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Synopsis

Retardation spectra, derived from dynamic measurements of extension compliances along three
decades on the logarithmic scale of frequencies in standard specimens prepared from a fiber-rein-
forced composite with their fibers parallel to the longitudinal axis of the specimens, have revealed
the structure of the matrix material of the composite. The experimental results were used to prove
that the physicochemical rearrangements in the vicinity of the inclusions, consisting of restrained
development of the macromolecules and especially their side chains due to the presence of the other
phase, concentration of voids and dirt, shrinkage stresses developed during curing and creating
microcracks (radial as well as along the interface), are activated by the existence of high stress gra-
dients and eventually stress singularities due to the strong adhesion developed between phases.

INTRODUCTION

The first attempt to describe theoretically the mechanical properties of
composite materials considered the thin layer around inclusions (fibers or par-
ticles) to be reduced to a perfect mathematical surface without any thickness,
where stresses and displacements were assumed to be continuous without any
kind of irregularity, according to the theory of elasticity.] However, substantial
discrepancies between the results of carefully executed experiments and the
results of this ideal model led to the introduction of the concept of interphase,
as a separate third phase between the inclusions and the matrix, created during
the casting and curing process of the matrix around the inclusions, which was
concentrating all the physicochemical irregularities of the matrix material during
these processes, as well as any stress gradient and stress singularity, due to the
geometry and the quality of the surface of the inclusions and the voids concen-
trated along their boundaries.24

The first model introduced considered the interphase as a thin cylindrical layer
surrounding any fiber or as a thin, approximately spherical layer surrounding
any particle, whose properties depended on the mechanical properties of the
constituents of the composite, as well as on the quality of adhesion of the
phases.23

This single-cylinder model was further extended by assuming that the inter-
phase consisted of an infinite number of concentric thin layers (cylinders or
spheres) around the inclusion (fiber or particle). By allowing each cylinder
progressively different mechanical properties, by changing from those of the
inclusion to those of the matrix, a better model was introduced.®

Ever since, the concept of interphase was proved to yield satisfactory results,
since it was shown experimentally that the mechanical behavior of the composite
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could not merely derive as depending only on the mechanical behavior of its in-
dividual constituents. It was necessary to introduce a separate phase.

The nature of this phase could depend mainly on the stress field developed
at a thin layer around the inclusion and/or, at the other extreme case, it could
extend further into the bulk around the inclusion, as a physicochemical distur-
bance.

The extent of these two mechanisms is expected to change for different kinds
of inclusions and matrices according to the chemical affinity, the nature of the
surfaces, the geometry, etc., of the constituents.

Thus, when encountering a composite, the question is raised of what is the
nature and the extent of the interlayer region, according to the above discus-
sion.

To answer this question for each particular case, it is necessary to describe the
polymeric constituents of the particular composite at the molecular level, so that
the actual response of the structure of the composite can reveal the answer. It
is well known that the molecular network structure of a polymer determines its
mechanical response and inversely mechanical-response experiments have been
used extensively to yield information about the network structure of the con-
stituent polymers in a composite.

Dynamic response experiments were judged to be the more suitable for this
kind of investigation of the network structure of the composite. In order to avoid
as much as possible viscoelastic effects, which may mask somehow the behavior
of the model for the study of the network structure of the polymer, we chose to
execute our tests very close to the rubbery region of viscoelastic behavior of the
matrix material. By measuring the dynamic storage and loss compliances in
a convenient experimental arrangement at a range of frequencies extending to
three decades in the logarithmic scale of frequency, it was possible to evaluate
the retardation spectra of the composite under different types of adhesion be-
tween phases. A comparison of retardation spectra for composite and equivalent
simple specimens, made of the material of the matrix, showed that the junction
motions of the polymeric network in the long-range motion zone are activated
due to physicochemical rearrangements in the vicinity of the boundaries of in-
clusions.

EXPERIMENTAL

In order to study the cause of development of the interphase layer, a series of
three types of experiments was executed. All specimens had the same dimen-
sions; they were standard cylindrical tensile specimens convenient for dynamic
testing in Dynastat and Dynalizer apparatuses. The dimensions of the speci-
mens are indicated in Figure 1. The first series of specimens contained a central
cylindrical core consisting of a steel wire of a diameter d, = 0.00008 m. The
lateral surface of the core was smooth and thoroughly cleaned before casting the
surrounding matrix. The matrix material was prepared from an epoxy polymer
plasticized with 15% of Thiokol LP3 polysulfide. The addition of plasticizer
resulted in a reduction of the rubbery-plateau temperature to be attained by the
experimental setup.

The second series of specimens were identical with the first, the only exception
being that, before casting the matrix, the lateral surfaces of the core bars were
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Fig. 1. Types and dimensions of specimens used for the experiments.

covered with a thin silicon layer to hinder any adhesion between inclusion and
matrix. The third series were simple cylindrical specimens without core bars,
made of the same material as the matrices of the two previous series.

This arrangement was found to be the most effective, since it was not possible
to control, otherwise, the quality of bonding in a quantitative way between in-
clusion and matrix. During the preparation of the specimens care was taken
to construct all of them under identical conditions of polymerization (temper-
ature level, consistence of materials, time of degassing, etc.).

After identical procedures of curing, all the specimens were subjected to a si-
nusoidal mode of loading of a maximum amplitude of 1 N of prescribed and
constant maximum amplitude at a temperature of 110°C, applied by Dynastat
and Dynalizer apparatuses. The specimens were mounted between a long upper
rod of high modulus of elasticity, which was connected in series with a load cell
and a shorter lower rod, coupled together with the displacement transducer. By
passing a servocontrolled electric current through the coil of the transducer, each
specimen was subjected to a sinusoidal load of prescribed amplitude and fre-
quency. The frequency range selected in our tests was varying between wpi,
= 0.1 to wpnax = 200 Hz for all specimens.

By raising the temperature of experiments at a convenient level it was possible
to activate short-range and long-range motions of network in their transition.
This region was previously established® to be the transition zone to the rubbery
plateau and the rubbery plateau where the bead-spring model was proved to be
valid, which predicts a square-root law for the retardation spectra. Then, this
region was selected for our tests, in order that the retardation spectra in dynamic
behavior obey such a square-root law.

The storage and loss moduli E’(w) and E”{w) were determined for all three
types of specimens along the whole frequency range of the tests. From them
the respective instantaneous values of the compliances D’(w) and D”{w) were
evaluated by using simple formulas of dynamic linear viscoelasticity.

Since the contribution of the fiber (core-steel bar) was always elastic, it may
be readily eliminated by subtracting its contribution from the moduli of both
types of composites. The remaining part will correspond to the viscoelastic part
of the composite.
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Fig. 2. The variation of the storage compliances D", for type-III specimens (0), and D ,(w) vs.
frequency for the remaining phase of the composites of type I (A) and type II (X), when the contri-
bution of the elastic fiber is excluded.

If the contribution of the elastic storage modulus v¢E (or, respectively, the
compliance) of the fiber is deducted from the modulus (or compliance) of the
composite E,, the remaining part yields the contribution of the part v, E,0r vy, E
of the matrix material. Here E’ and E” are the storage and loss components of
the dynamic modulus (or D', D” for the respective compliances) and the sub-
scripts f, m, and ¢ correspond to fiber, matrix, and the composite, respectively,
whereas v’s express the respective volume fractions of each phase.

The effective compliances for each component of the composite were derived
by using the well-known relations

E//(w)

- E'(w) o) =
St Ew P PO T e T e )
Figure 2 presents the storage compliance D (w) vs. frequency for the remaining
phase of the composite, when the contribution of the elastic fiber is excluded.
This quantity has been derived by applying relation (1.1). Similarly, Figure 3
presents the respective loss compliance D) (w) vs. frequency as derived from
relation (1.2). In both figures these quantities were plotted for type-I and type-II
composites, whereas for type-I1I specimens the plotted curves correspond simply
their storage or loss compliances.

D’(w)

RESULTS AND DISCUSSION

The retardation spectra (first approximations) of a substance in the frequency
range w, in the case when the polymer is assumed as linear viscoelastic, are ex-
pressed by®

L(1/w) ~ —dD’(w)/d(ln w) (2)
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Fig. 3. The variation of the loss compliances D, (type I1I) (O) and D;(w) type I (A), Type IT (X)
vs. frequency.

where L (1/w) expresses the first approximation of the retardation spectrum and
D’(w) the storage compliance in extension of the material as function of the
frequency w.

The first approximations of retardation spectra L (1/w) for the types I and II
of composites and the type III of pure matrix material are plotted vs. frequency
in Figure 4.

In order to evaluate the experimental results of Figure 4 a simple bead-spring
model, introduced by Gross and Fuoss,” was applied, extended to be convenient
for dynamic response and modified to take into consideration long-range motions
of the junctions of the network.?

This model has some slight differences from other theoretical models discussed
in Ref. 6. However, a more refined approximation was judged to be not necessary
for our purposes, and therefore these refinements were not introduced here.
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Fig. 4. The retardation spectrum, for the three types of specimens with respect to the logarithm
of frequency: (A) L (1/w) (type I); (X) Ly (1/w) (type I1); (O) L (1/w) (matrix polymer).
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If v is the number of macromolecules per unit volume and £ an integer ex-
pressing the number of macromolecules joined together per each junction point
of the network, the retardation time for long-range motions, due to the junction
motion, is given by

Tp = T15%P 3

where 71 expresses the retardation time of the first mode and 7, the retardation
time of the pth mode of vibration.
Then, the retardation time for a single Voight element 7, is given by

Tp = 71/p? 4

and the expression for the storage compliance D’(w) is given by

1 1 1
D'(w) = —— 2 g +f -p———————d
(w) 3ykT(fp T+ wtrp2?P B 1+ ozr o %P (5)

where k and T are Boltzmann’s constant and the absolute temperature, re-
spectively.

For low frequencies, w < 1, the first right-hand term of eq. (5) becomes negli-
gible. Then, from egs. (2) and (5) we derive

1 1 i/z -1/2
(wp) "~ 3vkT In 32 T ©)
where
lwp =1, = 7,6%P M
Introducing the quantity A given by
1 T%/Q
A=
3vkT In (32 (8)
and using Egs. (6)—(8), we obtain
1
log L(1/wp) = log A +§log(wp), wp <1 9)

For high frequencies with w > 1 the second term in Eq. (5) becomes negligible
and in this case we have from Eqgs. (2) and (5) that

L(1/wp) ~ (1/6vkT) 172712 (10)
where
(l/wp) =7p = Tp72 (11)
Assuming that
(1/6vkT) 172 =B (12)

we may derive from Eqgs. (9)—(11) that
1
log L(1/wp) = log B — Elog(wp), wp > 1 (13)

Equations (9) and (13) indicate the behavior of the retardation spectra for low
(w < 1) and high (w > 1) frequencies, respectively.
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Fig. 5. The logarithm of the retardation spectrum for the three types of specimens vs. the logarithm

of frequency: (a) log L,(1/w) (type I); (X) log L,(1/w) (type II); (O) log L,(1/w) (matrix
polymer).

The following results may be derived from the spectra plotted in Figure 4.

(i) The retardation spectra of the polymeric phases of type-II composite and
the pure matrix specimens are almost identical. This means that the physico-
chemical characteristics, that is, the degree of crosslinking (v) and the effect of
junction motion, expressed by the parameter (3, are identical for both spectra.
Hence, the structure of the polymeric phase of the composite as an average does
not deviate from the structure expected for the polymer itself.

Moreover, the imposed separation between phases in the type-II specimens
has a result to relieve the stresses between phases, and, therefore, in this type
of composite, the two constituents do not in principle interact and there are no
stress concentrations or singularities due to the interaction of phases. Therefore,
a comparison between the type-II composite and the type-III matrix—polymer
does not yield a decisive answer, which one of the two contributions is the cause
of the development of the interphase.

(ii) The retardation spectrum of type-I composite deviates from that of the
matrix—polymer spectrum at the low range of frequencies, whereas it tends to
become identical with the other spectra, as the frequency w is increasing (for w
>1).

The deviations observed between spectra in low frequencies in Figure 4 are
explained in the plots of the spectra of Figure 5, where the quantities log L (1/w)
vs. log w were plotted for all three types of specimens in an expanded ordinate
scale. It is clear from this figure that the retardation spectra of all specimens
have a slope equal to —1 for frequencies w larger than unity. This is expected
from eq. (13) describing the simple model, which yields the retardation spectrum
for the first term of eq. (5) (w > 1). According to the Gross—Fuoss model,” as
adapted in this paper, this term, related to high frequencies w, corresponds to
short-range motions of the chains of the macromolecule. But Figure 5 implies
that the short-range motions (w > 1) of the chains and therefore the physico-
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chemical structure of the polymer for all types of specimens are almost iden-
tical.

(iii) On the other hand, for w < 1 the first approximation of the retardation
spectrum log L(1/w) shows a significant difference between the type-I specimens
(with good adhesion between phases) and the type-1I and -III specimens (poor
adhesion or matrix—polymer specimens). Indeed, while the slope of the spectra
for types IT and III are almost % the slopes for the spectra of type I are equal to
1,

This part of the spectra is approximated by the Eq. (9) which yields a slope
for log L(1/w) equal to 5. The retardation spectrum of eq. (9) is derived from
the second term of eq. (5), which corresponds to low frequencies (w < 1) and
therefore is describing long-range motions of the junction points of the polymeric
network. Hence, it can be inferred from the above discussion that in the poly-
meric phase of type-I specimens only the long-range motions, due to the motion
of the network junctions, play a predominant role in this range of frequencies
(w<1).

(iv) The fact that the contribution of the network-junctions motion is pre-
dominant and controls the process only in type-1 composites, as compared to the
two other types of specimens, may be explained by the following mechanism.
The existence of stress concentrations, and in some places stress singularities
at the separating surface of the fiber from the matrix, because of a substantial
frictional adhesion for this type of composites only, forces the network junctions
of the matrix polymer to follow the motions of the fiber and thus to play a sig-
nificant contribution to the specific values of spectra of the matrix at low
frequencies. However, for high frequencies, this effect is diminished progres-
sively and substantially because only short-range motions of chains are significant
at this range of frequencies.

CONCLUSIONS

A comparison of the first approximations of retardation spectra for three types
of models representing either good or poor adhesion between a unique fiber
centered along the axis of the cylindrical polymeric specimens, or pure-matrix
polymeric specimens yielded the following conclusions:

(i) Substantial differences were observed in the storage and loss compliances,
as they have derived from dynamic tensile tests, between the two types of com-
posite specimens with good and bad adhesion between the unique fiber and the
surrounding matrix.

These results support the idea that a third term in the law of mixtures must
be assumed which is related to the “good” or “bad” adhesion.

(ii) By calculating the retardation spectra from the dymamic compliances along
a rather wide range of variation of frequencies close to the rubbery plateau of
the polymers, it was derived that only in the low range of frequencies there exists
a substantial difference between the respective spectra. A reasonable expla-
nation of these discrepancies is that only the long-range motion of the polymer
network (low frequencies) is affected from the existence of the fiber reinforce-
ment.

(iif) The differences observed between the retardation spectra in storage and
loss tensile compliances cannot arise from a different physicochemical structure
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of the matrix, since matrices in plain polymeric specimens behave identically
with their respective counterparts of composites where the adhesion between
fiber and matrix is loose. Moreover, if this difference existed, then the dis-
crepancies observed in the low-range of frequencies and therefore in the long-
range motion of the polymer network should extend along the whole spectrum
of frequencies. But in our experiments the short-range motions, corresponding
to high frequencies, are almost identical and independent of the quality of ad-
hesion. Therefore, these differences cannot be attributed to different physi-
cochemical structure of the matrix material as a bulk and the existence of an
interphase layer playing the role of a regulator of the junction motions of the
polymeric network is the only alternate sound explanation.

Finally, it may be concluded, from the above discussion, that deviations ob-
served In storage and loss compliances, although indicative, are not sufficient
to completely explain the mechanism of deformation of the composite. Retar-
dation spectrum analysis is further necessary to reveal the nature of the inter-
phase developed between inclusion and the matrix in each particular com-
posite.

The research work contained in this paper was partly supported from a grant allocated by the
Hellenic Aluminum Co. to one of the authors (V. K.). We are indebted for this financial sup-
port.
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