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2.13.1 INTRODUCTION

The first form of damage in laminates is usually matrix microcracks [1], which are intralaminar or ply cracks
that traverse the thickness of the ply and run parallel to the fibers in that ply. The most common observa-
tion of microcracking is cracking in 90◦ plies during axial loading in the 0◦ direction. These microcracks are
transverse to the loading direction and thus sometimes called transverse cracks. The terms matrix micro-
cracks, microcracks, intralaminar cracks, ply cracks, and transverse cracks are found often in the composite
literature. They usually refer to the same cracking phenomenon and they are the subject of this chapter.

By any name, microcracks can be observed during tensile loading, during fatigue loading, during changes
in temperature, and during thermocycling. Microcracks can form in any plies, but they form predominantly
in plies off-axis to loading directions. The immediate effect of microcracks is to cause a degradation in the
thermomechanical properties of the laminate including changes in all effective moduli, Poisson ratios, and
thermal expansion coefficients. If a given design can not tolerate microcrack-induced degradation in proper-
ties, then the formation of microcracks constitutes failure of the design. A secondary effect of microcracks is
that they nucleate other forms of damage. For example, microcracks can induce delaminations, cause fiber
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breaks, or provide pathways for entry of corrosive liquids. Such damage modes may subsequently lead to
laminate failure. The processes by which microcracks form, the effects they have on laminate properties,
and their role in nucleating new forms of damage are all important problems in the analysis of failure of
composite laminates.

This chapter will begin by summarizing experimental observations about microcracking. Microcracking
studies began in the 1970’s with observations of the initiation of microcracking [2]. Since then there have
been numerous papers on the microcracking process under a variety of loading and environmental conditions.
A major interest in studying microcracking is to be able to predict the microcracking process and to be
able to design laminates that are resistant to microcracking. Early attempts at modeling microcracking
assumed microcracks formed when the stress in the off-axis plies reaches the transverse strength of the ply
material. Numerous experimental observations show that such strength models do a poor job of correlating
the now large body of experimental observations. This chapter, will present instead methods for analyzing
microcracking based on fracture mechanics or energy balance methods. In these methods, the next microcrack
is assumed to form when the total energy released by the formation of the microcrack reaches a critical value
denoted here as the material microcracking fracture toughness, Gmc. This chapter will focus on microcracking
in 90◦ plies with the predominant loading direction normal to those cracking plies. All principles discussed,
however, are adaptable to analysis of microcracking in more general laminates with more general loading
conditions.

There are many applications of the energy analysis of microcracking. Perhaps most important, the
fracture mechanics methods can be used to analyze experimental results to determine Gmc for a given type
of composite material. This material property can be used to rank materials according to their resistance to
microcracking. Because microcracks are the first form of failure in many laminates, Gmc is a sensitive probe
of laminate failure properties. By measuring changes in Gmc in various aging environments, it is possible
to study degradation of laminates and make predictions about durability. Another advantage of the energy
analysis is that it can be extended to explain microcracking during fatigue loading either by cyclic mechanical
loads or cyclic changes in temperature. The energy analysis of microcracking during fatigue provides more
tools for assessing the resistance of a given type of composite material to the formation of fatigue-induced
microcracks.

Another important area is the effect of microcracks on the thermomechanical properties of microcracked
laminates. It might be important for a designer to know the degradation in properties caused by microcracks
to be able to assess the level of microcracking that can be tolerated before the structure has failed. As
discussed in this chapter, the energy analysis of microcracking can be based rigorously in terms of effective
laminate properties. Thus, once the energy analysis is completed, most information about degradation
of thermomechanical properties is known as well. This chapter will outline the latest results on effective
thermomechanical properties of laminates with microcracks.

2.13.2 EXPERIMENTAL OBSERVATIONS

2.13.2.1 Initiation of Microcracking

The first form of damage in laminates having 90◦ plies is often microcracking in those plies. The formation
of the first crack is the initiation of microcracking. Garrett, Bailey, et al. [2–8] did a series of microcracking
experiments, including observations of microcrack initiation on [0/90]s laminates made from glass-reinforced
polyester [2, 3] and from glass-reinforced epoxy [4–8]. By working with home-made [0/90]s laminates, they
continuously varied the thickness of the 90◦ plies from less than 0.1 mm to 4.0 mm while keeping the thickness
of the supporting 0◦ plies constant at 0.5 mm [4]. Their results, replotted in Fig. 1, show that there is a
significant effect of 90◦ ply thickness on the strain to microcrack initiation. As the thickness of the 90◦ plies
decreases and becomes less than the 0.5 mm thickness of the 0◦ plies, the strain to microcrack initiation
increases.

Besides the increase in strain to initiate microcracking, the thickness of the 90◦ plies affects the entire
microcracking process. For 90◦ plies greater than 0.5 mm thick (or equal to or greater than the 0◦ ply thick-
ness), microcracks form as instantaneous fracture events. On the experimental time-scale, the microcrack
initiates and propagates over the entire cross-sectional area of the 90◦ plies instantaneously. For thicknesses
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Figure 1 The strain to initiate microcracking in glass-reinforced [0/90]s laminates as a function of the total thickness
of the 90◦ plies. The 0◦ plies each have a constant thickness of 0.5 mm. The data is from Ref. [2].

between 0.1 mm and 0.4 mm, individual microcracks can sometimes be observed to initiate on the free edges
and propagate across the width of the laminate. For thicknesses less than 0.1 mm, the microcracks are
suppressed entirely and the laminate fails before initiation of microcracking.

A common method for designing with composites to avoid failures is first-ply failure theory. In first-ply
failure theory, it is assumed that the first ply cracks or fails when the strain in those plies reaches the strain
to failure of those plies [9]. Furthermore, it is usually assumed that the ply failure strain can be determined
from experiments on isolated unidirectional laminates. The results are not good if one tries to use first-
ply failure theory to predict microcrack initiation. In laminated plate theory of [0/90]s laminates under
tensile loading, the strains in the 0◦ and 90◦ plies, including residual strains due to thermal stresses, can be
easily calculated and they are nearly independent of ply thicknesses. Thus, first-ply failure theory predicts
that the strain to initiate microcracking will be independent of ply thickness; this prediction contradicts all
experimental observation of microcrack initiation. Attempts to use more sophisticated ply-failure criteria [10]
to account for multi-axial stresses when the plies are in a laminate are no help; all components of stress are
nearly independent of ply thickness and thus all strength-based models predict microcrack initiation to be
independent of ply thickness. No strength-based, first-ply failure model can be used to predict microcrack
initiation unless the ply failure properties are treated as in situ properties that depend on laminate structure.
Modification of first-ply failure theory to use in situ properties severely limits it predictive capabilities. The
energy methods discussed in this chapter can predict microcracking properties without resorting to the use
of in situ failure properties.

It is interesting to consider a design case-study using laminated plate theory software with failure analysis
by first-ply failure theory and a quadratic failure criterion [10] that attempts to account for multi-axial stress
state effects. Imagine seeking to design a [0n/90m]s laminate with the goal of preventing all microcracks
in the 90◦ plies. Although axial strain in the 90◦ plies is independent of thickness, the quadratic failure
criterion predicts that the axial strain required to cause first-ply failure increases slightly as the 90◦ plies get
thicker. The optimal design based on such a strength-based theory is thus to make the 90◦ plies as thick as
possible. In contrast, the correct optimal design, based on experimental results (see Fig. 1), is to make the
90◦ plies as thin as possible.

Similar microcrack initiation experiments with similar results have been done on carbon fiber/epoxy
laminates [5, 6, 11]. The strain to initiate microcracking increases as the thickness of the 90◦ plies decreases.
Flaggs and Kural [11] tested a wide range of carbon-epoxy laminates with 90◦ plies. Using laminated plate
theory, they calculated the strain in the 90◦ plies at the onset of cracking (the in situ failure strain) and
compared it to the transverse strain to failure of the corresponding unidirectional plies. They found that the
in situ failure strain is always larger than the transverse failure strain of the ply material. Clearly, first-ply
failure models based on transverse failure strain of the ply material are inadequate for predicting onset of
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microcracking in laminates.
Microcracks in carbon fiber/epoxy laminates always formed instantaneously across the entire cross sec-

tional area of the 90◦ plies [5, 6, 11]. This observation contrasts with the glass fiber/epoxy results where
microcracking becomes partially or totally suppressed as the 90◦ plies get thin. Partial suppression of mic-
rocracks in glass fiber/epoxy laminates, however, requires making the 90◦ plies thinner than the 0◦ plies;
total suppression requires making them five times thinner. None of the experiments on carbon fiber/epoxy
laminates, however, have tested specimens with such thin 90◦ plies. The thinnest 90◦ plies that have been
tested were for the 90◦ plies being half the thickness of the 0◦ plies [11]. Microcrack suppression would prob-
ably occur as well for carbon epoxy laminates if experiments were done for laminates with thinner 90◦ ply
groups. The specific thickness for suppression probably differs from that for glass/epoxy laminates because
of the different stiffnesses of carbon and glass.

Besides [0n/90m]s laminates, microcracks may initiate in the 90◦ plies of any laminate [11, 12]. For
example, Flaggs and Kural [11] studied microcracking in [±30/90n]s and [±60/90n]s laminates in addition
to [02/90n]s. There has also been work on [90n/0m]s laminates or cross-ply laminates with the 90◦ plies on
the surface instead of in the middle [6, 13–19]. The universal observation is that the microcracking properties
of [90n/0m]s laminates differ from those of the corresponding [0m/90n]s laminate. In particular, the strain
to initiate microcracking is lower for laminates with surface 90◦ plies than for laminates with the central
90◦ plies. The results from [0/90]s laminates (see Fig. 1) show that the supporting plies constrain the 90◦

plies and can inhibit microcracking. Surface 90◦ plies, however, are only constrained on one side and thus
microcracking initiates easier. The difference between surface and central 90◦ plies is another example of
the problem of first-ply failure models. In laminated plate theory calculations for [90n/0m]s and [0m/90n]s
laminate, the strains in the 90◦ plies are unaffected by the stacking sequence. Thus, first-ply failure models
can not predict the different microcracking properties of these two types of similar laminates.

There have been a few attempts to account for the variations in strain to initiate microcracking by
introducing statistical strength arguments [20–24]. For example, as the thickness of the 90◦ plies decreases,
the smaller volume of ply material will have statistically fewer flaws and thus will naturally show a higher
strain to failure. Statistical strength models can do a good job at fitting some experimental results [23, 24],
but there are some serious drawbacks. First, like first-ply failure models, statistical strength models must
resort to in situ statistical fitting parameters. The use of in situ properties limits predictive capabilities.
Second, statistical models can not predict the differences between [90n/0m]s and [0m/90n]s laminates. In
fact, any statistical analysis should predict microcracking in the surface (90n) ply group to happen at a
higher strain then in the corresponding central (902n) ply group because the surface ply group is smaller
and therefore will have statistically fewer flaws.

2.13.2.2 Multiple Microcracking

The first microcrack causes very little change in the thermomechanical properties of the laminate. Continued
loading, however, normally leads to additional microcracks and continued degradation in thermomechanical
properties. A logical experiment to characterize the microcracking properties of laminates is to follow the
microcracking process and record the number of cracks or microcrack density as a function of applied load.
Such microcrack density experiments have been done on many different systems [1, 2, 4, 6, 7, 12, 14, 17,
22–44]. This section will describe the main features of multiple cracking experiments by describing the study
in Ref. [42] that studied the most number of different laminates, 21 different layups, for a single material
system, AS4/3501-6, carbon epoxy laminates. Other results as a function of laminate stacking sequence in
the literature show the same trends as the results in Ref. [42].

Some multiple microcracking results for several different [0n/90m] AS4/3501 carbon/epoxy laminates
are given in Fig. 2. For all laminates, the characteristic microcracking curve has no microcracks until
some onset stress that corresponds to the initiation of microcracking. After the initial microcrack, the
microcrack density typically increases very rapidly. At high crack density, the microcracking slows down and
approaches a saturation damage state. The initial rapid rise varies between different material types with
some laminates having a slower increase in crack density or a more sigmoidal shape than other laminates.
The rate of the initial rise has been associated with manufacturing defects or statistical inhomogeneities in
the ply material [1, 41, 42]. In other words, a broadening of the rising portion of the microcrack density
curve probably indicates laminates with more statistical variability than laminates with a more rapid rise
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Figure 2 Microcrack density as a function of applied stress for three AS4/3501-6, [0/90n]s laminates. The symbols
are experimental results. The lines are fits to the experiments using the fracture mechanics analysis of microcracking
with Gmc = 250± 10 J/m2 and assuming fixed-displacement boundary conditions.

in microcrack density. Well-made carbon/epoxy laminates, such as those used for the result in Fig. 2
typically have a rapid rise in microcrack density. Laminates with thermoplastic matrices that are harder to
manufacture with uniform fiber distributions typically have a slower rise in crack density [41]. Some analysis
methods to account for statistical variations in microcracking properties are discussed later in this chapter.

The three experiments in Fig. 2 are for laminates with the same thickness of 0◦ plies but different
thicknesses of 90◦ plies. The onset stress decreases as the thickness of the 90◦plies increases. This effect is
another observation of the microcracking initiation properties discussed above where microcracks form more
easily in thicker 90◦ ply groups or microcracking is suppressed in thin 90◦ ply groups. On continued loading,
however, the situation reverses — thinner 90◦ ply groups eventually develop more microcracks than thicker
90◦ ply groups. In other words, the saturation crack density is inversely related to the thickness of the 90◦

plies. Some analogous microcracking experiments on very thin, 50–100 nm, SiOx coatings on polymeric
substrates yields final crack densities of 200 cracks/mm suggesting that an inverse relation between layer
thickness and saturation crack density is general for microcracking phenomena [45, 46]. Finally, the smooth
lines in Fig. 2 are fits to the experiments using a fracture mechanics analysis of microcracking that is discussed
below.

As observed for microcrack initiation properties, the multiple microcracking properties of [90m/0n]s
laminates differ from those of the corresponding [0n/90m]s laminates. Some typical results for four different
[90m/0n]s AS4/3501-6 carbon/epoxy laminates are given in Fig. 3. The characteristic curves are the same as
for [0n/90m]s laminates — after an onset of microcracking there is a rapid rise in microcrack density followed
by a slowing towards microcracking saturation at high applied loads. The four experiments in Fig. 3 are for
laminates with the same thickness of 90◦ plies but different thicknesses of the 0◦ plies. These results show
that the microcracking properties of a laminate are not just a property of the thickness of the 90◦ plies; the
properties also depend in the thickness and mechanical properties of the supporting plies. Comparing the
results for the [0/90]s and [90/0]s laminates in Figs. 2 and 3, which are the same laminate tested in two
different directions, shows that microcracks start sooner in [90m/0n]s laminates but that [0n/90m]s laminates
eventually develop more microcracks at saturation [17–19].

Another important difference between [0n/90m]s and [90m/0n]s laminates is the final characteristic dam-
age state. In [0n/90m]s laminates, there is only one ply group that microcracks and it develops a roughly
periodic array of microcracks (see Fig. 4A). In contrast, [90m/0n]s laminates have two microcracking ply
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Figure 3 Microcrack density as a function of applied stress for four AS4/3501-6, [90/0n]s laminates. The symbols
are experimental results. The lines are fits to the experiments using the fracture mechanics analysis of microcracking
with Gmc = 230± 10 J/m2 and assuming fixed-displacement boundary conditions.

groups. They each develop roughly periodic arrays of microcracks, but the microcracking pattern in one
ply group tends to be staggered, rather than aligned, with the microcracking pattern in the other ply
group [1, 17, 14] (see Fig. 4B). The development of antisymmetric or staggered microcracks can be explained
by consideration of the stress state in [90m/0n]s laminates [17]. Any analysis that expects to explain the
difference between [0n/90m]s and [90m/0n]s laminates must be able to account for the differing damage
patterns. For example, the smooth lines in Fig. 3 are fits to the experiments using a fracture mechanics
analysis of microcracking that is discussed below and accounts for staggered microcracks.

The initial stages of damage in laminates with 90◦ plies is mostly microcracking in the 90◦ plies. As the
load increases, however, other forms of damage begin to occur. For example, the tip of the microcrack at
the 0/90◦ ply interface provides a site for initiation of delamination between the 0◦ and 90◦ plies [1, 15, 16,
18, 25, 26, 28, 29, 31, 32, 34, 39, 47–54]. Delamination from the tips of microcracks can occur in almost
any laminate but its likelihood increases as the thickness of the 90◦ plies increases [1, 25, 26, 28, 48, 49, 51].
If the 90◦ plies are thick enough, it is possible for delamination to initiate from the first microcrack. Once
delaminations begin to form, they propagate on continued loading while additional microcracking slows
down or stops [54]. Poisson effects during axial loading of [0n/90m]s laminates leads to tensile stresses
perpendicular to the fibers in the 0◦ plies. If the applied strain gets sufficiently high, this transverse stress
can lead to longitudinal splits in the 0◦ plies [5, 6, 34, 51]. Such longitudinal splits are more common for
experiments on glass/epoxy laminates than on carbon/epoxy laminate because the glass/epoxy laminates
can be loaded to higher strains before final failure [5, 6]. When [0n/90m]s laminate plates are subjected to
biaxial loading, or to changes in thermal loading which induces a biaxial stress state, microcracks develop in
all plies [55–58]. The microcracks in the 0◦ plies are analogous to the longitudinal splits observed in uniaxial
tests.

At high crack densities, periodic microcracking is sometimes replaced by curved cracks located near
existing straight microcracks [1, 34, 59]. Such curved cracks are illustrated in Fig. 4C. Some details about
curved microcracks can be explained by consideration of the principal stresses in the 90◦ plies [34]. At
low crack density, both the maximum axial stress and maximum principal stress in the 90◦ plies occurs
midway between existing microcracks. Thus, at low crack density there is a tendency for new cracks to
form midway between existing microcracks and develop into a periodic array of microcracks. At high crack
density, however, interactions between microcracks causes the maximum principal stress to shift to a location
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Figure 4 Sketches of actual edge views of typically damaged cross-ply laminates. A. Roughly periodic array of
microcracks in a [0/904]s laminate. B. Antisymmetric or staggered microcracks in a [904/02]s laminate. C. Two
curved or oblique microcracks near one straight microcrack in a [0/908]s laminate

near the 0/90 interface and close to an existing crack [34, 59]. Both the location, relative to the existing
microcrack, and the shape of curved microcracks can be predicted by considering the location and trajectory
of the principal stresses in the 90◦ plies [34, 59].

Similar principal stress effects have been noticed for microcracking in [0/+ θ/− θ]s laminates [53]. When
θ = 90◦, the results are similar to other microcracking experiments with straight microcracks across the 90◦

plies. As θ is made smaller than 90◦, however, 3D stress analysis shows that the principal stress trajectories in
the off-axis, θ plies is no longer straight. It has been postulated that these curved stress trajectories account
for the observation of curved microcracks at low crack density in [0/+θ/−θ]s laminates. Another observation
about microcracking in [0/+ θ/− θ]s laminates is that when θ = 90◦, microcracks always propagate rapidly
across the entire cross section of the 90◦ plies. As θ is reduced, however, the microcracks initiate on the edge
but only propagate part way into the laminate. Such curved and angled edge cracks typically cause edge
delaminations soon after their initial formation [53].

2.13.2.3 Loading and Environmental Effects

Most microcracking experiments have been done using uniaxial tension, but microcracks will also form under
other loading conditions. For example, microcracks will form in the 90◦ plies on the tension side of a laminate
subjected to bending [60]. The results in bending are qualitatively similar to results in tension, but analyses
of bending experiments need to account for the different stress state in laminates under bending than in
laminates under tension [61–64].

Biaxial loading of [0n/90m]s is similar to two uniaxial tests — one on a [0n/90m]s laminate and one on
[90n/0m]s. Thus microcracks may appear in both the central plies and the surface plies. The relative amount
of cracking between the ply groups will depend on the ratio n to m. One natural method for inducing biaxial
stresses is to subject a laminate to a change in temperature. The differential shrinkage between the 0 and
90◦ plies will induce biaxial loading as ∆T is increased [43, 55, 56, 65–69]. Such experiments demonstrate
that residual stresses play an important role in the microcracking process of laminates. Besides residual
stresses due the thermal shrinkage, the presence of moisture can induce residual stresses that influence
microcracking [69–71]. In some polyimide matrix composites, hygrothermal aging causes degradation of the
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matrix [70, 71]. Eventually the toughness of the matrix drops sufficiently low that spontaneous microcracks
form due to residual stresses alone [70, 71].

Most microcracking experiments have been conducted on laminates under uniform stress states such that
the stress state in the 90◦ plies is uniform prior to microcracking. These stress states typically cause rapid
crack growth across the entire cross section of the 90◦ plies. If laminates with 90◦ plies have stress concen-
trations such as holes, it is possible to observe microcracks forming at the edge of the hole and propagating
into the laminate [72, 73]. For such a non-uniform stress state, the microcrack driving force decreases as
the crack moves away from the hole. Therefore, the microcracks arrest and produce a damage zone around
the hole. In one case-study on the durability of an I-beam with circular cut-outs, the microcracking process
around the holes was a major factor in the lifetime of the beam [73].

2.13.2.4 Fatigue Observations

Fatigue loading of laminates with 90◦ plies also leads to microcracking in the 90◦plies [1, 12, 13, 14, 32,
35, 38, 58, 74–84]. The typical experiments are to count the number of cracks as a function of cycle
number. The number of cracks increases with cycling. Eventually fatigue loading also leads to the other
damage mechanisms observed in static testing such as curved microcracks, delaminations from the tips of
microcracks, and longitudinal splits in the supporting plies.

Microcrack propagation is slightly different during fatigue as compared to microcrack propagation during
static loading. In static loading, microcrack propagation is governed by the thickness of the 90◦ plies.
When the 90◦ plies are thick, the microcrack propagation is instantaneous; when the 90◦ plies are thin,
the microcrack propagation is controlled or perhaps even suppressed. During fatigue loading, microcrack
propagation depends similarly on thickness of the 90◦ plies but also depends on the amplitude of the fatigue
stress. During high-cycle fatigue, or fatigue at low cyclic stress, new microcracks initiate at the specimen
edge and propagate slowly across the specimen width. During low-cycle fatigue, or fatigue at high cyclic
stress, microcracks that initiate at low microcrack density span the 90◦ ply width instantaneously as in
static loading, but microcracks that initiate at high microcrack density, initiate at the specimen edges and
propagate slowly across the specimen width. Observations of slowly propagating microcracks suggests that
the crack growth rate per cycle is constant for each individual microcrack but depends on the distance of
that microcrack to the neighboring, existing microcracks [32, 35, 38, 79]. Such observations suggest that
the stress intensity factor or energy release rate for the propagating microcrack is independent of the length
of the microcrack and only a function of the space between existing microcracks where the microcrack is
growing [38, 77, 79, 82].

Microcracks also form as a function of cycle number during thermal cycling of laminates [1, 16, 55, 56,
57, 58, 66–69, 85, 86]. Like mechanical fatigue, the typical experiment is to count the number of microcracks
as a function of cycle number. Although the driving forces for fatigue damage in thermal cycling are
similar to those during uniaxial mechanical fatigue experiments, there are some important differences. First,
thermal cycling induces biaxial loading while mechanical cycling is predominantly axial loading. Second,
thermal cycling subjects a laminate to a range in temperature. Temperature effects such as physical aging
or thermal degradation at high temperature, embrittlement at low temperature, and other temperature
dependent mechanical properties, normally causes the thermal cycling results to differ from the corresponding
mechanical fatigue results [16].

2.13.3 METHODS OF ANALYSIS

Microcracking in off-axis plies is a common damage mechanism for composite laminates. It is thus important
to develop analysis methods for predicting microcracks and for designing with laminates that might have
microcracks. These analysis methods have two separate goals. The first goal is to consider a laminate with
a given amount of microcracking and predict the effective thermomechanical properties of that laminate.
The second goal, the more difficult goal, is to predict the conditions for which the microcracks form in the
first place. This section will begin with the second goal or with the problem of developing failure models for
predicting the formation and evolution of microcracking. Some failure models can be expressed in terms of
effective thermomechanical properties of the laminate. Thus, once such failure models are developed, much
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of the effective properties model will have already been solved as a prerequisite. This section will end with
some additional comments about effective properties of microcracked laminates.

This chapter, and specifically the following section on methods of analysis, focuses on microcracking of
90◦ plies in which the laminate is predominantly loaded with tensile loads perpendicular to the fibers in
those plies. There are several reasons for this approach. In such laminates, the microcracks that form in
the 90◦ plies typically span the entire cross-section of the 90◦ plies. Thus the potentially three-dimensional
problem can be reduced to two dimensions by looking at the edge of the laminate. Due to this simplification,
the theory for such microcracking is more advanced then theories for more general forms of microcracking
damage. In fact, many results for energy calculations and effective thermoelastic properties can be reduced to
a single underlying problem of finding the effect of fully-developed microcracks on the effective axial modulus
of the laminate. Although the analysis methods deal only with 90◦ ply cracking, the general principles are
adaptable to more general microcracking problems in more general laminates. This adaptation, however,
requires accounting for microcracks in off-axis plies, for microcracks that do not extend across the full cross-
section of the cracked plies, for possibly curved microcrack shapes, and for interactions between cracks and
delaminations in neighboring plies. In general, accounting for such effects requires the solution of three-
dimensional stress analysis problems.

2.13.3.1 Failure Models and Finite Fracture Mechanics

Early work on microcracking assumed that microcracks form when the stress in the 90◦ plies reaches the
transverse strength of the ply material. [2, 4, 20-22, 24-27]. Similarly, first-ply failure models in laminated
plate theory models assume the ply transverse strength or some multi-axial stress state criterion determines
microcrack formation [9]. As discussed in Section 2.12.2.1, the microcracking properties of laminates can not
be explained in terms of strength because the stresses in the 90◦ plies at the onset of microcracking are not
constant between different laminates [11]. In other words, there is no material property, such as a transverse
strength, that can predict failure of plies within laminates. All strength models, including statistical strength
models [20–24], must resort to using in situ strength properties or strength properties that are different, and
therefore must be measured, for each stacking sequence.

More recent work has proposed energy methods or a fracture mechanics approach to predicting mic-
rocracking [4, 6, 15-18, 87-96]. Most energy models use a discrete model or a finite fracture mechanics
model [95–97] in which the next microcrack is predicted to form when the total energy released by the
formation of that microcrack reaches the critical energy release rate for microcracking, Gmc, or the micro-
cracking fracture toughness. When a finite fracture mechanics model of microcracking is done correctly, it
can predict results for a wide variety of laminates from a single value of Gmc. For example, the results in
Figs. 2 and 3 in the Multiple Microcracking are results for seven different AS4/3501-6 laminates. All re-
sults can be fit with a Gmc in the range of 220–260 J/m2. In other words, Gmc = 240±20 J/m2 is a material
property for AS4/3501-6 laminates that characterizes the sensitivity of that material to microcracking.

Although the energy model for microcracking is based in fracture mechanics and energy release rate
methods, it is an unconventional application of fracture mechanics. Conventional fracture mechanics deals
with crack propagation [100]. Most microcracking damage, however, occurs by fracture events in which full
microcracks appear instantaneously on the experimental time scale. Besides microcracking, various other
forms of composite damage such as fiber breaks [98] and interfacial debonds [99], also form as fracture events.
The question arises — how can one model fracture events? One approach is to abandon fracture mechanics
because there is no observable crack growth and no crack-tip singularity to analyze. For microcracking,
however, when fracture mechanics is abandoned in favor of strength models, the results are unsatisfying. An
alternative approach is to try to generalize fracture mechanics to deal with fracture events as well as crack
propagation. Hashin [95] has recently termed such an extension of fracture mechanics as Finite Fracture
Mechanics because it extends fracture mechanics to handle failure by events that involve a finite amount of
new fracture area. In contrast, conventional fracture mechanics always deals with an infinitesimal amount
of crack growth.

Developing a finite fracture mechanics model for microcracking requires two steps. First, the model re-
quires stress analysis to calculate the total energy released by the formation of the next complete microcrack,
which will be denoted here as Gm. Once this energy release rate is known, finite fracture mechanics can be
used to predict the conditions required to form microcracks or to predict the experimental results for crack
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density as a function of applied loads. To make these predictions, the theoretical result for Gm is equated to
Gmc, the microcracking fracture toughness, and the resulting equation is solved for applied load. The second
step to analyzing microcracking is to verify that the concept of finite fracture mechanics is a valid failure
model for predicting microcracking events. In other words, before the finite fracture mechanics approach
can be used, it must be verified to be correct by comparison of predictions to experimental results.

There is good reason to believe that finite fracture mechanics is a viable approach for analysis of micro-
cracking. From the first-law of thermodynamics and energy balance arguments, it has been proposed that
finite fracture mechanics should work best for a series of similar fracture events [97]. The key concept is that
fracture events may release kinetic energy. Kinetic energy is apparent through the observation of acoustic
emission events but it is very difficult to calculate and include kinetic energy effects in the fracture mechan-
ics energy balance. If the total kinetic energy associated with each crack is roughly constant, however, it
can be treated as part of an effective event toughness. In other words, the stress analysis ignores kinetic
energy effects in Gm, but includes it in Gmc. Because microcracking is a series of similar fracture events,
it is logical to assume the kinetic energy associated with each crack will be roughly constant. The verifica-
tion step in finite fracture mechanics models can test this hypothesis for microcracking or for any damage
mode. If a good stress analysis for energy release rate can predict experiments using a constant Gmc, then
it can experimentally be claimed that kinetic energy is roughly constant (or negligible, in which case it is
irrelevant) and that finite fracture mechanics is a valuable analysis method. If the predictions do not agree
with experiments, then either the kinetic energy effects are not constant (and not negligible) or the stress
analysis used to find energy release rate is not accurate. The next two sections discuss energy release rate
calculations for microcracking and comparisons of model predictions to experimental results. When energy
release rate is calculated with sufficient accuracy, finite fracture mechanics is an accurate tool for predicting
microcracking properties of laminates.

2.13.3.2 Energy Release Rate

The key problem to analyze for a finite fracture mechanics model of microcracking in the 90◦ plies of
[(S)/90]s laminates, where (S) is any set of supporting plies, is illustrated in Fig. 5. Figure 5A shows
a unit cell of damage as the zone between two existing microcracks; figure 5B shows the same unit cell
but with a new microcrack formed at the location of highest stress which is midway between the previous
existing microcracks. The key problem is to calculate the total energy released per unit crack area due to the
formation of the new microcrack in the unit cell of damage. That energy release rate is denoted here as Gm.
Note that the loading conditions in Fig. 5 are expressed as either ε0 or σ0 to express experiments carried out
using displacement control (ε0) or load control (σ0). In conventional fracture mechanics with infinitesimal
amounts of crack growth, the energy release rate is independent of the loading method. In finite fracture
mechanics with a finite amount of new crack area, however, Gm depends on loading method and thus the
analysis must use loading conditions that match the experimental loading conditions.

Recent work on fracture analysis of composites has derived exact results that are helpful in calculating
energy release rates for composite fracture events [96]. One effective tool is to partition the stresses into
the initial stresses existing before the fracture event and the perturbation stresses, or the change in stresses
caused by the fracture event. Using the stress partitioning methods of Ref. [96], the microcracking energy
release rate under constant strain (displacement control) can be written exactly as

Gm =
1
2
σ0
xx,1

[
2 〈δ(ρ/2)〉 − 〈δ(ρ)〉

]
(1)

where σ0
xx,1 is the initial stress in the 90◦ plies at the location of the microcrack before any microcracks form

and 〈δ(ρ)〉 is the average crack opening displacement for a microcrack in a unit cell of damage of aspect ratio
ρ = a/t1 (see Fig. 5). From the potential energy results in Ref. [96], it is possible to express the effective
axial modulus for a unit cell of aspect ratio ρ, EA(ρ), in terms of the average crack opening displacement in
that cell as

EA(ρ) = EA0 −
E2
xx,1 〈δ(ρ)〉
σ0
xx,1ρB

(2)
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Figure 5 A unit cell of damage for microcracking in [(S)/90n]s laminates. A. Two existing microcracks spaced by
a distance 2a. The aspect ratio of the microcracking interval is ρ = a/t1. B. The same laminate after formation of a
new microcrack midway between the existing microcracks.

where EA0 is the effective axial modulus in the absence of microcracks, Exx,1 is the x-direction modulus of
the 90◦ plies, B = 2h is the thickness of the laminate.By substituting Equation (2) into Equation (1) the
energy release rate for microcracking under displacement control can be written as

Gm = −1
2
ρB

(
σ0
xx,1

Exx,1

)2 [
EA(ρ/2)− EA(ρ)

]
(displacement control) (3)

A similar type of analysis but for load control conditions was derived in Ref. [101]; the result is

Gm =
1
2
ρBE2

A0

(
σ0
xx,1

Exx,1

)2 [
1

EA(ρ/2)
− 1
EA(ρ)

]
(load control) (4)

Clearly effective modulus, EA(ρ), is a material property that does not depend on loading conditions. The
energy release rate, Gm, is a function of EA(ρ), but that function depends on loading conditions and thus
Gm depends on loading conditions.

By using Equations (1), (3), and (4), the energy release for displacement control and for load control can
each be expressed exactly either in terms of average crack opening displacement or in terms of the effective
axial modulus of a laminate with periodic microcracks. Thus, once crack opening displacement or effective
properties of a microcracked laminate are known, the energy release rate for microcracking can be calculated.
It is important to note that Gm for displacement control is not equal to Gm for load control. The difference
is a consequence of microcracking involving a finite amount of fracture growth in contrast to conventional
fracture mechanics which analyzes an infinitesimal amount of crack growth. The boundary condition effect
is illustrated in Fig. 6 which plots loading and unloading load-displacement curves for a finite amount of
fracture growth. The total energy released is the area between the loading and unloading curves [102].

For fixed-load boundary conditions, the total energy released is equal to the area of the ABC triangle;
for fixed-displacement boundary conditions, the total energy released is lower and equal to the shaded area
of the ABD triangle. Clearly, the energy released for fixed-displacement conditions is different and less than
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Figure 6 Load-displacement curve for a finite increase in crack area. The area of the ABC triangle is the total
energy released by crack growth under load control. The shaded area of the ABD triangle is the total energy released
by crack growth under displacement control.

the energy released for fixed-load conditions. In the limit of infinitesimal fracture area, the areas become
equal to each other or the energy release rate for conventional fracture mechanics is independent of loading
conditions. When analyzing real experiments with finite fracture area, however, it is important to use the
correct result for the specific experimental conditions. Similarly, the displacement and load control results
for microcracking are the same in the limit of zero microcrack density. When analyzing any microcracking
experiment, except initiation of the first microcrack, however, it is important to use the correct energy release
rate equation. Most static microcracking tests are done under displacement control while most fatigue tests
are done under load control. Thus Gm in Equation (3) should be used for analysis of static tests while Gm
in Equation (4) should be used for analysis of fatigue tests. Some consequences of using the wrong Gm will
be discussed below.

The energy release rate results in Equations (3) and (4) are exact results for a two-dimensional plane
stress analysis of the cracked laminate assuming an exact result for EA(ρ) is known. These results can
be converted to an exact two-dimensional plane strain analysis by replacing ply properties with reduced
ply properties. These two-dimensional results, however, ignore possible three dimensional effects caused by
differential Poisson contraction between the 90◦ plies and the supporting plies in the z direction. It is possible
to extend the above two-dimensional methods to account for three-dimensional effects. The resulting energy
release rates then depends on effective axial modulus (EA(ρ)), effective transverse modulus (ET (ρ)), and
effective in-plane Poisson’s ratio (νxz(ρ)) of the microcracked laminate instead of just on the effective axial
modulus [107–109]. The additional terms involving ET (ρ) and νxz(ρ) correct for differential Poisson’s effects
and are generally small. This chapter will use the simpler two-dimensional results to interpret experimental
results.

The finite fracture mechanics analysis for laminates with 90◦ plies on the surface ([90n/(S)]s laminates),
needs to account for the development of staggered microcracks in the two 90◦ ply groups. The key problem
to analyze for microcracking in [90/(S)]s laminates is illustrated in Fig. 7. Figure 7A shows a unit cell
of damage with staggered microcracks. It is not possible to add a single new microcrack to the unit cell
while still representing the damage laminate with unit cells of damage. Instead, microcracking of [90/(S)]s
laminates can be analyzed by considering the new state in Fig. 7B where enough new microcracks are formed
to generate three unit cells of damage from the initial single unit cell of damage. By the methods used to
analyze [(S)/90n]s laminates, the energy release rate for the discrete fracture process illustrated in Fig. 7
using a two-dimensional analysis under displacement control can be written exactly as

Gm = −1
4
ρB

(
σ0
xx,1

Exx,1

)2 [
EA(ρ/3)− EA(ρ)

]
(displacement control) (5)
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Figure 7 A unit cell of damage for microcracking in [90n/(S)]s laminates. A. Two staggered microcracks spaced
by a distance 2a on each side of the laminate. The aspect ratio of the microcracking unit cell is ρ = a/t1. B. The
same laminate after formation of a four new microcracks convert the single unit cell of damage into three unit cells
of damage.

For load-control conditions, the result is

Gm =
1
4
ρBE2

A0

(
σ0
xx,1

Exx,1

)2 [
1

EA(ρ/3)
− 1
EA(ρ)

]
(load control) (6)

Thus, the energy release for formation of microcracks in [90n/(S)]s laminates is different than in [(S)/90n]s
laminates. The form of the Gm equations are different and the analysis method for finding EA(ρ) should ac-
count for the presence of staggered microcracks in [90n/(S)]s laminates. In other words, EA(ρ) for [90n/(S)]s
laminates will be different than EA(ρ) for [(S)/90n]s laminates. The experimental observation is that the
microcracking properties of [90n/(S)]s and [(S)/90n]s laminates are different; finite fracture mechanics can
potentially explain those differences. The Gm results for [90n/(S)]s laminates could alternatively be ex-
pressed in terms of average crack opening displacement instead of in terms of effective axial modulus. Finally,
these two-dimensional results could be extended to include three dimensional effects. Like the analysis of
[(S)/90n]s, however, the three-dimensional Poisson effects on Gm are small.

Experimental observations show that the microcracking process is influenced by the presence of residual
stresses. All residual stress effects are included in the above analyses through the σ0

xx,1 term or the initial
stress in the 90◦ plies. This initial stress is the total initial stress or the sum of mechanically applied stresses
and residual stresses in the 90◦ plies of the undamaged laminate. All Gm expressions can be written in terms
of the effective axial modulus, EA(ρ). For linear thermoelastic materials, EA(ρ) is independent of the level
of residual stresses and thus can be found by stress analysis methods that ignore residual stresses. Once the
results are substituted into the Gm expressions along with σ0

xx,1, however, the resulting Gm gives the total
energy release rate or the energy release rate due to both mechanical and residual stresses.

There are other generalized analyses of microcracking that can be shown to be equivalent to the above
discussion but are in a different form. These other results required longer derivations while the above analysis
was a straightforward application of the results in Ref. [96]. For example, McCartney [107, 108] considered



14 J. A. Nairn

triaxial loading and was able to express many results in terms of a “damage” parameter Φ(ω) defined by

Φ(ω) =
1

EA(ω)
− 1
EA0

(7)

where ω expresses the state of damage. McCartney’s analysis considered load-control experiments only;
clearly the load-control Gm result in Equation (4) could likewise be expressed in terms of Φ(ω). McCartney’s
analysis does not include analysis of cracking in surface plies ([90n/(S)]s laminates), but it does extend the
above results for triaxial stress states and for Poisson effects. Varna [110–115] choose to express modulus and
energy release rate in terms of average crack opening displacement. Because of relations like Equations (1)
and (2) most important results for analysis of microcracking can be reduced to the problem of finding either
the average crack opening displacement or the effective axial modulus each as a function of microcracking
spacing. Results in terms of either average crack opening displacement or effective modulus are exact and
equivalent.

2.13.3.3 Master Plot Analysis

The energy release rate equations forGm in the previous section and the principles of finite fracture mechanics
can be used to predict the formation of microcracks for a wide variety of laminates with 90◦ plies and for
experiments under differing loading conditions. These predictions need to be verified by comparison to
experiments. In other words, finite fracture mechanics is an unconventional fracture analysis technique for
composites. Before it can be used for predictions of any class of fracture events, it must be verified that the
predictions agree with a wide range of experimental results. This section describes a master plot analysis
method that can critically test both the applicability of finite fracture mechanics to analysis of microcracking
and the accuracy of various stress analysis methods to determine Gm. The accuracy of the Gm calculations
depends on the accuracy of the stress analysis methods used to calculate EA(ρ) (or 〈δ(ρ)〉).

For both [(S)/90n]s and [90n/(S)]s laminates and for both displacement-control and load-control exper-
iments, the energy release for the formation of the next microcrack can be written generically as

Gm =
(
σ0
xx,1

)2
Gunit(ρ) (8)

where Gunit(ρ) is the energy release rate for formation of new microcracks in a unit cell of damage of aspect
ratio ρ when there is unit stress in the 90◦ plies in the absence of microcracking. Gunit(ρ) will change
depending on laminate type and loading conditions, but the generic form of Gm will remain the same. For
linear thermoelastic materials, the initial stress in the 90◦ plies can be written as

σ0
xx,1 = km,1σ0 + kth,1∆T (9)

where σ0 is the total applied axial stress and ∆T = Ts−T0 is the difference between the specimen temperature,
Ts, and the stress-free temperature, T0, and km,1 and kth,1 are mechanical and thermal stiffnesses for the
90◦ plies. These stiffnesses will depend on laminate structure and ply properties and they can easily be
calculated from laminated plate theory [1]. To predict microcracking using finite fracture mechanics, we
equate Gm to Gmc, or the microcracking fracture toughness, and solve the resulting equation for applied
stress; the result is:

σ0 =
1

km,1

√
Gm

Gunit(ρ)
− kth,1
km,1

∆T (10)

For any laminate geometry and loading conditions, Equation (10) gives the stress as a function of crack
density, D = 1/(2t1ρ). Inverting this result gives a prediction for crack density as a function of applied
load that can be compared to experiments. McCartney [107, 108] derived a result that is equivalent to
Equation (10) for axial loading, but additionally extends it for microcracking during triaxial loading.

Some typical results for comparison of Equation (10) to experimental results are given in Figs. 2 and 3.
The Gunit(ρ) required for the predictions used EA(ρ) calculated using two-dimensional variational mechan-
ics [1, 42, 95, 103, 104]. Previous finite fracture mechanics models for microcracking were for load-control
boundary conditions [1, 42]. The new predictions in Figs. 2 and 3 calculated Gunit(ρ) for the experimental
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loading conditions which were displacement control [42]. The comparison between experiments and theory
shows that finite fracture mechanics does a good job of simultaneously predicting the microcracking proper-
ties for all laminates. All experimental results can be fit with a single value of Gmc = 230± 20 J/m2. Thus
Gmc is a useful material property characterizing a particular composite material’s resistance to microcrack-
ing.

There are two common discrepancies between experiments and finite fracture mechanics predictions.
First, the experimental crack density often rises slower than the predicted crack density. See, for example,
the experiments and predictions for [0/90]s laminates in Fig. 2. These low-crack density deviations have
been attributed to flaws in the laminate or to statistical inhomogeneities in the laminate structure [1, 42].
By either mechanism, the 90◦ plies can be treated as having regions of lower toughness and regions of
higher toughness. The lower toughness regions can be caused by flaws or by structural imperfections such as
unfavorable fiber distributions. The first few microcracks form at regions of low toughness and thus deviate
from the theory which assumes a single-value for Gmc. At higher crack density, the weak regions get used
up and later predictions agree better with experimental results. Some statistical methods for dealing with
variations in toughness are discussed below.

The second common deviation is that experimental results often yield higher crack density at high stress
than predicted by Equation (10). This type of deviation can be explained by distributions in microcrack
spacing. When the microcrack spacings are not periodic, the new microcracks will tend to form in regions
with wider crack spacing because such cracks release more energy than cracks in regions with shorter crack
spacings. There are two effects of this tendency for microcracks to form in regions with crack density lower
than the average crack density. First, it naturally drives the microcracking process to give a roughly periodic
array of microcracks. Second, it causes laminates to develop more microcracks than predicted by theory.
This crack distribution effect can be corrected experimentally or can be corrected by the addition of a
simple parameter that scales the true crack density to a slightly lower effective crack density [42]. There
are no deviations at high crack density in Figs. 2 and 3 because these fits have all been adjusted for crack
distribution effects using the methods given in Ref. [42].

Equation (10) can be recast in the following form:

−km,1
kth,1

σ0 = − 1
kth,1

√
Gmc

Gunit(ρ)
+ ∆T (11)

This finite fracture mechanics prediction suggests defining a reduced stress, σR, and reduced crack density,
DR, as

σR = −km,1
kth,1

σ0 (12)

DR = − 1
kth,1

√
1

Gunit(ρ)
(13)

Using laminated plate theory to find km,1 and kth,1 and a stress analysis theory to find Gunit(ρ), any set of
experimental results for microcracking density as a function of applied stress can be turned into experimental
results for σR as a function of DR. By Equation (11), σR and DR are related by

σR = DR

√
Gmc + ∆T (14)

In other words, a plot of σR as a function of DR is predicted to be linear. The slope of the plot will give the
toughness, Gmc, while the intercept will give the thermal term causing the residual thermal stresses, ∆T .
Furthermore, because Gmc and ∆T are material properties and not functions of laminate stacking sequences,
experimental results from a single material, but on a wide variety of laminates including [(S)/90n]s and
[90n/(S)]s laminates, should all fall on the same straight line or master plot for that material.

Master plots from microcracking experiments provide a critical test of the finite fracture mechanics
analysis of microcracking. It is important to recognize that a single master plot is testing two aspects of
the microcracking model. First, it is testing the applicability of finite fracture mechanics for predicting
microcracking. For master plots to be linear, it is necessary that all microcracks form at nearly the same
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Figure 8 Master plot analysis for 14 [0n/90m]s (open symbols) and [90m/0n]s (filled symbols) AS4/3501-6 car-
bon/epoxy laminates. Gunit(ρ) was calculated from a complementary energy analysis with constant displacement
boundary conditions. The straight line is a linear fit to the experimental results. The slope and intercept of the fit
give Gmc = 220 J/m2 and ∆T = −95◦C.

value of the critical energy release rate Gmc. If Gmc is not a material property, the master plots will not be
linear. Second, master plots test the accuracy of the stress analysis used to find Gunit(ρ). In other words,
even if finite fracture mechanics of microcracking is rigorously correct, master plots will not be linear if the
stress analysis used to find Gunit(ρ) is inaccurate.

Figure 8 gives a master plot for 14 different laminates of AS4/3501-6 carbon/epoxy laminates. This
master plot analysis was constructed using a Gunit(ρ) in which EA(ρ) was calculated using complementary
energy methods and variational mechanics [1, 42, 95, 103, 104]. Previous master plot calculations assumed
constant load boundary conditions, but these experiments were under displacement control [42]. Here,
Gunit(ρ) was adjusted to account for displacement-control experiments [96, 97]. This master plot is very
linear within a relatively narrow experimental scatter band. The results for all laminates fall on the same
line. Furthermore, the two-dimensional variational mechanics methods can distinguish between [0m/90n]s
and [90n/0m]s laminates [17, 42]; when the disparate damage modes are correctly evaluated (periodic cracks
vs. staggered cracks), the results for both laminate types reduce to the same master plot. From the slope
and intercept of the master plot, the microcracking toughness is found to be Gmc = 220 J/m2 and the
residual stress term is found to be ∆T = −95◦C. Both of these results are physically reasonable which
further supports the validity of the finite fracture mechanics model of microcracking. Note that master plots
lets one determine toughness without any prior knowledge of the level of residual stresses in the laminate.
The level of residual stresses are experimentally determined during analysis of the microcracking experiments
from the intercept of the master plot.

It was mentioned above that finite fracture mechanics models need to correctly handle the boundary
conditions because the amount of energy released in a fracture event depends on loading method. Most
previous microcracking models incorrectly used load-control analyses to interpret static tests done under
displacement control [4, 6, 15-18, 87-95]. Figure 9 shows a new master plot identical to Fig. 8 except that
Gunit(ρ) was evaluated by a two-dimensional complementary energy analysis that assumes load control.
Although the load-control master plot is close to linear, there is noticeably more scatter here than in the
displacement-control master plot. This boundary condition effect further supports the validity of the finite
fracture mechanics model of microcracking. When the analysis is correctly refined to handle the experimental
loading conditions, the master plot improves. The slope and intercept of the load-control plot give Gmc =
330 J/m2 and ∆T = −143◦C. The differences in scatter between the displacement-control and the load-
control analyses are not large, but the differences in evaluated toughness and residual stresses are significant.
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Figure 9 Master plot analysis for 14 [0n/90m]s (open symbols) and [90m/0n]s (filled symbols) AS4/3501-6 car-
bon/epoxy laminates. Gunit(ρ) was calculated from a complementary energy analysis with constant load boundary
conditions. The straight line is a linear fit to the experimental results. The slope and intercept of the fit give
Gmc = 330 J/m2 and ∆T = −143◦C.

This observation demonstrates that use of the wrong expression fo Gm can lead to errors of 30% to 50%
in the evaluated microcracking toughness. The Gmc determined from the load-control plot is physically the
wrong result. It is not the amount of energy required to form microcracks in this material.

By using Equations (3) and (5), any analysis for EA(ρ) in cross-ply laminates can be used to calculate
Gunit(ρ) and therefore used to generate master plots for microcracking. Many early microcracking models
found EA(ρ) using shear lag methods (see citations in Ref. [1]). The most accurate shear-lag analysis of a
microcracking laminates was recently derived by McCartney [105]. This shear-lag analysis does a good job
of predicting modulus loss experiments. Figure 10 gives the master plot analysis that results when Gunit(ρ)
is found using a shear lag analysis. Although the global fitting results which lead to Gmc = 225 J/m2 and
∆T = −114◦C are reasonable, the shear-lag master plot has some problems. First, the results for individual
laminates do not reduce to the same master plot, but are highly scattered around the average master plot.
Thus, despite the fact that shear-lag analysis does a good job of predicting EA(ρ), it does a poor job of
calculating Gunit(ρ) which is required for getting a good master plot. This apparent contradiction arises
because predicting modulus reduction only involves finding EA(ρ) while finding Gunit(ρ) requires finding
differences like EA(ρ/2) − EA(ρ). In others words, in order for Gunit(ρ) to be accurate, the analysis to
find EA(ρ) must be sufficiently accurate that its first difference (or first derivative) is also accurate. In
approximate stress analyses, it is much easier to find accurate bulk properties, like modulus, then it is find
accurate first derivatives as well. Thus, although shear-lag analysis is sufficiently accurate for EA(ρ), it may
not be accurate enough for the derivative of E(ρ). In contrast, the two-dimensional, variational mechanics
methods are sufficiently accurate for both EA(ρ) and its derivative that they can be used to find both
modulus reduction and energy release rate.

Another problem with the shear-lag analysis is that it is a one-dimensional analysis and thus can not
distinguish between [0m/90n]s and [90n/0m]s laminates. Shear lag analysis predicts that EA(ρ) is the same
for corresponding laminates with the cracked 90◦ plies in the middle or with the cracked 90◦ plies on the
surfaces. When these identical results for EA(ρ) are substituted into the appropriate energy release rate
results to account for laminate cracking patterns (Equation (3) for [0m/90n]s laminates and Equation (5) for
[90n/0m]s laminates), the analysis still does not account for the differences between [0m/90n]s and [90n/0m]s
laminates. The results for [90n/0m]s appear to be steeper and to have an intercept at a larger magnitude
of ∆T . To generate master plots for all stacking sequences, it is essential to have two-dimensional stress
analyses that can distinguish between laminates with microcracking in the middle plies and laminates with
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Figure 10 Master plot analysis for 14 [0n/90m]s (open symbols) and [90m/0n]s (filled symbols) AS4/3501-6
carbon/epoxy laminates. Gunit(ρ) was calculated from shear-lag analysis with constant displacement boundary
conditions. The straight line is a linear fit to the experimental results. The slope and intercept of the fit give
Gmc = 225 J/m2 and ∆T = −114◦C.

staggered microcracks in the surface plies [17].

Master plot analysis of microcracking in laminates reveals two important things. First, finite fracture
mechanics of microcracking is an acceptable method for predicting microcracking. Second, the finite fracture
mechanics model will not be accurate unless the input stress analysis is for the correct loading conditions
and is sufficiently accurate that it gives good results for both EA(ρ) and for the derivative of EA(ρ). Shear-
lag methods are not sufficiently accurate for good microcracking models. In contrast, two-dimensional,
variational mechanics methods work well.

One can improve on the variational methods by using refined variational methods [92], averaged upper and
lower bound variational analyses [96, 101], multi-layer elasticity methods [106], or even finite element analysis.
Although these methods should result in good microcracking models, there is not much room for improvement
on the master plot results in Fig. 8. Considering that the complementary energy analysis used for Fig. 8
has an analytical solution [42, 103] while the refined methods require numerical calculations [92, 106], the
analytical model may be adequate for interpretation of most microcracking experiments.

Besides numerical complexity, there is another reason not to focus efforts on refined solutions. When such
solutions are used to interpret real experiments (e.g., the results in Fig. 8), they typically give worse results
than the less accurate complementary energy analysis. A possible explanation for this discrepancy is that
the refined solutions all assume a perfect interface between the 0◦ and the 90◦ plies. In real materials, the
interface is probably not perfect or the formation of a microcrack may slightly damage the interface letting
there be slippage between the plies. Slippage could be caused by local delaminations or by matrix plasticity.
Analysis of cracking of fibers in the presence of an imperfect interface shows that the energy release rate
for cracking is higher when there is interfacial slip than when the interfaces are perfect [96, 98]. Thus, if
real materials have interfacial slip, the most accurate elasticity models that do not allow slip will give an
energy release rate that is too low. In contrast, the energy release rate calculated by complementary energy
gives a rigorous upper bound at low crack density [95, 96] and a practical upper bound at higher crack
densities [96]. Perhaps the complementary energy analysis, by giving an energy release rate higher than
more accurate methods, fortuitously corrects for some imperfect interface effects in real materials. Improved
analysis methods in the future will probably require focusing on experimentally and theoretically accounting
for imperfect interface effects.
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2.13.3.4 Other Approaches

Although energy methods have mostly replaced strength methods for predicting microcracking, much early
work, and some recent work, model microcracking by assuming the next microcrack forms when the stress
in the 90◦ plies reaches the transverse strength, σult, of the ply material [2, 25, 20-22, 24-27]. The master
plot analysis in the previous section is not limited to energy models; it is also possible to develop a master
plot relation for strength models. Plotting microcracking data on a strength-based master plot clearly
demonstrates the problems with strength models. In strength models, the next microcrack will form at the
location of maximum tensile stress in the 90◦ plies. Proceeding generically, this maximum stress can be
written as:

Maximum Stress = σ0
xx,1σ

(max)
unit (ρ) (15)

where σ(max)
unit (ρ) is the maximum tensile stress in a unit cell of damage of aspect ratio ρ when there is unit

stress in the 90◦ plies in the absence of microcracking. σ(max)
unit (ρ) will change depending on laminate type,

but the generic form of the maximum stress will remain the same. A master plot for a strength analysis
can be derived be equating maximum stress to σult, substituting Equation (9) for σ0

xx,1, and recasting in the
form of Equation (11). The resulting strength master equation is

−km,1
kth,1

σ0 = − σult

kth,1σ
(max)
unit (ρ)

+ ∆T (16)

A master plot for a strength analysis can be developed by defining a reduced stress, σR, which is identical
to the energy analysis reduced stress (Equation (12)) but a new reduced crack density, DR,σ, as

DR,σ = − 1

kth,1σ
(max)
unit (ρ)

(17)

A strength criterion predicts that a plot of σR as a function of DR,σ should be linear. The slope of the plot
should be the tensile strength, σult, while the intercept should give ∆T . Furthermore, if a strength criterion
is valid, the results from a wide variety of laminates should fall on the same straight line or master plot for
that material.

Figure 11 gives a strength-theory master plot for 14 different laminates of AS4/3501-6 carbon/epoxy
laminates. This maximum stress term, σ(max)

unit (ρ) was calculated using complementary energy methods and
variational mechanics [1, 42, 95, 103, 104]. For [0n/90m]s laminates, the maximum stress is midway between
the existing microcracks; for [90n/0m]s laminates, the maximum stress occurs at two locations 1/3 and 2/3
of the way between the existing microcracks [1, 17]. The location of the stress maxima accounts for the
staggered microcracks in [90n/0m]s laminates (see Fig. 4B). The strength failure criterion leads to a poor
master plot. If one examines the results from one laminate, the strength-theory master plot is fairly linear.
This observation has mislead some investigators into thinking that strength theories are acceptable. When
experiments are done on several laminates of a single type, however, as illustrated in Fig. 11, the results do
not converge to a single master plot. Instead, each laminate has its own slope and intercept. In other words,
ply strength is not a material property but must be treated as an in situ property that depends on laminate
structure. Because a strength deduced from one laminate can not be used to predict the microcracking
properties of a different laminate of the same material, strength analyses are much less useful than energy
analyses. Although the results from different laminates do not lie on a single master plot, it is still possible
to do a linear fit to all results. The resulting slope and intercept give unreasonable results. The average slope
gives σult = 36 MPa which is too low for the transverse strength of AS4/3501-6 carbon/epoxy laminates.
The intercept gives ∆T = +85◦C which has the wrong sign for residual stresses that form as the laminate
cools from processing temperature to room temperature.

The fit of strength theories to the results for a single laminate can be improved by using statistical
methods where the strength is treated as a statistical property [20–24]. But when statistical strength models
are applied to a series of laminates for a single material type, they suffer the same fate as simple strength
models — the statistical strength parameters are not material properties, but instead must be treated as in
situ properties that depend on laminate structure [24].

Most statistical models of microcracking are strength models that treat the transverse strength as a
statistical parameter. Statistical methods, however, are not confined to strength models. It is also possible
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Figure 11 Master plot analysis for 14 [0n/90m]s (open symbols) and [90m/0n]s (filled symbols) AS4/3501-6

carbon/epoxy laminates. σ
(max)
unit (ρ) was calculated from a complementary energy analysis. The straight line is a

linear fit to the experimental results. The slope and intercept of the fit give σult = 36 MPa and ∆T = +85◦C.

to adjust finite fracture mechanics models of microcracking for statistical effects by letting the microcracking
toughness be a statistical parameter. Statistical variations in Gmc can by physically justified by noting that
90◦ plies will invariably have statistical variations in fiber distribution and probably have inherent flaws. It
is likely that microcracks will initiate in regions of locally high fiber volume fraction at different loads than
at regions of locally low fiber volume fraction. In other words, the microcracking fracture toughness will
vary from position to position in the laminate. This variation can be modeled by letting Gmc be a statistical
quantity.

A statistical fracture mechanics model can be developed by letting Gmc follow a Weibull distribution
such that the probability of failure of any element of length li at applied stress σ0 becomes

P (σ0) = 1− exp

{
−li
(
Gm(σ0)
Gm0

)β}
(18)

where Gm(σ0) is the energy released if an element forms a microcrack at applied stress σ0 and Gm0 and
β are Weibull scale and shape parameters for the laminate toughness. During a statistical microcracking
simulation, elements which have not failed at stress σ0 will have been proof tested to have a toughness greater
than the maximum value of Gm(σ0) previously applied to that element (element i) denoted as Gmax,i. Using
this extra information, the probability that a proof-tested element fails at a subsequent load σ0 should be
determined from the following truncated Weibull distribution:

P (σ0) =

 0 for Gm(σ0) < Gmax,i

1− exp
{
−li
[(

Gm(σ0)
Gm0

)β
−
(
Gmax,i
Gm0

)β]}
for Gm(σ0) ≥ Gmax,i

(19)

McCartney [107] has developed a similar statistical simulation of microcracking in whichGmc follows a normal
distribution instead of Weibull distribution; the results are not significantly different from the simulation
results described here.

In brief, to simulate a microcracking experiment with energy as a statistical parameter, a particular
laminate is divided into n elements of length li and the load is incrementally increased. At each load,
Gm(σ0) for formation of a microcrack in each element can be evaluated from the current applied load and
the proximity of that element to existing microcracks. To account for the possibility of cracks forming
in elements that are not in the middle of a microcracking interval of aspect ratio ρ, Equation (3) can be
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Figure 12 Reanalysis of microcracking experiments on a [0/90n]s, AS4/3501-6, carbon/epoxy laminate using
fracture mechanics but with statistical variations in Gmc. The symbols are experimental results. The lines are
simulations with Gmc described by a Weibull distribution.

generalized to

Gm(σ0) = −1
2
ρB

(
σ0
xx,1

Exx,1

)2 [
ρiEA(ρi) + (ρ− ρi)EA(ρ− ρi)

ρ
− EA(ρ)

]
(20)

where ρi is the distance from element i to one of the neighboring cracks. Once Gm(σ0) is known, it can be
substituted into Equation (19) and compared to a random number to decide if that element should crack
during the current loading step. The simulation is continued until many cracks form. Averaging several
such simulations gives a prediction for crack density as a function of applied load that can be compared to
experimental results.

The results of a microcracking simulation with Gmc as a statistical parameter for the three AS4/3501-
6, carbon/epoxy laminates previously presented in Fig. 2 are given in Fig. 12. The simulation curves
were generated by dividing the laminate into 1000 elements and averaging the results of 30 simulations.
The Weibull scale and shape parameters were adjusted to fit experimental results. All three laminates
could be fit with similar parameters, but the best fits for each required slightly different parameters. The
statistical simulations completely resolve the two discrepancies discussed above between experimental results
and finite fracture mechanics predictions with a single value for Gmc. First, the statistical simulations
correctly reproduces the initial slow rise in microcrack density. It was previously argued that this slow rise
is caused by statistical inhomogeneities or flaws in the laminate. The statistical simulation accounts for
these homogeneities and reproduces the experimental results. Second, the fits in Fig. 2 had to be corrected
at high crack density to account for new cracks forming in microcrack intervals that are larger than the
average microcrack interval. The statistical simulation automatically simulates a distribution in microcrack
interval sizes with new microcracks being more likely to form in the larger crack intervals. The simulation
thus fits the high crack density data without any corrections. The main use of the statistical simulation is
that it resolves all discrepancies between simpler predictions and experimental results. In practical terms,
however, it is less useful. Experimental data can be fit by adjusting Weibull parameters Gm0 and β. The
results, however, are relatively insensitive to β. In other words, it is not possible to accurately determine β
from microcracking data. All that can be determined is the Weibull scale parameter Gm0. After suitable
correction of length units, this scale parameter gives essentially the same information as Gmc from fits such
as those in Fig. 2.
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2.13.3.5 Effective Laminate Properties

One detrimental effect of microcracks is that they cause the effective thermomechanical properties of the
laminate to change. When one is designing for applications that might develop microcracking before final
failure, it is important to know how laminate properties are changed and therefore to assess if designs can
survive the presence of some level of microcracking. A general microcracked laminate can be represented
as an orthotropic plate with 12 effective material properties. Here we take x as the direction of the fibers
in the 0◦ plies, y as the direction of the fibers in the 90◦ plies and z as the thickness direction. The twelve
independent effective thermomechanical properties that depend on crack density ρ are three tensile moduli
(Exx(ρ), Eyy(ρ), and Ezz(ρ)), three shear moduli (Gxy(ρ), Gxz(ρ), and Gyz(ρ)), three Poisson ratios (νxy(ρ),
νxz(ρ), and νyz(ρ)), and three thermal expansion coefficients (αxx(ρ), αyy(ρ), and αzz(ρ)).

A prerequisite of deriving the finite fracture mechanics analysis of microcracking is the derivation of an
accurate analysis for EA(ρ). In fact, all energy release rate results were shown to depend only on EA(ρ).
In the x − y − z coordinates, EA(ρ) is Exx(ρ). It has recently been shown, that once Exx(ρ) is known,
most other effective properties can be calculated without any additional analyses [107–109]. The key results
were derived by McCartney [107, 108]; he was able to derive the following exact relations between effective
thermomechanical properties and the damage function defined in Equation (7):

νxy
Exx

− νxy(ρ)
Exx(ρ)

= kΦ(ω) (21)

1
Eyy(ρ)

− 1
Eyy

= k2Φ(ω) (22)

νxz
Exx

− νxz(ρ)
Exx(ρ)

= k′Φ(ω) (23)

1
Ezz(ρ)

− 1
Ezz

= (k′)2Φ(ω) (24)

νyz
Eyy
− νyz(ρ)
Eyy(ρ)

= kk′Φ(ω) (25)

αxx(ρ)− αxx = k1Φ(ω) (26)
αyy(ρ)− αyy = kk1Φ(ω) (27)
αzz(ρ)− αzz = k′k1Φ(ω) (28)

where properties without (ρ) are properties of the undamaged laminate and the constants k, k′, and k1 are
constants that depend only on the properties of the undamaged laminate [107, 108]. These relations show
that all effective tensile moduli, Poisson ratios, and thermal expansion coefficients can be determined once
Exx(ρ) is known. The shear moduli are not covered by these relations and thus their analysis requires separate
mechanics analyses. One method of determining effective shear modulus of cracked lamina by variational
mechanics has been described by Hashin [103]. Finally, all these effective property results are limited to
laminates in which only plies of a single orientation are cracked. The analysis is aimed at laminates in which
only the 90◦ plies are cracked, but it can easily be extended to plies of a different angle being cracked by
rotation of the coordinate system and the effective properties such that the cracked plies become 90◦ plies.
The analysis does not predict effective properties of laminates in which multiple plies of different angles in
the same laminate are cracked. For example, If θ is not too large, [0/θ/− θ]s or [0/θ/− θ/90]s laminates can
develop microcracks in the θ, −θ, and 90◦ plies. The effective property analysis of laminates with multiple,
microcracked plies requires analysis by alternative methods.

2.13.4 APPLICATION OF MICROCRACKING EXPERIMENTS TO MATERIAL ISSUES

2.13.4.1 Microcracking Fracture Toughness

Experiments that measure microcrack density as a function of applied load can be fit using a finite fracture
mechanics analysis to determine Gmc. This composite toughness property can be studied by itself as a



Matrix Microcracking in Composites 23

Table I The microcracking fracture toughness of several composite material systems. All Gmc values have been
derived by a finite fracture mechanics analysis with EA(ρ) calculated by variational mechanics.

Composite Material Gmc ( J/m2) References

E-Glass/Epoxy 200 [14,90]
AS4/Hercules 3501-6 220–260 [41,42]
IM7/FIberite 954-2A 240 [72]
AS4/Dow Polycyanate 430–460 [40]
AS4/Polysulfone 450 [72]
IM7/Hecules 8551-7 525 [40]
AS4/Dow Tactix R© 556 550 [40]
Scotch Ply 1003 (E-Glass/Epoxy) 650 [122]
T300/Fiberite 934 690 [41]
G40-800/rubber modified Dow Polycyanate 720 [40]
AS4/Dow Tactix R© 696 825 [40]
IM6/DuPont Avimid R© K Polymer 960 [41,70-72]
IM7/PETI5 1080 [71]
T300/Fiberite 977-2 1800-2400 [41]
AS4/ICI PEEK 3000 [41]

measure of the resistance of a given material to the development of microcracks. Table I lists a number
of composite material systems that have been subjected to microcracking experiments and analyzed using
methods similar to those discussed in this chapter. Thermoset matrix composites have lower toughnesses
(e.g., AS4/Hercules 3501-6); thermoplastic matrix composites can have Gmc of 1000 J/m2 or higher (e.g.,
IM7/PETI5 and AS4/ICI PEEK). Glass fiber composites have similar microcracking toughnesses to carbon
fiber composites. Although thermoplastic-matrix composites have higher microcracking toughness than
thermoset-matrix composites, they also have higher levels of residual thermal stresses [118, 119]. Because the
residual stresses in the 90◦ plies are tensile stresses, a higher level of residual stresses promotes microcracking.
Combining the effects of higher toughness and higher residual stresses, the stress to form microcracks is not
significantly different between thermoset- and thermoplastic-matrix composites.

Because microcrack growth is mode I crack growth parallel to the fibers, it might be expected to be
similar to the mode I delamination toughness of the same material, . Delamination toughness is usually
measured by conventional fracture mechanics experiments on double cantilever beam specimens made from
unidirectional composites [121]. When GIc is compared to Gmc, the general trend as that composites with
brittle matrices tend to have a higher Gmc than GIc, while composites with tougher matrices tend to have
a lower Gmc than GIc. In other words, the variation in Gmc for a range of matrices is smaller than the
variation in GIc. The crack front for microcrack propagation is normal to the ply faces while the crack front
for delamination is parallel to the ply faces. Although they are both crack growth parallel to the fibers, they
may be measuring different material properties — GIc is measuring interlaminar toughness while Gmc is
measuring intralaminar toughness. Although there are few results in the literature, it is also possible to do
standard fracture mechanics experiments on unidirectional composites with the crack front normal to the ply
faces [42, 120]. When Gmc and intralaminar fracture experiments were done on the same material system,
Gmc was found to be very close to intralaminar toughness [42].

2.13.4.2 Gmc as a Material Probe

Because the first form of failure in composites containing 90◦ plies is microcracking in those plies, changes
in the microcracking properties of a laminate can be used as a sensitive probe to changes in the failure
properties of the laminate. Such experiments have been used to monitor physical aging [72], hygrothermal
stability [70, 71], and thermal degradation [122]. In brief, a series of laminates can be subjected to any
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specified conditions for various amounts of time. For each time period, some laminates can be removed and
subjected to standard microcracking experiments to determine Gmc. Changes in Gmc can be used to study
the effect of the selected conditions on composite failure properties. For many conditions, the changes in
Gmc will be much more dramatic than changes in other lamina properties [70, 71, 72]. Thus Gmc can be a
sensitive probe for monitoring changes in laminate properties. This section gives one example which used
Gmc to study the hygrothermal stability of polyimide composites [70, 71].

When studying the durability of polyimide-matrix, carbon-fiber composites, it was observed that cross-
ply and quasi-isotropic laminates immersed in 80◦C water would spontaneously develop microcracks in the
90◦ plies [70]. The implication was that the microcracking toughness or Gmc drops during hot-wet conditions
and that microcracks form once Gmc drops sufficiently low that microcracks can form due to residual stresses
alone. The durability issues raised by spontaneous microcracking could be studied by continued long-term
exposure experiments. Such experiments, however, would be time consuming because there was no apparent
change in the laminates until the formation of cracks which took more than 500 hours to form [70]. Because
Gmc is a sensitive measure of laminate failure properties, studies on the drop in Gmc might reveal information
on degradation more quickly and give more information for studying the kinetics of degradation. Indeed,
spontaneous microcracking must be accompanied by very large drops in Gmc. The spontaneous microcracks
form by residual stresses alone, but the both the hot (closer to the stress-free temperature) and wet (moisture-
induced swelling reduces thermal shrinkage-induced stresses) conditions should reduce residual stresses —
Gmc must be dropping to almost zero prior to spontaneous microcracking.

Figure 13 shows the microcracking toughness of Avimid R©K Polymer/IM7 laminates as a function of
time during exposure to various levels of humidity at 80◦C [70, 71]. After each exposure time, the [0/902]s
laminates were removed and redried before doing microcracking experiments such as those in Fig. 2. Thus
changes in Gmc could be compared to the initial Gmc to monitor changes in laminate failure properties.
When immersed in water (100%), Gmc drops rapidly and becomes nearly zero in about 500 hours. At lower
humidity (76% and 50%), the toughness drops at a lower rate. At the lowest humidity (26%), the toughness
did not drop during the time interval studied. Because the amount of water absorbed is proportional to
the humidity, the results at reduced humidity suggest there may be a threshold level of water below which
no degradation occurs. The results at 26% humidity never reached the threshold level and thus do not
degrade. Similarly, the results at 50% humidity took longer to reach the threshold level than the higher
humidity results which could account for the delay of about 200 hours before degradation began. This idea
was used to suggest a simple first-order-kinetics, hydrolysis analysis in which the rate of degradation was
assumed to be proportional to the total water-absorption concentration, [H2O](t), above some threshold
water concentration, [H2O]thres. This simple kinetics analysis integrates to:

Gmc(t) =

{
G0
mc for t < tthres

G0
mce
−k
∫ t
tthres

([H2O](t)−[H2O]thres)dt for t > tthres
(29)

where tthres is the time to reach the threshold water concentration and G0
mc is the toughness before exposure.

The results of experiments at several humidities and several temperatures could all be fit Equation (29); k
and [H2O]thres depend on temperature, but are independent of humidity at constant temperature [71].

By Equation (29), any specimen that has been exposed to the same integrated water exposure (the power
of the exponential) should have the same degradation in Gmc. This observation makes it possible to derive
an effective time analysis for construction of a master plot for degradation at any reference temperature and
humidity. For example, for reference conditions of 80◦C and immersed, the effective time under reference
conditions, teff , is defined by the integral equation∫ teff

tthres,ref

k(Tref )([H2O](t)− [H2O]thres,ref )dt =
∫ t

tthres

k(T )([H2O](t)− [H2O]thres)dt (30)

where tthres,ref , k(Tref ), and [H2O]thres,ref describe the degradation kinetics under reference conditions
and tthres, k(T ), and [H2O]thres are for any other conditions. Equation (30) can be solved numerically, or
analytically (with some simple approximations [71]) to convert all results to reference conditions. Such a
master-plot for degradation of Avimid R© K polymer laminates is given in Fig. 14. The results for several
different humidities and several different temperatures all scale to the same master plot. Thus monitoring
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Figure 13 Microcracking fracture toughness, Gmc, as a function of time for Avimid R© K polymer laminates aged
at 80◦C while immersed in water (100%) or exposed to relative humidities of 76%, 50%, and 26%.

Gmc is useful for probing the kinetics of hygrothermal stability of composite materials. It allows one to
observe changes in laminate properties before other changes, such as spontaneous microcracks, occur. The
possibility of a master plot also provides an accelerated test method. By converting the master plot results
to any other reference conditions using Equation (30) it should be possible to predict hygrothermal stability
at any temperature and humidity for which the master plot is valid.

2.13.4.3 Fatigue Experiments

Finite fracture mechanics analysis of microcracking can also be used to interpret mechanical fatigue [1, 12,
13, 14, 32, 35, 38, 58, 74–84,123], thermocycling fatigue [1, 16, 55, 56, 57, 58, 66–69, 85, 86], and combined

Figure 14 Master plot for hygrothermal aging of Avimid R© K polymer laminates for reference conditions of
immersion in water at 80◦C
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Figure 15 Microcracking fatigue data for a [02/904]s carbon/epoxy laminate. The solid line shows ∆G as a function
of microcrack density. The symbols show the microcrack density as a function of cycle number. The straight line
through the microcrack density data shows the Paris-law region of constant microcrack density growth rate.

thermal and mechanical fatigue [16, 124]. Conventional fracture mechanics analysis of fatigue crack growth
normally uses a Paris law [125] in which the crack growth rate is related to the range in applied stress
intensity factor by a power law:

da

dN
= A∆Kn (31)

In microcracking, there is no observation of crack growth, but it is possible to measure the rate of increase in
crack density per cycle or dD/dN . There is also no crack tip stress intensity factor, but one can calculate the
range in microcracking energy release rate, ∆Gm, during any thermomechanical cycling using, for example,
Equation (4). When these two observations are combined in a modified Paris law of

dD

dN
= A∆Gnm (32)

it is found that results for several different laminates of the same material can be correlated on a single master
Paris law plot [1, 15, 16, 124]. The use of Equation (32) can be supported by experimental results, such as
those in Fig. 15, for crack density, D, as a function of cycle number, N . These results are for microcracking
of a [02/904]s carbon/epoxy laminate with a constant stress amplitude. The smooth curve is a calculation of
∆Gm using Equation (4). A property of ∆Gm under load control is that it is constant at low crack density
when there are no interactions between cracks. At higher crack density the cracks begin to interact and
the total energy released by each new microcrack decreases. By Equation (32) the constant ∆Gm at low
crack density should yield a constant dD/dN . Initially, however, the increase in crack density is very fast
and not constant (up to 0.1 mm−1). These early cracks have been attributed to flaws [15, 16] just as were
the first few points in microcrack density vs. applied load experiments that cause deviations between theory
and experiments (see Fig. 2). After the first few microcracks, the crack density increases linearly as long as
∆Gm remains nearly constant. The slope of this linear region gives dD/dN for the constant ∆Gm from the
applied load amplitude. At high crack density, ∆Gm decreases and in agreement with Equation (32), that
drop causes the dD/dN to drop.

To generate a Paris law plot for a given material, one can do a series of experiments such as illustrated in
Fig. 15, for a variety of laminates and a variety of stress amplitudes. Cross plotting the slope of the Paris-law
region as a function of the calculated ∆Gm gives a microcracking fatigue resistance plot; by Equation (32),
this plot should be linear with slope n. Some sample experimental results for Avimid R© K Polymer laminates
are given in Fig. 16. Most of the plot is linear. Furthermore, the results from different layups fall on the
same line which further demonstrates the ability of the finite fracture mechanics analysis of microcracking to
correlate microcracking results. The earliest and latest points deviate from the line. The result at high ∆Gm
is close to the static toughness of these laminates and thus microcracking occurs in a single cycle. The point
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Figure 16 The microcrack density growth rate (in microcracks per mm per cycle) as a function of applied ∆G for
Avimid R© K Polymer/IM6 laminates. As indicated on the figure, the results are from three different cross-ply layups.

at the lowest ∆Gm hints at a threshold limit below which microcracks will not form. More experimental
results would be needed to confirm threshold effects.

If unloaded laminates are thermocycled between temperatures Tlow and Thigh, it is possible to derive a
∆Gm due to residual stresses alone. From the load-control result in Equation (4), the microcrack driving
force during thermocycling can be found from:

∆Gm =
1
2
ρB

(
EA0

Exx,1

)2

k2
th,1

[
(Tlow − T0)2 − (Thigh − T0)2

] [ 1
EA(ρ/2)

− 1
EA(ρ)

]
(33)

where T0 is the stress-free temperature. Note that the maximum Gm occurs at low temperature and thus
thermocycling experiments are for formation of microcracks at Tlow. A Paris-law plot for a series of ther-
mocycling experiments conducted exactly like the mechanical fatigue tests is given in Fig. 17. By using
finite fracture mechanics to calculate ∆Gm, it is possible the correlate the results for six different laminates
and over two different temperature ranges on the same microcracking fatigue resistance plot; the plot is
linear which matches the modified Paris law in Equation (32). The calculation in Equation (33) assumes
that the thermomechanical properties of the laminate are independent of temperature over the temperature
range of the thermocycling. If the properties depend on temperature, those effects should be included in the
calculation of ∆Gm.

The modified Paris law in Equation (32) suggests that ∆Gm is the only controlling parameter. In
principal, it should be possible to correlate mechanical fatigue experiments with thermocycling experiments
and with combined thermo-mechanical fatigue cycling. Such a correlation normally does not work because
there are temperature effects on the material that cause the damage processes during constant-temperature
mechanical tests to differ from those during variable-temperature thermocycling. These effects are not simply
the difference in temperature at the point of crack formation. The microcracks should form at the point of
maximum Gm which occurs at maximum stress during mechanical fatigue and at minimum temperature (or
maximum |∆T |) during thermal cycling. If the temperature at the point of formation was the only difference
in damage processes, thermocycling results should correlate with low-temperature mechanical fatigue results.
The experimental observation, however, is that that are still differences between thermocycling results and
low-temperature mechanical fatigue results [16, 124].

During high-cycle fatigue experiments it is possible to observe microcracks initiating on the edge and
propagating across the width of the laminate [32, 35, 38, 79]. With such observations, it is possible to do
conventional fatigue crack propagation experiments. The experiments are to record microcrack length as a
function of cycle number. The observations of many cracks suggest that crack growth rate is independent
of crack length and only a function of the distance to the pre-existing neighboring microcracks. By the
modified Paris law, this result suggests that G(a, ρ), or the energy release rate as a function of microcrack
length, is independent of a and only a function of the crack interval size, ρ, where the crack is growing. The
calculations for finite fracture mechanics of microcracking only seeks to find the total change in energy for
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Figure 17 The microcrack density growth rate (in microcracks/mm per cycle) as a function of applied ∆G for
AS4/Hercules 3501-6 during thermal cycling. As indicated on the figure, the results are from six different cross-ply
layups and from two different thermal cycling temperature ranges.

formation of a complete microcrack in a crack interval of size ρ. This total energy is related to an integration
of G(a, ρ) by:

Gm(ρ) =
1
W

∫ W

0

G(a, ρ) da (34)

From the fatigue observation that G(a, ρ) is independent of a, it can come out of the integral to give:

G(a, ρ) = Gm(ρ) (35)

Thus, the driving force for individual microcrack propagation, G(a, ρ), can be calculated from finite fracture
mechanics calculations of Gm(ρ). Such methods have been used to interpret microcrack propagation results
during fatigue [32, 35, 38, 79].

2.13.5 SUMMARY

Matrix microcracking is a very common damage mode in composite laminates. Because microcracks cause
degradation in properties and act as precursors to other forms of damage leading to laminate failure, it is
important for anyone designing with composites to have a basic understanding of microcracking processes.
The goal of this chapter has been summarize experimental observations about microcracking and to offer
a fracture mechanics or energy analysis method as a tool for understanding and predicting microcracking
under a variety of conditions. The energy analysis can correlate most experimental results. In static tests,
a given material can be characterized by a microcracking fracture toughness, Gmc. Once Gmc is known, the
microcracking properties of any laminate constructed from that material can be predicted. An energy analysis
with a single-valued Gmc misses a few second-order effects in experimental results. More refined analyses
accounting for such things as statistical variations in Gmc and imperfect interface effects between the cracking
plies and the supporting plies already can, or can be developed to, explain the missed second-order effects.
In other words, existing energy models capture perhaps 90% of experimental observations. If necessary,
and it will probably not be necessary for very many applications, refined models can capture the remaining
10% of experimental observations. The fracture mechanics methods can be extended to help understand
mechanical fatigue and thermocycling results as well. This chapter has dealt only with laminates having
cracks in 90◦ plies. The fracture mechanics principles should be applicable to more general microcracking
damage processes. The application of those principles, however, will require new stress analyses and energy
release rate calculations for more general damage patterns. In summary, the concept that microcracks form
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when the energy released by that fracture event exceeds some critical value is an underlying principle that
can tie together existing experimental results and provide a starting point for analyzing microcracking under
new loading or environmental conditions.
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