! Thermodynamic wetting is thus a nec-
essary but not a sufficient prerequisite for adhesion.
It was the aim of this study to correlate fiber surface
properties to the mechanical properties of compos-
ites in both micromechanical and macromechanical
scale.

THEORETICAL CONSIDERATIONS

Thermodynamics of Wetting

When a drop of liquid comes into contact with an
ideally smooth, homogeneous, planar, and nonde-
formable surface, either a thin wetting film or a drop
under a finite angle forms on the solid surface. This
three-phase equilibrium boundary among the solid,
liquid, and vapor is described by Young’s equation
that relates the static contact angle 6 to the various
interfacial tensions (see Fig. 2):

Yweos 0 = v, — va (1)
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Figure 2 Force equilibrium for a sessile drop.

where v,,, Y5, and v, are the interfacial free energies
of the liquid/vapor, solid /vapor, and solid/liquid
interface, respectively.

The contact angle is used as a measure of the
degree of attraction of the liquid for the substrate.
If the contact angle is 0° or less than 90°, the liquid
is said to spread on or to wet the substrate, respec-
tively. If it is greater than or equal 90°, the liquid/
solid interaction is termed to be nonwetting.

Adsorption of a vapor on a liquid or on a solid
will change the surface tension of this substrate.
Generally, adsorption will occur when the condensed
vapor has a surface tension similar to or lower than
the substrate. The equilibrium spreading pressure
of the vapor on the substrate =, is defined as

Te = YS — Ysv (2)

where s stands for the surface tension (or surface
free energy ) of the substrate (solid or liquid) in vac-
uum and #g, is its interfacial tension in equilibrium
with the saturated vapor of the wetting liquid.'®

When a liquid absorbs its own vapor phase, its
surface tension will remain unchanged, i.e., v, = ;.
For relatively low energy solids, there is negligible
adsorption of the liquid vapor phase onto the solid
surface, . diminishes, and v, = v,.2° Therefore, eq.
(1) may be rewritten:

710080275—73[ (3)

The thermodynamic work of adhesion (W,) is also
a measure of the interaction between two phases,
i.e., the greater the work of adhesion, the greater
the interfacial attraction. It is given by the work
required to separate reversibly the interface between
two phases from their equilibrium to infinity, i.e.,
for generating the solid/vapor and the liquid /vapor
interfaces (>0) and eliminating the solid /liquid in-
terface (<0). This energy balance is given by
Dupré’s equation:

Weo=v+v—va (4)
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Inserting Young’s equation [eq. (3)], W, is given
by the Young-Dupré equation:

W, = v,(1+ cos 0) (5)

The various molecular attractive forces are assumed
to be linearly additive. Both the work of adhesion
and the surface tension can, therefore, be separated
into two terms!®:

W,= Wi+ W2 (6)
vy =0t yP (7)

where the superscript d refers to the contribution
due to London dispersion forces which are common
to all materials, while p relates to the Keesom polar
contribution, largely made up of hydrogen bonding
and dipole-dipole interactions.?’ So, the total surface
free energy of the solid surface and the liquid can
be simply expressed by v, = v¢ + v2 and v, = ~¢
+ ~7. The interfacial tension between the solid and
the liquid is assumed to be equal to the geometric
mean, ' i.e.:

Yo = ¥s + v = 2(v§v)? - 2(v81)7 (8)

Similar equations were also proposed empirically by
Owens and Wendt?! and Kaelble et al.?? When the
polar term is neglected, eq. (8) is known as the
Fowkes equation.?

Although the harmonic mean approach is re-
ported to be superior in predicting the interfacial
tensions of polymers and low-energy materials, *° the
geometric mean method has been successfully ap-
plied for surface treated CF substrates, e.g., by
Hammer and Drzal.?* By substitution of v, in
Dupré’s eq. (4) by eq. (8), the work of adhesion
with its dispersive and polar components becomes

W, =2[(v$vD) 2 + (vEvD) /%] (9)

Fiber Surface Free Energy Analysis

Surface energetic analyses of fibrous materials are
based on the determination of contact angles in
wetting studies with liquids of known surface ten-
sions. In general, contact angles can be determined
either directly by optically observing the shape of a
liquid droplet attached to a monofilament (e.g., Ref.
20) or indirectly via measurement of the force re-
quired to immerse (or emerse) a single monofila-
ment into (or from) a liquid of known surface ten-
sion at constant velocity (e.g., Ref. 24). However,

the measurement of contact angles for the wetting
of cylindrical filaments of the order of 10 um requires
a more sophisticated approach than is necessary for
simple planar surfaces.

Critical Surface Tension

The concept of critical surface tension vy, was first
proposed by Zisman? who found a linear relation
between the cosinus of measured contact angles 6
and (known) v, for a series of homologous testing
liquids on a solid. When nonhomologous liquids are
used, however, the data are often scattered.'® The
so-called Zisman plot shows cos 8 vs. vy, where the
intercept of the line at cos 6 = 1 is identified as the
critical surface tension v.. The critical surface ten-
sion equals the total surface free energy v; of the
liquid which just spreads on the solid, i.e., that just
exhibits a zero contact angle. Referring to Young’s
equation,

Y= Ye=Ys — Vu (10)

It is indicated that <. is smaller than vy, by the
amount of 4. Furthermore, the spreading pressure
7. 18 not taken into account. Therefore, v, will vary
with the testing liquids used and tends to be more
or less smaller than v,.!® In summary, v, values must
be used with caution.

Polar/Dispersive Surface Free Energy Analysis

Combining eq. (9) with eq. (5) yields, in accordance
to Owens and Wendt*' and Kaelble et al.,?? a linear
equation in the form of y = mx + b with the slope
“m’ and intercept “b” given by the square root of
the polar and dispersive components of the solid
surface free energy, such as

v(1 + cos §) _ v—p(_@) P 1
2@ Ys m Ys (11)

where v, v§, and v} have to be known for the test
liquids used to contact the surface of interest and
the apparent contact angle 8 is measured.

Wetting and Adhesion

From the theoretical point of view, wetting can affect
adhesion in two ways: First, incomplete wetting will
produce interfacial defects and thereby lower the
adhesive bond strength by flaw-induced stress con-
centrations. Second, better wetting can enhance the
adhesive bond strength by increasing the thermo-



dynamic work of adhesion, which is directly pro-
portional to the fracture energy of the adhesive bond.
However, these two models are not always compat-
ible.!®

Wetting and Interfacial Defect

Due to local material inhomogeneities, random mi-
croscopic voids and flaws may arise during wetting
of a substrate by an adhesive. The driving force for
the wetting of these defect sites is the spreading coef-
ficient A of a liquid (adhesive) on a solid (adher-
end)!®:

At = Y~ Ys — Vsl (12)

On the base of linear-elastic fracture mechanical
considerations, in particular, the Griffith criterion
for adhesive fracture under plane stress conditions,
and assuming that the average size of an unwetted
interfacial defect is related to A,, Wu'® proposed that
wettability is directly related to the mechanical
strength o; of an adhesive bond as follows:

Koys
oy = —m¥s_ (13)
Yi + Vst

where K,, is a function of the mechanical properties
of the system taking into account Young’s modulus
E and fracture energy G, i.e., the energy required to
separate one unit interfacial area. For a given ad-
hesive on a series of adherends, 7, remains un-
changed, further providing that the mechanical pa-
rameter K,, is constant and assuming that v, > v,
of ~ v, Therefore, eq. (13) may be rewritten as

a5 = K(v§ + 79), (14)
or, by using eq. (5) for v, as
;= K;(1 + cos 8) + K, (15)
where K, K;, and K, are constants.

Wetting and Fracture Energy

As pointed out by Wu,!® the fracture energy is di-
rectly proportional to the work of adhesion and given
as the sum of thermodynamic work and work for
local material plasticization. Since the latter con-
tribution is a viscoelastic quantity, the fracture en-
ergy on the whole is dependent on rate, temperature,
and loading mode. At zero-rate, viscoelasticity ef-
fects are diminishing, the separation process will be
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reversible, and the equilibrium fracture energy is
equal to the work of adhesion. Thus, the adhesive
bond strength should increase with increasing work
of adhesion. Again, for a given adhesive on a series
of adherends, viscoelasticity contributions should be
similar, and the adhesive bond strength should
therefore be proportional to the work of adhesion.®

EXPERIMENTAL

Materials

As a model thermoset matrix material, a hot-curing
epoxy (EP) system (bisphenol-A-based resin Araldit
LY 556; anhydride hardener HY 917, 90 phr; het-
erocyclic amine catalyst DY 070, 1 phr; all of them
from Ciba, Basel, Switzerland; curing cycle: 4 h/80°C
+ 8 h/120°C) was selected. To determine the effect
of surface treatment and sizing on both the individ-
ual fiber-surface properties and the mechanical per-
formance of composites, two series of PAN-based
high-tenacity carbon fibers (CF), each of them of
one batch and only varying in the surface treatment
and/or kind of sizing, were chosen: The fibers sup-
plied by Idemitsu Kosan (Chiba, Japan) only varied
in the intensity of surface treatment, i.e., “no,”
“mild,” “usual,” and “severe” levels, whereas the
standard surface-treated types provided by Tenax
Fibers (Wuppertal, Germany) did in their surface
finish. The designations “HTA 5001,” “HTA 5131,”
and “HTA 5411” stand for standard surface treat-
ment and no sizing, 1.25 wt % EP-sizing, and 0.15
wt % antistatic agent, respectively. As a reference,
the non-surface-treated and unsized “HTA 5000
was used. In addition to these modifications, “HTA
5411B” indicates coating of the standard-treated
5411 version with a high-temperature resistant mold
release agent, Acmosan 82-60, provided by Acmos
Chemicals (Bremen, Germany).?® The fiber diameter
was determined by scanning electron microscopy
(SEM) for all types to be 7 um. Since only the stan-
dard surface-treated Tenax types were available in
a scale sufficient for manufacturing composite lam-
inates and tubes, the macromechanical test methods
were confined to the HTA 5411B, HTA 5411, and
HTA 5131/EP systems.

Wetting Studies
Test Liquids

The total surface free energies v, of all test liquids
to be used in the fiber wetting studies (bromonaph-
thalene, formamide, glycerine, distilled water, and
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Figure 3 Schematic of a micro-Wilhelmy balance.

an ethylene glycol/formamide mixture) were deter-
mined following both the Wilhelmy plate (5 mm/
min) and the DuNouy ring (1 mm/min) methods.
These techniques are described and reviewed, e.g.,
in [19]. Experiments were performed using the
Sigma 70 surface tension/contact angle meter of
KSYV Instruments (Helsinki, Finland), which is, in
principle, a computer-driven electro-microbalance
(max. resolution 0.05 uN) that allows measurements
to be made in the equilibrium or dynamic mode, ad-
vancing or receding. Test parameters (such as speed,
immersion depth, and number of cycles), data ac-
quisition (e.g., rate and trigger), and data reduction
are all on-line software-controlled with possible
postprocessing. For any liquid, tests were repeated
at least five times, each run itself consisting of 10
cycles.

Dynamic Contact Angle Analysis

Contact angles on thin fibers are best determined
as dynamic ones, i.e., advancing and receding, by
the tensiometric method, the so-called micro-Wil-
helmy technique. Other methods such as via the di-
rect tangent are often not or only hardly suitable.!®
In principle, a single filament is suspended from a
microbalance and then immersed (emersed) into
(from) the test liquid by raising (lowering) the ele-
vating stage with the test fluid reservoir. A schematic
of the experimental setup is depicted in Figure 3.

The force excerted on the fiber may be expressed
as the sum of wetting, gravitational, and buoyancy
forces.?” Therefore, the more general form of the
Wilhelmy relationship® for the measured force F is
given as

F = vwD cos ¢ + myg — p,8yAs (16)

and considers the weight in air of the fiber, usually
tared out in the experiment, and the buoyancy force,

which must be considered if there is anything other
than zero immersion (D, A;, and m; are the fiber
diameter, cross-sectional area, and mass, respec-
tively; g represents the gravitational constant, p,
stands for the density of the test liquid, and y is the
immersion depth). Once these additional contribu-
tions are accounted for, the relationship is reduced
to

F=+vymD cos ¢ 17

Since F, v,, and D are either known or independently
evaluable, cos ¢ can be calculated from eq. (17). Al-
though, here, no terms related to viscous effects are
considered, it is satisfactory as wettability measure-
ments are usually performed with low viscosity lig-
uids.?®

In detail, the filaments (max. 10 mm “free,” un-
suspended length) were mounted indirectly to a wire
hook suspended from the measuring arm of the
above-mentioned microbalance, trying to avoid any
fiber damage or contamination. Then, after taring
the balance, the liquid was raised until first contact
with the fiber (setting of zero immersion depth) and,
in order to exclude end effects, the fiber was im-
mersed another 2 mm. By further moving the stage
up to 9 mm fiber immersion depth and down again
at a constant speed of 1 mm/min, typical F vs. y
plots as given schematically in Figure 4 were re-
corded. The buoyancy effects were ruled out auto-
matically (software) by extrapolation of the exper-
imental traces within the given immersion depth
range back to the zero value, whereby the first and
last 1 mm of immersion are ignored. The intercepts
of those extrapolation straights lines with the load
axis yield the pure wetting forces F, and F,, where
a means advancing and r receding, i.e., the immer-
sion or emersion direction. Therefore, advancing (¢,)
and receding (¢,) dynamic contact angles may be
calculated from eq. (17). The apparent hysteresis
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Figure 4 Wetting force-immersion depth-trace (1 cy-
cle).



effect (see Fig. 4) may be explained by local surface
inhomogeneity effects such as roughness and con-
taminants (e.g., Ref. 30) and is reported to be also
velocity-dependent.?® This results in the fact that it
is obviously not easy to predict the stationary con-
tact angle ¢ from ¢, and ¢,. Therefore, this value is
defined, according to Tkada et al.,** via the arithmetic
mean of their cosini, because these values are di-
rectly proportional to F, and F, [see eq. (17)]:

cos ¢ = (cos ¢, + cos ¢,)/2 (18)

However, it is not clear whether or how ¢ correlates
with the equilibrium contact angle 6. At least five
tests of three cycles each were performed for all fi-
ber/test liquid systems; one fiber was only contacted
with one fluid in order to preclude artificial changes
of the fiber surface chemistry and cross contami-
nation of the test liquid.

CF/EP Droplet Formation

Contact angles « of cured epoxy resin droplets sym-
metrically formed on single filaments were examined
by SEM applying the direct tangent method. As has
been reported by Wu that these contact angles may
be dependent on the droplet size,'® only specimens
were used where the fiber “embedded” (or micro-
droplet) length was similar, i.e., in the range between
40 and 50 pm. The average EP droplet angle a for
each fiber type was determined using at least five
specimens and all four individual angles each.

Micromechanical Composite Characterization

Single-fiber model specimens for the microdroplet
pull-off tests were cured in a heating chamber (80°C/
4 h + 120°C/8 h/oven-cooling), always using a vac-
uum-degassed EP resin. This testing technique, de-
scribed, e.g., by Miller et al.3! and schematically de-
picted in Figure 5, was performed using a specially
designed and home-built microtensile testing ma-
chine equipped with highly precise load (full range:
1 N) and displacement (full range: 10 mm) trans-
ducers. This device allows the tests to be visually
monitored by stereo light microscopy. Pull-out speed
(0.5 mm/min) and fiber free lengths (7-8 mm) were
kept constant in order to achieve similar conditions
in terms of stored elastic energy (mainly in the fiber
free length) for interface failure initiation and prop-
agation. Load-displacement curves were monitored
on an x-y plotter. Interfacial failure occurred when
the applied force reached the maximum value Fp,,,
and dropped subsequently.
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Figure 5 Microdroplet pull-off test.

The apparent interfacial shear strength IFSS (r;)
value was calculated for at least 30 samples by

7i = Fray/TDL (19)

where F,,,, is the maximum tensile load and D and
L, the fiber diameter and embedded fiber length (de-
termined by SEM), respectively.

To maintain the validity of this shear-stress cri-
terion, tests were conducted on specimens where the
embedded fiber lengths were considerably beneath
100 pm.?® Microscopic observations in situ during
the tests and typical force-displacement-traces as
also depicted in Figure 5 indicated that interfacial
failure occurred abruptly along the whole embedded
fiber length—therefore, shear-stress-controlled.

Macromechanical Composite Characterization

Flat unidirectional laminate plates and hoop-wound
tubular specimens were produced by wet filament
winding of two rovings (12 k/800 tex) on a flat plate
or a cylindrical mandrel, respectively. Their con-
solidation occurred in an autoclave (vacuum + 0.7
MPa) or a heating oven following the recommended
curing cycle (80°C/4 h + 120°C/8 h/oven-cooling).
More detailed information related to the fabrication
and quality control of flat and tubular specimens is
given by the authors in a recent publication.?

Tensile and torsion tests were carried out on tu-
bular specimens using a tension/compression and
torsion (“T/CT”) Suter (Basel, Switzerland) uni-
versal testing machine. The strength values in
transverse tension and shear gained by this testing
technique are reported to be the most reliable ma-
terial properties available.?® Furthermore, transverse
tensile tests on flat laminates were performed on
edge-polished specimens according to the ASTM D
3039 standard; interlaminar shear strength (ILSS)
was determined by short-beam shear testing (ASTM
D 2344, support span-to-depth ratio of 4). All tests
on laminate specimens were conducted on a Zwick
1474 universal testing machine.
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Table I Comparison of Experimental Test Liquid Surface Tensions with the Literature Values

Experimental Literature
Wilhelmy DuNoiiy v P ¥¢ (v8/vH°? Data
Test Liquid ~; (mN/m) v: (mN/m) (mN/m) (mN/m) (mN/m) (/) Reduction

Bromonaphthalene 42.7 43.9 44.6 0.0 44.6 0.00 Oo&wW
Ethylene glycol/

formamide 50.5 49.6 50.5 ZIS
Formamide 58.0 58.1 58.3 26.0 32.3 0.90 ZIS
Glycerine 62.6 62.0 63.4 25.9 37.5 0.83 0O&W/ZIS
Distilled water 71.1 70.4 72.8 51.0 21.8 1.53 O&W/ZIS

RESULTS AND DISCUSSION

Surface Tension of Test Liquids

In Table I, both literature values and experimental
results are given for the test liquid surface free ener-
gies v, Furthermore, it is indicated which liquid was
used for which fiber surface free energy analysis
method, i.e., either the Zisman (ZIS?*) or the Owens
and Wendt (O&W,?! similar to Kaelble et al.??) wet-
ting angle data reduction.

In summary, good correspondence turns out be-
tween the experimental techniques themselves
(Wilhelmy plate and DuNouy ring methods), on the
one hand, and the literature references (e.g., Ref.
24), on the other. For this confirmation of experi-
mental results, and as the surface tension is tabu-
lated in its polar and dispersive fractions, the lit-
erature values were used henceforth rather than the
experimental ones.

Fiber Wetting and Surface Free Energy

Table II gives a survey of the dynamic contact angle
measurement results ¢ for the Idemitsu (variation

of surface treatment level) and the Tenax (variation
of surface treatment and/or surface finish) CF types.
It should be noted again that the contact angles
listed here were calculated from the advancing and
receding ones following eq. (18). Additionally, the
average contact angles a of EP (the surface free en-
ergy often reported in literature for EP in the solid
state =~ 47 mN/m; here, experimentally measured
for the liquid state ~ 42 mN/m) in cured micro-
droplet pull-off specimens are summarized.

In general, there is a global tendency toward
smaller contact angles with increasing surface
treatment level and decreasing test liquid surface
tension for the Idemitsu fibers to be recognized. For
the Tenax ones, the untreated 5000 differs clearly
from the standard surface treated 5001 and 5411,
which correlate quite well. The 5411B modification
yields the largest ¢ values, what is indicative of the
possible fiber/liquid interactions being minimized
by surface coating, whereas the EP-coated 5131 ex-
hibits the smallest ¢, at least for higher ,.

The microdroplet contact angle « decreases with
increasing surface treatment level and also with EP
sizing; it exhibits its maximum for the fiber surface
active sites being blocked by the release agent coat-

Table II Survey of Dynamic Contact Angles and Cured Epoxy Microdroplet Angles

Idemitsu (Surface Treatment Level)

Tenax HTA (Surface Finish)

Dynamic Contact Angle

¢ (deg) No Mild Usual Severe 5411B 5000 5001 5411 5131
Bromonaphthalene 37.3 33.7 32.9 324 49.0 47.4 48.8 47.7 52.0
Ethylene glycol/

formamide — — — — 49.4 42.3 35.1 33.3 —
Formamide 57.7 46.2 41.5 30.3 61.0 55.8 47.2 48.6 34.9
Glycerine 60.7 54.9 48.3 40.2 68.2 62.5 54.1 52.7 46.0
Distilled water 79.4 70.0 66.5 57.4 83.6 77.0 69.5 67.9 56.9
EP droplet contact

angle (cured) a (deg) 50.0 47.5 45.0 41.0 58.3 48.5 45.5 45.5 41.5




ing. In Figures 6(a) and (b) and 7(a) and (b), the
wetting angle data reduction methods as proposed
by Owens and Wendt (Fig. 6) and by Zisman (Fig.
7) have been applied to the wetting data sets gained
for the Idemitsu (a) and Tenax (b) fibers. Referring
to the O&W method in Figure 6, it is obvious that
the wetting data points for each fiber type coincide
quite well with a straight line, the least-squares lin-
ear fit of which is also given by the equation. Its y-
axis intercept (measure for v%) remains hardly af-
fected within each fiber series, but the slope (mea-
sure for 4%) increases with increasing surface treat-
ment level or EP-sizing. Figure 7 depicts the ZIS
plots for both fiber types, whereby, again, a least-
squares linear fit was successfully applied to the ex-
perimental wetting data. Here, the fiber total surface
free energy =, is identified with the critical surface
tension %, (or v}) for which cos ¢ is 1. Variation of
the surface-treatment level and/or sizing results in
a band of more or less parallel interpolation
straights, and v. increases with increasing surface
treatment level and EP sizing.

All the results in terms of fiber total surface free
energy and its polar and dispersive fractions as de-
termined by the ZIS and the O&W methods, re-
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Figure 6 O&W plots for (a) Idemitsu and (b) Tenax
fibers.
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Figure 7 Zisman plots for (a) Idemitsu and (b) Tenax
fibers,

spectively, are summarized in Table III. Here, it is
noteworthy that both data-reduction methods reveal
quite similar results, although v, is neglected by
Zisman [see eq. (8) for Owens and Wendt]. An in-
creasing surface treatment level generally yields
higher fiber surface free energies (Idemitsu), and
coating of standard surface-treated Tenax HTA fi-
bers with the release agent (5411B) or EP sizing
(5131) results in a minimized or maximized v, value.
Apparently, since ¥ ~ 47 mN/m for epoxy, the EP
size was measured for the 5131 modification rather
than for the fiber surface itself. Both untreated
types, i.e., Idemitsu “no treatment” and Tenax HTA
5000, do not differ significantly in surface free en-
ergy. Nevertheless, Idemitsu’s “usual” treatment (ca.
48 mN/m) exceeds the standard surface treatment
as applied by Tenax Fibers (ca. 42 mN/m) consid-
erably. This might either be a hint for a higher degree
of crystallinity for the Tenax fiber or a more inten-
sive surface treatment technique used by Idemitsu.
However, “standard level” surface treatment of the
untreated fibers seems to result in an only moder-
ately enlarged surface tension (Idemitsu: ca. 19%,
Tenax: ca. 16%) if compared to the full “severe
treatment’ potential (ca. 27%).

By splitting up the fiber surface total free energies
into their polar and dispersive contributions, it be-
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Table II1

Summary of Polar, Dispersive, and Fiber Total Surface Free Energies

Idemitsu (Surface Treatment Level)

Tenax HTA (Surface Finish)

Fiber Surface Free

Energy (mN/m) No Mild Usual Severe 5411B 5000 5001 5411 5131
Total surface free
energy v, (ZIS) 41.0 45.6 48.8 52.2 36.7 39.3 42.6 42.2 479
Total surface free
energy v, (O&W) 40.1 445 47.1 52.6 34.9 37.0 41.1 42.3 47.2
Polar surface free
energy v£ (0O & W) 4.5 8.1 9.7 15.9 4.1 6.7 10.6 11.3 18.6
Dispersive surface free
energy v¢ (O&W) 35.6 36.4 374 36.7 30.8 30.3 30.5 31.0 28.6

comes obvious that both the Idemitsu and the Tenax
surface-treatment techniques result primarily in an
increase of the polar fraction of the surface tension
+®, whereas its dispersive part v¢ remains hardly
affected. In comparing the Idemitsu fiber types with
the Tenax ones, it turns out, on the whole, that the
former exhibit ca. a 5-6 mN/m higher v¢ level than
that of the latter and that “usual” (Idemitsu) and
standard (Tenax HTA 5001, 5411) surface treatment
are nearly similar in %, the Tenax types showing
negligibly higher values. As the original 4% level for
the untreated fibers is slightly higher for the Tenax
HTA 5000 (2 = 6.7 mN/m) type than for the Idem-
itsu one without surface treatment (y? = 4.5 mN/
m), the “usual” (Idemitsu) and standard treatment
levels (HTA 5001) result in an increase of ¥? by
115% (!) and 58%, respectively. Nevertheless, if polar
interactions are mainly responsible for CF adhesion
to EP—as proposed in the relevant literature re-

viewed earlier in this article—the standard Tenax
surface treatment should be as efficient as is the
Idemitsu “usual” one. It should further be mentioned
that v¢ cannot be influenced by release agent fiber
coating (5411B), but 4% is dramatically minimized.
HTA 5131 differs from the rest of the Tenax series
as EP (sizing) is actually analyzed.

Micromechanical Composite Characterization

The interfacial shear strength values IFSS for all
fiber types are summarized in Table IV. It can easily
be concluded that the fiber/matrix adhesion as de-
termined in the microdroplet pull-off test is en-
hanced by the intensification of fiber-surface treat-
ment. So, “mild,” ‘“usual,” and “severe” surface
treatments of the untreated Idemitsu fibers do grad-
ually increase the IFSS by 20%, 31%, and 52%, re-
spectively. As can be concluded from these results,

Table IV Survey of Macro- and Micromechanical Strength Properties

Idemitsu (Surface Treatment Level)

Tenax HTA (Surface Finish)

Strength (MPa)

(Specimen Type) No Mild Usual

Severe

5411B 5000 5001 5411 5131

Interfacial shear
strength (IFSS)
(model specimen)

Interlaminar shear
strength (ILSS)
(laminate specimen) — — —

“Torsion shear
strength” (TSS)

(tube specimen) — — —

Transverse tensile
strength
(laminate specimen) —_ — —_

Transverse tensile
strength
(tube specimen) — — —

425+ 38 b51.1+22 55722 64.7+42

185+15 458+18 55421 557x16 717121
44.0 £ 2.3 — — 65.0 £ 2.7 79.5*2.0
53.5 0.8 — — 712+ 03 703 x1.6
15.2 £ 3.0 — — 238+ 42 33.3+44
20.7+ 0.8 — — 488 £ 0.5 53.1 x3.5




there is no hint for removal of a weak outer carbon
fiber surface layer resulting in a considerable—if
compared to more severe treatment—increase of
IFSS for initial treatment of an untreated fiber.?®

Tenax’s proprietary standard surface treatment
(5001, 5411) enhances the IFSS by ca. 21% with
respect to the untreated HTA 5000 variant. Adhe-
sion to epoxy can further be improved (57%) by an
EP size (HTA 5131) and minimized, however, by
coating the fiber with the release agent (HTA
5411B). The results for the chemically blocked
standard surface-treated fiber are unambiguously
indicative of the fiber/matrix interactions—for this
particular CF/EP system studied—being mainly of
a chemical nature rather than due to surface rough-
ness-induced mechanical interlocking. The latter
phenomenon was proposed by Drzal et al., e.g., in
Ref. 3 or Ref. 9, and is based on comparative studies
with untreated, treated, and treated + selectively
blocked surface active groups.

A direct correlation between the IFSS, on the one
hand, and the polar fraction of the fiber surface free
energy v, on the other, is confirmed (a) by the iden-
tity of IFSS values for fibers of similar 4% (Idemitsu
“usual” and Tenax HTA 5001 and 5411) and (b) by
slightly higher IFSS for the untreated Tenax HTA
5000 in comparison with the Idemitsu “no treat-
ment” variant.

Macromechanical Composite Characterization

The results of the macromechanical tests performed
on Tenax HTA 5411B/EP, HTA 5411/EP, and
HTA 5131/EP flat laminate and tubular unidirec-
tional composites, i.e., the strength properties in
transverse tension and shear given by their mean
value + standard deviation are listed in Table IV.
It is striking at first sight that there occur significant
differences in the strength properties not only be-
tween shear and transverse tensile testing methods,
but also in between each of them. Anyway, it should
be noted here that the strength levels found corre-
spond quite well with those reported for composite
laminates®? and tubular specimens® of comparable
composite systems.

Concerning the composites’ transverse tensile
strength, the influence of the interface turns out
distinctly: HTA 5131 yields maximum strength,
whereas HT'A 5411B CF exhibits minimum adhesion
to the EP matrix. The interfacial bond quality
of the 5411 variant lies in between those of the
two aforementioned modifications. However, the
strength values gained from tests conducted on tu-
bular specimens exceed those ones determined by
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flat laminate tensile testing. Referring to the shear
properties, the short beam shear (SBS) test method
differentiates clearly between the interfacial bond
qualities, whereas the tube torsion test results in
similar strength values for the HTA 5131 and the
HTA 5411 CF/EP variants and in a slight deterio-
ration for the HTA 5411B/EP version.

These results have been discussed recently by the
authors in a more comprehensive study on interfa-
cial effects in off-axis composite mechanical prop-
erties.?® In conclusion and as far as uniaxial test
methods are considered, only torsion and transverse
tensile testing of tube specimens seems to yield re-
liable strength values that can be considered as ma-
terial parameters.

These values are generally superior to those de-
rived from the laminate tests due to a “purer” uni-
axial stress state accommodated. Tests on flat lam-
inates, on the other hand, yield controversial results.
It is likely, therefore, that failure in both transverse
and shear testing of laminates is initiated by stress
concentrations (due to clamping, loading, or other
imperfections, and inherent material notch sensi-
tivity effects). These turn out to be strictly related
to the interfacial bond quality itself.

Effects of Surface Energetics on Wetting and
Adhesion Properties

As already mentioned under Micromechanical
Composite Characterization, there was a linear cor-
relation found between the interfacial shear strength
IFSS as determined by microdroplet pull-off testing
and the polar fraction of the surface free energy
+£. This result is graphically depicted and given by
equation in Figure 8(a) and (b) for both (a) the
Idemitsu and (b) the Tenax fiber series. Linear re-
lationships could also be determined between IFSS
and v,, the total fiber surface free energy. But that
is trivial, because the dispersive contribution +¢ re-
mains nearly unchanged for varied surface treat-
ments. These findings are consistent with those re-
ported by Drzal et al.,’* Mider et al.,?® and Krekel
et al.'° In the following, it will be shown by experi-
mental data that such a linear approximation is in-
deed reasonable:

(i) Recalling eq. (11) for the determination of
fiber surface free energy dispersive and polar
fractions according to the O&W method, the
latter one is determined by the slope of the
straight-line fit. Assuming (a) that the ap-
parent microdroplet angles a formed by
wetting of the filaments are also indicative
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Figure8 IFSS—?plots for (a) Idemitsu and (b) Tenax
fibers.

of the polar fiber/matrix interactions pres-
ent and thus a measure for 42 and (b) that
these angles are not changed due to EP resin
curing, it may be concluded that a relation
between a and ¥% can also be described by
eq. (11). Since v, is constant for the epoxy
used and as ¥¢ is hardly influenced by sur-
face treatment within each fiber series, eq.
(11) rearranges to

1+cosa=AMR2)*+B (20)

where A and B are constants with A
=2{(")°°/v;} and B = 2{(v{¥)**/vi}-
Therefore, 4% is given by a polynom of sec-
ond order in cos a. The results of the in-
verted correlation, i.e., cos a in function of
+2, are depicted graphically and given by
equation for the least-squares fit curves in
Figure 9(a) and (b) for the (a) Idemitsu and
(b) Tenax fibers. It becomes clear by con-
sidering the order of the coefficients in x*
that the curves are linear in good approxi-
mation for the 4% interval of interest.

(ii) There was also a linear relationship found
between the IFSS and cos a for the CF/EP
microdroplet pull-off specimens. These re-

sults are given in Figure 10(a) and (b) for
(a) Idemitsu and (b) Tenax fiber material.

In conclusion from (i) and (ii), i.e., the linear rela-
tionship between cos « and v%, on the one hand, and
between IFSS and cos «, on the other, it may be
deduced that there exists a linear correlation be-
tween IFSS and +%.

Concerning the Tenax HTA fibers [Fig. 8(b)], one
has to realize that the 5411B modification does not
fit the least-squares linear fit at all. This was a priori
to be expected, because the release agent coating
was applied to hinder chemical interactions between
the fiber surface and matrix resin reactive groups,
thus revealing a completely different interface
chemistry (it should be noticed that the Tenax HTA
5411B modification was left out in the above con-
siderations for this reason). Therefore, the slope of
such a straight-line fit should be given by the kind
and number of the chemical bond present, as far as
its type remains the same. This restriction is met
for all fiber variants (exception: 5411B), since mainly
C— 0 or C—C (nearly identical binding energies)
will form with the epoxy matrix resin. As an EP
sizing is usually nothing else but neat epoxy, the
same is also valid for the coated Tenax HTA 5131.
The relation between the chemical bond and IFSS
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Figure 9 cos a—+F plots for (a) Idemitsu and (b) Tenax
fibers.
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as postulated above can be confirmed by the “quasi-
similarity”’ of the line fit slopes (measure for the
efficiency of the chemical bond) for the Idemitsu-
and Tenax-type fibers. However, it is not clear which
information will be provided by the straight-line in-
tercept exactly, but it should be indicative of an
adhesion level due to dispersive fiber/matrix inter-
actions (van der Waals forces, absence of functional
groups, ¥2 = 0) and mechanical interlocking. The
latter itself must be dependent on the direction of
fiber/matrix separation, i.e., parallel (shear) or per-
pendicular (transverse tension) to the fiber axis. So,
the test method as well as the relevant matrix stiff-
ness (Young’s modulus £ or shear modulus G) will
be of considerable influence, as well.

Some mechanical parameters are taken into ac-
count in the “wetting and interfacial defect” model
proposed by Wu, but these considerations are based
on the Griffith fracture mechanical problem (see
Wetting and Interfacial Defect section) and thus not
directly applicable to the microdroplet pull-off test.

Anyway, eq. (14) may be rewritten as in the fol-
lowing, because v¢ is approximately constant:
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So, if K is the slope (determined by the type of
chemical bond) of the fit straight line in the ~v?-
IFSS plots depicted in Figure 8(a) and (b), the in-
tercept C should be equal (Kv%). This is not the case,
neither for the Idemitsu (average v¢ ~ 36.5 mN/m)
nor for the Tenax (average v¢ = 30.1 mN/m) fiber
series, but, systematically,

K d
C ~ 27 (22)

Therefore, the linear relationship experimentally
found for 4% and the IFSS as determined in the mi-
crodroplet pull-off test is

7~ K(v2 + v$/2) (23)

It must be noted here that this semiempirical equa-
tion is claimed only to be valid for this particular
testing technique performed, but it should be gen-
erally applicable to comparable CF/EP systems, be-
cause the chemical fiber/matrix bond types will be
the same. Further work has to scope the influence
of the testing technique to prove the hypothesis that
only the IFSS—~2 intercept will be affected (at least
for the type of interface loading kept constant), i.e.,
the microdroplet pull-off test results will be com-
pared with other micromechanical test methods such
as single-fiber fragmentation.

Referring to the macromechanical transverse
tensile and shear tests, there turns out to be a linear
relationship between the strength values found and
the corresponding IFSS (see Fig. 11) for the Tenax
HTA 5411B, 5411, and 5131/EP composite systems.
But this is not the case for torsion testing of tubular
specimens, although torsion and transverse tensile
testing of tubes is proposed to yield most versatile
strength values.?® However, there is no direct 1: 1

100 ® short beam shear

® laminate transverse tension

8o = tube transverse te"sio;/,/
/ /
40
/ //I/
=
0 e .
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Figure 11 Correlation of macro- and micromechanical
strength properties for Tenax fibers.

Strength [MPa]
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relation to be determined. Attempts to correlate
¥Y with “strength” values were left out because
5411B/EP’s interface chemistry is uncomparable
with the 5411 and 5131 modifications (see above).

CONCLUSIONS

To determine the effect of surface treatment and/
or sizing on both the individual fiber-surface prop-
erties and the mechanical performance of compos-
ites, two series of PAN-based high-tenacity CFs only
varying in their surface-treatment intensity and/or
kind of sizing were investigated for their wetting
behavior and selected composite mechanical prop-
erties. For the latter, a hot-curing epoxy resin served
as the composite matrix material.

Surface free energies for the CFs were determined
by dynamic contact angle measurements in a variety
of test liquids of known polar and dispersive surface-
tension components utilizing a micro-Wilhelmy
balance and following the wetting data reduction
methods proposed by Zisman and Owens and
Wendt, respectively. Both approaches yield similar
results for the respective total surface free energy.
Further partitioning into its polar and dispersive
components indicates for both fiber series that the
kind of surface treatment applied results in an in-
crease of the polar fraction of the surface free energy,
whereas the dispersive part remains hardly affected.

It can easily be concluded from the interfacial
shear strength values as determined in the micro-
droplet pull-off test that the fiber /matrix adhesion
is enhanced by both the intensification of fiber-sur-
face treatment and coating the fiber with an EP siz-
ing. Furthermore, there is no hint for removal of a
weak outer CF surface layer by initial treatment of
an untreated fiber. A direct correlation between the
IFSS and the polar fraction of the fiber surface free
energy % is evidenced by the identity of IFSS values
for fibers of similar surface tension polar contribu-
tion. Considering the fiber contact angles a of cured
microdroplet specimens, it may be deduced from the
linear relationships found between cos @ and ¥%, on
the one hand, and between IFSS and cos «, on the
other, that there exists a global linear correlation
between IFSS and y%. A semiempirical equation
based on fracture mechanical considerations related
to the interdependency between wetting and inter-
facial defects has been proposed to determine IFSS
in function of ¥2 and v?¢.

Referring to the macromechanical transverse
tensile and shear tests, a linear relationship between
strength values and the corresponding IFSS com-

posite systems turns out for all test methods with
the exception of tensile testing of tubular specimens.
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