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Dynamic mechanical and thermal analysis (DMTA) has been used to study the effects of
surface treatment of carbon fibres on the viscoelastic properties of composites containing
them. The fibres were treated by dip-coating, electro-polymerization, and plasma
polymerization, and the behaviour of these fibres is compared with that of fibres treated by
ordinary commercial oxidation and sizing procedures. Analysis of the experimentalresults is
made both in terms of conventional approaches to viscoelastic behaviour and of the power-
law analysis of the glass transition in an attempt to obtain suitable parameters for the

evaluation of the effects of surface treatment.

1. Introduction

In an earlier paper [1] we presented the results of a
EURAM research programme on the surface treat-
ment of carbon fibres by electro-polymerization and
plasma polymerization processes. In that paper, it was
shown that these methods could be used satisfactorily
to graft nitrogen-containing groups, probably amines,
on to fibre surfaces and thereby increase the level of
bonding between the fibres and the matrix. The tech-
niques used to evaluate the surface treatments were
single-fibre tensile testing, resin-impregnated tow test-
ing, and single-fibre composite fragmentation experi-
ments. An additional method of analysis used was that
of dynamical mechanical and thermal analysis, or
DMTA, and it is the results of this part of the work
that form the basis of this second paper.

2. Dynamic mechanical analysis

and the study of composites
Dynamic mechanical and thermal analysis has be-
come a widely used technique for the characterization
and investigation of polymeric materials. Analysis is
based on the determination of the temperature de-
pendences of the dynamic moduli and internal friction,
measurements being made whilst the sample is vibra-
ted at a particular frequency, usually in the range
0.1-100 Hz. It has been found that many polymers
exhibit characteristic modulus changes and absorp-
tion peaks at specific temperatures which are em-
ployed as a means of “finger-printing” polymer types

and for identifying important properties, such as the
glass transition and other transitions.

The dynamic mechanical effects observed in poly-
mers are similar to the phenomena, found in many
other materials, that are described as anelastic. The
response of an anelastic material to a mechanical
stress is not instantaneous but develops by relaxation
processes that are characterized by a relaxation time,
1. When the applied stress is periodic, as in a DMTA
system, the elastic properties become a function of, wr,
the ratio of the angular frequency of the applied stress
cycle to the relaxation rate of the material. When ot is
much less than unity, the frequency of the applied
stress cycle is low by comparison with the material
relaxation rate, (1)1, and its elastic response is able to
remain in phase with the stress throughout the applied
cycle. By contrast, when ot is much greater than unity
the applied frequency is much greater than the natural
relaxation rate and the anelastic component of strain
is unable to respond to the rapidly changing applied
stress. Consequently, as ot is raised the material
appears to stiffen. The analysis has much in common
with the classical Debye theory of dielectrics and there
is often a close, if not one to one, relationship between
mechanical and dielectric relaxation phenomena.
Both effects in polymers have been discussed at length
in the seminal text by McCrum et al. [2].

In addition to changes in elastic moduli, anelasticity
leads to the occurrence of mechanical absorption
peaks. These are usually presented as peaks in tan d
which is the ratio of the imaginary and real compon-
ents (otherwise referred to as the loss and storage
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moduli), M” and M’, respectively, of the complex
elastic modulus, given by M* = M’ —iM". An ex-
pression for tan o is [1]

[
B——
[1 + 0*(te)’]

where B = (M, — Mg)/(M Mg)*'?, My and M being,
respectively, the relaxed and unrelaxed moduli of the
material, and t. is an effective relaxation time, Tq
= (151¢)!/%, where t, and t, are the true relaxation
times associated with a constant stress or constant
strain experiment. The function for tan § reaches a
maximum when o1, = 1. The relaxation time often
falls with temperature in the thermally activated Arr-
henius fashion

tand =

(1)

Teer = To €XP (E/kT) (2)

in which E, is an activation energy, T, ' is an attempt
frequency and k is the Boltzmann constant. Thus a
mechanical absorption peak may be generated by
sweeping a temperature range, the peak occurring at
the temperature for which the relaxation time satisfies
the condition ®t. = 1.

Changes in viscoelastic characteristics are also
sometimes illustrated by the Cole—Cole method, ori-
ginally developed for the study of dielectric dispersion
[3], of representing the complex modulus, M*, as the
relationship between M’ and M’ in the complex plane.
For the ideal Debye solid of Equation 1, this relation-
ship is encompassed in the equation

(M* — Mg) = (My — Mp)/(1 + iotg)  (3)

and an M” versus M’ plot gives a semi-circle of
diameter (M — My), with its centre on the M’ axis,
which is the locus of the complex modulus as o varies
from 0 to 0.

The DMTA method is thus a sensitive means of
detecting changes in the mobility of molecules and for
investigating phase structure and morphology. For
polymeric materials, it is able to identify a range of
relaxations and transitions, and is thus a potentially
powerful tool for assessing the effects of such features
of composite materials as matrix polymer modifica-
tion (e.g. “flexiblization”), matrix crystallinity, trans-
crystallinity at a fibre/thermoplastic matrix interface,
and interphase behaviour or other effects of fibre-
surface treatments [4-16].

2.1. Some results of DMTA studies
of the interface/interphase

The region in a composite at the interface between a
rigid carbon or glass fibre and a cured thermoset resin
is likely to consist of a chemically and physically
complex polymer species with characteristics different
from those of the normal bulk matrix, even without
the interpolation of the sizes or coupling agents that
are applied as a matter of course to commercial
reinforcing fibres. In the brief survey which follows,
therefore, we shall refer to studies that bear upon this
aspect of composite behaviour in addition to those
which deal specifically with deliberately interposed
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fibre coatings, because the effects of the two types of
interphase may not easily be distinguishable. A num-
ber of workers have claimed that it is possible by
means of DMTA experiments to detect the effects of
interphases or fibre surface treatments, particularly
through their influence on the characteristics of the
loss peaks. An early DMTA study of the interphase
which results from polymer/filler interaction, that of
Theocaris and Papanicolaou [4], suggested that the
temperature of the o peak of an epoxy resin was
significantly higher (25 K) in the bulk resin than in
glass-fibre composites containing the same resin, and
that the 7, value for the composite was reduced by
about 20 K as the orientation of the fibres relative to
the sample axis shifted from 0° to 90°. They developed
a geometric, concentric cylinder model which accur-
ately explains the latter effect, but they offer no clear
explanation of the former beyond observing that the
characteristics of the resin are likely to be influenced
by the presence of the rigid fibre surface and the fibre
size.

Chua [14] studied the effects of organo-silane coat-
ings on glass fibres and found that there was an
inverse linear correlation between the height of the
tand peak at T, and the interfacial shear strength of
glass/polyester composites as determined by the
quantity of organo-silane on the fibre surface. An
increase in the thickness of the coating led to an
increase in the peak height. He also reported [15] that
the tan & peak height, measured in both the axial and
transverse orientations relative to the fibres, varied
inversely with both the interlaminar shear strength
(ILSS) and the transverse flexural strength, suggesting
a direct correlation between the mechanical loss, or
internal friction, and the ILSS. He suggested that an
organo-silane coating with unreactive organic groups
leads to an interphase with many unrestrained or free
end groups which results in a reduction in the cross-
link density of the polymer network in the interphase
region. This plasticized region then gives increased
internal friction, but reduces the interfacial bond
strength (as characterized by the ILSS). '

Chabert and co-workers [9-11, 16] have published
widely on this subject and have used dynamic mech-
anical analysis to study the effects of coatings on both
glass and carbon fibres. For unidirectional glass/
epoxy composites, for example, they showed [9] that
whereas the temperature of the glass transition was
largely unaffected by introducing fibres with different
types of sizing and it was not possible to distinguish
between two size coatings of quite different character
by the peak height, the presence of an amino-silane
coupling agent resulted in measurable increases in the
relaxation time and the activation energy of the 7,
peak. By contrast with the conclusion of Chua, these
changes are ascribed to an increase in the rigidity of
the interfacial zone resulting from the formation of
covalent bonds both between the constituents of the
coupling agent itself and between the coupling agent
and the glass surface.

In work on carbon-fibre/epoxy composites [10],
authors from the same group have given evidence of
the effects of surface treatments on both the o and §



peaks. They suggest that the introduction of untreated
carbon fibres results in a less cross-linked and more
homogeneous structure, with a reduction in the peak
height at 0.01 Hz and a broadening of the peak at mid-
height. This is in direct contrast to the work of Garton
et al. [17], for example, who believe that the kinetics of
cross-linking is not influenced by the presence of a
carbon surface. They also noted that oxidation of the
fibre surface to increase the carboxy, carbonyl and
phenoxy functionalities has no effect on the o trans-
ition. By contrast, the presence of a DGEBA epoxy
prepolymer size on T300 carbon fibres was said to be
particularly noticeable, resulting in a resistance to
relaxation assumed to be due to the formation of a
more highly cross-linked, but less homogeneous net-
work than that obtained with unsized fibres. A more
detailed later study [11] on a wider range of fibres
appears completely to reverse these conclusions, how-
ever. The introduction of untreated fibres resulted in
an increase in the temperature of the o peak with
increasing content of AU4 and AS4 fibres, but a
decrease with increasing volume fraction, V, for T300
fibres, and the peak amplitude fell non-linearly with
increasing V; for all types of fibre. For oxidized fibres,
an increased transition temperature and reduced peak
amplitude indicated an increase in the rigidity of the
interfacial zone due to improved fibre/matrix inter-
action, as also suggested by Chua [14] for glass/epoxy
composites. Perret et al. [11] suggested that the oxida-
tion treatment removes the weakly cohesive surface
layers of the fibre and increases the concentration of
functional groups which results in stronger fibre/
matrix bonding and reduces molecular mobility in the
interfacial zone. The presence of a size on the fibres, on
the other hand, improves wetting but leads to a zone
near the fibre surface deficient in catalyst in which the
cross-link density is reduced as a consequence. The
transition temperature is therefore also reduced and
the peak amplitude increased. These effects are more
marked the greater the volume fraction of fibres or the
thickness of the coating, as would be anticipated.
Gérard [8] studied the effects of an elastomeric
interphase in carbon/epoxy composites. The thick-
nesses of his coatings were of the order of 1% of the
fibre diameter, and were therefore scarcely visible in
the- SEM. He observed that the « transition of the
interphase was at approximately the same temper-
ature as the ftransition of the epoxide matrix, so that
separation of the two was difficult. The introduction of
oxidized or oxidized and coated fibres caused no
changes in the characteristics of the f transition. By
contrast, the temperature of the main relaxation peak
fell by 2.5, 2.7 and 3.9 °C, respectively, for additions of
uncoated fibres and of oxidized fibres with two levels
of coating, suggesting higher degrees of chain mobility
as the amount of surface elastomer increased. These
changes were also accompanied by marked reductions
in the apparent activation energy, but because the
values quoted (799-940 kJ mol 1) are far too great for
molecular processes in a polymeric solid it is unclear
what the significance of this might be. Gérard used the
Cole~Cole approach, referred to earlier, modified with
reference to a biparabolic model introduced by Huet

[18] which extends Equation 3 to take account of the
fact that complex plane plots of M” versus M’ for
polymers are usually asymmetric, like the equivalent
tan  plots. This model gives the complex modulus as

My — My
+ ; ~h ; —k
1 + (io01,)™™ + (iw1,)

M* = Mg (4)
(0 < h, k> 1), where h and k are parameters corres-
ponding, respectively, to long times (low frequency,
high temperature) and short times. Values of h and &,
which are obtained from the right-hand and left-hand
slopes of the Cole—Cole plot, were of the order of 0.5
and 0.2. Gérard showed that when carbon fibres were
introduced into an epoxy network, the value of h,
characterizing long times, decreased, while k, relating
to short times increased slightly, showing a weak
blocking of the molecular segments involved in relaxa-
tion by the interface. When carbon fibres with an
elastomer coating were introduced into the resin, h
increased, suggesting the presence of different chains
in the network, while a simultaneous decrease in k
indicated a reduction in the blocking of segmental
motion at the interface when the coating was present.
Both M, and My fell when the level of surface coating
was increased (again suggesting that the epoxy net-
work was less cross-linked when fibres are added to
the resin) and when the weight of the coating was
increased.

DiBenedetto and Lex [19] also noted different ef-
fects of surface treatments in carbon and glass fibre
composites, measurements of the interfacial shear
strength suggesting that something appeared to hap-
pen at a glass/resin interface, but not at a carbon/resin
interface, which caused the resin to be stronger at the
fibre surface. Ide et al. [12], reporting an investigation
of the dynamic response of unidirectional carbon/
epoxy composites, comment that their polyacryloni-
trile (PAN)-based fibre was used without de-sizing
because they had noted that the presence of a sizing
agent does not affect the mechanical dispersion of
carbon-fibre-reinforced plastic (CFRP) materials. The
tan & peak for their bulk DGEBA matrix resin was at
about 125 °C, and they observed that by increasing the
carbon fibre volume fraction, the height of this pri-
mary peak was gradually reduced while secondary
peaks of increasing strength developed at temper-
atures above 150°C. They interpret their results to
indicate that an interphase with a relatively strong
interaction between the fibre surface-and the epoxy
matrix may exist, and that this interphase may consist
of two kinds of phases with different properties.

In a paper dealing with glass/epoxy and carbon/
epoxy composites, Thomason [13] warns of the pos-
sibility that artefacts may obscure the analysis of
DMTA results. He summarizes the four reasons why
the interfacial region may appear to have properties
different from those of the bulk resin. These are:

(a) there may be a rigid polymer layer adjacent to
the fibre surface caused by restricted molecular mo-
tion due to fibre/matrix interactions;

(b) there may be a zone next to the fibre that is
different in composition from the bulk resin because of
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preferential adsorption of one of the resin compon-
ents;

(c) there may be a region next to the fibre that is
different in composition from the bulk matrix because
of incomplete dissolution of the fibre coating in the
matrix resin,

(d) the layer next to the surface may have different
mechanical properties because of residual stresses.

Thomason concludes that although it is often possible
to obtain an apparent loss modulus peak, such as
those described by Ide et al. [12], at temperatures
higher than that of the o peak of the polymer matrix,
this could be an artefact resulting from a combination
of experimental factors. In his experiments he also
obtained such higher temperature peaks, but he dis-
misses these as artefactual and shows that he was able
to detect a true loss peak that could be ascribed to the
presence of an interphase region, at temperatures sub-
stantially below the resin T, that was not resolvable by
differential scanning calorimetry (DSC) methods. It is
interesting to note that Williams et al. [20] determined
directly the mechanical properties of the matrix sur-
rounding the fibre in a single-fibre carbon/epoxy com-
posite by means of a nano-indentor. They report that
there is a soft interfacial zone, of the order of 500 nm
thick, of which the modulus may be as low as a quarter
of that of the bulk resin as a result of the fact that this
region is depleted in amines. They also observe that
measurement of the stiffness of this zone is affected by
two opposing features, a mechanical stiffening of the
interfacial zone because of the proximity of a rigid
fibre, and the chemical softening due to the depletion
in amines. It is not clear whether similar effects would
be observed in real composites.

The amine depletion model was described by Drzal
et al. [21] before the technique used by Williams et al.
for studying the mechanical properties of the matrix
close to the fibre became available. They pointed out
that the amine concentration in the interphase close to
the fibre surface would be below the stoichiometric
amount necessary for full cure, and they support this
hypothesis with data showing how the stiffness of a
particular DGEBA resin rises as the amine concentra-
tion is reduced while, simultancously, the fracture
strength and fracture toughness of the resin decrease.
These results indicate that the interphase should be-
have as a more brittle material than the stoichiomet-
rically cured epoxy resin and Drzal et al. conclude that
this should promote better stress transfer at the inter-
face, resulting in a higher interfacial shear strength.
Thus, the model of Drzal et al. appears to be some-
what at odds with the experimental measurements of
Williams et al., at least in relation to the supposed
stiffness of the interphase layer. We note that Kardos
[22], who has also detected interphase regions of this
kind in glass/epoxy systems, specifically advocates the
interpolation of an interphase of stiffness intermediate
between the stiffnesses of the fibre and resin, because
the consequent reductions of the modulus ratios be-
tween neighbouring phases must reduce stress concen-
trations.
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Sellitti et al. [23] have also commented on the effect
of surface treatment on the cure of the resin. They
suggest that surface groups on the carbon fibres can
act as catalysts for cross-linking and observe that in
treated-fibre composites it is therefore possible to get
either enhancement or retardation of curing de-
pending on the nature and concentration of the sur-
face groups. Finally, Grenier-Loustalot and Grenier
[24] used a battery of methods, including nuclear
magnetic resonance, Fourier-transform—infrared and
DSC techniques, to show, with reference to results for
pure epoxy resin, that the presence of glass and carbon
fibres changes neither the cure reaction mechanisms
nor the resin network structure, although it does
change the cure reaction rate, depending on the sur-
face treatment or coating which changes the reactivity
of the prepregs. There is thus a marked divergence
between the results of different groups of researchers
in this field.

3. Experimental procedure

3.1. Fibres and surface treatments

The main fibre used in this programme was ENKA
Tenax HTA-3000 fibre, a high-performance carbon
fibre manufactured from polyacrylonitrile (PAN) pre-
cursor polymer, characterized as being a high-
strength, standard-modulus fibre. Supplies of fibre
provided by the manufacturer included samples with-
out any surface treatment, samples that had been
subjected to an oxidizing treatment, and samples that
had been both oxidized and sized. Although no details
of these commercial treatments are available it is likely
that the oxidized and sized material would be that
normally supplied for compatibility with epoxide resin
matrices.

Samples of the fibre were subjected to a range of
electro-polymerization and plasma polymerization
treatments, the objective being to deposit a coherent
polymer layer on the fibre surface that would act as an
interphase when treated fibres were incorporated into
resin-based composites. The purposes of such inter-
phases as have already been widely studied are diver-
se, and include both modification of the chemical
nature of the interfacial region, i.e. the wetting and the
nature of the fibre/matrix bond, and amelioration of
the stress state and conditions for stress transfer at the
interface. The aim of our treatments was to lay down a
thin polymer layer that would be rich in nitrogen-
containing groups so as to improve the compatibility
of the fibre surface with amine-cured epoxy resins. Full
details of the experimental techniques used for these
coating experiments and for studying the surface
chemistry of the treated surfaces will be the subject of
other papers from the Namur group. For the purposes
of this paper, therefore, we simply summarize the
treatments given and report the results of the X-ray
photoelectron spectroscopy (XPS) studies of the fibre
sutface chemistry (Table I). The electro-polymeriz-
ation treatments referred to in this paper were carried
out on untreated fibres in a bath consisting of a
solution of 0.1mM o-diaminobenzene + 0.1m LiClO,.
The ep122 samples were treated for 20 min at 0.6 V,



TABLE 1 Summary of power-law curve fitting parameteres for epoxy resin and model carbon fibre composites. Fixed fitting parameters: t,

=11x107a=9
Sample Fibre Experimental data Power-law parameters
orientation
deg T, (K)  (tan 8),,, T, A m n Error (%) r (degrees
of freedom)
Resin 402 0.62 373.75 122 0.63 0.52 22 0.997(72)
Commercial treatments
Untreated 90 403 0.58 375.34 1.10 0.63 0.63 2.5 0.995(33)
Oxidized 90 401 0.55 374.71 1.03 0.66 0.60 24 0.996(35)
Oxid/sized 90 403 0.59 375.64 1.10 0.67 0.64 2.5 0.995(32)
Untreated 0 401 042 373.12 0.81 0.70 043 23 0.995(34)
Oxidized 0 401 041 373.32 0.80 0.71 0.41 23 0.996(34)
Oxid/sized 0 401 041 373.46 0.81 0.70 045 24 0.995(34)
dip coatings
PB 90 403 0.54 375.97 0.96 0.61 0.68 23 0.996(32)
PBA 90 403 0.60 376.34 1.06 0.63 0.70 22 0.996(33)
Latex 90 406 049 377.65 0.89 0.65 0.61 26 0.994(32)
PB 0 401 0.34 374.07 0.62 0.65 0.55 22 0.996(34)
PBA 0 400 0.38 371.46 0.64 0.60 0.54 1.9 0.996(34)
Latex 0 403 0.31 374.92 0.60 0.64 0.37 2.7 0.994(32)
ep and pp treatments
epl22 0 401 0.35 373.72 0.65 0.66 0.55 19 0.996(37)
epl32 0 400 0.37 371.33 0.74 0.64 0.34 27 0.994(54)
pp3 0 400 0.39 371.79 0.75 0.67 0.51 2.0 0.997(58)
while the ep132 treatment was at 1.2V for 10 min. 00— T T 7
The plasma polymerization treatment was carried out
at a pressure of 0.1 torr (1 torr = 133.322 Pa) on oxid- 0,05

ized/sized fibres in an acrylonitrile plasma for 60 min
at 20 W plasma power.

3.2. Resin matrix

The resin used in this work was Ciba Geigy
LY1927GB epoxy resin, a phenolic novolac resin
containing about 7 epoxy equivalents/kg which is
cured by 36 wt % formulated aliphatic polyamine
hardener, HY1927GB. The DSC trace for a sample of
the cured resin which is shown in Fig. 1 indicates that
the glass transition temperature of the resin, T, is
approximately 130 °C, or 403 K. The curing treatment,
which was that recommended by-the manufacturer,
was as described in the next section.

3.3. Test specimens

Model composites were prepared for DMTA analysis
by impregnating short lengths of single tows of fibre
with precatalysed resin, spreading them as uniformly
as possible on to a Melinex sheet on a glass plate, and
then flattening them by laying another plate on top.
The thickness of the samples was held at about 1 mm
by interposing microscope slides between the two
glass plates. The assemblies were allowed to gel over-
night at room temperature, and then given an initial
cure of 2h at 60°C, a final cure of 2 h at 80°C, and a
post-cure of 24 h at 100 °C. The resulting samples were
cut into test pieces of dimensions 30 mm x 10 mm and
the surfaces of these specimens were ground to remove
excess resin or other shallow surface defects. The edges
were also ground flat and parallel, and the samples

Heat flow (W g
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Figure I Differential scanning calorimeter trace for a sample of
Ciba Geigy LY 1927 epoxy resin, cured as described in Section 3.3.

were then dried overnight in a desiccator prior to
testing.

Three groups of test samples were prepared. The
first of these was an exploratory group containing the
fibres supplied by the manufacturer, namely those in
the untreated, oxidized, and oxidized/sized conditions,
together with samples of the plain resin. The second
was a group containing the fibres treated by electro-
polymerization (ep122 and ep132) and plasma poly-
merization (pp3) (the designations refer to the treat-
ments discussed in our earlier paper [11).

The third group of samples was a comparator group
which was prepared before the availability of experi-
mental quantities of the electro-polymerization or
plasma polymerization treated fibres. A number of
samples were prepared from fibres coated by solution-
coating with an elastomeric polymer. This was ac-
complished by dipping tows of untreated fibres into a
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water-based emulsion of polyisoprene (latex), into
polybutadiene (PB) dissolved in cyclohexane, and into
poly(butyl acrylate) (PBA) dissolved in acetone. The
latex was a commercial BF Goodrich “Hycar” latex
emulsion which was diluted to form a 10 wt % solu-
tion. The PBA solution contained 1% of the polymer
by weight, and the PB 2%. These solutions were
selected for convenience of handling by simple dipping
methods. Sufficient tows to fill a mould were dipped
into the solutions and spread as much as possible to
facilitate penetration. The bundles were subsequently
dried and laminated into model composites, as in the
case of the commercially treated fibres. The approxim-
ate thicknesses of the coatings applied were estimated
to be 0.2 um for the latex, and 0.03-0.04 um for the PB
and PBA. These comparator samples were made from
Courtauld Graffil HMU untreated carbon fibres, and
it is interesting to note that aithough two different
types of fibre were used in this work, there was no
DMTA evidence of any difference between the com-
posites containing the two species of fibre.

For the commercially treated fibres and the dip-
coated samples, sufficiently large specimens could be
made to permit test strips to be cut at 0° and 90° to the
fibre direction in order to assess the effect of fibre
orientation on the dynamic elastic response. For the
electro-polymerization and plasma polymerization
coated fibres, however, the quantities available were
only sufficient to permit the preparation of test
samples with axially aligned fibres. The fibre volume
fractions achievable in the epl122, ep132, and pp3
specimens were 0.20, 0.16 and 0.22, respectively, some-
what higher than that achievable with uncoated fibres
for which the volume fraction was only 0.1.

3.4. Dynamic mechanical analysis system

The system used in this work was the Polymer Labor-
atories DMTA Mark II equipment which has the
capability of analysing samples over the temper-
ature range —150 to +300°C at frequencies from
0.01-200 Hz. Its temperature resolution is 0.1°C, and
it is equipped with a high-duty bending head which
provides information about the flexural properties.
The temperature and frequency range encompasses
most of the important primary and secondary molecu-
lar processes in conventional polymers, including the
B and y processes due to restricted chain or side group
motion in addition to the main T, and T, transitions.
It should be pointed out that the value of the room-
temperature storage modulus for a plain resin sample
determined by this equipment does not coincide with
the conventional value of the tensile Young’s modulus,
E. As a result partly of the gripping method, partly of
the sample geometry, and partly of the flexibility of the
samples, the stiffness value determined is some com-
bination of the extensional, compression and shear
moduli, and, in consequence, is well below the normal
value of E of about 3 GPa. In presenting the results of
this work, however, we shall follow the normal prac-
tice of using the symbol E for modulus, and because all
of the moduli of a viscoelastic solid exhibit the same
temperature and frequency characteristics, the discus-
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sion of tan & in Section 5 is unlikely to be unaffected by
the discrepancy referred to above.

The Polymer Laboratories dual cantilever sample
testing arrangement was used and the normal strain
level applied to the specimen in bending corresponded
to a nominal peak-to-peak displacement of 16 pm.
Because of the high stiffness of some of the composite
samples, however, some experimental runs were neces-
sarily at constant power rather than constant dis-
placement. Liquid nitrogen was used as the cooling
medium, and following stabilization at the lowest
temperature chosen for a given run, scans were carried
out at a heating rate of 2°C min~!. Temperature
scans were usually carried out from —80 to +200°C
at a frequency of 1 Hz, but detailed analysis of the
results was mostly restricted to the region of the main
loss peak, the o peak, associated with the glass trans-
ition. Experimental values of storage modulus, E’,
loss modulus, E”, and viscoelastic damping, tan d (i.e.
E"/FE), are stored as digital data for plotting by the
DMTA machine and these were subsequently access-
ed for more detailed data analysis by methods not
provided by the commercial DMTA software.

4. Results

Graphs of storage and loss moduli (on logarithmic
scales) versus temperature for the plain resin and for
composites with untreated, oxidized and oxidized/
sized fibres are shown in Figs 2 and 3. All of the graphs
have the same shape, exhibiting a single major (o) peak
at about 130°C, unexpectedly close to the DSC T,
value of 130 °C referred to earlier, and a broad, weakly
defined B transition in the region of 50 °C. In both the
0° and 90° fibre orientations the E’ and E” curves for
the three fibre composites are closely bunched and
separated from the equivalent curves for the plain
resin by amounts which reflect the level of fibre domi-
nance of the elastic properties. There is a certain
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Figure 2 Storage and loss moduli, E' and E”, for model composites
containing samples of (——-—) untreated, (-—-) oxidized, and (---)
oxidized and sized Enka HTA fibres in ( ) Ciba Geigy LY 1927
epoxy resin. The fibre orientation is 0° with respect to the sample
length. Graphs for the plain resin are also included.
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Figure 3 As for Fig. 2, but for fibre orientations of 90° (i.e. trans-
verse).

degree of overlap of the composite curves, although it
is clear from Fig. 2 that the oxidized/sized fibres yield
the highest overall composite stiffness, £, and also the
highest loss modulus in the region of the peak and
above.

Fig. 4 shows Cole—Cole plots for the plain epoxy
resin and for model composites (0° fibre orientation)
containing untreated, oxidized and oxidized/sized
fibres. There is the same marked difference between
the resin and composites as that shown by Gérard [8],
but by contrast with his work, there is no apparent
difference in the values of either i or k with fibre
surface treatment and the value of k for the resin is
markedly lower than those for the composites. No
comment can be made about the relative values of Ey
and Ep because of differences in fibre content. Al-
though not shown, we note that the Cole-Cole plots
for the plain resin and the untreated fibre composite
with fibres at 90° to the loading direction were very
similar in shape and magnitude, although the k value
for the composite was somewhat higher. Fig. 5 shows
Cole—Cole plots for the two groups of treated fibre
composites (all in the 0° orientation) together with
curves for the untreated fibre composite for com-
parison. For the lower group of dip-coated fibres
there is a perceptible but small increase in the value of
k through the sequence untreated, latex-coated, PB-
coated, PBA-coated, while & remains unchanged. By
contrast, for the electro-polymerization and plasma
polymerization treated fibres, there are no observable
differences in either h or k with surface treatment.

Because the mechanical loss, tan 6, is the ratio of the
loss modulus to the storage modulus, the loss tangent
is therefore a self-normalizing parameter with respect
to differences in specimen stiffness. This means that an
analysis of the differences between composites with
different surface treatments where it has not been
possible to maintain the fibre volume fraction con-
stant from sample to sample is more sensibly made
with reference to tané than to the loss modulus, E”.
Some of the differences between treatments suggested
by Figs 2 and 3 will not, therefore, necessarily be
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Figure 4 Cole—Cole plots of loss modulus versus storage modulus
for plain epoxy resin and model composites containing (CJ) un-
treated, (A) oxidized, and (V) oxidized/sized Enka HTA carbon
fibres. Fibre orientation is 0°.
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Figure 5 Cole—Cole plots for model composites containing un-
treated and surface-treated carbon fibres. In the lower group the
fibres were dip-coated, while the upper group includes electro-
polymerization and plasma polymerization treated fibres. (——)
untreated, (V) ep 122 coating, (<) ep 132, (O) pp 3, (O) PB coating,
(30) PBA, (A) latex.

transferred to curves of tan & versus temperature. This
is shown by Fig. 6a in which the tan 8 data points in
the region of the glass transition are shown for the
plain resin and for model composites containing un-
treated fibres in the 0° and 90° directions. It can be
seen that there is very little difference between the data
for the resin and the 90° composite, the peak height
being reduced by about 7%, from 0.62 to 0.58, and
many of the data points overlappping. For the 0°
orientation, by contrast, the peak height is reduced by
32% to 0.42. The reduced loss in the composite with 0°
orientation is presumably a result of the fact that in
this orientation the very much stiffer fibres control the
deformation so that the mere lossy component of the
composite, assumed to be the interphase/interface, is
less highly strained.

The shape of the curve and its position arec not
much altered, although because of the spacing of the
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Figure 6 (a) Damping (tan 8) peaks for (O) LY 1927 resin and
model composites containing untreated Enka HTA fibres in the (0)
0° and (A) 90° -orientations. (b} Normalized tan & curves for (O)
plain LY 1927 epoxy resin and model composites containing ([J)
untreated, and (A) oxidized and sized Enka HTA carbon fibres.
(——-) A normal distribution curve drawn so as to fit reasonably
closely to the lower temperature side of the resin peak. Fibre
orientation = 90°,

data points it is not possible to determine, to within
two degrees or so, the precise position of the max-
imum. The problem of analysing loss peaks to show
the differences brought about by fibre surface treat-
ments may be seen by normalizing the tan ¢ data for
the plain resin and for the 90° composites containing
untreated and oxidized/sized fibres. Fig. 6b shows the
data for these materials normalized with respect both
to peak height and peak temperature. The three sets of
data coincide to a very large extent, and it can be seen
from the Gaussian distribution curve imposed on the
data points that all three curves are asymmetrical. The
data appear to be largely superimposed, and give no
clear indication at this level of analysis of the presence
or absence of any interphase.

By contrast, the loss curves for the dip-coated fibre
composites show rather more distinctive features, as
illustrated in Fig. 7. Again with the proviso that exact
location of the maximum is uncertain, it can be seen
that there are differences in both peak height and peak
temperature between the three samples, and there are
also marked differences in the shapes of the curves
below the o transition.
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Figure 7 DMTA tan 8 curves for model composites consisting of
carbon fibres coated with (——) polybutadiene, (——-) poly(butyl
acrylate), and (. . .) latex in LY 1927 epoxy resin. Fibre orientation
=0°

5. General discussion

Raw DMTA data for a range of samples may be
compared, as we have seen, in terms of such obvious
parameters as loss peak height, (tan 8),,,,, and peak
temperature, 7,, but these parameters do not permit
the differentiation of very subtle changes in the
character or shape of the peak. They may also give
excessive weight to single data values, especially if the
data points near the maximum are well spaced. A
better method is to find an appropriate function the
parameters of which may be systematically studied as
functions of particular variables, such as interfacial
shear strength. For the plain LY 1927 epoxy resin used
in this work we have developed a power-law function
which gives good predictions of the temperature and
frequency dependences of tan 8, and this is an appro-
priate starting point for analysis of the present results.

5.1. Power-law analysis

In a polymer in the vicinity of the glass transition the
applicability of Equations 1 and 2 is questionable. The
reason why the mechanical loss peak is observed at a
temperature a little above the glass transition temper-
ature is that in this temperature range elastically
coupled entities within the polymer “slow down” to a
natural relaxation rate matching the low applied fre-
quencies. This “slowing down” is not correctly de-
scribed by the simple Arrhenius expression of Equa-
tion 2. Moreover, in this temperature range polymer
components become strongly interacting and it is
known [25] that relaxation processes become non-
exponential, whereas a simple exponential decay pro-
cess is assumed in the derivation of the Debye ex-
pression of Equation la.

Although the conventional Arrhenius expression,
Equation 2, is often invoked to characterize DMTA
data for polymers, the activation energies and attempt
frequencies are, in many quoted cases, unphysically
large. We have shown [26], for example, that for the
epoxy resin used in this work the apparent activation
energy was 44 eV and the “attempt frequency” 1.7
x 1038 Hz. The latter is ridiculously large considering



that the highest frequency possible in the material is
the atomic vibrational frequency which is bound to
be in the range 10*2-10'* Hz. In addition, it is well
known that the temperature-dependence of viscosity,
and consequently the relaxation time, in a polymer are
not accurately represented by an Arrhenius relation-
ship. The Vogel-Fulcher law, a simple modification of
the Arrhenius relationship, provides a much improved
fit to experimental data. The corresponding expres-
sion for relaxation time is

T = t,exp [E/K(T — T%)] (5)

in which T* is a reference temperature which is ob-
tained by fitting data. T* is usually only a few tens of
degrees below the glass transition temperature, T,
and as a consequence both E, and t,”! adopt much
smaller and more realistic values than necessary for
the Arrhenius expression.

Williams et al. [27] showed from an analysis of a
wide range of polymers that the temperature depend-
ence of the ratios of mechanical relaxation times con-

formed to a universal empirical function

— 886 (T — T)/101.6 + T — T,
(6)

in which a; is the ratio of the relaxation time at a
temperature T to that at a reference temperature T,
recommended to be about 50 K above T,

A more recent alternative, investigated by Souletie
and Thoulence [28] for the paramagnetic susceptibil-
ity of spin glasses, is to treat the slowing down in the
same way as the critical slowing down that occurs in
the vicinity of a true phase transition. Phase transition
theory has received an enormous amount of attention
in recent years and the value of scaling relationships is
widely accepted. The dynamic scaling near a trans-
ition at T, should ideally follow a power law [29]

T = To[(T - To)/T]ka (7)

logolar) =

where o = zv and v is the critical exponent of the
correlation length and z is the dynamic exponent.

Turning to the problem of the mechanical relaxa-
tion response function, Equation 1, the discrepancy
between the prediction of the classical Debye ex-
pression and experimental data is typical of both the
mechanical and dielectric responses of polymers and a
wide range of other materials. Traditionally [2], this
was dealt with by postulating a distribution of relaxa-
tion times, each contributing a relaxation peak and
thus accounting for the much broader peak than that
attributable to a single relaxation time process. How-
ever, there is now considerable doubt about the valid-
ity of this procedure because it implicitly assumes each
relaxation process to be exponential. As mentioned
above, non-exponential relaxation characterizes the
dynamics of polymers, particularly near T, and there
is an extensive body of theoretical work [25] that
accounts for these non-exponential relaxations. Much
of this arrives at the experimentally derived “stretched
exponential” sometimes called the Kohlrausch or
Williams—Watts function

f) = exp[ — (/7] @®

where the exponent n has a value between 0 and 1.
Jonscher [30, 31] has developed a somewhat more
adaptable function for fitting to the dielectric loss data
of polymers. The function may be adapted to provide
an expression for tan & of the form

All0n)™ + (07t "7 ©)

with two exponents, m and n, which enable the low
and high ot slopes of an absorption peak to be fitted
separately, ®/27 being the test frequency, 1 Hz for the
experiments reported here. The parameter A is a
scaling factor related to the tan 6 peak height which is
determined by the modulus function B in Equation 1b.
The expression for tan & reverts to a Debye function
on setting n = 0 and m = 1 [26]. Thus, the full power-
law expression for tan 8 as a function of temperature
is:

tan 6 =

tan &

A
T [ot(l — T,/)T) 7™ + [ot(l — T,/T) 9"
(10)

We note that reducing T, in Equation 10 shifts the
whole curve to the left, lowering the peak temperature
without changing the shape or the peak height.
Raising 1, pulls the curve to the right, again leaving
the height unaffected, but maintains the same left-
hand start point if T, remains unchanged. If both T,
and t, remain fixed, raising m steepens the right-hand
wing of the curve while raising n steepens the left-hand
wing, in both cases causing simultaneous downward
shifts in the peak temperature and small increases in
peak height. Thus, it is possible that in a series of
experiments such as we have described, the funda-
mental behaviour of the polymer matrix, as deter-
mined by o« and 1, could be expected to remain
unchanged while subtle effects due to surface treat-
ments, for example, may be mapped by variations in
T,, A, m and n. For reference, Fig. 8 illustrates these
more obvious effects of the power-law parameters on
loss-peak appearance starting with a data set that
represents the plain resin response.

5.2. Analysis of DMTA loss-peak data

Equation 10 is an asymmetric function which falls to a
common base-line on each side of the peak. The raw
data shown in earlier figures must therefore be modi-
fied before the power-law curve can be fitted. In
principle, this would require a deconvolution process
to subtract what is effectively a very broad and flat
“peak” to the left of the main « peak, but it can be
done with little error by a linear subtraction process to
bring the left- and right-hand wings of the tan & curves
to a common (zero) base-line. This modification is of
trivial consequence in that it does not markedly alter
the peak height or position. The fitting was carried out
with the aid of a non-linear regression algorithm
provided by the graphing package Fig. P marketed by
Biosoft of Cambridge, UK. Refinement of the fitting
procedures reported in our ecarlier paper [26] pro-
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vided a set of fitting parameters for the plain resin, i.e.
T,=37375K, 1, = L.I1x107 s, =9, A =122, m
= 0.63, and n = 0.52, which were marginally different
from those given in our earlier paper [26] but which
were in somewhat better agreement with the back-
ground arguments presented in the paper. They were
reproducibly obtained by refitting repeatedly from
different starting values of the parameters. The values
for 1, and o were then retained as constants and the
fitting procedure repeated for all of the composite
samples in order to determine T,, A, m and n. The
results are presented in Table I. An indication of the
goodness of fit was obtained in each case by determin-
ing the mean absolute deviation of the fitted curve
from each data point. These errors are reported in
Table T as a percentage of the peak height, (tan d),,,,
and it can be seen that they are all of the order of 2%.
The curve-fitting programme also provides an indica-
tion of the standard error for each of the fitted
parameters. The accuracy of fitting for T, was found in
each case to be of the order of only 0.5 K, rendering its
value much more sensitive as an indicator of the glass
transition temperature than the experimentally ob-
served value of the temperature at which the largest
value of tan & occurs, for reasons referred to earlier.
The values of A, m and n were fitted with errors within
the range 0.01-0.04, but these were mostly clustered
around 0.03. The reported correlation coefficients, r,
also given in Table I were all 0.994 or higher, for
degrees of freedom ranging between 32 and 58.
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From the tabulated results, it can be seen that the
estimated values of the peak temperature, T,, are
almost all within a couple of degrees of each other, but
fall into two groups. It appears that whereas the values
for the plain resin and the model composites of 90°
orientation are mainly near to 403 K, those for the 0°
orientation are by and large nearer to 400 K. Only the
composites with the latex-coated fibres seem not to fit
this pattern, both of these giving noticeably higher T,
values than their respective group averages. The table
also shows that the variations of the fitted power-law
parameter, 7, seem to follow the same pattern as that
described above for T,.

The values of the peak height parameter, A4, are also
noticeably different for the two orientations. The 90°
composites give values near to unity, compared with
1.2 for the plain resin, while the values for 0° com-
posites themselves fall into two groups, about 0.8 for
the commercial treatments and 0.6-0.75 for the ex-
perimental treatments. The latex-coated fibre samples,
with the thickest of all the coatings studied, provide
the lowest values of A in the respective 0° and 90°
groups, and the 0° dip-coated samples give the lowest
peak heights overall. This is in marked contrast to the
findings of Chua [14, 15], referred to earlier, which
indicated that the peak height increased with increas-
ing coating thickness. The curve shape parameters, m
and n, show some variation between groups of results,
but it can be seen that it is mainly n, the exponent
describing the shape of the low-temperature side of the



curve, that is most sensitive to surface treatment, m
remaining mostly in the range 0.6-0.7.

A typical set of results, from which some of the data
in Table I were obtained, is shown in Fig. 9. This
includes the experimental data for the shapes of the o
peaks for composites with untreated, oxidized, and
oxidized/sized fibres in both the 0° and 90° orienta-
tions, together with the fitted power-law curves. For
reference, the fitted curve for the plain resin is also
given with each pair of data sets. The figures confirm
the similarity of the shapes of all of these curves, the
very small peak temperature shifts (0° composites and
plain resin marginally lower than 90° composites), and
very slight differences between the curves for different
fibre treatments. These results certainly do not suggest
that there is any marked effect of the fibre surface on
the curing of the epoxy resin, and appear to be in
agreement with the work of Garton et al. [17] and
Grenier-Loustalot and Grenier [24]. It can also be
seen, from a comparison of the three sets of data in this
figure that the presence of an epoxy-compatible size
on the fibre surface appears to have little influence on
the nature of the cured resin layer near the interface.

Fig. 10 shows the results of fitting the power law to
the tan d data for the electro-polymerization and
plasma polymerization treated fibres in the 0° orienta-
tion. As in the case of the commercial treatments, the
visible differences in the three sets of data are not very
marked, but whereas the curve for the ep 122 treat-
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Figure 9 Power-law model fitted to experimentai tan § versus tem-
perature curves for model composites containing (a) untreated, (b)
oxidized, and (c) oxidized/sized carbon fibres. (A} 0° fibre orienta-
tion; (O) 90° orientation; (- — —) fitted curve for the plain LY 1927
€poXy resin.

ment is similar in shape and position to that for the
untreated fibre sample, the ep132 and pp3 treatments
appear to shift the curve increasingly to the left. For
comparison, the family of curves for the dip-coated
fibres, again in the 0° orientation, are shown in
Fig. 11. Here, the polybutylene curve can again be
seen not to be displaced from that of the untreated
sample, but the other two treatments appear to cause
effects of an opposite nature. The PBA treatment shifts
the curve to the left, as in the case of the plasma
polymerization treatment, whereas the effect of the
latex coating is to shift the curve to the right, the effect
being more marked than those of any other treatment
represented in this work.

Table I shows that the derived values of T, for all
samples in the 0° orientation are very similar and
close to that for the plain resin, the mean value being
373.02 K, with a standard deviation of 1.24 K, com-
pared with 373.75 K for the plain resin. The values for
the epl132 and pp3 treatments appear to give the
lowest values of T, (although by only a degree or so),
and we note that these treatments were shown, in our
earlier paper, to deliver the highest interfacial shear
strengths of a substantial group of experimental treat-
ments [1]. It is interesting, therefore, to attempt to
correlate some of the power-law parameters with in-
terfacial shear strength. Values of t; are given in [1]
only for the commercial treatments (ut, 0x, and ox/sz)
and for the experimental treatments ep122, ep132 and

Tan §

Tan §

Tan §

375 400 425 450

Temperature (K)

Figure 10 Power-law model fitted to experimental tan § versus
temperature curves for model composites containing carbon fibres
with treatments (a) ep122 and (b) ep132 (electro-polymerization)
and (c) pp3 (plasma polymerization). Samples were tested in the 0°
fibre orientation: fixed parameters & =9, 1, = LI x 10711 (-—-)
The fitted curve for the untreated fibre composite.
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Figure 11 Power-law model fitted to experimental tan & versus
temperature curves for model composites containing carbon fibres
coated with (a) polybutylene, (b) poly(butyl acrylate), and (c) latex.
Fibre orientation = 0° fixed parameters o =9, 1, = 1.1x 107 'L
(- —-) The fitted curve for the untreated fibre composite.

pp3. Because it appears likely, from Table I and
the curves of Figs 9-11, that the scaling parameter A
and the exponent » are the parameters most likely to
be affected by the treatments, we have simplified the
situation by refitting the data with the reference tem-
perature, 7, also held constant at the mean value for
the group of samples under discussion, i.e. 372.79 K
(i.e. excluding the data for the dip-coatings for which t;
values are not available). The effect of fixing 7, in this
way makes no perceptible difference to the accuracy of
fit, but it changes the values of 4, m and n slightly from
those given in Table I. We have already seen that m
varies little with treatment but, as Fig. 12 shows, there
is some evidence that 4 falls slightly as the interfacial
shear strength is increased, while the value of n in-
creases rather more markedly over the same range.
The error bars indicated in this diagram are the 95%
confidence limits returned by the curve-fitting pro-
gramme for the fitted values of 4 and n: we should also
note, however, that the likely uncertainty in determin-
ing the value of 1, from single-filament strength tests
and single-fibre-composite fragmentation tests is, as
discussed in [1], of the order of 25%. The regression
equations represented by the two lines in Fig. 12 have
slopes —0.006 (for A)and +0.0103 (for n), the units of
1; being MPa, and their respective correlation coeffic-
ients are —0.498 and 0.625 for 10 degrees of freedom.
We note that the corresponding tabulated values of »
at the 90% and 95% confidence levels are 0.497 and
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Figure 13 Relationship between the power law exponent, », and the
peak value of the loss modulus (log scale).

0.576, respectively. Thus, the single power-law parameter
that is most strongly correlated with the direct effect of
surface modifications on the interfacial shear strength
appears to be the parameter n describing the lower
temperature (or higher frequency) side of the tand
curve, cffectively the equivalent of & in the Huet
analysis of Equation 4. Neither the modified peak
height, 4, nor the temperature at the o peak maximum
show such a strong response as that of the exponent n.
As described earlier, Gérard showed that the Huet
parameter h, which characterizes long relaxation times
(or high temperatures), increased when carbon fibres
with a flexible coating were added to epoxy resin,
suggesting the presence of different chains in the net-
work. But he also noted a reduction in k, which he
considered to indicate a reduction in the blocking of
segmental motion at the interface when the coating
was present. As we have seen, the effect of surface
treatments on m (the equivalent of the Huet h) is very
slight indeed, and even in the presence of the thicker
dip-coated fibres m shows no variation. We note, for



reference, that there appears to be a strong relation-
ship between the power-law exponent n and the log-
arithm of the absolute maximum value of the loss
modulus, E”, as shown in Fig. 13 (r = 0.918; 10 de-
grees of freedom).

6. Conclusion

It is clear from the review in Section 2.1 that there are
some contradictory aspects of our state of understand-
ing of the nature of the interfacial region in composites
and its effect on the dynamical mechanical response,
and previous research does not guide us to a simple
interpretation of the experimental results presented
here.

For the surface treatments investigated, it can be
seen that the experimental parameters obtained from
DMTA analysis which show some sensitivity to the
surface modification are the loss peak temperature,
Ty, (and the related power law characteristic temper-
ature, T,), the peak height, (tan d),,,,, (and the related
power-law 4 parameter), and the power-law exponent
n, which relates to the shape of the lower-temperature
wing of the loss peak. The power-law parameters have
the advantage that they can be more accurately de-
fined than the related values estimated from the ori-
ginal experimental data.

T, and T, both fall slightly, by two or three degrees,
with oxidation, electro-polymerization, and plasma
polymerization treatments, and increase slightly,
again by a degree or so, with the thicker dip-coatings.
The patterns of variation of A and n are not very
definite, but there is some reasonable indication that 4
(the peak height) falls slightly as a result of treatments
that increase the interfacial shear strength, 1;, while n
(indicating a downward displacement of the left-hand
wing of the peak) rises somewhat erratically with
increasing T;. These observations relate to the oxida-
tion, electro-polymerization and plasma polymer-
ization treatments only, because no shear strength
measurements were made for the dip coatings. An
increase in n and a fall in T, are both associated with a
lowering of the peak temperature, but occurring to-
gether, without a simultaneous change in m, they
suggest an associated slight broadening of the peak
and a modest reduction in thermal stability. Only the
composite with the thicker latex dip-coated fibres
showed a clear indication of a raised loss peak temper-
ature, indicating a difference in character between this
interphase and the type of interphase/interface present
in composites representing all other surface treat-
ments.

There is some evidence of fibre orientation effects.
For those groups of samples where DMTA tests could
be carried out at both 0° and 90° to the fibre direction,
both T, and A are lower in the axial direction than in
the transverse direction. As we have said earlier, be-
cause A is effectively normalized with respect to over-
all composite stiffness, we would not necessarily ex-
pect it to vary with fibre orientation. But because the
test geometry involves a complex stress situation, with
unknown contributions from the different composite

stiffness components, it is not possible to be certain
about whether there is genuinely a lower mechanical
loss in the 0° orientation. If, on the other hand, there is
a compliant interphase whose presence is revealed by
a slight lowering of the peak temperature, onc might
expect its effect to be more marked in the transverse
orientation than in the fibre-dominated direction.
However, if we suppose that in the 0° three-point bend
test orientation shear in the matrix and interphase is
the dominant source of loss, but in the 90° orientation
the interphase is predominantly loaded in triaxial
tension, one might then expect to detect a higher level
of mobility in the 0° orientation.

It can be seen from Fig. 12 and Table I that the
observed shifts in these power-law parameters are very
small given that the increase in 7, involved is nearly a
factor of 2. The small changes do not suggest the
occurrence of such important modifications to the
polymer structure in the interface region as those
suggested by some of the workers whose results have
been referred to earlier. We have already shown [1]
that the observed changes in 1; are also only very
weakly related to surface nitrogen content. Chua [14,
15] and Jang [32] have also shown an inverse correla-
tion between peak height and bond strength, but to a
greater degree than that shown by our results. The
associated small downward shift in the peak temper-
ature, of the order of two or three degrees for ep 132
and pp3, is similar to the shifts reported by Gérard [§]
and conforms to the ideas of Thomason [13].

Various workers [9, 10] have suggested that the
presence of an interphase should result in an increase
in the tan & peak height, but none of the present results
show any indication of this, and indeed the composites
with the thickest polymer coatings produced by dip-
ping had relatively low A values. Because, in these
experiments, there is no apparent difference in behavi-
our between the composites containing fibres with an
epoxy-compatible size and those with untreated or
non-sized treatments, it is also difficult to see how the
Drzal stifffweak depleted-amine interphase model
could apply. The present results are also completely at
odds with those of Ide et al. [12], because we find no
evidence of a second higher-temperature loss peak
when fibres are introduced.

In general, the results for plain resin and composites
are in agreement with the ideas of Garton et al. [17]
and Grenier-Loustalot and Grenier [24], namely that
the presence of a carbon fibre surface, whether treated
or untreated, affects neither the resin cure reaction nor
the resin network structure.

The DMTA loss peaks in these composites have
been accurately fitted by means of a non-Arrhenius
power-law expression for the temperature dependence
of the relaxation time, and there is evidence that the
effects of some surface treatments can be detected and
the value of interfacial shear strength, 1, correlated
with two of the parameters of this power law, namely,
the peak height parameter, A, and the exponent n
which characterizes low-temperature (high-frequency)
events. There are some similarities between this
power-law model and the Huet development [18] of
the Cole—Cole model [3] for dielectric behaviour in
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which an exponent k, which aiso characterizes low-
temperature events shows changes as a result of fibre
surface coating treatments [8].

There is considerable evidence to support the con-
clusion that the effects of experimental surface treat-
ments on T; are not as simply related to the viscoelastic
characteristics of the interface or interphase as has
often been suggested.
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