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ABSTRACT

A search of the literature has shown that a large number of empirical models exist for
predicting the fracture toughness of particle-matrix composites based on their component
material properties, but there is a poor understanding of the correlation of these models to the
true physical basis for the models. The extent to which variations in fracture toughness can be
attributed to factors such as crack deflection, crack-tip bridging, crack-front bowing, and
interfacial adhesion, is an important area for new research. The objective of the present work
has been to characterize the role of some of these factors by making dynamic observations of a
propagating crack in a particle filled brittle matrix composite. High speed photography has
been used to obtain photoelastic images of the state of stress at the leading edge of dynamic
cracks as they intersect and pass disperse spherical particles in a birefringent polyester matrix.
In order to further characterize the nature of the crack tip in the area of embedded spherical
particles, cracks were also induced to arrest in close proximity to spherical particles in

composite materials of the same type as used in the dynamic experiments.

Experiments were performed using brittle polyester matrix materials with embedded disperse
spherical particles. The particles were of three types inciuding steel, glass, and rubber. Three
series of experiments were performed. In the first series of experiments the physical
characteristics of a polyester matrix material were evaluated including tensile strength, elastic
modulus and birefringent properties. The second series of experiments utilized a Cranz-
Schardin camera, and a circular polarizer to study the state of stress at the tip of dynamic
cracks during progression of the cracks past particles in Modified Compact Tensile (MCT) test
specimens. The third series of experiments was performed using the same component
materials as the MCT experiments, in the form of single edge notch (SEN) specimens. In

these experiments cracks were induced to arrest in close proximity to the spherical particles.
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Macrographic analysis of the fracture surfaces of the dynamic MCT samples, and observation
of the arrested crack fronts in the SEN samples were then used to determine the path and
shape of the leading edge of the dynamic crack. These crack front profiles were then directly
correlated to the stress intensity and velocity profiles obtained in the dynamic photoelastic

studies.
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CHAPTER1

INTRODUCTION

The characterization of crack-particle interactions, and the study of the effect that crack-particle
interactions have on a material's fracture toughness, are important considerations in many
composite material systems. Examples of composite materials with properties that have been
enhanced by the addition of particles include brittle ceramics with improved fracture toughness
from embedded ductile particles, and polymers toughened by the addition of rubber particles.
The macroscopic properties of each of these particle-reinforced composites are dramatically
influenced by the micromechanical deformations that occur in the area of the embedded

particles.

The ability of two or more constituents to be effective as a composite depends on many factors
including particle/matrix volume fraction, particle size, particle/matrix elastic modulus
mismatch, matrix-particle adhesion, residual stresses, and also depends on the matrix and
particle component properties, such as yield strength, plasticity/ductility and fracture toughness
[1,2]. The interdependence and overall effect that each of these factors has on the toughness of

a composite material is highly complex.

A considerable body of work exists that studies the behavior of particle-matrix composites.
Many of these works are directed towards establishing a fundamental understanding of
composite material behavior based on the mechanics of crack propagation in the area of a
particle. These include works on crack tip bridging [3-6], crack front bowing [7,8], crack
deflection [9-11], and the effects from particle matrix interfacial adhesion [12-13]. The
experimental research presented in this paper builds on these fundamental concepts of fracture

mechanics of particle filled composites. Also, since only a limited number of previous works
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crack dislocation density that were dependent on the nondimensional crack length parameter of
c¢/a and nondimensionalized spring-crack parameter kl. Rose applied this concept of bridging
ligaments to a range of cracks, from the case of small scale bridging (c/a — 1), up to
reinforcement from a fully bridged crack (c/a = 0). He developed models which employed hard
springs (kI >> 1), and soft springs (kl << 1), as well as linear and nonlinear springs, and used

interpolating functions and numerical solutions for springs of intermediate stiffness.
25 Bridged versus cohesive crack tip models

Barenblatt's and Dugdale's models for the non-linear processes at the crack tip have come to be
known as cohesive-zone models. The cohesive zone is comprised of a region with tractions
between the faces of the crack, acting in opposition to the applied load. This non-linear
cohesive zone, would normally be a singularity-dominated region at the crack tip of a perfectly
elastic material, with a stress intensity K resulting from the remotely applied stress ¢. But in
the case of the cohesive model the K singularity is balanced by the closing tractions acting in
the plastic region with a closure stress intensity of K¢jggure- The net stress intensity factor at
the crack tip Kg + K¢|gsure i @ non-singular value, and the tractions give a continuous normal
stress in the non-linear region thereby modeling the elastic—plastic behavior near the crack tip.
These tractions, such as Dugdale's yielding of metals, govern the opening displacement in the

zone, and also define the separation of the crack faces at the wake of the zone.

Rose's model is characteristic of a second class of models of crack tip behavior (distinguished
from the cohesive models of Dugdale and Barenblatt) known as bridged crack models. While
the bridged crack models, like the cohesive models, have tractions between the crack faces, in
the bridged crack models the non-linear separation processes allow for a singularity-dominated
region at the crack tip. As a result, the bridged crack models can be used to represent non-
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positions where it encounters the dispersion. During crack propagation, both new fracture
surface is formed and the length of the crack front is increased due to its change in shape
between the pinning positions. Using this model a functional relation between the fracture
energy and the dispersion spacing is derived for the case of a Griffith crack under an applied
tensile stress. Lange states that "...the increment of energy absorbed (AU) for an increment of
crack extension (AC) can be divided into two parts, i.e. one part (AUg) associated with the
energy to form new surface area and one part (AU ) associated with the energy to form the

increased length of the crack front."

Evans [29] concluded that toughening cannot only be due to particle spacing, and added to
Lange's model for crack front bowing by also relating toughening to the inclusion-size-to-

spacing ratio, rather than just the spacing.

Green et.al. [30,31] studied crack shape changes in the vicinity of un-bonded spherical nickel
inclusions in a glass matrix. Green postulated that observed increases in fracture energy

resulted from crack tip blunting although increased toughness was less than predicted by theory.

2.8 Crack plane deflections

In 1980 Cotterel and Rice [32] solved for the increased driving force necessary to propagate a
crack subjected to a local planar tilting misalignment (crack deflection). In their work the tilted
stress intensity factors Kt and Kt; and K, are solved for and stress intensity is plotted as a

function of angle of inclination of the crack.

Faber and Evans [9,10] by a geometrical analysis extended Cotterel's and Rice's planar solution

to three dimensions (crack deflection including tilting and twisting). They deduced that tilted
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cracks have mode I opening, and II sliding components, while twisted cracks have mode I and
mode III tearing components. Toughening, and crack advance are presumed governed by the
strain energy release rate G from the segment of the mis-aligned crack. The effects from aspect
ratio of the particles, and particle spacing, were studied for both rods, discs and spheres. This
geometrical analysis predicts that tilt is non-contributing to fracture toughening, except in the
case of discs, where tilt provides a small benefit. In all cases crack deflection by twisting is the
predominant toughening mechanism (refuted later by Pezzotti 1993 [11]), and rods of high
aspect ratio are the most effective for deflecting cracks with increased toughness as high as 4

orders of magnitude for rods with aspect ratio of 12 or higher.

Pezzotti [11] performed toughness experiments, and carefully analyzed particle spacing, and
crack and matrix morphology of the fracture surfaces using image analysis techniques. The
results of these experiments were used as aids to model toughness enhancements from various
crack front deflection configurations. Near-neighbor spacing measured in Pezzotti's
experiments differ from spacings deduced by Faber/Evans [9,10] by geometric techniques, and
account for overestimates of 3 or more orders of magnitude toughness enhancement by the
Faber/Evans model. "It is shown that the actual contribution of crack-deflection as a
toughening mechanism itself is generally small (<40% in 'terms of Kj. increase) even when
maximum deflection can be achieved, and it is limited by reasons related to the microstructural

arrangement of the second phase inside the matrix."” [11 p1838].
29 Crack pinning

As noted above, in 1970 Lange speculated (based on experimental observations) that fracture

energy increases when inhomogeneities in a brittle material act as obstacles to progression of a
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crack front. Increased fracture toughness results from "crack bowing" when the crack front

increases its length as it is simultaneously pinned by two or more inhomogeneities.

In 1985 Rice [33] developed a three dimensional weighted function theory to study stress
intensity factors along a nonlinear crack front. The numerical methods allowed first-order

elastic field variations due to varying crack front geometry to be analyzed.

Rose [34] proposed that a two-phase stress intensity factor can be used to model the restraining
effect of inclusions. In the case of a bowed crack front between inclusions, Rose characterizes
unbroken ligaments stemming from the inclusion and behind the furthest extent of the crack
front as "stretched" ligaments which toughen the matrix. The two-phase parameter which
accounts for crack front bowing and "crack bridging" is dependent on inclusion size, spacing
and volume fraction and describes a property of the two-phase composite which is not
necessarily related to the properties of the separate phases. Rose's parameter correctly
characterizes the volume fraction dependence of the fracture toughening seen in Lange's

experiments.

Evans, Budiansky and Amazigo [4] performed theoreticai analysis of elastic-perfectly plastic
particles bridging crack faces, spaced to simulate a brittle ceramic bridged by ductile metal
particles, and compared their analysis to experimental results. They employed Budiansky's and
Rose's distributed spring model for the partially pinned crack. Their model utilizes an elastic
spring constant which they derive based on a randomly distributed concentration of "smooth
punch” bridging elements. They studied the toughening effects of particle spacing (volume
concentration), and from ductility of the bridging elements. In their model they conclude that
"Confrontation of experimental data on metal-reinforced ceramics with the predictions of the
present theory seems to tmply suspiciously high particle strengths. If such high strengths are
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Bower and Ortiz (6] went on to apply perturbation analysis of crack propagation to include
particles which remain intact after a crack front has bowed and then coalesced, after
propagating past the particle. This is the case of crack bridging. As the crack faces separate the
particles ultimately fail either by fracture or pullout depending on the strength of the particle
matrix bond. This model is for the case of elastic modulus of the particles near the modulus of
the matrix. In the case of particles with good adhesion and higher elastic modulus, cracks are
deflected around the particles. In the case of particles with toughness less than three times the
matrix toughness, the particles are penetrated and fractured by the crack. The most effective
mechanisms for toughening are crack trapping (bowing) and bridging which can improve
toughness by a factor of five or more as compared to crack deflection (high modulus particles)

and crack tip microcracking which result in 20-30 percent improvements.

Bower and Ortiz [7] extend the application of the incremental perturbation method to the case
of an initially straight crack propagating through a sinusoidal residual stress field. The problem
can be depicted qualitatively as distributed regions of residual tension and compression. The
regions are self equilibriating (averaging) in a global sense. However transient toughening
occurs as a crack front is trapped by compressive zones and becomes bowed as it accelerates
through intermediate tensile regions. As the bowed cra;:k progresses it alternately encounters
regions of higher and lower fracture toughness around a mean value. In the case of high
residual compressive stresses "pinned” regions (crack bridging) may be left in the wake of the
crack. But, for practical values of residual stress the enhancement of toughness is not

significant.

Mower and Argon [14] studied the process of crack trapping by high toughness inclusions that
had elastic modulus near the matrix modulus. The result is crack bridging by the tough
particles. The effects of particle size, spacing, adhesion and residual stresses on the crack front
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CHAPTER Il
THEORETICAL ASPECTS OF BIREFRINGENCE AND STRESS STATE AT THE TIP

OF A DYNAMIC CRACK

Particle-filled composites generally exhibit isotropic behavior. This is because the particles are
uniformly distributed, and the physical behavior of the composite is symmetric in three
dimensions. In some cases, such as injection-molded components where particle alignment
might occur due to the molding process, particle filled composites can exhibit a higher degree
of anisotropy. However, the experiments reported here study the behavior of symmetric

particies embedded in a matrix.

In order to isolate the effects of interaction between a dynamic crack and a single embedded
particle, experiments were performed on materials comprised of disperse spherical particles in a
brittle matrix. By having spacing of approximately 5 diameters between particles and a total
matrix thickness of approximately 4 diameters, the effects from particle interactions were
minimized. In this way, observations were made of dynamic cracks propagating through an
orthotropic medium, and of the dynamic crack encountering disperse embedded particles in the
medium. Khanna [13], in dynamic photoelastic and strain gauge experimental work, calculated
that the correction factor for dynamic stress intensity factor due to the effect of materials
bridging the crack tip in an orthotropic medium is less than 2%. The experimental work
presented in this paper utilizes photoelastic methods for orthotropic media in making
determinations of stress intensity. The theoretical basis for determining the stress intensity

factor and stress field around a dynamic crack in orthotropic materials is presented here.
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In the case of cracks advancing past spherical particles with higher modulus than the matrix, the
hemispherical geometry of the crack-particle interface results in variations in the degree of
mixed mode loading along the crack front. This is seen in the interface cracks of the steel and
glass particles in the experiments reported here. As the crack tip passes over the pole of the
particle (on the centerline of the steel and glass particle/MCT specimens), the crack front
accelerates into a region of tensile loading. At the same time, in the region of the matrix on
either side if the particle (away from the particle, towards the outside surfaces of the MCT
specimen), the loading is also tensile. But, in the region between the equator of the particle and
the pole of the particle, there is a sharp transition from the remote tensile loading in the matrix,
to highly mixed mode loading at the equator, and back to tensile loading over the pole of the
particle. It is this variation in relative shear mode v, and opening mode p loading (y = f(Kj
/KJp)) at the interface crack tip that explains the variation in crack front profile seen previously
in figures 20 to 22, figures 24 to 29 and below in figure 34. Each of these figures depicts the

stages of crack advance, as well as the bowing that occurs in the matrix near the particle.

Figure 34. Crack surface morphology near a steel particle
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

The only studies known to this author, involving dynamic fracture mechanics in the area of
embedded particles, include a series of experiments that employed the method of caustics to
study stress intensity factors during crack-particle interactions [15,16], and a series of
experiments that employed low temperatures to obtain slow, stable crack progression past
particles [14]. A new series of experiments have now been performed using photoelastic
techniques and the birefringence of a brittle polyester matrix with embedded spherical particles,
to study the interactions between dynamic cracks and embedded spherical particles. The study
using caustics to measure stress level employed single edge notch specimens having particle
diameters equal to the thickness of the specimen. With particle diameters equal to the thickness
of the specimen the fracture experiments are more representative of a through thickness defect
in a flat plate, than that of a spherical particle embedded in a matrix. In the present study,
difficulties associated with fabrication of a specimen with embedding particles inside a matrix
with material thickness greater than the particle diameter, have been overcome. The present
study is of dynamic crack propagation in the area of particles with diameters of 1/4 to 1/3 the

overall thickness of the matrix.

The stress induced birefringence of the polyester matrix allowed photoelastic observation of
dynamic stresses at the crack tip during crack propagation. Modified compact tension
specimens (MCT), 12mm thick, with 3.97mm diameter spherical particles spaced
approximately 6 diameters apart on the mid-plane of the specimen were used in the dynamic

fracture experiments.
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By fabricating composites using Buna-N rubber particles with elastic modulus less than the
polyester matrix material, and using Glass and steel particles with elastic modulus much higher
than the polyester matrix, the effect of elastic modulus mis-match on the path of a dynamic

crack in a particle-matrix composite has been studied.

It was found in fracture experiments with low modulus rubber particles that the path of cracks
were through the mid-plane of the particles, with crack fronts that were planar and linear. Also,
the Buna-N rubber particles bridged the crack faces by remaining bonded to the matrix on
hemispheres on each crack face. These hemispheres remained bonded to the opposing crack
faces long after the crack had progressed by the particle. The net stress intensity factor,
observed as birefrigent fringes of the through thickness crack tip, was briefly reduced as the
crack exited the vicinity of the Buna-N rubber particle. The average velocity of crack
propagation was constant, although fringe tilt, which is an instantaneous indication of crack tip

acceleration was observed as the crack exited the particle.

The high modulus steel particles became unbonded along one hemisphere as the crack
progressed by the particles, by progr¢ssive failure at the }Sarticle matrix interface. The degree
of adhesion of the matrix to the high modulus steel particles was such that the crack advanced
with varying velocity, and in preferential directions, along the particle-matrix interface
according to the mixed mode loading phase (y = Kj /Kyp). A small degree of crack tip bowing
was observed, as well as out of plane crack deflection. The net through thickness crack tip
stress intensity factor showed small variations, due to the compounded effect of retarded crack
advance at the periphery of the particle, and accelerated crack advance across the pole of the

particle. As with the Buna-N rubber particles, the average velocity of crack propagation past
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the steel particles was nearly constant, although fringe tilt, which is an instantaneous indication

of crack tip acceleration was observed as the crack exited the particle.

Like the steel particles, the high modulus glass particles became unbonded along one
hemisphere as the crack progressed by the particles, by progressive failure at the particle matrix
interface. Again, like the steel particles, the degree of adhesion of the matrix to the high
modulus particles was such that the crack advanced with varying velocity, and in preferential
directions, along the particle-matrix interface according to the mixed mode loading phase (y =
Ky /Kyp). Crack tip bowing was more pronounced in the case of the glass particles and crack
arrest were observed, as well as out of plane crack deflection. Unlike the steel particles, the
glass particles showed a more distinct, approximately 30% increase in the net through thickness
crack tip stress intensity factor, as well as a reduction in crack tip velocity. Like the steel
particles, there was retarded crack advance at the periphery of the particle, although this effect
was more pronounced in the glass particles. Also, there was accelerated crack advance across

the pole of the particle.

In order to better understand the nature of the crack-particle interactions observed as fringe
patterns in the dynamic experiments, additional studies wére performed using Single Edge
Notch specimens. Cracks were induced to arrest near the embedded particles. This allowed an
approximate determination of the shape of the crack front, which was then correlated to the

stress intensity factor and crack velocity.

One of the outcomes of the work reported above, is that it makes it possible to recommend
several avenues for continued study of the interactions of crack fronts near embedded spherical
particles in brittle polyester matrix materials. First, the particles studied in this investigation
have elastic modulus either much lower than the matrix material (Buna-N particles), or many
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orders of magnitude higher than the matrix materials (glass and steel). And, due to either the
particles high elongation (Buna-N), or due to toughness that was higher than the matrix
materials (glass and steel), none of these particles fractured as a result of progression of the
crack by the particles. A possible means to achieve higher overall composite toughness in
particle filled composites is to use particle materials with elastic modulus nearly equal to the
matrix materials, but with higher toughness, such as with Lexan spherical particles. In future
experiments, by using particles with elastic modulus nearly equal to the matrix materials, the
path of the crack would not be deflected by unequal strain, and the associated stress
concentrations at the matrix-particle boundaries would be reduced prior to cracking. Also, the
tougher materials would tend to resist cracking, possibly resulting in crack trapping behavior

that could be observed in the MCT photoelastic experiments.

Second, the effect from interfacial adhesion between the polyester matrix and the glass particles
is believed to have been an important factor affecting the interactions of the cracks and
particles. In these experiments there was moderately increased fracture toughness near the
glass particles. This slightly increased toughness is consistent with predictions in the literature
for enhanced toughness from crack tip deflection around particles. Additional work could be

performed to study the effect from varying interfacial adhesion.

And third, the effect on fracture toughness from the interaction of one Buna-N particle with the
advancing crack, which was seen in these experiments as a reduction in fracture toughness as
the crack exited the area of the particle, could be studied and compared to predictions in the
literature. The mitigating influence from bulk modulus effects as the crack first intersects the
Buna-N particles, coupled with the near perfect adhesion and 300% or greater elongation of the
Buna-N materials, have a role in the resulting fracture toughness. These influences, as well as
the effect from increased particle density, could also be studied as part of continuing work.
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