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STRESS TRANSFER FUNCTION FOR INTERFACE
ASSESSMENT IN COMPOSITES WITH PLASMA
COPOLYMER FUNCTIONALIZED CARBON FIBRES

N. Lopattananon, S. A. Hayes, and F. R. Jones
Department of Engineering Materials, University of Sheffield,
Sheffield, United Kingdom

Radio-frequency-induced plasma copolymerization of acrylic acid/1,7-octadiene
was used to produce a range of functionalized plasma copolymer coatings with
controlled degree of adhesion. The single-fibre fragmentation test was used to
characterize the adhesion of plasma copolymer coated fibres to epoxy resin. The
cumulative stress transfer function (CSTF) and Kelly-Tyson approaches were used
to evaluate the degree of adhesion. By continuous monitoring of the fragmentation
process, it was found that the mechanical performance of a composite material
could be evaluated using the CSTF methodology at strain well below saturation.
The degree of debonding was a good measure of relative interface/interphase
adhesive strength. The trend in the CSTF is consistent with the propagation of
interfacial debonds during the test. For a completely debonded fibre a normalized
CSTF value, referred as stress transfer efficiency (STE), was found to provide a
more consistent analysis that was able to differentiate between fibres with similar
degrees of debonding. The calculated values of interfacial shear strength (IFSS)
were only valid for a fully debonded fibre (1,7-octadiene plasma homopolymer
coating) where the assumption of a constant shear stress, as in the Kelly-Tyson
model, applied. However, IFSS did not provide the same ranking. Where
debonding does not occur, the stress transfer efficiency also provides a sensitive
measure of the interface/interphase performance. Improved adhesion over the
untreated-unsized carbon fibre was observed for both of the plasma copolymer-
coated and commercially treated carbon fibres. Since there is a concentration
dependence of carboxyl groups on adhesion, the mechanism appears to relate to
covalent bond formation with the epoxy group. Plasma copolymer coatings on
carbon fibres also causes an increased tensile strength and Weibull modulus.

Keywords: Fragmentation test; Adhesion mechanisms; Plasma polymerization; CSTF
methodology; Kelly-Tyson model; Shear stress transfer
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INTRODUCTION

Carbon-fibre-reinforced polymer composites are used in a wide range
of industrial applications. An important factor which determines the
performance of the carbon fibre-reinforced polymers is the quality of
fibre-matrix interfacial adhesion. Carbon-fibres are always surface
treated to provide an improvement to their adhesion. In addition, they
are coated with a polymer, i.e., size, to protect from handling damage
and to aid processability. The nature of the physical and chemical
interactions between the treated carbon fibre, the size, and the resin
matrix leads to the formation of either an interface or an interphase
[1, 2]. This is a region where the applied load is transferred to the
reinforcing fibre. Whether an interface or interphase forms, its
mechanical properties are a function of surface chemistry. With con-
ventional surface treatment, i.e., electrochemical oxidation, the
mechanisms of fibre-matrix adhesion have not yet been fully identi-
fied. Various mechanisms have been proposed; the formation of cova-
lent bonds [3, 4], mechanical keying [5], physical adsorption of the
resin molecule or their segment into micropores [6], and the removal of
contaminants such as weakly-bonded crystallites [7]. Furthermore,
one or more of these mechanisms may contribute to adhesion. Denison
et al. [6] have demonstrated that the increase in load-bearing cap-
ability of composites may be linked to the increased concentration of
chemical functional groups and/or broadening of surface micro-
porosity on the treated surface. However, a successful attempt to
resolve the differing contributions of chemical functionality and sur-
face microporosity using conformal plasma polymer coatings which
conceal the residual structure and provide controllable surface
chemistry has been made [8]. Furthermore, the conformal nature of
the coating which provides the protection from damage is reported
[9-11].

The single-fibre fragmentation test has been widely used to char-
acterize the mechanical properties of the interface because it provides
a means of assessing the effect of surface treatment on the differing
interfacial shear strengths in carbon and glass fibre composites [12,
13]. The single-fibre fragmentation test relies on applying a tensile
force to a specimen with a single embedded fibre in a thin resin test
piece. The tensile stress is transmitted to the fibre through an inter-
facial shear stress until it is high enough to cause fracture. Subse-
quently, as the applied strain increases, the fibre breaks repeatedly at
points where the fibre strength is exceeded. Continued application of
load results in further fragmentation until the length of the remaining
fragments is no longer sufficient for further fracture to occur. This
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situation is defined as the saturation in the fibre fragmentation
process. The final fragment lengths in a transparent matrix composite
can be measured using an optical microscope. However, the assump-
tion of a constant interfacial shear stress in the analytical model which
is currently used [14] is unrealistic where only partial debonding
occurs. Thus, the values of interfacial shear strength (IFSS) obtained
from the fragmentation test are not always consistent. The problems
arise from the complexity of the phenomena occurring during the
fragmentation process [15, 16]. Therefore, an alternative approach for
the evaluation of fibre-matrix adhesion was developed by Tripathi and
Jones [17], which takes into account the properties of this matrix. In
particular, the elastic, elastic-plastic stress and frictional components
of stress transfer are included.

Models for Estimating Interfacial Adhesion Parameters

The Constant Shear Model

The constant shear model of Kelly and Tyson [14] uses a force
balance argument to determine the efficiency of the interface to
transfer stresses, 1,:

. Gfud
=g (1)

where d is the fibre diameter and oy, is the fibre strength at a length
equal to the critical fibre length, /.. A value of /. can be calculated by
using Ohsawa’s relationship [18]:

lc = (2)

where [ is the average fragment length.
The estimate of op, can be derived from the Weibull modulus (m)
and average fibre strength at given gauge length.

The Cumulative Stress Transfer Function (CSTF)
Approach

The cumulative stress transfer function (CSTF) [17] is a technique
for assessing fibre-matrix adhesion from the single-fibre fragmenta-
tion test. It is assumed that a better interface transfers a higher
fraction of the applied load, so that an estimate of the tensile stress
profile in a fragmented filament would be a good measure of the effi-
ciency of an interface. The CSTF value can be defined as follows:
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osTR = it Jy” orlx)d
>ic1 Li

where N is the number of fragments of length L;, where i =1,2,
3---N, x is the distance along the fibre-end, and o¢(x) is the tensile
stress at a distance x from the fibre-end. The CSTF technique employs
the plasticity effect model of Tripathi et al. [19] to predict the tensile
stress profile in the fibre fragment from measurement of bonded and
debonded lengths. For the elastic-plastic stress component, a Von
Mises yield criterion is included. Therefore, the calculated tensile
stress profile is a function of fibre and matrix properties, the stress
state of the specimen and associated yielding and/or debonding
features.

: 3)

The Plasticity Effect Model

This model [19] is a simple approach for introducing the effect of
matrix plasticity into a stress transfer model numerically, without the
need for finite element analysis. In effect, the shear stress transfer
profile in the elastic matrix/elastic fibre region is calculated from the
variational model [20] according to Equation (4) and interrupted for
shear yield by applying a von Mises yield criterion to the matrix stress
at the interface. A more complex yield criterion would refine the yield
point but it is within the uncertainty in the fragmentation process.

[o7] = [B1][V] (4)
Where

[Gf} = (Grr» 069, 022, Trz)

] = [o(p), T, W, W' ™, o]

VA VA Vil V,A
- VfAO4 - V,»Aos - Vang 0 A Vf (1 - Von2 )
VA VA VA V,.A
Bi]= |~ VfAD4 - VfAf - Von3 0 fo V¢ (1 - VfAf )
0 0 1 0 0 0
0 0 0 — % 0 0

Gz, Orr, 0,,, and T,, are the tensile stresses in the fibre, the radial, hoop,
and shear stresses at the fibre interface, respectively. T is the stress
free or cure temperature. The other constants are geometrical and
material properties. Typical values are given in Table 1.

The variational model was chosen because it provided the closest
prediction to our elasto-plastic finite element model [21] and provides
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TABLE 1 Fibre and Epoxy Resin Matrix Properties Used in the Calculation of

CSTF Values [23]

Material properties Value
Longitudinal elastic modulus of fibre (Gpa) 238
Transverse elastic modulus of fibre (Gpa) 14
Longitudinal Poisson’s ratio of the fibre 0.20
Transverse Poisson’s ratio of the fibre 0.25
Longitudinal shear modulus of fibre (Gpa) 20
Friction coefficient 0.20
Fibre volume fraction 0.001
Longitudinal thermal expansion coefficient —0.1x10"¢
of fibre (K~ 1)
Transverse thermal expansion coefficient 18x10~¢
of fibre (K~ 1)
Thermal expansion coefficient of matrix (K ~1) 40x10~8
Shear yield strength of matrix (Mpa) 31.8
Shear cold draw strength of matrix (Mpa) 21

an estimate of radial stresses required for debonded regions. In this
way, a complete shear stress profile can be calculated for each frag-
ment in the test specimen at any applied strain, taking into account
elastic-elastic stress transfer in the bonded unyielding region and
frictional (through Coulomb’s law) within debonded regions, as shown
in Figure la.

From the shear stress profile, the axial fibre stress profile in each
fragment can be calculated, as shown in Figure 1b.

The stress transfer function (STF) for each fragment can thus be
calculated by integrating axial fibre-stress profile. CSTF is then
obtained by summing the contributions of each fragment in the spe-
cimen gauge length and normalizing to the total length of the frag-
ments, according to Equation (3).

It will be shown that for fully debonded fibres where fragmentation
has ceased it is more appropriate to consider stress transfer efficiency
(STE) function. This can be obtained by calculating a normalizing
factor for stress transfer under ideal elastic-elastic conditions from the
variational model [20]. According to Nairn’s model [20], bonding
between fibre and matrix is assumed to be perfect. Therefore, it is
possible to calculate the average tensile stress carried by fibres of
different average lengths and each level of applied strain under ideal
elastic conditions. This provides the calibration curve for the calcula-
tion of a stress transfer efficiency for fibres of the same length at a
specific strain. The calibration curve for the untreated-unsized carbon
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FIGURE 1 (a) Schematic of the shear stress profile obtained from the Plastic
Effect Model [19] illustrating the use of the Variational Model [20]. (b) Com-
parison of the tensile stresses at the center of an embedded carbon fibre at an
applied strain of 3%, predicted by the Plasticity Effect Model (0) and the Finite
Element Model ([]J) [19].
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fibres with a diameter of 7.53 um are shown in Figure 2. It can be seen
that the average stress transferred to a fibre, determined from Nairn’s
equation, increases with fibre length and applied strain. This provides
a means of obtaining a STE, which is expressed as follows:

sR  CSTF _ CSTFO | )
S |[CSTF]

where STE is the stress transfer efficiency and 6 is average tensile
stress in the fragments under ideal elastic conditions, obtained from
the calculated profiles in an analogous manner to CSTF and repre-
sents [CSTF1°, which is the magnitude of the ideal stress transferred
by a fragment. Thus, the shear stress profile in Figure 1b is not
interrupted for matrix yield nor fibre-matrix debonding.

The main objective of this study is to examine the conventional and
CSTF methodologies for interpretation of the single-fibre fragmenta-
tion test data. The correlation between the CSTF and STE and the
chemistry of plasma copolymerized fibres was evaluated and compared

25000

22500 «=

20000 4

==t==3% applied strain
17500 4=

== 4% applied strain

_ =k=—59% applied strain
15000 4

=== (% applied strain

S 12500 4 ==é==7% applied strain

10000 4 ~—8—3% applied strain

emmfe=9 % applied strain

7500 4 e 10% applied strain

5000 4

2500

Average fibre tensile stress for elastic-elastic stress component
(MPa)

0 + $ y $ g y + y +
0 02 04 06 08 1 12 14 1.6 1.8 2
Fibre length (mm)

FIGURE 2 Average fibre tensile stress for elastic-elastic stress conditions
calculated from the Nairn Model [20] with average fragment length at incre-
ments of applied strain. The data are for the untreated-unsized (HTA-5000)
carbon fibres which are representative of a fibres with a diameter (dy) of
7.53 pm.
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with estimates of IFSS obtained from the conventional constant shear
model. Radio-frequency-induced plasma polymerization was used to
deposit a range of conformal, pinhole-free, highly-adhering, cross-
linked polymeric coatings with differing concentration of various
functional groups. The chemical structure and composition of the
plasma polymer coatings were characterized using XPS. Scanning
electron microscopy (SEM) was used to study the morphology of the
plasma polymer coated fibres.

EXPERIMENTAL
Fibre and Plasma Polymer Coatings

Untreated, unsized Type A carbon fibre (Tenax HTA-5000), treated,
unsized (Tenax HTA-5001) and treated, sized (Tenax HTA-5131) car-
bon fibres were used in this study. Radio-frequency plasma copoly-
merization of acrylic acid/1,7-octadiene was performed in a cylindrical,
glass reactor 50 x 10 cm in diameter. Acrylic acid was chosen because
the degree of adhesion to epoxy resin can be controlled by the intro-
duction of carboxylic acid groups [8, 22]. All monomers were supplied
by Aldrich Chemical Co., UK, at 99% purity or above. Single fibres
were extracted randomly from the untreated-unsized (HTA-5000) fibre
tow and adhered to wire frame supports. At least 15 frames,
approximately 10cm in length, were suspended on a frame holder
which was then placed within the plasma reactor. A series of four
coatings were prepared ranging from hydrocarbon to highly func-
tional. This was done by regulating the mole fraction of a hydrocarbon
and acrylic acid comonomer independently in the plasma feed while
maintaining a constant total monomer flow rate (F') and plasma power
(P). The detailed summary of plasma parameters for coatings is given
in Table 2. A detailed deposition procedure and the plasma apparatus
have been described elsewhere [22]. A highly functionalized coating
produced from the deposition of the acrylic acid onto treated-unsized
carbon fibre (HTA-5001) (see Table 2) was also studied.

TABLE 2 Summary of Coating and Plasma Parameters for the Single-fibre
Fragmentation Test

Total flow rate Plasma power Polymerization
Monomer composition (scem) (W) time (min)
Acrylic acid-1,7-octadiene 1.5 5 15

Acrylic acid 1.5 0.7 15
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X-ray Photoelectron Spectroscopy (XPS)

An aluminium foil substrate was placed within the radio-frequency
chamber alongside the carbon fibres to provide a suitable plasma
polymer sample for analysis by X-ray photoelectron spectroscopy
(XPS). The XPS spectra were performed using a VG Clam 2 X-Ray
Photoelectron Spectrometer operating in constant analyzer energy
mode with a dual anode utilizing MgKa X-rays as the X-ray source at a
power of 100 W. Analysis was performed at a take-off angle of 30° with
respect to the sample surface. This was to provide the XPS analysis
depth within approximately 5nm from the surface of the plasma
polymer coating. The core-level spectra of all regions of interest (car-
bon and oxygen core levels) were recorded to determine the elemental
composition of the plasma polymer surface coatings. Curve fitting of
the core-level spectra was performed to provide the chemical envir-
onment of the various carbon-containing groups using a least squares
routine which, in an iterative manner, optimizes the parameters
which define the several component peaks contained within the
experimental spectral envelope.

Scanning Electron Microscope (SEM)

The changes in fibre surface topography following plasma polymer
deposition were characterized using a Jeol 6400 SEM scanning elec-
tron microscope (SEM).

Resin Matrix

The resin matrix was obtained by blending Epikote 828 (Shell Che-
micals, London, UK) with flexibilizer, Araldite GY 298 (Ciba Geigy,
Duxford, UK) in the ratio of 63 parts to 37, respectively. This was
cured with 70 phr nadic methyl anhydride (Stag Polymers and Sea-
lants, London) and Capcure 3-800 (Henkel-Nopco, Leeds, UK), a
mercaptan-terminated polymer. The matrix was subsequently cured
at 55°C for 18 h, postcured at 13°C for 3 h, followed by cooling in the
oven. The resulting resin had an elastic modulus of 3GPa and a
tensile yield strength of 55 MPa. By way of the von Mises relationship,
a shear yield strength of 31.8 MPa was calculated from the value of the
tensile yield strength.

Fragmentation Test Technique

The test uses a specimen which has a single fibre embedded longi-
tudinally in a resin with a strain to failure to achieve saturation in the
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fragmentation process (an applied strain of 10% has often been
required). Full details of the experimental procedure and sample
preparation for the fragmentation test have been given in previous
papers [2]. The fragmentation test was performed using a minitensile
tester (Micromaterials Limited, Wrexham, UK). Test specimens were
subjected to a uniaxial tension at a displacement rate of 0.13 mm/min.
The fragmentation test was interrupted at increments of applied
strain and all of the fragments and associated interfacial failure pro-
cesses near the fibre fractures were digitized and recorded for sub-
sequent analysis. An initial strain of 3% was chosen because it
produced only limited fibre fracture. The test was stopped after the
sample elongation had reached an applied strain of 10%. From the
digitalized micrographs obtained during the test the fragment and
debond lengths at each level of applied strain can be measured. A
custom-written Visual basic program enables the fibre breaks to be
identified so that the debonded and bonded lengths can be measured
with a simple click of the mouse. The magnification is included
through a calibration using a known graticule. Full details of the
experimental set-up, software, and experimental procedure are given
elsewhere [23]. The tensile strengths of the fibres were measured at a
gauge length of 6.25mm, according to the procedure described by
Cheng et al. [2]. Weibull modulus was estimated using the maximum
likelihood method described by Cheng et al. [2]. Fibres with a com-
mercial treatment through electrolytic oxidation with and without
sizing were also studied for comparison.

RESULTS
XPS Analysis of Plasma Polymer Coatings

The surface chemical composition of plasma copolymer coatings from
acrylic acid and 1,7-octadiene deposited onto untreated-unsized and
treated-unsized fibres is given in Table 3. It can be seen from Table 3
that the deposition of a plasma polymer from acrylic acid produces the
highest concentration of carboxylate (COOR) functional groups on the
fibre surfaces. Previous work has shown that, under the plasma con-
ditions employed, about 80% of the COOR group is retained and it is
principally COOH [24]. Furthermore, the high retention of carboxylic
acid groups is confirmed by the relative peak areas of COOR and C-
COOR. The concentration of COOR groups decreases with the dilution
by 1,7-octadiene. It is apparent from Table 3 that the concentration of
carboxylate functionalities retained in the plasma homopolymers
of acrylic acid at lower (0.7W) and higher (5.0 W) power was not
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TABLE 3 XPS Analysis for the Plasma Polymer Coatings

% Chemical functionalities

Coating parameters of Cls core level
Monomer Hydrocarbon
composition (mole fraction) % O/C COOR COR C=0 C-R C-COOR
Untreated-unsized — — — — — 92.1 —
0 0.44 17.7 7.3 3.1 54.4 17.7
Acrylic acid/ 0.25 0.25 7.5 10.1 3.4 71.9 7.5
1,7-octadiene 0.50 0.09 2.0 79 07 895 2.0
(5 W, 1.5 scem 1.0 0.02 0 29 0 975

and 15 mins)

Acrylic acid 0 0.52 19.6 5.2 2.9 52.8 19.6
(0.7 W, 1.5 sccm
and 15 mins)

significantly different. The apparent insensitivity to plasma power can
be attributed to the use of a differing reactor.

Scanning Electron Microscopy (SEM)

A SEM micrograph showing the coating layer on carbon fibre is given
in Figure 3. For a series of plasma-copolymer-coated fibres, SEM
micrographs indicated that coating thickness was approximately
200—-300nm. The fibre diameters for untreated-unsized (HTA-5000),
treated-unsized (HTA-5001), and treated-sized (HTA-5131) carbon
fibres are given in Table 4.

Tensile Strength Measurement

The results of measured average tensile strength and Weibull modulus
(m) of the plasma-polymer-coated fibres are given in Table 4. There is
an apparent trend of an increase in strength of the uncoated fibres
(HTA-5000) after plasma copolymer deposition, which is dependent on
the mole fraction of acrylic acid. The strength of the 1,7-octadiene
plasma-polymer-coated fibres is identical to that of the precursor.
Furthermore, the strengths of the fibres coated with the acrylic acid
plasma polymer at high (5.0 W) and low power (0.7 W) were similar.
A similar result was reported previously [22]. The statistical dis-
tribution in fibre strength leads to a large standard deviation, which
makes it difficult to identify the true significance. However, it is
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FIGURE 3 Typical scanning electron micrograph of a coating layer for plasma-
polymer-coated carbon fibre. Arrow indicates the plasma polymer coating
layer.

generally accepted that polymer sizing does play a role, as shown by
the data for HTA 5131. A better way of assessing any improvement in
strength is through the Weibull modulus (m), which is a measure of
the width of the distribution. Thus, the higher the value of m, the
narrower the distribution in strength.

Examination of the series of plasma-polymer-coated untreated-
unsized fibres (HTA-5000 in Table 4) shows that the Weibull modulus
(m) increases steadily with the polarity of the plasma polymer,
approaching the value for the treated-sized fibre (HTA-5131). All of the
fibres were handled in an identical manner, so it can be concluded that
the trend may well be significant.

Fragmentation Test Results

Fragmentation Process of Plasma-Polymer-Coated Fibres
with Acrylic Acid/1,7-Octadiene

The fragmentation process for each of the plasma-polymer-coated
fibres prepared from acrylic acid and 1,7-octadiene was continuously
monitored. The fragmentation test data are summarized in Table 5.
The variation in the number of fragments/10 mm or fragment number,
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average fragment length and percent debonding with applied strain
are shown graphically in Figures 4, 5, and 6. It was found that the first
fibre-break for all of the plasma-polymer-coated fibres appeared to
occur at a strain of 2.2—2.7%. Therefore, a strain of 3% was chosen for
the first measurement. As the strain increased, the fibres fragmented
and the average fragment length decreased accordingly (Table 5,
Figures 4 and 5). It was found that saturation in fragmentation
occurred at an applied strain of 5% for the 0, 0.50, and 0.75 acrylic acid
copolymer-coated fibres and a strain of 6% for the untreated fibres and
those coated with plasma polyacrylic acid. At the first increment of
strain at which measurements were taken, a small degree of
debonding was already present at the fragment-ends of the fibres
coated with acrylic acid plasma homopolymer (0.29 +0.46%), 0.75
acrylic acid plasma copolymer (2.07 +1.76%), and the untreated fibre
(1.02£1.07%), whereas significant debonding of 22.19 +10.20% and
100% was found for those coated with the 0.50 acrylic acid plasma
copolymer and 1,7-octadiene plasma homopolymer, respectively. The
degree of debonding increases with applied strain as presented in
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FIGURE 4 Variation in fragment number (number of fragments per 10 mm)
as a function of applied strain for the plasma poly(acrylic acid-co-1,7-octa-
diene) coated at power of 5.0 W with varying mole fraction of acrylic acid (AAc)
and untreated-unsized (HTA-5000) carbon fibres.
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FIGURE 5 Variation in average fragment length as a function of applied
strain for the plasma poly(acrylic acid-co-1,7-octadiene) coated at power of
5.0 W with varying mole fraction of acrylic acid (AAc) and untreated-unsized
(HTA-5000) carbon fibres.

Figure 6. At a strain level of 10%, representative stress birefringence
patterns associated with fibre-fracture, transverse matrix cracking,
and interfacial debonding for the differing plasma-copolymer-coated
fibres is given in Figure 6.

From Figure 7 it can be seen that with an increasing mole fraction
of acrylic acid in the plasma feed the failure mechanism at fibre-
fracture changes from interfacial debonding to a mixed mode, where
debonds coexist with transverse matrix cracks. It can also be seen that
the degree of debonding decreases, indicating that the fibre-matrix
adhesion has increased. The fragmentation test data for the treated-
unsized (HTA-5001), treated-sized (HTA-5131), and plasma-poly-
acrylic-acid-coated, unsized, commercially-treated fibres are given in
Table 6. The number of fragments/10 mm, average fragment length,
and degree of debonding are presented graphically in Figures 8, 9, and
10. It has been found that the onset of fragmentation for treated-
unsized fibres occurred at an applied strain slightly less than 2.0%,
while for the treated-sized and untreated-unsized fibres fragmentation
began at strains of 2.3% and 2.5—2.7%, respectively. The photoelastic
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FIGURE 6 Variation in percent debonding as a function of applied strain for
the plasma poly(acrylic acid-co-1,7-octadiene) coated at power of 5.0 W with
varying mole fraction of acrylic acid (AAc) and untreated-unsized (HTA-5000)
carbon fibres.

stress birefringence patterns at the fibre-breaks shown in Figure 11a
and b are typical of transverse matrix cracking, which was observed
for the treated-unsized and treated-sized fibres, respectively. It can be
seen from Figure 10c that mixed-mode-failure was observed for the
treated-unsized fibre coated with the acrylic acid plasma polymer,
similar to the equivalent coating on an untreated-unsized fibre (Figure
7a). The degree of debonding for both acrylic acid plasma-polymer-
coated fibres was also similar. This is indicative of similar interfacial
strength after the plasma deposition, despite the higher concentration
of carboxylic acid functional groups retained at lower power of 0.7 W
compared with higher power of 5.0 W (Table 3). The implication of this
result is that all of the reactive functional groups may not be involved
in the formation of an adhesive bond.

As expected, the commercial oxidative surface treatment appears to
have no effect on the adhesion of the coated fibres. This is consistent with
the lower degree of adhesion (fully debonded) for the octadiene plasma-
polymer-coated fibre (Figure 7d) and the assumption that the coating
conceals the residual chemistry and the microporosity of the fibre
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FIGURE 7 Polarized light micrographs showing stress birefringence pattern
for the plasma poly(acrylic acid-co-1,7-octadiene) coated fibres at a power of 5.0
W with varying mole fraction of acrylic acid. From top to bottom: (A) 1.0, (B)
0.75, (C) 0.50, (D) 0, and (E) the untreated-unsized (HTA-5000) fibres in an
epoxy matrix at saturation (applied strain of 10%). The arrow indicates a fibre-
fracture, with the extent of the debonded region given by a vertical line.

surface. The comparison of the degrees of interfacial debonding shown
in Table 7 indicates that the level of adhesion increases in the order of
untreated-unsized < acrylic acid plasma homopolymers < treated-
unsized ~ treated-sized fibres. As the applied strain increased, the
number of fibre-fractures increases and the average fragment length
decreases. It was also observed that saturation was achieved at a lower
strain (5—6%), with a higher average fragment length for the plasma-
copolymer-coated fibres compared with the commercially-treated
fibres (8%). This is because interfacial debonding was observed for the
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FIGURE 8 Variation in fragment number (number of fragments per 10 mm)
as a function of applied strain for the treated-unsized (HTA-5001), treated-
sized (HTA-5131), plasma-polyacrylic-acid-coated-unsized, commercially-
treated (at power of 0.7 W), and untreated-unsized (HTA-5000) carbon fibres.

plasma-copolymer-coated fibres, thus effectively decreasing the bonded
length for transfer stress and further fibre-fracture.

DISCUSSION
Surface Chemistry of Plasma Polymer Coated Fibres

The XPS results given in Table 3 show that the chemical functional
groups deposited from the introduction of acrylic acid into the plasma
feed predominantly appear in the form of COOR functional groups.
The decreased concentration of this functional group is associated with
the increase in percent C-C functionality when the mole fraction of
hydrocarbon is increased. This indicates that the hydrocarbon is
incorporated into the plasma polymer films. At low-plasma-power to
monomer-flow-rate ratio, it has been shown by secondary ion mass
spectrometry (SIMS) and XPS that most of the COOR functional
groups correspond to carboxylic acid (COOH) [24, 25], while at high
power a considerable fraction of this functional group has been
shown to be ester (COOR) groups. As the total monomer flow rate was
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FIGURE 9 Variation in average fragment length as a function of applied
strain for the treated-unsized (HTA-5001), treated-sized (HTA-5131), plasma-
polyacrylic-acid-coated-unsized, commercially-treated (at power of 0.7 W), and
untreated-unsized (HTA-5000) carbon fibres.

maintained to be constant (1.5scem), it was found that the percent
carboxylate (COOR) groups retained at 0.7W for the acrylic acid
plasma polymer is of the same magnitude as those formed at 5.0 W.
This is because the relative concentrations of COR and C=0 func-
tional groups indicate that the COOR groups formed at 0.7W are
predominantly carboxylic acid groups, while at 5.0 W concentration of
ester groups is higher. This arises from the difference in energy input
which results in dissociation of acrylic acid (C-O bond) rather than the
polymerization of acrylic acid through the double bond (C=C) [26].
Similar observations have been noted by O'Toole et al. [27] and
Candan et al. [28].

Tensile Strength of Plasma Polymer Coated Fibres

The trend in Weibull modulus after polymer coating shown in Table 4
shows that the fibre strength is less variable in the presence of the
plasma polymer coating layer. The statistics in strength-distribution
within carbon fibres is connected to the variation in imperfections such
as voids, flaws, and cracks within the fibre and on the surface. Coating
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FIGURE 10 Variation in percent debonding as a function of applied strain for
the treated-unsized (HTA-5001), treated-sized (HTA-5131), plasma-poly-
acrylic-acid-coated-unsized, commercially-untreated (at power of 0.7 W),
plasma-polyacrylic-acid-coated-unsized, untreated (at a power of 5.0 W), and
untreated-unsized (HTA-5000) carbon fibres.

the fibres with a polymer is known to provide protection to the fibres
from the introduction into the surface of strength-reducing flaws.
Since the filaments were coated while supported on a frame, and
transferred directly to the card support for filament strength testing,
it seems unlikely that stronger filaments have been selected for coat-
ing compared with those tested directly. Therefore, the interesting
observation, that the more polar the plasma polymer the greater the
improvement, may be significant. This could be attributed to the
plasma polymer coatings penetrating the surface flaws to provide
healing or protection from damage, which is influenced by the higher
degree of adhesion. In the case of the plasma polymer octadiene, the
low Weibull modulus for fibre strength-distribution could reflect a
weaker bond between the fibre surface and the coating. Carbon fibres
with plasma polymer coatings having higher strengths have been
reported previously [9—11]. The treated-unsized fibres had strength
comparable with that of the untreated fibres, despite the fact that they
have been manufactured in different batches. Baillie and Bader [30]
reported the effect of electrolytic oxidation and showed that both the
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Partial debond

FIGURE 11 Polarized light micrograph showing stress birefringence pattern
for (A) the treated-unsized (HTA-5001), (B) treated-sized (HTA-5131), (C) the
plasma-polyacrylic-acid-coated-unsized, commercially-treated (HTA-5001) (at
0.7 W), and (D) untreated-unsized (HTA-5000) carbon fibres in an epoxy ma-
trix at saturation (applied strain of 10%). The arrow indicates a fibre-fracture
with the extent of the debonded region given by a vertical line.

TABLE 7 Ranking of Adhesion for the Plasma Poly(acrylic acid-co-1,7-
octadiene) Coated and Untreated-unsized (HTA-5001) Carbon Fibres

Fragment

number/ Degree of CSTF STE at IFSS
Acrylic acid 10 mm (applied debonding (applied strain constant (applied strain
(mole fraction) strain of 6%) (%) of 6%) length of 6%)
0 5 5 4 5 5
0.50 4 4 5 4 4
0.75 3 2 2 3 3
1.0 1 1 1 1 1
Untreated- 2 2 2 2 2

unsized
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fibre-strength and Weibull modulus were increased. This was con-
sidered to result from the removal of surface defects during oxidation.
The treated-sized fibres exhibited the highest strength and Weibull
modulus, which demonstrates the benefit of immediately sizing the
fibres after spinner and surface treatment.

The Assessment of Interfacial Adhesion

All of these untreated carbon fibres, with and without plasma polymer
coating, exhibited debonding at fragment ends during continuous
monitoring of the fragmentation. Neither of the electrolytically oxi-
dized or treated fibres, with and without polymer size, exhibited
debonding after fibre fracture. This is because yielding, within the
matrix or, for the sized fibres, in the interphase, had occurred. We have
previously demonstrated that yielding rather than debonding can
influence the stress transfer back into the fibre at a break [2, 17]. The
plasma polymer coatings employed here are of a thickness of
200—300 nm (Figure 3). They are highly cross-linked polymers and as
a result will have a modulus not dissimilar to the matrix and probably
higher. In recent FE modelling studies [31, 32] with perfectly bonded
fibres, yieldable coatings of this thickness have been shown to influ-
ence stress transfer. However, in these studies debonding was the
main interfacial phenomenon observed, demonstrating that yielding
in the plasma polymer interphase will not make a significant con-
tribution. For the rankings, debonding was in excess of ~ 20%. Since
with the octadiene plasma polymer coating the fibres are completely
debonded, whereas the precursor, untreated fibres were only 40%
debonded, it can be assumed that the interface which fails is the one
between the coating and matrix. In this case any yield will be confined
to the matrix so that the CSTF methodology can be applied.

Fibres Coated with Plasma Polymers of Acrylic
Acid/ 1,7-Octadiene

The fragmentation of the plasma polyacrylic acid-co-1,7-octadiene
coated fibres exhibited two trends in CSTF as shown in Figure 12,
whereby it increased or decreased with the applied strain. As the fibre
fractures, the average fragment length becomes smaller. This causes
the CSTF value to decrease with strain, which is clearly seen in the
case of 1.0, 0.75 acrylic acid plasma copolymer coated and the un-
treated-unsized fibres. As the fibre fragmentation reaches saturation,
however, the CSTF continues to decrease because the interface
debonds progressively. The CSTF values for these fibres can be used to
rank the interfacial adhesion; the 0.75 ~ the untreated fibre < the 1.0
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FIGURE 12 Variation in the CSTF as a function of applied strain for the
plasma poly(acrylic acid-co-1,7-octadiene) coated at power of 5.0 W with
varying mole fraction of acrylic acid (AAc) and the untreated-unsized (HTA-
5000) carbon fibres.

acrylic acid plasma polymer coated fibres (Table 7). The improvement
in adhesion for acrylic acid plasma homopolymer is consistent with
that reported by Lopattananon et al. [8]. For the octadiene plasma
polymer coated fibres, it has been found that saturation occurred
simultaneously with complete debonding. This leads to the increasing
trend in CSTF. A similar trend was also observed in the case of 0.5
acrylic acid plasma polymer coated fibres. In this case, the composite
load becomes the only varying parameter for the calculation of CSTF.
Therefore, CSTF increases as shown. This aspect can be removed from
the analysis by calculating a stress transfer efficiency (STE) which
gives a better discrimination between the differing degrees of inter-
facial adhesion, as shown in Figure 13.

From the values of stress transfer efficiency for all of the plasma
polymer coated fibres, a ranking of interfacial adhesion at an
applied strain of 6% can be obtained as shown in Table 7 (0 < 0.5 <
0.75 ~untreated-unsized < 1.0 acrylic acid plasma polymer coat-
ings). This is consistent with the degree of debonding shown in
Figure 6.
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FIGURE 13 Variation in the STE as a function of applied strain for the
plasma poly(acrylic acid-co-1,7-octadiene) coated at power of 5.0 W with
varying mole fraction of acrylic acid (AAc) and untreated-unsized (HTA-5000)
carbon fibres.

With the conventional analysis, the apparent interfacial shear
strength reaches a plateau as a result of saturation in average frag-
ment length as shown in Figure 14. The major assumption in the
calculation of IFSS is that better adhesion leads to shorter fragments.
Since there is no further reduction in average fragment length and
saturation is reached below 6%, ranking in IF'SS can be given (Table 7).
However, the degree of debonding in Figure 6 is varying so that the
validity of the constant shear model is in doubt. On the other hand, the
low value of IFSS in the case of octadiene plasma polymer coating
(18 +-16 MPa) indicates that the interfacial bond strength is low. What
is especially noticeable is that the ranking differs from that above,
especially for the partially-debonded untreated-unsized and 0.75
acrylic acid coated fibres. In Table 7, CSTF and percent debonding
rankings suggest very similar degrees of adhesion, but the IFSS and
the fragment number clearly identifies the former as better. This
analysis shows that debonding hardly influences the value of IFSS.
The problem with STE and CSTF is that at the same applied strain the
fragment length differs.
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FIGURE 14 Variation in the IFSS as a function of applied strain for the
plasma poly(acrylic acid-co-1,7-octadiene) coated at power of 5.0 W with
varying mole fraction of acrylic acid (AAc) and untreated-unsized (HTA-5000)
carbon fibres.

As shown in Figure 2, under ideal elastic conditions and in Figure 1b
for debonded fibres in an elastoplastic matrix, the average stress
transferred to a fibre-fragment is a function of the applied strain and
its length. Therefore, a comparison of STE values at a constant applied
strain could be misleading because the fragment lengths are not
identical. Therefore, the change in STE against fragment length
throughout fragmentation can be plotted. Figure 15 shows that the
curve exhibits two regions: 1) at long fragment lengths dominated by
the statistics of fibre fracture and 2) at short lengths dominated by
stress transfer. It is clear from Figure 15 that it is not possible to
compare the STE in region II at a constant average fragment length.
The data are best represented as shown in Figure 16, as the shortest
fragment with the highest STE. Thus, the fibres coated with the sur-
face-functionalizing acrylic acid plasma polymer clearly have the
highest level of adhesion. By comparing the data in this way the dif-
ference between the untreated-unsized fibre and 0.75 acrylic acid
coated fibre can now be quantified. However, it is still not possible to
compare the length at constant STE, and therefore an alternative
histogram is not feasible either. We are exploring other extrapolation
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FIGURE 15 Plot of STE against average fragment length for the complete
fragmentation process showing the change from type I to type II behavior.

procedures. Despite this, the ranking of all of the fibres is now in the
same order as the interfacial shear strength (Table 7). This gives
confidence to previous rankings based on the constant shear model. As
shown in Figures 9—11, the sizing resin influences the fragmentation
behavior of the commercial fibre. In this case, debonding was not
observed and yielding of an interphase region could be responsible. We
have therefore analyzed the data using the same methodology.
However, current techniques do not allow the measurement of inter-
phase properties and, besides, dissolution of a sizing resin will give a
gradation in properties. For comparison we have assumed the matrix
properties given in Table 1.

Commercially Treated Fibres

Figure 17 shows the variation of calculated CSTF with applied
strain for the treated-sized, treated-unsized, and polyacrylic-acid-
coated carbon fibres. As can be seen, the CSTF of these fibres
decreases with increasing applied load because they are fragmenting
into less efficient fibres. The treated-unsized and treated-sized fibres
produce similar values of CSTF, suggesting that both fibres have
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FIGURE 16 Variation in average fragment length in region II as a function of
STE for the plasma poly(acrylic acid-co-1,7-octadiene) coated at power of 5.0 W
with varying molar fraction of acrylic acid (AAc) and untreated-unsized (HTA-
5000).

similar degrees of interfacial adhesion. Debonding was not observed in
either case. However, when interfacial debonding occurs at fragment-
ends, as with all of the plasma-polymer-coated and the untreated-
unsized carbon fibres, CSTF decreases further. The acrylic acid
plasma-polymer-coated treated and untreated fibres had similar
values throughout the range of applied strain. The following ranking
is inferred; untreated-unsized < plasma polyacrylic acid < treated-
sized = treated-unsized fibres (Table 8). The stress transfer effi-
ciencies of the treated-sized and treated-unsized carbon fibres are
compared with the plasma-polymer-coated equivalents as shown in
Figure 18. The calculated values of IFSS for these fibres are shown in
Figure 19. The fibres which debond achieve saturation during frag-
mentation while the treated-unsized and treated-sized fibres do not.
Estimates of interfacial strength can still be made, and these are at
54+ 7 and 58 -4 MPa for treated-unsized and treated-sized fibres,
respectively. The average fragment length for the treated-unsized fibre
is slightly less than that for the treated-sized fibre (Figure 8), but the
calculated value of IFSS is apparently lower because of differences in



09: 26 22 January 2011

Downl oaded At:

344 N. Lopattananon et al.

100
900
800
7001
6001
5001
400

300 =i Treated-sized
«—g— Treated -unsized

200 —a— Treated-unsized +1.0 AAc
100- =3~ Untreated-unsized +1.0 AAc
&= Untreated-unsized

CSTF value (MPa)

0 J ] T 1 :
2 3 4 5 6 7 8 9 10

Applied strain(%)

FIGURE 17 Variation in the CSTF as a function of applied strain for
the treated-unsized (HTA-5001), treated-sized (HTA-5131), plasma-poly-
acrylic-acid-coated-unsized, commercially-treated (at power of 0.7 W), plasma-
polyacrylic-acid-coated-unsized, untreated (at power of 5.0 W), and the
untreated-unsized (HTA-5000) carbon fibres.

the tensile strength of the fibres. In the absence of debonding, matrix
yielding can be expected as a result of the high shear stresses at
the fibre-fracture. Thus, the validity of these values is brought into
question.

For the treated-unsized and treated-sized carbon fibres, calibration
curves similar to Figure 2 can be obtained. This can be used to convert
CSTF to STE. The variation in STE with average fragment length is
shown in Figure 20. One aspect of this analysis is the need to compare
fibres under identical conditions. In Figure 9 the fragment length at
the same applied strain differs in each case. Therefore, we have
examined the STE of each fibre as a function of length (Figure 20).
Figure 20 is clearly very important because by comparing the plots of
STE against fragment length, we can see differences between the sized
and unsized treated fibres and the two acrylic acid plasma-homo-
polymer-coated fibres. At the same STE the treated, unsized fibres
have the smallest length. Therefore, the order of increasing adhesion is
untreated < plasma polyacrylic acid < treated-sized < treated-unsized



09: 26 22 January 2011

Downl oaded At:

Stress Transfer Function 345

TABLE 8 Ranking of Adhesion for Differently-sized Fibres: Treated-unsized
(HTA-5001), Treated-sized (HTA-5131), Plasma-polyacrylic-acid-coated-
unsized, Commercially-treated (HTA-5001), and Untreated-unsized (HTA-
5000) Carbon Fibres

Fragment CSTF IFSS
number/10 mm  Degree of  (applied STE at (applied
(applied strain debonding strain constant strain
Fibre of 6%) (%) of 6%) length of 6%)
Treated-unsized 1 1 2 1 2
Treated-sized 2 1 1 2 1
Plasma-polyacrylic- 3 3 3 3 3
acid-coated-
unsized, treated
Untreated-unsized 4 4 4 4 4
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FIGURE 18 Variation STE as a function of applied strain for the treated
unsized (HTA-5001), treated-sized (HTA-5131), plasma-polyacrylic-acid-
coated-unsized, commercially-treated (at power of 0.7 W), plasma-polyacrylic-
acid-coated-unsized, untreated (at power of 5.0 W), and the untreated-unsized
(HTA-5000) carbon fibres.
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FIGURE 19 Variation in the IFSS as a function of applied strain for the
treated-unsized (HTA-5001), treated-sized (HTA-5131), plasma-polyacrylic-
acid-coated-unsized, commercially-treated (at power of 0.7), plasma-poly-
acrylic-acid-coated-unsized, untreated (at power of 5.0 W), and the untreated-
unsized (HTA-5000) carbon fibres.

fibre (Table 8). Thus, the sizing resin has the effect of slightly reducing
the STE, which may be attributed to the formation of an interphase of
lower yield strength. This result is similar to the observation of
Cheng et al. [2]. However, in the constant shear analysis IFSS (Figure
19) t is slightly larger for the sized fibres, suggesting that a higher
degree of adhesion exists. Since debonding did not occur in either case
the differences can only be attributed to yielding in the interphase
region. Consideration of the fragment number alone would lead
to the incorrect conclusion that the interphase had a higher
modulus [1].

For the plasma polymer coatings employed here debonding
occurred in every case, so interphasal yield cannot be significant.
Therefore, the CSTF methodology can be used to calculate a STE
from the fragmentation test data and provide a more self-consistent
evaluation of “interfacial adhesion.” It has been demonstrated that it
is not necessary to reach saturation as required by the conventional
analysis. Therefore, fibre-matrix interfaces can be examined, and
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FIGURE 20 Variation in average fragment length as a function of STE for the
treated-unsized (HTA-5001), treated-sized (HTA-5131), plasma-polyacrylic-
acid-coated-unsized, commercially-treated (at power of 0.7), plasma-poly-
acrylic-acid-coated-unsized, untreated (at power of 5.0 W), and the untreated-
unsized (HTA-5000) carbon fibres.

model resins of high failure strain are not required. Furthermore, it
is possible to determine a value for the STE when debonding does
not occur. Thus, by comparing values of STE at a given fragment
length we can differentiate between sized and unsized fibres and
quantify the interfacial response where yielding occurs at the inter-
face or within the interphase. What is especially noticeable is that
the ranking differs from that above, especially for the partially
debonding untreated-unsized and 0.75 acrylic acid-coated fibres.
CSTF and percent debonding suggest very similar degrees of adhe-
sion, but IFSS and fragment number clearly identify the former as
better. This analysis has identified problems with STE and CSTF
whereby the fragment length differs at the same applied strain.
However, this can be overcome by comparing fragments of similar
length. On the other hand, the problem with IFSS is that partial
debonding does not appear to have an influence on the ranking, and
the calculated values are not suitable for incorporation into other
models.
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CONCLUSION

Radio-frequency-induced plasma polymerization of acrylic acid/1,7-
octadiene gas mixtures was applied to Type A carbon fibres to produce
a varying range of carboxylic-acid-group-containing coatings. The
single-fibre fragmentation test has been used to assess the interfacial
adhesion of these plasma-polymer-coated fibres to epoxy resin. The
cumulative stress transfer function (CSTF) and the conventional data
Kelly-Tyson methodologies have been used to analyze the data. By
visual examination of the fibre-fragmentation process at increments of
applied strain, the number of fibre-fractures and degree of debonding
at the interface was measured. The CSTF was found to provide a more
self-consistent analysis of the interface performance, enabling differ-
ences between surface treatment and sizing to be evaluated. It was
possible to quantify the response well below saturation. The degree of
debonding was a good measure of the relative interface/interphase
adhesive strength. An increase in mole fraction of acrylic acid in the
plasma feed from 0 < 0.5 < 0.75 < 1.0 led to a decrease in the degree of
debonding. The untreated-unsized fibre was found to exhibit a degree
of debonding similar to that of 0.75 acrylic acid plasma-polymer-coated
fibre. The deposition of plasma copolymer films onto the carbon fibres
also resulted in a reduction in the breadth of fibre-strength distribu-
tion, as indicated by an increase in Weibull modulus.

Where debonds propagate from fibre-fractures with strain (0.75 and
1.0 acrylic acid plasma-polymer-coated and untreated-unsized carbon
fibres), the CSTF and the degree of debonding show similar trends.
However, with 0 and 0.5 acrylic acid plasma-polymer-coated fibres,
where full debonding occurred before the fragmentation test was
complete, CSTF value continued to rise. However, when normalized
into a stress transfer efficiency (STE) a good quantitative measure of
interface quality over all of the surface treatments and coatings was
achieved. Since CSTF and STE are a function of length, the STEs at
similar fragment lengths have also been compared. Unfortunately, not
all of the fibres could be compared in this way, and it is better to
identify the best “adhesion” as the fibre with the shortest length and
highest STE value. In this way, the requirement for the determination
of fibre-strength (as required in the conventional analysis) can also be
removed.

A comparative analysis of the data by the Kelly-Tyson model
showed that it could be used to rank the differing degrees of adhesion
when debonding dominated the micromechanics, despite being
insensitive to debonding but sensitive only to fragment length or
number. However, when good adhesion existed, it was insensitive to
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the effects of sizing resin. The STE, on the other hand, could be used to
quantify the influence of interphase formation.

Whether the plasma polymer was on the untreated-unsized or
treated-unsized carbon fibres, there was little effect on STE. The
improvement in adhesion of the fibres coated with plasma polyacrylic
acid-co-1,7-octadiene (at saturation strain of 6%, Table 8) correlated
well with the increase in concentration of carboxylic acid groups. This
could be attributed to the formation of covalent bonds between the
fibre surface and the epoxy resin, because the nonacrylic-acid-con-
taining coating provided a lower degree of adhesion to the matrix than
that for the untreated fibre.

With commercially-treated carbon fibres, the values of CSTF and
STE were also shown to be consistent with the change in failure mode
after surface treatment. These electrolytically oxidized carbon fibres
exhibited improved stress transfer ability over their untreated coun-
terparts, presumably because of the introduction of chemically-active
functional groups such as carboxylic acid [3].

However, the deposition of a sizing resin onto the treated carbon
fibres appeared to increase the level of adhesion according to CSTF
and IFSS values, but the STE at a “constant length” demonstrated
that a reduced efficacy existed, since it is assumed that yielding within
the interphase region had occurred. Furthermore, fragmentation did
not reach saturation so that the application of the “constant shear
analysis” can be considered to be invalid.

Alternative energy-based techniques (e.g., Wagner et al. [33])
attempt to calculate an energy release rate from the rate of debonding
and therefore can only be applied to debondable interfaces. On the
other hand, the CSTF methodology has been shown to provide a
quantification of interfacial response which can be applied equally to
debondable and non debondable interfaces.
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