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The breakdown processes taking place in a reinforced single-fiber composite during its loading in the direction of the
fiber axis have attracted the close attention of researchers in the last few years [1-7]. This is due to the fact that the study of
the process of fiber fragmentation in such a model composite makes it possible to determine the so-called critical fiber length
I, a property that is of key importance for predicting the mechanical behavior of the composite. Knowing /., one can
estimate the shear adhesion strength of the fiber —matrix interface from the equation

7= ocrd/zlcr , 1)

where o, is the fiber strength at the critical length and d is the fiber diameter. Many questions associated with the use of this
equation are discussed in a review [8].

It was shown in [5-7] that in studying the process of fragmentation in a reinforced single-fiber composite, one can
obtain from a single experiment the values of not only /., but also o, and the scale dependence of the strength of the fiber
on its length [, i.e., the constants of the relation

lgo=A-Blgl. 2)

These data are also necessary for predicting the mechanical behavior of fiber-reinforced composites [9, 10].

The lengths of the fragments formed by the fragmentation can be measured directly under a microscope or calculated
by recording the number of acoustic emission (AE) signals accompanying the fragmentation. Use of the AE method for
recording breakdown events provides the opportunity for a broader study of breakdown processes than in optical microscopy,
since it is thus possible to record not only the number of breakdown events, but also their energy. We should not only the
number of breakdown events, but also their energy. We should also note that the AE method is not only more versatile (for
example, it makes it possible to study the processes in opaque media), but also simpler than the optical method, which is
described in [6]. However, the AE method is used to record all the breakdown events taking place in the specimen. There-
fore, the problem arises of identifying the signals associated with different modes of breakdown of fiber, interface, matrix).

This paper proposes a new method of processing AE signals that permits a more reliable separation of the fiber
fragmentation process from all other processes.

The measurements were carried out on specimens consisting of an EDT-10 epoxy matrix and UKN carbon fibers.
The method of preparation of the specimens and the measurement procedure are described in [7]. In connection with the
stated problem, three to four fiber-containing specimens and one to two specimens of the pure matrix were studied in each
series of experiments. Figure 1 shows typical curves usually recorded in the AE study of fiber fragmentation processes. As
expected, the introduction of a single fiber into the resin does not change the appearance of the o vs & curve but sharply
increases the number of AE signals. This pattern, associated with the introduction of a carbon fiber into the epoxy matrix,
had been observed earlier ‘[1].
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Fig. 1. Change in stress o, in number of AE signals per unit time AN, and
in total number of AE signals N in specimens of EDT-10 epoxy resin de-
formed without fiber (a) and reinforced with a single UKN carbon fiber (b).
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Fig. 2. Distribution of AE signal amplitudes in specimens of EDT-10 epoxy
resin without fiber (a) and reinforced with a single UKN carbon fiber (b):
®) No. 1; O) No. 2; a) No. 3.

In the presence of the fiber, there is not only an increase in the total number of signals, but also a change in the
nature of their distribution with time and in their energy spectrum. This show up clearly in the analysis of the amplitudes of
incoming signals (Figs. 2 and 3).
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Fig. 3. Kinetics of appearance of signals with different
amplitudes as the specimen is loaded: A = 0-10 (@); 10-
20 (a); 70-80 (0); 40-130 (a); 120-130 arb. units (O).
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Fig. 4. Number of AE signals N vs strain ¢ in log—log coordinates for specimens of EDT-
10 epoxy resin without fiber (1, 2) and reinforced with UKN single carbon fiber (3-7): A <
Ag*, Ag* = 10 (3), 20 (4), 40 arb. units (5); A = 0-130 arb. units (6, all amplitudes); A
= Ay* = 40 arb. units (7).

Fig. 5. Strain ¢ vs fragment length [; during loading of a specimen reinforced with a single
UKN fiber.

For the nonreinforced matrix (see Fig. 2a), the amplitude distribution is unimodal, and the position of the maximum
is stable: For all the specimens, it is observed at A = 5-6 arb. units. When the fiber is introduced (see Fig. 2b), the ampli-
tude distribution is bimodal and polymodal. The position of the first and last maxima is stable: They are observed at A = 5
arb. units and A = 125 arb. units, respectively. The intermediate maxima do not have a constant position. However, the
second maximum is observed with the highest probability at A = 40-80 arb. units. The height of the maxima varies from
specimen to specimen for both the reinforced and nonreinforced resins. Each of the maxima of the p(A) curve is naturally
attributed to the presence in the specimens of defects of different degrees of risk at which the degradation takes place.

A comparison of the data of Fig. 2a and b suggests that signals with small amplitudes (A < 40 arb. units) are due to
the breakdown of the matrix, and all the remaining signals are due to the breakdown of the fiber (and interface). This
conclusion becomes more convincing later an analysis of the kinetics of arrival of signals with different amplitudes. It follows
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TABLE 1

Range of Ly mm
amplitude at the
A, arb. Nimex 9, mm 4/35 point of A B
units intersec-

tion
0...130 100 0,325 0,433 0,590 2,697 0,285
40...130 75 0,433 0,572 0,563 2,632 0,198

from the data of Fig. 3 that signals with amplitudes A < 40 arb. units during the breakdown of both the pure matrix and the
fiber-reinforced matrix are almost uniformly distributed over time; their kinetics are not related to the magnitude of deforma-
tion of the loaded specimen.

In contrast to the signals of small amplitude, all other signals are clearly related to the magnitude of deformation of
the specimen. They begin to show up at fairly high values of o and ¢ (see Fig. 1). The number of breakdown events increases
sharply in a narrow range of ¢, and they practically cease after this range has been traversed. Such kinetics of signal arrival
are completely consistent with the general interpretations of the processes taking place in specimens of this kind [1-8]
(interpretations of fragmentation of carbon fibers after they have reached the breaking strains).

We can state that the kinetics of arrival of large-amplitude signals (A,, = 125 arb. units), corresponding to the last
maximum, and signals with amplitudes (A = 40-80 arb. units), corresponding to a intermediate maximum, are practically the
same. It is highly tempting to attribute the former signals to fiber fragmentation and the latter signals to the breakdown of the
interface. However, the transition from this hypothesis to a reliable statement requires further studies.

As already noted, anéllysis of the signal arrival kinetics showed that the accumulation rate of signals formed during
the breakdown of the matrix and fiber is not the same. This is reflected in Fig. 4. It is evident that as the matrix is deformed,
the absolute number of signals for different specimens at different stages of deformation may prove different, but the rate of
their arrival, i.e., the quantity N’ = dlog N/d log &, remains practically constant for all the specimens, as was to be expected
from the data of Fig. 3.

For the fiber-reinforced specimens, the log N vs log ¢ curves are clearly divided into two segments (see Fig. 4). Their
slopes differ from those for the pure matrix. However, if the logN vs log ¢ curve is plotted for the reinforced specimens,
small-amplitude signals being used, straight curves are obtained whose slope N' is very close to the slope of the correspond-
ing straight curves for the nonreinforced specimens. This slope depends on the maximum amplitude A of the signals due to
the breakdown of the matrix. It is clear from the data of Fig. 4 how this slope changes with A,. It is also clear that at a
certain value Ay = Ag*, the slopes of the straight curves for the reinforced and nonreinforced specimens practically coincide.
This is observed when Ay* = 40 arb. units, i.e., when the signals described by the first maximum of the p(A) curve (see
Fig. 2), and which we explain by the breakdown of the matrix, become exhausted. If the signals for which A < Ay* are
neglected, the shape of the log N vs log ¢ curve remains unchanged: As before, the curve clearly shows two linear segments
with slopes different from that of the straight logN vs log € curve corresponding to the matrix (see Fig. 4). Thus, analysis of
the amplitudes of the AE signals and of their arrival kinetics permits a reliable separation of signals due to the breakdown of
the reinforcing element (and interface) from signals due to degradation of the matrix. This analysis aiso shows that the
characteristics of the energy spectrum associated with the events of breakdown of the matrix and fibers present in the matrix
are substantially different. We note that the conclusion that the rates of accumulation of signals originating from centers of
different types of breakdown may prove significant for systems in which active breakdown of the fiber and matrix takes place
practically at the same time, and signals from components undergoing breakdown become superimposed, for example, for
systems with low-strength and low-modulus fibers. After finding the value of amplitude Ay*, for each strain (stress) level one
can determine the number of signals N* with amplitudes greater than Ay*. Curve 7 in Fig. 4 is just such a plot of N* vs ¢.

Knowing N* = N*(¢), one can follow the change in average length [, of the fragments into which the fiber breaks
down as the specimen is deformed. Such a curve is shown in Fig. 5. When this curve was plotted, the value of ,, was
calculated as [, = [;/(N* + 1). The curve is clearly divided into two segments. Such division indicates different mechanisms
of degradation. In segment I, the fiber breaks down into fragments of different lengths whose strength is higher than that of
the initial fiber because of the existence of a scale dependence. As the load increases, the increase in stresses on the frag-
ments and their further fragmentation continue until the matrix is able to transfer these stresses across the interface. Thus, the
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location of the knee on the log ¢ vs logl,, curve corresponds to the value of strain (stress) at which shear failure takes place
at the interface for certain fragments.

If all the fragments simuitaneously reached the critical length /., to which only one value of the fiber strength and
adhesion strength of the fiber —matrix bond would correspond, the log e—logl,, curve in segment II would be a vertical
straight line. The slope, different from 90°, of segment II is explained by the always-present spread of the value sof the
adhesion strength and strength of the fibers, and hence, by the spread of the values of the critical lengths. The average length
of the fragments corresponding to the point of intersection of the straight lines in Fig. 5 may be treated as a quantity charac-
terizing the adhesion strength and critical length of the given fiber —matrix pair. In the literature (see, for example, [8 and
10]), the calculation of [, sometimes involves the use of the limiting (minimum) value of the average length of the fragment
6 =1, = [h/(N,, + 1), and the value of the critical length is taken to be [, = (4/3)6. However, the asymptotic value of
I, can only be obtained by testing specimens in which the fiber fragmentation ends before the specimen fails. This is not
always observed. In the experiments, there are specimens in which the limiting value of [, is not reached. At the same time,
the knee of the logé—logl,, curve is observed for all the specimens. It was also found that the value of /,,, corresponding to
the knee point (see Fig. 5) is quite reproducible.

The [, values determined by both methods for the system in question are listed in Table 1. In the case under
consideration, we found (without claiming generalization), and the /., values (if AE signals of small amplitude are neglected)
determined by these methods were practically the same.

The loge—logl,, curve can be used for plotting the scale dependence of fiber strength, i.e., for determining the
parameters A and B of Eq. (2). At the same time, it is necessary to allow for the fact that the true strain of the fiber in the
specimen differs from the measured value &. In [10], possible reasons for this difference are discussed, and a correction
methods is proposed. The plot in Fig. 5 takes this correction into account. Knowing the elastic modulus of the fiber (and
assuming, as usual, that it is independent of the length), one can use the data of segment I in Fig. 5 to determine the fiber
strength and plot the dependence (2) log o—log!. The parameters of this dependence are also listed in Table 1.

Thus, analysis of the energy spectrum of AE signals and of the kinetics of arrival of different-amplitude signals
permits a reliable separation of signals pertaining to different modes of failure. This increases the effectiveness of the use of
the AE method for studying the process of fragmentation of a fiber located in a polymer matrix.

Conclusions. The energy spectra of acoustic signals during stretching of an epoxy specimen reinforced with carbon
fiber and of a pure epoxy matrix differ substantially. Results of a comparison of these spectra make it possible to distinguish
acoustic emission signals due to failure of the fiber during stretching of a reinforced composite and to plot curves of the
average length of failing fiber fragments as a function of strain.
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METHODS OF FATIGUE PREDICTION FOR COMPOSITE LAMINATES.
A REVIEW

J. Andersons

A continuous change in the mechanical properties of composite materials caused by microdamage accumulation,
redistribution of stresses due to the difference in the viscoelasticity and creep characteristics of the components, dissipative
self-heating, etc., is observed during fatigue loading. As a critical level of damage is reached, the structure breaks down,
i.e., it stops satisfying the imposed functional requirements. These requirements can be very different as a function of the
area of application and responsibilities of the structure, but they usually include the residual strength, rigidity, and/or
longevity of the composite material.

There are many studies of the behavior of composite materials under cyclic loading, and reviews are given in [1-3],
for example. Because of the scientific interests of the investigators, special attention was focused on the stages and micro-
mechanics of fatigue failure of heterogeneous materials in [1], a phenomenological description of damage accumulation and
the correlation between the damages and the effective characteristics of the material in [2], and formulation of a fatigue
theory in terms of residual strength and rigidity and statistical methods of selecting an adequate model in [3]. Each of these
approaches undoubtedly has its own area of application, as well as its own limitations.

We attempted to compare the methods proposed in the scientific literature for predicting the fatigue characteristics of
a laminated fiber composite for use in engineering calculations. It is useful to distinguish the proposed methods of calculation
as a function of the structural level on which the material is modeled. For a laminated fiber composite, in addition to its
representation as a homogeneous anisotropic material, models with the "resolution" of the structural level of the layer and
fibers are also used. Such a classification reflects both the history of the development and the logic of the use of the methods
of estimating fatigue life: the level of describing the structure of the material is determined by the accuracy with which the
problem posed must be solved, the existence (or possibility of obtaining) the initial experimental data for the calculation, and
naturally, the character of the process of fatigue failure of the material.

1. Neglecting the structure of a composite in considering it as a homogeneous material with certain effective charac-
teristics eliminates the possibility of calculating the strength parameters (since they are determined by the structure of the
composite and vary significantly as a function of the stacking scheme). With this approach, the problem becomes one of not
calculating, but of recalculating the fatigue characteristics of the material from one loading regimen to the other, and it is
necessary to perform tests directly with samples with the stacking scheme of interest in the given case for obtaining the initial
data. The group of problems which can be solved in this way is relatively broad: estimation of the resistance to multicyclic
loading with brief tests [2, 4-8], calculation of the residual strength [9-27] and rigidity [28-30], estimation of the scale effect
[9, 31], consideration of the effect of the average cycle stress (asymmetry of loading) [24, 32], loading frequency [33], and
control tests [9, 34, 35], calculation of resource in block programmed and random loading {9, 15, 17-20, 26, 36-43], and
plotting of the strength area [44-48]. We will example the most developed ones in more detail.

Institute of Polymer Mechanics, Latvian Academy of Sciences, Riga. Translated from Mekhanika Kompozitnykh
Materialov, No. 6, pp. 741-754, November-December, 1993. Original article submitted July 8, 1993.

0191-5665/93/2906-0545$12.50 ©1994 Plenum Publishing Corporation 545



