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ABSTRACT

This research conducted in conjunction with Oak Ridge National Laboratories and

the Automotive Composite Consortium, ACC, was motivated by the desire to reduce

vehicle weight for increased efficiency. At present, there are no databases of failure

mechanisms, experimental procedures to study failure, mathematical expressions for

empirical or theoretical prediction of properties of a continuous swirl mat composite.

CSMC. Therefore, to contribute to the increased utilization of this class of materials the

following research was performed. This research enabled the failure mechanism to be

formulated, development of a method to quantify failure based on ultrasonic attenuation

maps, and the prediction of the fracture toughness parameter Kic.

The use of scanning electron microscopy, light microscopy, and real-time tensile

loading showed that the CSMC failed in a brittle mode. These techniques also provided

imaging information as to how a dominant crack propagates in the presence of a

continuously swirled E-glass mat reinforcement and voids. This evaluation enabled a

reconstruction of failure in order to demonstrate  a possible failure mechanism. The

aforementioned techniques revealed that the dominant crack follows the fiber/matrix

interface, but may be influenced by the presence of voids. Voids have the tendency of

luring the growing crack away from the interface.  A growing crack would, however.

return to a fiber/matrix interface until complete failure occurred.

Another aspect of this work was the quantification of progressive damage using

ultrasound. Comparisons were made between ultrasonic attenuation maps for unloaded

and sequentially loaded specimens. The sequential loads were applied at different
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percentages of the ultimate tensile strength, UTS. This technique provided attenuation

maps for a series of specimens with a controlled degree of damage, which showed an

increase in attenuation with an increase in percent UTS.

Fracture toughness experiments yielded an average Kic value of 17.1 MPaVm,

while the prediction of the fracture toughness parameter, Kic, was achieved by combining

K-solution expressions for in-line and parallel crack configurations while evaluating the

needed stress, a, using of the "Rule of Mixtures". The average void length was used as

the crack length, which was obtained by light microscopy in conjunction with NIH™

software. The predicted Kic value at 40% glass fiber and void orientations of 45°, 30° and

25° was 11.4 MPaVm, 17.0 MPaVm and 18.6 MPaVm, respectively.
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I. INTRODUCTION

The polymer composite industry has found its strength in its ability to replace

other materials. The composite industry in the mid to late 1990’s has out performed the

general economy. The United States was expected to make shipments in ’97 of 3.42

billion lbs. of composite materials, which is approximately a 6.1% increase from the

previous year.^ It was revealed in Modem Plastics, November *97issue, that the increase

in growth occurred in transportation, constmction, consumer products, and electrical and

electronic markets.^ Composite materials are unique in that they can be tailored for

specific application. The tailoring of these materials is a matter of understanding the

relationship between fiber properties (reinforcement), polymer properties (matrix), and

the interface enabling the interaction between the reinforcement and matrix.

The application of composite materials based on glass and polymer fiber mats are

being used in automotive panels, beam fabrication, thin wall veneer panels, and other end

products. However, the majority of research performed is on traditional composite

materials, that is, uniaxially oriented plies, short and long fibers uniaxially, biaxially, and

randomly oriented. Traditional composites have a considerably large knowledge base

concerning failure, failure criterion, and predictive tools to measure different mechanical

properties. Recent development in the technologies for the formation of fibrous glass and

polymer webs and mats have enabled the introduction of nonwoven, continuous strand.

and short and long fiber mat composites. These new reinforcement configurations

produce materials with unique properties making them suitable for a variety of

applications. As the mat composite industry continues to expand, the need for a scientific
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understanding of this class of composite materials becomes essential for long term

success. Therefore, the objective of this research was to study damage formation and

progression, experimental techniques applicable to damage assessment, and the

development of a mathematical tool to predict the hnear elastic fracture parameter, Kjc,

for Continuous Swirl Mat Composites, CSMC.
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II STATEMENT OF THE PROBLEM

The purpose of this research is to determine based on microscopy techniques, the

possible mechanism of failure for a continuous swirl mat composite, CSMC. Also, to

develop a mathematical approach to evaluate the fracture toughness, Kic, for CSMC, and

to advance the use of ultrasonic attenuation as a quantitative tool in the assessment of

damage progression. This study was conducted on a polyisocyanurate matrix reinforced

with a continuous swirl mat composed of bundles of monofilament E-glass fibers.
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Ill HYPOTHESIS

First, it is hypothesized that damage in the form of fiber debonding, breakage, pullout.

and defects (voids) in the CSMC can be observed using microscopy and/or ultrasonic

techniques. These techniques provide information concerning the failure mechanism.

Secondly, Quantification of ultrasonic attenuation maps could be done by using a

computer algorithm to calculate the average grayscale value, AGV. It is expected that the

AGV decreases with an increase in attenuation for each incrementally loaded specimen.

Finally, the combining of crack configuration expressions by Tada with modification to

account for the presence of voids and void orientation with respect to the loading

direction may enabled the prediction of the linear elastic fracture mechanics parameter.

Kic.
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IV. BACKGROUND

4.1 Introduction to Composites

4.1.1 Composites

Composite materials are defined in general as the combining of two or more

materials on the microscopic, molecular or macroscopic scale. A broad definition of

what composites are results in a variety of material combinations as well as individual

component geometry. Reasons for adding a second or third component to a

homogeneous material vary due to application. For example, some composites contain

oriented or randomly oriented fibers, glass beads, flakes of metal or mica, or sawdust just

to name a few. Most composites are designed to increase mechanical properties, some

are designed for dimensional stability, increase aesthetics, and to lower cost of the end

product.

Fiber reinforced composites are designed to take advantage of the high strength to

weight ratio of the fiber, and are known to include a variety of fiber configurations.

These configurations deal primarily with the characteristics of the fiber, that is, whether it

is a monofilament or multi-filament bundle or yam, whether it contains continuous or

discontinuous strands. Also, whether the fibers are preformed into a prepreg, a mat, or a

roving, and finally, how these fibers are aligned.

Fiber alignment is defined based on the direction in which the long axis of the

fiber is oriented relative to other fibers. For example, uniaxially oriented composites

mean that the long axis of all the fibers are aligned in a single direction, such as 0° or 90°
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relative to the applied load; where as biaxial orientation has fibers aligned in two

different directions; these two directions are not necessarily orthogonal to one another.

However, for mat composites a rather unconventional orientation is given for the mat. In

the case of a CSM there is no preferred orientation, hence the mat is essentially random.

However, due to the bias, of the glass mat, the take up direction is considered the 0°

direction and perpendicular to that direction would be the 90° directions. When tests

were performed on CSM they were done in accordance with the conveyance or take-up

direction, that is either 0° or 90°. The composite in the present study is that of a

continuous swirl mat composite in which the swirled strands are multi-filament bundles

randomly oriented.

Fibrous fabrics and mats being constructed within  a polymer matrix is not a new

concept. However, since the inception of mat reinforced composites there has been a

lack of scientific data from which a designer could make reasonable engineering

decisions for its use. This resulted in a class of materials that were never optimized for

design. Only in recent years has fabric composites re-emerged as a competitor for metals.

The fabric/mat composite research community is developing ways in which this class of

composites can be evaluated. The following sections will address the general as well as

some specific issues of fiber composites. The hope in presenting this material is to

provide enough background for a greater understanding of the importance and placement

of this research.
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4.2 Fiber Reinforced Composites

In the continuing effort to achieve lighter weight materials while maintaining high

strength many companies are utilizing composite materials. There are five basic factors

to consider when using such a composite: 1) fiber type and 2) fiber orientation; 3) resin;

4) manufacturing process; and 5) performance and cost. The first two factors influence

the physical properties of the composite, whereas the materials selection, design, and

composite fabrication process influence the last two factors.^ One of the foremost

composite types is that of inorganic fiber reinforcements in an organic matrix, commonly

glass fibers in a polymer matrix. However, there are a series of other fiber systems

available, which use carbon, aramid, and metallic fibers as a reinforcement.

Carbon, aramid, and metallic fiber-reinforced compounds have unique

applications. Carbon fiber reinforced systems, such as Carbon/Epoxy, have the ability to

provide electrical conductivity, increase thermal conductivity, and good mechanical

property retention. Aramid systems, such as Kevlar/Epoxy, have great wear resistance

and a low mating-surface wear. The metallic fiber systems are used in some cases for

their electrical properties.'* Yet, they can be found in a variety of applications. The

properties of these different fiber types are shown in Table 1.

4.2.1 Glass Fiber

There are several different types of glass fibers that can be used in composite

applications as previously mentioned. The most commonly used is E-glass. However,

the fiber chosen should depend on the application. Other types of glass fiber and their

compositions are shown in Table 2. Table 2 and Table 3 show the chemical and
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Table 1. Fibers and their mechanical properties.

Tensile

Strength

(GM-

Young's
Modulus

(GPa)

Elongation
Fiber

(%)

Carbon (PAN)®
• Low modulus

• High modulus
230 1.43.3

390 0.62.4

Kevlar*^
4.03.6 83• Kevlar 29

• Kevlar 49

• Kevlar 149

2.83.6-4.1 131

186 2.03.4

MetaUic’
• Boron Tungsten
• Boron Carbon

• a-alumina

1.3-1.75.5-7.0 400

5.0 400 1.2

14 390 3.6
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8,9,10Table 2. Glass fiber compositions

S-glass (%) C-glass (%)Components E-glass (%)

64-68Silicon dioxide 52-56 65

3-512-16 25Aluminum

Boric Oxide 4-65-10

Sodium Oxide and

Potassium Oxide
7-100-2

Magnesium 0-5 10 2-4

11-15Calcium Oxide 16-25

Barium Oxide 0-1

Titanium dioxide 0-1.5

0-0.8Iron Oxide 0-0.8

0-1Iron

9



Table 3. Mechanical properties glass flber.

ElongationYoung's
Modulus (GPa)

Tensile

Strength (MPa)
Material

'2S-glass 4585 85

'2C-glass 653310

'2E-glass 691725

10



mechanical differences between E-glass, S-glass and C-glass. E-glass is a calcium

aluminoborosilicate based compound with a maximum alkali content of 2%. E-glass is a

general-purpose fiber with good strength and high electrical resistance. S-gJass

compositional make up is magnesium aluminosilicate with very high tensile strength. C-

glass is a soda-lime-borosilicate with good chemical resistance in acidic environments^ ̂

It is readily seen here that the glass composition determines the response of the fiber in a

given chemical and mechanical environment. Again, however. E-glass is used most often

due to its good balance between electrical and mechanical properties and cost less than S-

glass or C-glass.

4.2.2 Glass Fiber Fabrication

Glass is made by fusing silicates with soda or with potash, lime, or various

metallic oxides." There are two basic methods of fabrication common to the production

of glass fibers. The older of the processes is "Marble Melt" while direct melt is a more

recent process.

The marble melt process starts by producing glass spheres, approximately 2.54

cm in diameter, from the appropriate mixture of constituent components. These glass

marbles are melted again, extruded through a spinneret, and drawn at varying take-up

speeds to obtain consistent fiber diameters. The "Direct Method" is a one step process

that combines constituents in the molten state, which is then extruded through spinnerets

and drawn.
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Fibers produced from these two processes have diameters ranging from 3-20 pm.

However, once fibers are formed they have a very abrasive response to one another and

are therefore coated with permanent and non-permanent coatings. The coating protects

fibers as well as promotes fiber-fiber and/or fiber-matrix interactions.
12

4.2.3 Polymer Matrix

The matrix materials used in composites are both thermoplastics and thermosets.

The commonly used matrix materials are Epoxy, Polyimide, Polyurethane, Polyester, and

Polyvinyl. The matrix serves two distinct purposes: (1) maintaining the fiber

reinforcement configuration in the unloaded state and (2) to transfer the applied stresses

to the reinforcement during loading. For example, composites used in structural

applications, the matrix material displays a greater elongation at break than the

reinforcement, which optimizes the tensile load on the fibers. The choice of matrix

material is also governed by the nature of the chemical, electrical and/or thermal

environments.^ The unique characteristic of the matrix materials is the presence of

amines and carbonyl functional groups or delocalized electron configurations, that

interact with the coupling agent on the surface of the reinforcing fiber.

4.2.4 Composite Interface

The science of fiber forming makes fibrous reinforcement a possibility. However,

it is the interface between the reinforcement and the polymer matrix that makes the

engineering application of composites a reality. The importance of the interface is a
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realm of science that industries do not particularly like to share due to the fact that a

perfect interface results in a perfectly functioning composite. Developing the relationship

between the reinforcing component and the matrix is a challenge for every new system of

components.

The most contemporary term that describes the basic interfacial component is the

word "Sizing". A sizing by definition is a protective coating for the fiber. The term

Other terms that are used to mean13"finishing agent" is used in textiles to mean a sizing,

a sizing is coupling agent and binding agent. It should be noted that a surface treatment

However, a well designed sizing does produce a good coating, an

interphase region that both the reinforcement and the matrix interact through. Listed in

14,15
is not a sizing.

Table 4 are the major uses of a sizing.

In developing fiber sizings the characteristics of importance are compatibility,

protection of the fiber and moisture resistance, in the case of glass. There are, however,

sizings that do not meet these qualifications and polymer coatings are used as a

replacement. The compatibility and protection are not the biggest problem with polymer

coatings. The problem with polymer coatings that form good interphase layers is they

have functional groups that contribute to the hydrophilic nature of the polymer. The

hydrophillicity is a detriment to the interaction of both components and therefore great

care must be taken when combining the two.

The theory behind the interaction of the interphase region with both the reinforcement

The concept of the16,17,18
and the matrix has been studied extensively in relation to silanes,

sizing producing a simple chemical interaction between the reinforcement and the

13



19Table 4. Sizings and their utility.

Type Purpose Example Remarks

The polymer designed to wet-
spiead, that is, to create an
even coat along fiber. It can
later be washed off

Polyvinyl alcohol
(PYA), Polyvinyl
acetate (PVAc)

Film forming organics
and polymers

To protect reinforcement
during processing

To improve composite
mechanical prop^es
and/or moisture resistance

Principally used on inorganic
reinforcement, for example,
glass fiber.

Adhesion promoters Silane coupling agents

To enhance composite
properties by creating an
interphase bkween matrix
and reinforcement

Interlayer Elastomeric coating Not in corranercial use.

React to form protective
coating

Silicon carbide on

boron fibers
Chemical Modifiers

14



matrix has been discredited by research into the mechanism of how they function. It was

found that the silanes form a polymeric network on the surface of the reinforcement with

occasional chemical interaction. The major finding was the network interphase region

enabled the matrix material to become entangled with the reinforcement, which was to

some degree chemically bonded to the sizing. See Figure 1 and Figure 2 for a conceptual

schematic of the discredited and the well-accepted relationship of the sizing with the

reinforcement and matrix.

4.2.5 Mechanical Response of Composites

The mechanical properties of a composite are dependent on the mechanical

properties of the fiber reinforcement and polymer matrix, the orientation of the fiber

reinforcement, and the volume fi-action of each component. It is known that as the

volume fraction of glass fiber in a composite increases there is a corresponding response

in practically every mechanical property.^® For example, if all the fibers are placed

parallel to each other, that is, they are uniaxially oriented, the tensile strength and

modulus are maximized in that direction, and the composite is anisotropic. If half the

fibers are arranged perpendicular to the other half, that is a cross-ply, they are biaxially

oriented, then the tensile strength is at a maximum in those two directions. However, the

tensile strength in either direction of a cross-ply composite is less than the uniaxial case,

due to the load bearing capacity of the fibers perpendicular to the loading direction. This

fiber arrangement also leads to an anisotropic composite. If the fibers are arranged in

15



Blue: Interphase layer

Yellow: Matrix

Green: Reinforcement

Figure 1. Accepted view of sizing interaction with fiber and matrix.
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Figure 2. Discredited view of sizing interaction with fiber and matrix
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three-dimensions or randomly, then the tensile strength and modulus of the composite is

nearly isotropic or possibly transversely isotropic. The effect of randomly oriented fibers

in three dimensions is a reduction in the overall mechanical properties in comparison to

the same system with uniaxially oriented fibers. This degradation in properties was

shown from research by M.M. Schwartz [21] to be approximately a third for the

comparison of three dimensional randomly oriented fibers to uniaxially oriented fibers.

An equation which takes into account the importance of fiber orientation relative

to the applied load is shown in Equation 1 where oseis the overall breaking stress of the

composite with a given fiber orientation relative to the applied load. Three other

parameters necessary to carry out the calculation are the longitudinal, Obl, and transverse

22tensile strengths, Obt, and the shear strength, Obs.

Equation 1
sin'*^cos'‘^ 1  11 cos^0sin^0 +
(jIBT\<^BS ^BlJalB9

The angular dependence is shown by theta, 0, in the above expression. An

example of different fiber orientations is illustrated in Figure 3. For the case of single

plies, theta in Tsai's expression would refer to the fiber angle relative to the loading

direction. That is theta would have a value of 0=0° when the fibers are parallel to the

loading direction, and when the fibers were perpendicular to the loading direction 0=90°.

18



One-Dimensional (Parallel) Orientation

!

i
:

:

:
j j

!

Two-Dimensional (Perpendicular) Orientation

Three-Dimensional (Random) Orientation

Figure 3. Three flber orientations used in composite reinforcement^
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The capacity of a composite to redistribute stresses is dependent on

complimentary interactions between the reinforcement and matrix. However, the

composite can only perform this important ftmction, if the reinforcement and matrix

interact effectively at the interface. For some composites, this interaction may be

achieved simply through contact of the matrix and the fibers, while other composites

require a chemical coupling agents to create the most effective adhesion between the two

constituents. The coupling agent is usually in the form of a couplant sizing on the fiber

surface. This surface treatment, or sizing, is designed to strengthen the interfacial

bonding between matrix and reinforcement.^ With the proper adhesion between fiber and

matrix, the interfacial bonding is considered strong and shear-resistant. When a tensile

load is applied to the composite, stresses are redistributed to the reinforcement via the

interface. The shear strength of the fiber/matrix interfacial bonding limits the strength of

the composite, regardless of the individual tensile strengths of the fiber or the matrix.

The presence of voids or the lack of good interfacial adhesion will severely decrease the

efficiency of the reinforcement by impeding proper distribution of the stresses within the

composite. InsufBcient interfacial bonding will cause instabilities around the fibers,

enabling the formation of microcracks that initiates failure.

4.3 Composite Fabrication Techniques

There are a variety of different composite molding techniques such as

compression molding, resin transfer molding, RTM just to name a couple.

Compression molding is the most technologically developed processing

techniques, which is often referred to as sheet molding compound, SMC. SMC refers to
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the material compound used, which is a polymeric sheet with either a continuous or

randomly oriented reinforcement. This technique can produce parts of various sizes and

applications. The primary application for this technique is found in the automotive

industry for the manufacturing of grille opening panels, exterior panels and hoods.

Another technique is Resin Transfer Molding, RTM. This technique is different to the

SMC technique in that the reinforcement is placed in the mold, the mold is closed and

then the resin injected. In the case of thermosets, the resin is allowed to cure before

removal from the mold. This technique is similar to that of reaction injection molding.

RIM, however, the distinction is made with RIM due to the use of two components that

react in the mold cavity.

The use of Reaction Injection Molding, RIM, evolved due to the desire to produce

complex plastic parts rapidly from low viscosity monomers or oligomers. The RIM

process, as shown in Figure 4 permits the mixing these materials through a process called

Impingement Mixing” prior to entering the mold. Mixing occurs in the mixhead where

two or more reactants flowing at high pressure approximately 100 to 200 bars (1500 to

3000 psi), into the mixhead. The flow rate of the reactants is controlled to ensure the

correct stoichiometry for reactants. At the point of mixing the polymerization process

begins and the mold is filled.

Structural Reaction Injection Molding, SRIM, is similar to RIM process with one

major difference. The structural component is placed in the mold prior to filling. These

structural components are generally reinforcements of various types. In this research the

reinforcement is a five (5) layer mat of continuously swirled E-glass fibers.
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Figure 4. Schematic of the RIM process.
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Some advantages of the RIM process are: 1) The energy savings due to low

temperature, during processing; 2) Low equipment cost; 3) Produces complex geometric

shapes quickly. The disadvantages of the RIM process are: 1) The off gassing of the

reactants can cause the product to have voids; 2) The flow of matrix in the mold is often

controlled by the fiber orientation. This results at times in density differences.

4.4 Composites and Damage

4.4.1 Damage Associated with Composites

The application of composites are foimd in numerous areas in engineering design.

which introduces composites to different types of loading conditions, such as tensile.

creep and fatigue. This type of mechanical loading produces localized and accumulated

damage, while environmental exposure can produce damage induced by chemical

interaction with fiber, matrix and interface.^’

The mechanical damage, associated with composite failures, can be categorized as

four mechanisms, which can occur simultaneously. These four mechanisms occur in both

brittle and ductile composites. These are generally described as matrix cracking, fiber

breakage, fiber/matrix interfacial debonding, and fiber pullout. Prolonged exposure to

harsh environments can produce its own characteristic damage and/or accelerate or pacify

the known damage mechanisms.

The damage associated with the matrix is cracking. The known failure of a

polymeric matrix material is chain breakage due to its inability to withstand a given load.

Damage in the matrix appear as cracks which range from microcracks, observable only
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under magnification, to macrocracks, which can be observed with the naked eye.^^ The

damage features observed for brittle and fatigue failure are shown in Figure 5 and Figure

6. These schematic representations of polymer fracture surfaces, show brittle fracture

bands and fatigue crack propagation, respectively.

Figure 7 is an SEM image of a glass fiber reinforced polyester composite,

displaying a river pattern as the fan-shaped matrix distortion on the right edge. Figure 8

is an SEM image of a cotton fiber filled phenol-formaldehyde sample, showing matrix

distortion as step-like formations which are brittle fracture bands. The brittle fracture

bands and river patterns can be used to find the origin of the failure. The fracture spreads

out from the point of origin much like the spreading open of a fan, where the point of

convergence of the fari's arm is the poirit of initiation.

Fiber breakage, evident over an entire fracture surface and possibly internally, is

discernible by the distinct snapping of fiber bundles and monofilaments. Fiber/matrix

interfacial debonding occurs within the material and on the fracture surface,

distinguishable by areas where fiber bundles were apparently lying at a time prior to

failure. Fiber/matrix debonding occurs when the fiber and matrix are no longer

physically in contact with each other. This phenomenon occurs at varying degrees with

fiber breakage, matrix cracking and fiber pullout. Fiber pullout results when, under load,

the fiber debonds from the matrix material due to failure of the interface. An obvious

consequence of fiber debonding, breakage and pullout is that the composite loses its

ability to effectively transfer stresses from the matrix to the reinforcement. Therefore, the

mechanical properties of the composite, such as strength and stiffiiess, are greatly
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16Figure 7. Glass fiber reinforced polyester showing river pattern
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reduced, and the material cannot perform the functions for which it was designed. Figure

9 is an SEM image of a glass fiber reinforced polyester composite that displays breakage

and pullout of the glass fiber bundles. Figure 10 is a SEM image showing the fracture

surface of glass fiber reinforced polycarbonate where evidence of fiber/matrix debonding

and fiber pullout can be seen. The arrow in Figure 10 indicates the place where a fiber

was lying prior to failure but debonded and pulled away fi-om the surface during fracture.

The damage usually associated with exposure to harsh environments can be characterized

as degradation of the matrix material, environmental attack on the fiber reinforcement.

and a degradation of the fiber/matrix interface. Disruption of the transfer of stresses from

the matrix to the fiber reinforcement, similar to that resulting from mechanical damage.

can occur as a result of environmental exposure. Hence, environmental damage can also

seriously impair the mechanical performance of the composite material. Figure 11 is a

SEM micrograph of glass fiber reinforced polycarbonate that was exposed to carbon

tetrachloride while under stress. The matrix shows some degradation in the form of

feathery structures on the matrix fracture surfaces. The fibers appear to be clean on the

surface, indicating that they easily debond from the matrix and pulled out during failure.

4.4.2 Continuous Swirl Mat Composites

There is a considerable amount of material available in the literature concerning the

characterization of composite materials. The bulk of the information revolves around

composite laminates. Composite laminates consist of a lay-up of directed fibers, which

have poor transverse properties. The failure of such configurations dominates the
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16
Figure 10. Glass fiber in polycarbonate, debonding and fiber pull-out.
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16Figure 11. Glass fiber in polycarbonate, matrix degradation and debonding.
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research literature available for composites. There are, however, other composite types

available such as sheet molding compound, (SMC), and continuous swirl mats, (CSM).

SMC composites, which consist primarily of oriented short fibers, pressed between two

polymeric outer layers.

Continuous swirl glass mat composites, CSMC, consist of a polymer matrix

reinforced with a continuous monofilament or multi-filament strands. These strands are

mechanically laid as a single layer mat and coated, in some cases, with a thermoplastic

coupler or other coupling agent. The nearly isotropic loading characteristic of the CSMC

makes it suitable for various applications where three-dimensional load considerations

are needed. The ability to mold the CSMC’s into complex parts makes it a desirable

reinforcement where conformability is required.^ Currently, CSMC are used to

manufacture safety helmets, luggage, electrical parts, machine housings, and automotive

parts.

A few independent studies have been performed to determine the mechanical

behavior of composites, using a CSMC reinforcement with the Reaction Injection

Molded, RIM, and thermoplastic matrices. Matrices studied were polypropylenes and

2930,31,32In these studies, the focus was on static and dynamic loadings ofpolyamides.

notched samples for analysis using fi-acture mechanics. However, some nondestructive

test methods, such as acoustic emission and infrared thermograph, have been used to

8,33,34observe failure events and damage zone development in these CSMC's.

Stokes^^’ and Karger-Kocsis^*’^’, performed some work on CSMC. The

research by Stokes revolved around the mechanical characterization of that particular
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Stokes work was directed at understanding and characterizing changes in40
system,

modulus and tensile strength. The modulus measurements were made on 0.5 in. wide

specimens. The modulus was measmed every 0.5 in. along the gauge length of the

specimen to determine how much variation in modulus could be expected for these type

of materials. It was determined that the modulus could vary by a factor of 2 for adjacent

0.5 in. areas, and by a factor of 3 over an entire plaque. Stokes stated that the materials

were essentially homogeneous, but on a large scale.

J. Karger-Kocsis'*^’'*^ performed additional studies on a mat composite. The

objective of this work was to provide designers with design parameters for polyamides

and polypropylenes reinforced by a CSM. His investigation looked at static and dynamic

test of notched specimens. His studies enabled the surface to be examined after failure.

The studies included the correlation of acoustic emission events with individual failure

43,44, their work reflected an inevents. Other studies were performed by Owen et. al.

depth study of the tensile, fatigue, and fracture toughness response of chopped short fiber

laminates. The system in study was a polyester resin with an E-glass reinforcement. This

work showed that fatigue loading was more damaging than continuous steady loading. It

was also shown that an increase in glass fiber volume fraction increased the UTS, but had

only a small effect on fatigue strength at 10"^ cycles. And finally, the loss in modulus at

45the onset of cracking was around 10%.

Recently, new composites, employing the CSMC reinforcement, have been

developed that incorporate cross-linked polyurethanes and polyureas for specific

structural parts, providing desired strength and weight reductions. For the last three
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years, the Durability of Lightweight Composite Structures for Automotive Applications

Project, undertaken at ORNL, has set about to characterize a CSMC composite material.

This project has involved the study of mechanical behavior under tensile, fatigue, creep,

and low-energy impact of a swirl E-glass mat reinforcement with a cross-linked

46,47polyurethane composite.

4.5 Damage Assessment Techniques

As the application of composites increase, a better method to identify the presence

of damage in these materials become more desirable. Nondestructive test methods

commonly used to qualify and determine damage in metallic materials are not necessarily

useful when dealing with nonmetallics. Therefore, while some methods can be modified.

new methods must be developed. The optically aided visual inspection of composites

remains the best technique for detecting surface damage. Internal damage, however.

must be found using some cross-sectional image interpretation such as Magnetic

Resonance Imaging, MRI, or a cross-sectional averaging of a given signal such as

Ultrasound. The transmission of energy in the form of sound waves to detect internal

flaws is the technique known as ultrasonic inspection. For non-opaque materials, the

transmitted signal can be as simple as light enabling some internal features to be

resolvable.

4.5.1 Ultrasonic C-Scan

To describe ultrasonics physically, a sample is bombarded by compression waves

via a liquid medium. This energy form is ultrasound, inaudible to the human ear due to
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the high frequency of the waves. In order to determine the wavelength of the ultrasound,

the velocity of the propagating wave must be divided by its frequency. This is important

for the detection of internal flaws in a material because the detection limit for a flaw is on

the order of one wavelength. If the wavelength is larger than an internal flaw, that flaw

will not scatter the ultrasonic pulse and therefore, eludes detection. Additionally,

ultrasound propagating velocity differs from one material to another. The wavelength of

the ultrasonic pulse is longer in those materials, which allow faster propagation of the

48
ultrasound.

C-scan ultrasonics is a nondestructive test method that is evolving as a tool for

composite evaluation with the development of increasingly more powerful computers.

Specifically, the C-scan method involves the mapping of ultrasonic echoes that are

reflected back from a flat or nearly flat sample. Figure 12 represents a schematic of a

17typical C-scan ultrasonic apparatus.

In Figure 12, the probe emits the ultrasonic pulse, which propagate through a

coupling medium, usually water, in a scanning tank to the specimen. Echo #1 is known

as the front-side echo. This is the ultrasound wave reflected from the front surface of the

specimen back to the probe in twice the travel time as the initial wave. The reflected

wave amplitude is less due to attenuation of the wave in the coupling medium, from wave

spreading, and some transmittance of the incident sound into the sample. Echo #2 is the

backside echo or that which the back surface reflects toward the probe. This echo arrives

later and with less amplitude than Echo #1 because only some of the wave travels back

through the sample and the water before reaching the probe. Some of the back surface
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Figure 12. Schematic of Ultrasonic C-scan 17
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reflected waves bounces back from the front surface to remain inside the sample, and

some of the wave is transmitted completely through the sample. Tank-bottom echo is

that which is reflected back from the bottom of the tank after traveling through the

couplant and sample twice and is represented by Echo #3. This echo will arrive much

later than the first two echoes and with only a fraction of the original ultrasound wave.

Most of the echo will remain in the specimen, having encountered the front and back

17surfaces again on the return path back to the probe.

Should the ultrasound wave encounter any flaws within the sample, the probe

may pick up reflections of the wave as Echo #4. This echo will only represent that part

of the wave that is reflected from flaws approximately perpendicular to the incident

wave. Any flaws or sections of flaws, which are not more or less perpendicular to the

incident wave, will only serve to scatter the wave in directions that will remain

undetected. All of the echoes detected by the probe make up the pulse echo profile, and

there exists such a profile for each sampling point, encountered during scanning of the

specimen. The typical profiles, as shown in Figure 13, Figure 14 and Figure 15,

for the pulse echo signal are known as an A-scan. The A-scan is an oscilloscope display

of the echoes. The x-axis represents time of flight of the pulse, which is converted into

distance traveled by the pulse. The y-axis represents the amplitude of the echoes. The A-

scan image shown in Figure 13 has two large signals one at 59.5ps and 62.5|as. These

two signals refer to front surface and back surface reflections. If there were flaws within

the thickness, there would be peaks to represent those reflections. For example. Figure

14 has a peak near the back surface signal, which represents a flaw near the back surface.
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Figure 13. A-scan and C-scan of area 1.
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Figure 14. A-scan and C-scan of area 2.
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while Figure 15 has a large peak between the front and back surface signals. This peak

represents a flaw at the center of the specimen.

In more advanced ultrasonic systems, there exists the ability to set an arbitrary

number of gates after the experiment. This, in turn, allows the generation of arbitrary

echo time slices from which the corresponding maximum amplitudes can be obtained.

The three dimensionally assembled amplitude maps are termed C-scans. These

amplitude maps specify the location and other information about discontinuities, which

represent echo-generating interfaces, through the sample.'^ Shown in Figure 13, Figure

14 and Figure 15 are C-scans. The areas labeled as 1,2 and 3 in the C-scan corresponds

to the A-scan shown above it. Notice in each of the A-scans generated for the labeled

areas that the flaw produces a signal between the front and back surface reflections.

Detection and measurement of flaws depends on their attenuation of the

transmitted sound waves. The images gathered, using the C-scan ultrasonic method, are a

map of the specimen that displays, usually in grayscale, its internal features. Flaws in the

specimen, when using grayscale colors, generally appear as dark areas due to scattering

of the transmitted sound waves. By comparing the pre- and post-test C-scan images of a

sample, sustained damage will appear as darkening of certain areas in the post-test

17
image.

4.5.2 Light-Transmission Microscopy

Light-Transmission Microscopy (LTM) is another test method, used on

composites, of which the nondestructive benefits are currently being realized. This

technique is very simple in operation, yet it can reveal many internal details about a
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material that can have a direct influence on service life. In LTM, a high intensity light

source is placed on one side of a relatively translucent composite sample, such that the

light is transmitted directly through the specimen. The microscope is adapted to a video

camera or a video microscope. From this set-up it is possible to detect internal features,

such as void spaces, fiber orientation, and any defects due to processing or form as a

result of mechanical testing or service.'*^ Highly advanced computer systems and

specialized acquisition software have been developed that enable the examination of

polymer composite samples before and after mechanical testing. A comparison of pre-

and post-test images provides for the determination of damage sustained on a subsurface

level. This same configuration is also utilized in real-time evaluations, which will be

discussed in later. Depending on the reason for using this technique, possible limitations

of LTM arise mostly in relating image resolution to depth-of-focus. Generally, some

image resolution is sacrificed in order to focus deeper into the specimen’s interior. This

problem can sometimes be alleviated by the utilization of lenses with greater magnifying

capability.

4.6 Scanning Electron Microscopy

The use of Scanning Electron Microscopy, SEM, to examine polymer-based

composite materials has certain advantages. At low operating voltages, approximately 1

to 1.5 KeV, polymers and polymer-matrix composites may be viewed without the

addition of conductive coatings, which can decrease the amount of detectable surface

detail. This is significant when searching for defects or damage on a test specimen or

fractured sample. On the other hand, the lack of  a conductive coating on the polymer
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specimen can lead to the disadvantage of increased charging on the specimen surface.

This charging results when there is a build-up on the specimen surface of an excess

charge that cannot bleed off in the case of a non-conductive sample. If SEM operating

conditions are adjusted such that the secondary and back scattered electron emissions

balance the incident beam current, then the occurrence of charging is kept to a minimum.

There is an incident beam energy at which this condition holds true, known as E2, which

is a function of the electron beam energy, Eo, and the atomic number, Z, of the specimen

examined. Since polymers are generally of lower atomic numbers than metallic

materials, the E2 is also lower. Further, charging may then be categorized two ways:

1. If E2 < Eo, then the specimen is experiencing negative charging.

characterized by an extremely bright image; there are too many secondary

electrons being detected as they are repelled by the specimen surface.

2. If E2 > Eo, then the specimen is experiencing positive charging, characterized

by a very dark image; there are too few secondary electrons being detected as

they migrate back to the specimen surface and eventually balance the charge

50
on the surface.

Another effective means of eliminating specimen charging is to operate the SEM

in the backscattered electron mode rather than secondary electron mode. In the
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backscattered electron mode, the incident beam penetrates the specimen surface more

deeply than in the secondary electron mode, and approximately half the incident beam

energy is reflected back as backscattered electrons into the same hemisphere as the

original beam. A detector specifically designed to impede and collect backscattered

electrons is used, and the specimen chamber is purged with a gas, usually nitrogen.

during scanning. The incident electrons may ionize the gas molecules after which the

positive ions are attracted to the negatively charged specimen surface, neutralizing

charging effects. Additionally, as the gas pressure is increased, the incident beam

current/voltage can be increased to values that would normally be too great for use on

non-conductive materials, usually around 20 KeV. This advantage enables the operator

51to achieve greater resolution while imaging the specimen surface.

4.7 Image Analysis

The use of imaging techniques with microscopy and/or video microscopy

provides an approach to collecting optical data at varying magnifications as the events

occur. The observation of surface and subsurface defects can be identified and recorded.

The recorded images can then be inspected or video reviewed several times. The

common characteristics of failure can be applied to the development of a failure

mechanism for this CSMC. Still images were obtained and used to provide a more in

depth analysis of a single event or a series of events.

There are several digitizing techniques available to produce images of specimens

under investigation. The images provide at times  a dearth of information. Besides still
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images, systems enabling video collection of different processes in real time have been

established as a way to observe more details not obtainable by still photos.

Figure 16 is a schematic representation of the video collection system design in

our laboratory, which utilized video microscopy with variable magnification. Image

analysis is a general term used to describe the interpretation of still or video images. The

interpretation, however, can range jfrom making physical measurements to describing a

failure process.

Image analysis of digitized C-Scans amplitude maps was developed in our

laboratory. This technique provides application to the integration of color or grayscale

for damaged specimens. This provides a relatively easy and cost effective way to

evaluate the overall damage state of a given specimen in a reasonable amount of time.
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Figure 16. Real-time video collection setup.
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V. THEORETICAL AND EMPIRICAL APPROACHES

5.1 Mathematics of Material Failure

5.1.1 Rule of Mixture

A specimen composed of more than one component has a mechanical response

due to the contribution of each component's individual characteristic. The "Rule of

Mixtures" is a empirical approach that describes the individual contribution of each

component based on weight or volume fraction. As shown in Equation 2, the property

being evaluated is T' and the weight or volume fraction of that component is 'cp' while 1

and 2 represent each component. In the case of composites, it is generally accepted that

the fiber reinforcement is 1 and the matrix is 2. It should be noted that this equation

describes a linear relationship between the property of interest and the volume fraction of

each component and is shown graphically in Figure 17.

Equation 2Pj, —

However, a linear relationship does not always occur in blended or composite

systems due to the effect of synergism Equation 3, which is represented empirically as T.

The effect of synergism is shown graphically in Figure 17, which shows that if 1=0, the

system is additive obeying the Rule of Mixtures. However, if KO, the system is non-

synergistic and a reduction in properties relative to the linear Rule of Mixture is expected.

and for I>0, the system is synergistic and an increase in properties is expected.
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Equation 3Pt Pl^ 1 + ^P 2^ 2

Where; I = 4P:2-2Pi-2P2

The Rule of Mixtures has been widely used to predict various mechanical properties such

as stress, strain and modulus. It has been applied to glass filled, fiber reinforced and

polymer blended systems.

5.1.2 Fracture Mechanics

The use of fracture mechanics deals primarily with the effect a crack-like flaw has

on the failure characteristics of a material under load. Linear elastic Fracture Mechanics,

LEFM, is a mathematical approach that describes the fracture toughness parameter 'K' for

materials that are linear elastic, that is, is has a linear stress-strain curve. The importance

of the fracture toughness parameter is that it provides a way to evaluate the relationship

between the applied stress and the flaw length. The evaluation of'K' can be performed

for a series of modes that a defect may undergo. The fracture toughness calculations are

separated into three categories. Mode I, Mode n and Mode HI, each describing the type

of loading that is present around the crack tip.  A sketch of each mode relative to the

surface of the crack is shown in Figure 18. Mode  I loading occurs when the crack

surfaces move directly apart from one another. This mode is referred to as an opening

mode. Mode n type loading is a sliding mode in which the surfaces of the crack slide

over one another perpendicular to the leading edge of the crack tip. The final loading
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Figure 18. Basic Modes of Crack Surface Displacement.
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Mode in describes a tearing mode in which the crack surfaces move away from each

other parallel to the leading edge of the crack tip. The subscript of the stress intensity

factor Ki, Kn and Km represents the mode being evaluated. The stress intensity factor of

a given mode describes the stress field that emanates from the tip of the crack under load.

The stress field associated with each loading type is shown pictorially in Figure 19. The

propagation of the crack is dependent upon the stress field reaching a critical state

defined by the remotely applied load.

!

5.1.3 Linear Elastic Fracture

In the early 1920's Griffith^'*’^^ performed a set of experiments to evaluate the

fracture strength of glass specimens containing small flaws. He concluded that the stress

needed to cause failure decreased with an increase flaw size. He then developed an

expression relating the critical stress, Oa, derived from an elliptical crack using the

Inglis^^ strain energy solution to the flaw size shown in Equation 4:

Equation 4
(j

cr

m

Where Vs' is the crack surface energy of the material, 'E' is the elastic modulus, and 'a' is

half the crack length of the center notch plate shown in Figure 20. The model is

restricted to linearly elastic materials at absolute zero temperature. It does not account

for the decrease of elastic moduli at higher stresses or the possible influence of other

cracks in the specimen. At the time, these limitations were acceptable for many brittle

materials and glasses where the mechanical behavior of the material at the use
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Figure 19. Stress fleld around crack tip for different loading modes.
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temperature is similar to its behavior at extremely low temperatures (approaching

absolute zero).

Bartenev and Zuyev^^ also noted that the time dependence of the mechanical

properties of the material is not taken into account because of the temperature restriction.

They pointed out a further shortcoming was that the definition of the critical stress was

based on an energy balance which occurs only at equilibrium when the speed of the crack

propagation is zero. It was noted that during crack growth, a large dissipation of energy

occurs in the form of heat. On a more practical level, surface energy and other energy

measurements were difficult to determine and of little practical use. Although there were

limitations to the Griffith criteria, the energy model served as a basis for further studies in

jfracture mechanics using the stress field approach.

One of the more limiting disadvantages of the linear elastic analysis was that the

model predicts infinite stresses at the crack tip when, in fact, plastic deformation occurs

when the yield stress is exceeded. The plastic deformation precedes fracture and is a

58highly nonlinear elastic type behavior. To correct the linear elastic model, Orowan

modify the Griffith criteria to account for the energy associated with plastic deformation.

The result was:

(^s+/p) Equation 5
2E0-c =

m

where Vp is the plastic deformation energy term and

yp»ys
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In an independent study of the thermodynamics of fracture, Irwin^^ calculated a

similar expression:

EG

Equation 67ca

where 'G' is the strain energy release rate dU/da. The value of'G' is therefore related to

the plastic energy and the surface energy by G =  2(yp-h's). In both studies, linear elastic

energy balance models were modified to account for crack tip plasticity.

Although the energy balance models were theoretically correct, their applicability

to design and engineering problems was limited. The studies did not lead to an

understanding of material properties because they require a specific knowledge of flaw

geometry and how stresses were applied to the flaw. Furthermore, it was difficult to

measure and calculate surface energies and strain energy release rates during the design

process if the location of flaws could be anywhere on the structure.

To address these shortcomings, it was desirable to develop a material parameter.

which could describe the fracture properties of a material in various loading

configurations. The analysis of the crack tip stresses lead to the material parameter, K,

the stress intensity factor.

To determine the stress field Irwin substituted a Westergaard®” stress function into

equations of equilibrium for planar conditions. The model for this case is shown in

Figure 21. The model determines stresses in two dimensions (x, y) with respect to an

.61origin at the crack tip (r, 0). The results of the substitution are given by Broek;
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61Figure 21. Planar conditions to determine stress distribution about a crack tip.
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Where V is Poisson's ratio and 'K' is the stress intensity factor which is a material

parameter that is a function of the applied stress and crack geometry. It is important to

note in these equations that stress is proportional to a geometry term (0) and inversely

proportional to thus the singularity at the crack tip is still present. This model is

applicable to materials, which display linear elastic behavior under test conditions. This
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is often true of glassy polymers.

The critical stress intensity factor, Kic, is the minimum value of'K', which will

cause a crack to propagate to failure instantaneously under normal stresses; the subscript

'c' denotes that TC' is at a critical value. It is given by:

^ - I^IC — ̂ cr\^crJ Equation 13

where 'Oa is the critical stress for crack propagation. Values of Kic are parameters

unique for a material and specific crack geometry. Kic is commonly used as a fracture

criterion.

Another aspect of crack tip phenomena is the effect of crack tip radius. The crack

tip as illustrated in Figure 20 is a mathematical response represented by the term Kt,

stress magnification factor, shown in Equation 14. The crack length is referred to as '2a'

and the stress as 'a'. The crack tip radius is inversely proportional to the stress

concentration observed at the crack tip. Therefore, there is an increase in the stress at the

crack tip(s) due to the presence of a crack (Equation 14). The importance of Griffith's

approach became evident in the 1940's when ships crossing the North Atlantic literally

broke in half Such failures were found to be caused by voids in the ship's welded hull.

Since the 1940's, LEFM has become a widely accepted failure analysis for the

engineering community and is in general use in many areas, including

1

2a
Equation 14= 1 + 2

m

O-o PJ
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ASME Codes, Regulatory guides, material specifications, and industry design manuals.

5.1.4 K-Solutions

The use of fracture toughness as mentioned in the previous section deals with a

single crack in a plate. Real life situations do not have such ideal cases, which is

believed to have influenced the development of a series of possible crack configuration

solutions by Tada, Paris and Irwin.^^ These solutions aid a designer in the stress analysis

of a structure with a flaw and even a series of flaws. These solutions are known as K-

solutions for which Ki, Kn or Km can be evaluated. Equation 15 and Equation 16 are K-

solutions for parallel and in-line crack configurations, respectively. These equations

helped establish a possible predictive tool for the evaluation of Kic, which will be

discussed in greater detail in the discussion section.

Equation 15

Parallel cracks
Kj - a-yfmFis)

Equation 16

In-line cracks

W mKj =(Tyfm tan
W

Where:

1 -S
ns)=.

V TIS

a
s =

a + h

2a = average void length
h = average distance between voids
W = the mean distance between voids
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VI. EXPERIMENTAL

6.1 Sample Preparation

The Structural Reaction Injection Molding, SRIM, process, produced a 25 x 25 x

0.125 in. plaque. The matrix was formulated and designated by Dow Chemical Company

as DOW MM364. These plaques were cut into specimens with the following dimensions

1 X 8 X 0.125 in. The specimens consist of an isocyanurate based polyurethane matrix and

a continuous swirled E-glass mat. The mat, a CertainteedA^etrotex Unifilo U750

reinforced mat consisted of approximately 300 monojfilaments per bundle. The fibers are

approximately 17 pm in diameter. The mat used to make the plaque consisted of five

individual layers resulting in a fiber content of approximately 40% by volume. The cut

specimens had tabs attached using BF Goodrich A-1177-B1-B2 two part adhesive.

6.2 Testing

6.2.1 Ultrasound

Ultrasonic C-scans were performed using a SONIX ultrasonic scan system. The

scans were conducted in a water bath at room temperature. A15 MHz transducer was

focused on the back surface of the specimen being probed. A 0.4 mm incremental scan

was used to obtain the amplitude map. The amplitude map was then analyzed using

Adobe Photoshop ®.
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6.2.2 Image Analysis

Video recording and still images were collect using a Sony CCD color camera

with a video microscope lens. The video microscope had an adjustable magnification

range from IX to 5X.

Image analysis was conducted using NIH image and Adobe Photoshop® software

packages. NIH image enabled the measurement of void content and void orientation as

well as the real-time evaluation of crack initiation, propagation and termination.

Adobe Photoshop® was used to evaluate the digitized attenuation maps produced

from Ultrasonic C-scans. The histogram function was used for same area measurements

to obtain a single value for the average gray scale. This value is then related to the

degree of damage.

6.2.3 Tensile Loading

Tensile tests were conducted at room temperature in air. A Hydraulic MTS

axial-torsion mechanical testing machine together with an MTS digital TestStar material

testing workstation was used for computerized testing and data acquisition.

Displacement in the gage section was measured with an MTS clip-on extensomenter of

1.0 in. gage length. Samples were lx 8 x 0.125 in. (W x L x T) straight edge specimens.

The load, displacement, and time were measured and recorded. Sample dimension and

testing was performed in accordance with ACC test methods and ASTM D638 and D882.

The purpose of the tensile tests is two fold. First, these test were conducted to

obtain an overall response of the composite mechanical properties; and secondly, to
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introduce a controlled level of damage by incrementally loading the specimen. After

each incremental loading the specimen would undergo ultrasonic C-scans.

6.2.4 Horizontal Hydraulic Tensile Tester

A horizontal hydraulic tensile tester, shown in Figure 22, was design and

fabricated in the Material Science and Engineering Department at the University of

Tennessee. The design allows for the real-time evaluation of crack propagation under the

objective lens of a video microscope during Tensile and Creep tests. The design enables

a 360° rotation of the specimen while under load as well as movement in the X-Y

directions. This tensile tester uses a 10k lb. load cell and a double action hydraulic

cylinder, which can generate loads up to 10k lb. The load cell is monitored by a

PowerMac 7600/120 via Iomega InstruNet 100 or Lab View software. The data

acquisition occurs simultaneously during the real-time image capturing of damage events.

6.2.5 Creep Loading

Creep test were conducted at room temperature (approximately 75 °F) and in

ambient air (approximately 50% RH). Specimens are mounted in a calibrated lever creep

machine having a lever arm ratio of about 12:1. Strain was measured using strain gages

produced by Micro-Measurements Group, Inc. and designated as “CEA-13-500UW-350”

a % inch gage length was used during testing.

6.2.6 Fatigue

Fatigue experiments were conducted using a servo controlled MTS testing

workstation with data acquisition system. Two different fatigue tests were conducted.
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Figure 22. Hydraulic Tensile Tester and Setup.
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First, normal tension-tension profiles from 0%-27.9% UTS, 0%-42% UTS, and 0%-55%

UTS were performed on a series of specimens. The second tests were optical studies in

which specimens were fatigue loaded with a tension-tension profile from 0%-40%UTS

for 5, 100, 1000 and 3000 cycles. After each cycling segment the specimen was removed

and inspected optically. The samples used in the latter experiments had the same

geometry as other tensile test, however, a 0.25 in. hole was drilled in their center.

6.2.7 Fracture Toughness

An MTS 810 hydraulic test system was used to perform the fracture toughness

measurements. This system is automated by Testware® software package, which also has

data acquisition capabilities. The crosshead speed was 0.06 in/sec with 100 data points

were collected per second. The specimens were held in place during testing by the 1/2T

sample fixture. These tests were conducted at room temperature and a relative humidity

of approximately 50%. Samples were fabricated using ASTM E 1820 and pre-cracked

using a razor blade.

6.2.8 Void Volume

In order to obtain the void volume, a section of the continuous swirl mat

composite was removed from the center gauge length of a tensile specimen. This section

was thinned and length, width and thickness measured. The purpose for thinning the

sample was to capture as much of the cross-section as possible using light microscopy.

This thinned section was then placed under the video microscope and imaged. The

collected image, which shows the presence of voids and fibers, was analyzed using NIH
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software. The software was set-up to select voids. The voids selected were then

measured for their major and minor axes. The major and minor axes were then used to

calculate the volume of the void assuming an ellipsoid or sphere using Equation 17.

Equation 17

V = —m^b
3

a= minor axis

b=major axis
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VII. RESULTS

7.1 Mechanical Properties

7.1.1 Tensile

Tensile tests showed that the average ultimate tensile strength, UTS, is 25.2 ksi in

the 90° direction and 20.4 ksi in the 0° direction. An average stress strain curve, along

with actual data points from a series of experiments for the CSMC in the zero direction.

is shown in Figure 23. The direction refers to the t^e-up of the glass mat. Hence, the 0°

direction refers to a sample that was cut from the plaque in the direction equal to the roll

or conveyance of the fibrous mat. The 90° direction refers to a specimen cut out

perpendicular to the roll direction.

The reduction in the modulus was determined by loading a specimen at a

percentage of the UTS then unloading it followed by loading to complete failure. This

process performed the controlled degradation of stiffiiess. The results of the experiments

are summarized in Figure 24. It was found that an onset of modulus reduction occurred

at approximately 30%UTS. There is roughly a 20% reduction in modulus as the UTS is

approached.

7.1.2 Creep

The tests conducted at room temperature and a relative humidity of 50% had a

creep response as shown in Figure 25. Figure 25 is the creep strain vs. time plot. The

total strains are provided in Appendix D. The creep strain response produces a typical

creep curve expected with increasing applied stress, that is, as the applied stress increases
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Figure 23. Typical stress-strain curve of a CSMC in the 0° direction.
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there is an increase in the creep strain. The development of a primary creep stage

(STAGE I) occurs at approximately 5.0 ksi, which is ~25% of the UTS. Below 14.5 ksi

the CSMC has unlimited creep capabilities as indicated by the secondary creep stage

(STAGE n) and will not fail in creep at that stress level. Above 15.0 ksi rupture is shown

to occur at ~600hrs. As the applied stress is increased there is a reduction in the time to

rupture.

7.1.3 Fatigue Tests

The effect of increasing the tension -tension cycle is shown in Figure 26. The

notable features are the steady state of the initial slope of each individual curve regardless

of the applied cyclic load followed by a rapid increase in strain towards the end of the life

cycle. A common point in each individual curve was determined by taking the slope of

each segment of the curve, that is, the steady state and rapid increase segments. Where

these two slopes intersect was termed the critical point. It should be noted that the

critical point occurs at a different number of cycles for each percent UTS tension-tension

curve. The critical point represents the onset of increased damage accumulation rate,

which is thought to be associated with fiber breakage and pullout. It is also shown in

Figure 26 that an increase in percent UTS results in a shift in the critical point to lower

cycles to failure. To the right of the critical point and with increasing percent UTS there

is an increase in the rate of damage.

A specimen with a 0.25 in hole drilled in its center was subjected to cyclic

loading. A series of images with the applied load perpendicular to the radius of the

drilled hole, which is the region of greatest stress were collected at 0,100,1000 and 3000
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Figure 26. Maximum Strain vs. Cycles to failure.
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cycles and are shown in Figure 27. This image shows the accumulation of damage

aroimd the drilled hole with increasing number of cycles, while A, B and C are reference

markers indicating the same area of observation for each series. This sample allowed the

early identification of damage events in regions of greatest stress shown pictorially in

Figure 28. Damage was observed to be dependent on the number of cycles. The more

noticeable damage was observed above 1000 cycles.

7.2 Ultrasound

7.2.1 Ultrasonic C-scan for Tensile specimens

The following results are from ultrasound showing the average attenuation map of

tensile samples. It is shown in Figure 29 and Figure 30 that an increase in percent UTS

from 20% - 80% UTS loading resulted in a decrease in the average grayscale value.

AGV. A graphical representation of the change in AGV with percent UTS is shown in

Figure 31. It indicates a continued decrease in AGV with increasing percent UTS. The

percent difference of the AGV at 0% and 100% loading indicates the relative degree of

damage to be approximately 29%.

7.3 Imago Analysis

Observation of 1 x 8 x 0.125-inch specimens that were not subjected to any

loading show common features under transmitted light microscopy. The most common

feature is air voids. The voids in the matrix appear as spheres or agglomerations of

spheres. Those voids that occur near the fiber bundles are elongated along the fiber axis.
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Figure 27. Observed damage using optical micrographs with increasing cycles.
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Figure 29. C-scans of incremental UTS tensile loading.
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These intrinsic voids are due to off gassing during the SRIM process. The voids tend to

act as stress risers, thus affecting the crack propagation in the CSMC.

The other feature to note is the elongated voids along the fiber bundles shown in

Figure 32. The presence of elongated voids depicted by the dark area along the bundle

axis is indicative of incomplete fiber wetting by the coating or coupling agent. The dark

areas along the bundle axis are areas where fiber wet-out is incomplete. This was

verified by imaging the mat using SEM. The bundles were coated prior to the SRIM

process, yet the coating was not evenly distributed over the entire surface of the fiber see

Figure 33 and Figure 34. Incomplete wetting of the fiber bundles and solidification of the

coupling agent appears as gjobs along the bundle axis as shown in Figure 33 and Figure

34. These features make the identification of debonding difficult to verify after loading

as well as with the virgin specimens. This difficulty arises from the initial condition of

the glass mat, that is, defects as previously stated and shown in Figure 32. When the

polymer encapsulates the mat and these features exist, they are technically points of

debonding; however, they are intrinsic due to processing and are not due to the applied

load.

7.3.1 Image Analysis and SEM

In some cases fracture areas were examined using scanning electron microscopy.

In SEM, a beam of focused electrons moves across the sample, and the secondary

electrons produced by the sample and the electrons scattered by it are collected to form a

three-dimensional image. At low operating voltages (usually less than 2 KeV), the
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Figure 32. Voids and fiber bundle.
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Figure 33. The incomplete fiber wetting and sizing globs prior to processing.
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Figure 34. The glass mat prior to processing.
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surface of an uncoated CSMC sample can be observed. Commonly observed

characteristics of CSMC fracture include matrix cracking (sometimes in the form of river

patterns), fiber/matrix interfacial debonding, fiber pull-out, and fiber breakage. The SEM

images for CSMC sample P21-0-25 display some of these features. In Figure 35 and

Figure 36, the fracture surface is viewed from the top of the sample. Some fiber breakage

and matrix cracking are apparent in each of the images, and some debonding can be seen

in Figure 36. Matrix cracking can be seen as river patterns at the edge of the fracture

surface, emanating from fiber bundles in Figure 37 and Figure 38.

7.3.2 Image Analysis and Real-time observation

Real-time image analysis provided observations into the progression of damage.

The formed crack as shown in Figure 39 was followed in real-time with load control in

tension to determine what the path of progression or formation of damage is, and how it

would assist in the development of a failure mechanism. Shown in the following images

are reference markers 'A' and B' that can be followed from image to image. Figure 40

shows the opening of the crack pictured in Figure 39 until it is halted momentarily by the

fiber bundle as indicated in Figure 40. Figure 41 shows the progression through and

around the fiber bundle. This is indicated in the image by the dark regions in front of

crack, which are associated with fiber/fiber and fiber/matrix debonding as well as fiber

breakage. The specimens used in real-time studies enabled crack growth of only a few

mm before unstable growth occurred, which would end the real-time observation.
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Figure 39. Initial observation of crack formation.
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Figure 40. Continuation of crack growth and damage formation.
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Figure 41. Continuation of crack growth and damage formation.
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7.4 Failure Mechanism

The development of a failure mechanism was achieved by using the images obtained

from SEM and real-time tensile loading. The SEM images revealed a surface of

dominant crack propagation. These images as shown in Figure 35 to Figure 38 indicates

that the path of the propagating crack was along the fiber/matrix interface, and changed

direction due to fiber orientation, void content and size. Also shown in these images is

that fiber pullout occurred. A more detailed discussion of the failure mechanism will be

presented in the discussion section.

7.5 Void Volume

The following results are for the evaluation of percent void volume for this CSMC.

The method as developed in our laboratory provides a relative measure of the percentage

of volume occupied by voids. The major and minor axes of voids present in thinned

gauge length sections of tensile specimens was measured using the NIH® software

package. The results are shown in Appendix B. The values determined for the major and

minor axis were applied to Equation 17, which is the volume of an ellipsoid. The average

void size was obtained by collecting several images from different areas on a single

specimen. This was performed on seven (7) different thinned sections. The average void

volume calculated was multiplied by the number of voids present, which results in the

volume of voids in a thinned section. The void volume for the sample was then obtained

by multiplying the volume of voids in a thinned section by the number of thinned

sections necessary to achieve the sample thickness of 0.125 inches, which was 3.84

91



thinned sections. A sample calculation for this method is shown in Appendix B. The

resulting percent void volume, Vv, for the sample was determined to be approximately

12%. This of course is a relative measure of percent void volume, however, in

unpublished work by the ACC the void volume measured was 10.4%.

7.6 Mathematics of Fracture Toughness

The desire to use predictive tools to evaluate material properties is the motivation

in the following sections. The focus is to predict the stress and fracture toughness, Ki, for

a continuous swirl mat composite, CSMC, using results from tensile tests of the

individual components and imaging data of void content, size, and orientation. The

correlation of tensile test results to the fracture parameter provides a way for designers

and engineers to make better material choices, based on the stress-strain response and

failure criterion. As mentioned earlier, this CSMC, produced from the structural reaction

injection molding, SRJM, process resulted in a significant number of voids that formed in

the matrix and along fiber and fiber bundle axis. The condition of the mat prior to

processing also contributed to the void formation. The presence of voids and mat defects

are incorporated into the mathematical calculation of Kic via the stress prediction. The

overall Kic value is formulated by utilizing K-solutions. It is the objective of this

evaluation to provide a possible approach in predicting Kic for this CSMC.

7.6.1 Evaluation of Applied Stress

In order to predict the breaking stress of the composite, the "Rule of Mixtures", as

shown in Equation 3, was applied. This rule takes into account the contribution the
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matrix and fiber, as a function of their volume fi’action, has on the overall property to be

evaluated. Before getting involved in the mathematics of the desired prediction let us

look at the properties of the individual components.

The matrix material is an isocyanurate based polyurethane matrix, which has an

ultimate tensile strength, UTS, of 70.3 MPa, tensile modulus of2.1GPa, and a tensile

elongation of 6.0%. The reinforcement in this composite is a continuous strand E-gJass

mat. These continuous strands consist of approximately 300 monofilaments per bundle.

and are 17|xm in diameter. The E-glass fibers have an average ultimate tensile strength of

1.7 GPa, a tensile modulus of 69 GPa, and an elongation of 0.2%. The importance of this

information will be seen later in the mathematical development. However, knowing that

both matrix and reinforcement undergo brittle failure is a key observation. One other

initial observation is that the matrix has a larger elongation, but a lower ultimate tensile

strength and modulus.

In general, there are two possible conditions for strain. One condition occurs

when the strain at break for the fiber is greater than the strain of break for the matrix, and

secondly, when the strain of break for the matrix is greater than the strain of break for the

fiber. In this continuous swirl mat composite the latter is true. Within this case, there are

two antagonists pathways for the onset of failure, low and high volume fiber content. Let

us look at these two conditions, first, the low fiber volume content, that is Vf «1, and its

elongation being less than that of the matrix, it is possible that the fiber fails first. This

results in an insufficient transfer of load fi-om the matrix to the fiber, resulting in the

matrix having to carry a greater load. Therefore, breakage will not occur unless the
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matrix failure load is exceeded. It can then be seen mathematically, as shown in

Equation 18, that the breaking stress of the composite, Obc, is governed by the matrix

term due to insufficient transfer of the load from the matrix to the fiber. As fibers fail

there is a reduction in cross-section due to crack formation as well as a reduction in load

carrying capacity of the matrix proportional to the fiber volume fraction. An

understanding of the failure strength for this condition is imperative to the mathematical

evaluation of this condition, that is; the matrix will control the strength of the composite.

—  Equation 18aBe

CTbc = Breaking stress of the composite
<JBni = Breaking stress of the matrix

V£= Fiber volume fiaction

Secondly, at a large fiber volume fraction the transfer of load is more efficient

than for low fiber volume fraction. This load transfer occurs at a much greater extent.

due to increased interaction via the interface or traction forces between fibers and matrix.

This more efficient transfer causes the matrix to fail when the fiber fails. The higher

fiber volume forces the consideration of the fiber term in the evaluation for the overall

changes in stress and is shown mathematically in Equation 19, where' cr*' is a point on

the stress-strain curve of the matrix for which the failure strain of the fiber occurred.

Equation 19= <T,fVf+<Tl{\-Vf)
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When Equation 18 and Equation 19 are set equal to each other there is a point of

significance at a specific fiber volume fraction. This point will be referred to as a “cross

over point”. The volume fraction, V'f, at the cross over point is associated with the onset

of matrix cracking and shown mathematically in Equation 20.

(.( :)
Equation 20

J - (JB
V
/

+ a B<^B - <J
f

Equation 18, Equation 19 and Equation 20 come from work by Klaus. ̂  However, in

order to achieve an accurate contribution of the matrix to the overall stress component

using the "Rule of Mixtures", it would have to be modified to account for the presence of

voids. The modified "Rule of Mixtures" is shown in Equation 21. The consideration of

voids should result in a further reduction in the matrix contribution to stress (due to the

presence of voids). The use of image analysis enabled the evaluation of the void volume.

Vv, which was evaluated using a procedure developed in our laboratory, which was

discussed in detail in section 7.5. This technique resulted in a 12% void volume content.

Equation 21
^BC ~

7,7 Mathematical Approach to Fracture Toughness, Kic

In order to obtain a possible predictive tool for Kic for this composite system the

use of K-solutions for in-line and parallel crack configurations were considered due to the
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arrangement of voids in the CSMC. The following equations describe the K-solutions for

in-line and parallel cracks. The use of these two configurations  represents the

arrangement of voids in the composite. It is the combination of these two equations that

enabled the prediction of the fracture parameter.

Kj = (j^mF{s) Parallel cracks

W na
K, =

I
In-line crackstan

WTva

Where:

1 -s

TUS

a
s =

a + h

2a = average void length
h = average distance between voids
W = the mean distance between voids

The evaluation of Kic was performed using the combined expression shown in Equation

22,

Equation 22r  ̂
m w

K
I WTAN mD,eC

w
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which is the simplified result of the combined K-solution for in-line and parallel cracks

with the orientation factor, which takes into account the effect void orientation has

on the applied stress, and is defined as 'cos^(0)' where '0' is assumed to be approximately

45° for a random system due to the random nature of the glass mat and the formation of

voids along the fiber bundle axis. The evaluation Mixtures" while 'a' and 'W were

evaluated from light microscopy and NIH® software to measure center-to-center

distances of adjacent voids, and the major and minor axis of voids. The calculated values

using Equation 22 for Kic as a function of volume fraction of fiber is given in Figure 42.

The predicted response shows a steady increase with fiber volume fraction and predicts

for a 40% by volume of glass fiber and a void content of 12% a Kic value of 11.4 PaVm.

The effect void orientations, fiber contents and void volumes have on the prediction is

shown in Figure 43, Figure 44 and Figure 45 and a composite of each in Figure 46. As

shown in Figure 46 there is an increase in Kic with a decrease in void orientation relative

to the applied load. It is also shown that an increase in fiber fraction results in an

increase in Kic, while void volume has the effect of lowering Kic shown in more detail in

Figure 47 to Figure 50.

7.8 Experimental Results of Fracture Toughness

The Kic value was calculated using the ASTM standard El820-96. The load vs.

displacement curves used in the calculation of Kic are shown in Appendix A, however.

Figure 51 is a representative curve for the experimental results of the Kic tests performed.

As shown in the ASTM El 820-96, a 95% secant line is drawn to determine the value of

Pq and Pm From Figure 51, Pq and Pm were determined to be 1691bs and 1751bs,ax- ax
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Figure 42. Kic predicted as a function of fiber volume fraction.

98



Figure 43. Three dimensional plot with a void orientation angle of 25 .
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Figure 44, Three dimensional plot with a void orientation angle of 30 .
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Figure 45. Three dimensional plot with a void orientation angle of 45°.
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Figure 46. Composite plot of 25°, 30° and 45 void orientations.
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Figure 47. The effect of void volume on Kic at a fiber fraction of 0.2.
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Figure 48. The effect of void volume on Kic at a fiber fraction of 0.4.
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Figure 49. The effect of void volume on Kic at a fiber fraction of 0.6.
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Figure 50. The effect of void volume on Kic at a fiber fraction of 0.8.
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Figure 51. A representative Load vs. Displacement curve for Kic evaluation.
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respectively. The Kic determined experimentally was 17.1 (±1.45)MPaVm. This value

is in the range of predicted Kic values at a 12% void volume and 40% fiber content for

void orientations of 25°, 30°, and 45°, which are 11.4 MPaVm, 17.0 MPaVm, and 18.6

MPaVm, respectively.
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VIII. DISCUSSION

8.1 Mechanical Response and Damage Assessment and Progression

The mechanical tests performed, tensile and creep, provided more than just the

overall mechanical response of the CSMC under these loading conditions. It also

provided a way to introduce damage at different percentages of the ultimate tensile

strength (UTS). The reason for applying different percentages of the UTS was to control

the amount of damage accrued by samples. This idea proved to be useful in the

evaluation of damage progression and assessment as will be discussed. The property of

great interest was the modulus. The modulus was shown in literature to be a property

that changed consistently with accrued damage.®^ The work conducted here looked at the

reduction of modulus-as a function of UTS percentage. The modulus reduction showed

an onset at approximately 30% of the UTS. The reduction in modulus is due to the

formation of damage, which disrupts the continuity between the matrix and

reinforcement. The formation of defects such as cracks, debonding, and fiber breakage

form areas within the cross-section that no longer have the ability to contribute to the

bearing of any applied load because the newly formed surface are no longer able to

interact, therefore, no transfer of load.

The onset of modulus reduction correlated with the observed change in the ultrasonic

amplitude map's average grayscale value, AGV. As shown in Figure 31 p. 83 in the

result section the calculation of the AGV produced a value between 0, completely black.

and 255, completely white. Samples scanned before loading and after each sequential

loading showed a decrease in the AGV from -171 to ~115 with an increase in the percent
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loading from 0% to 80%, respectively. The onset of the decrease in AGV is shown to

occur between 20%UTS and 40%UTS, which correlates well with the onset in modulus

reduction, which occurred around 30% UTS. The decrease in AGV is due to the

formation of damaged regions over the entire cross-section, which are large enough to

attenuate the ultrasonic signal resulting in a darkening of that area. Scattering of the

ultrasonic energy occurs due to the formation of defects such as debonding, fiber

breakage and matrix cracking, which occurs as a function of percent loading.

8.2 Mechanistic Approach to CSMC's and Damage

The mechanism is essentially a microanalysis of how different regions along the

fiber axis should respond to the applied load in  a matrix that has some defects. This is

based on experimental observations and an understanding of the response of oriented

fibers relative to an applied load. First, the research conducted by Tsai^® on the

development of a Strength Theory for a single laminate with uniaxially oriented

continuous fibers should be mentioned in order to discuss the effect of fiber orientation

on strength. The theory implies a dependence of the mechanical strength and stiffness as

a function of fiber orientation relative to the loading direction. To better understand the

idea, the load capability of the fiber along its principle axis has its greatest mechanical

strength due simply to the strength of the fiber, see Figure 52 p. 111. However, at 90° to

that principle axis the fiber and matrix have to work together via the interface. This

imperfect interaction between these three components (fiber, matrix and interface) that

reduces the properties in this direction. This imperfection is manifested as the inability of
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the interface to effectively transfer the load from the matrix to the fiber. In light of Tsai's

strength theory, the importance of fiber orientation must be taken into consideration. For

this CSMC system the reinforcement is a randomly swirled glass mat consisting of

continuous fiber bundles. The difference between Tsai's contribution and the present

work, is the fact that orientation remains a major consideration. The orientation of the

mat, however, is viewed in this mechanism as segments of a continuous bundle being

oriented in a given direction relative to the load.

Figure 52. Fiber orientation relative to applied load.

The randomly swirled reinforcement presents a case where segments of fibers are

oriented at different angles to the applied load.  A schematic illustration of the swirl mat

is presented in Figure 53. A comparison of the reinforcement in Figure 53a and Figure

53b, suggests that several segments of a single fiber can be oriented in any of the

suggested orientations as shown in Figure 53. Due to the variations in fiber orientation

with respect to the loading direction, it can be expected from the familiar case of

uniaxially oriented composites, and their properties relative to fiber orientation, that those
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Figure 53. Swirl mat orientation simplifled.
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fibers aligned in the direction of loading can carry the largest load. These same fibers

would likely undergo fiber pullout under tensile and creep loads. The fibers normal to

the loading direction are in their least load carrying orientation and would contribute to

,  fiber/matrix debonding; while the fibers at some angle to the load can undergo tensile and

shear failure producing fiber/matrix debonding and fiber pull-out. The mechanism

suggested for the initiation of failure under tensile and creep loading occurs in one of four

ways. Cracks are introduced in the matrix due to voids or impurities, fiber/matrix

debonding, fiber/fiber debonding, or fiber failure at low loads. If the initial crack forms

in the matrix, it will propagate along a path of least resistance, this is often the

fiber/matrix interface. As proposed in the mechanism and shown in the SEM images

Figure 35 p. 84 through Figure 38 p. 87 the crack follows the interface until complete

failure. The simplification of the fiber's orientation relative to loading suggests that there

should be evidence of a path of crack propagation along the weak axes. The observations

with SEM, see Figure 38 p. 92, showed signs of cracking along those fibers oriented

perpendicular and then along those at some angle to the applied load resulting ultimately

in the failure of fibers parallel to the loading direction. As shown in SEM images in

Figure 36 p. 90 there is a relatively clear picture of the direction of crack propagation that

follows the above stated relationship to failure and fiber orientation.

The real-time studies of crack propagation also showed that cracks once formed

follow fiber matrix interfaces (see Figure 55 p.l21 and Figure 56 p.l21), which

ultimately results in complete failure with the fi’acture surfaces being perpendicular to the

loading direction. It can also be said that due to the relationship between load and fiber
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orientation in the CSMC the damage should also be distributed. This supported by the C-

scans shown in Figure 29 by the increase in attenuation over the entire sample, which is

due to the formation of damage. Damage is assessed from C-scan by evaluating the

increase or decrease in the amplitude maps. An increase in attenuation is directly

associated with the formation of cracks, debonding, fiber breakage, or pullout. It is the

scattering of energy due to the interaction of the ultrasonic signal with the formed defects

that causes the increase in attenuation. Therefore, the attenuation maps presented as a

function of UTS shows a definite change in attenuation over the entire cross-section of

the specimen and it is this observation that clearly shows that damage events occur over

the entire specimen. This analysis does show that damage occurred. However, it does

not provide any information as to the damage events such as matrix cracking, fiber matrix

debonding, etc.

8.2.1 Failure Mechanism

Damage progression in the CSMC was evaluated using real-time video analysis of

tensile loading with subsequent C-scans. The video collected during loading, as shown in

Figure 39 to Figure 41, contain the damage features suggested earlier, that is, matrix

cracking, fiber breakage, fiber pullout, debonding and coalescence of voids. In addition.

they show the effect voids have on crack growth and the effect of fiber orientation on the

direction of crack growth. All of these features affected the progression of damage in the

CSMC.

The initiation of failure was the most difficult characteristic to identify. However,

once a dominant crack formed it would control the failure process. The CSMC failed in a
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brittle fashion, yet under controlled loading cracks could be grown for approximately

3mm before complete failure occurred. It was within the 3mm window that crack

formation and growth was followed. Some cracks would initiate near the edge of a

specimen either at a surface defect or at a fiber bundle. The bundle segment most

susceptible to initiate damage was either perpendicular or at some angle to loading. The

growth of the formed crack followed paths described for other fiber composite

That is, the crack would propagate along the fiber/matrix or fiber/fiber67,68
systems,

interface that was oriented relatively perpendicular to loading. The crack would move

away fi’om the interface, if a void of adequate size were at a reasonable distance fi’om the

tip of the growing crack, the crack would change direction toward the void. This

suggests that the voids act as stress risers, which contribute to a path of least resistance

for the crack, therefore, the crack would propagate through the void. The orientation of

the fibers around the dominant crack as well as the density of voids in that area controls

the mechanism.

The assessment of damage once observable can be reconstructed. As with

any type of failure, there is a point at which the damage initiates, and propagates to

complete failure. The formulation of a failure mechanism as shown in Figure 54

indicates that fibers perpendicular to loading are most vulnerable to failure. Fibers that

are at some
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Figure 54. Failure mechanism for CSMC.
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angle to the applied load follows while fibers parallel to the loading direction fail last.

Initiation of the failure process is presumed to occur at a material defect or fiber

orientation effect. Propagation, however, follows the fiber/matrix interface unless a void

of reasonable size lures the growing crack towards another bundle. These results are

verified fi-om SEM images.

8.2.2 The Failure Mechanism and SEM

The most notable feature in the SEM images is how well the top surface follows

the proposed mechanism shown in Figure 54. Region  A represents the fibers oriented in

the loading direction. Region B is associated with fibers that are aligned normal to the

loading axis. Region C is for those fibers that are at some angle, 0, to the load. These

regions are a simplified characterization of a localized area of the CSMC to demonstrate

a possible path for crack propagation, which is supported by SEM images shown in

Figure 35 to Figure 38. Figure 37 indicates the presence of a void next to a fiber bundle

perpendicular to the loading direction. Propagation of this crack along the fiber matrix

interface is obvious due to the presence of the remaining fibers. Figure 38 also shows

fibers perpendicular to loading direction, however, it is also indicated here that the fiber

interface at an angle to the loading direction are susceptible to crack growth along its

interface. Figure 35 and Figure 36 show a larger area of fiber damage and matrix

cracking, again fibers at some angle to the loading are exposed, which indicates the crack

propagated along that fiber matrix interface. As shown in Figure 35, the junction where

two fiber bundles 'A' and B' cross and another fiber bundle 'C is practically parallel to

117



the loading direction indicates that the fiber bundle parallel to the loading direction was

not as susceptible to crack propagation. The crack does travel along its interface, but

only after a significant amount damage occurred around it. Notice that the fiber bundle

'C is practically severed from the matrix. Taking into consideration the SEM images and

looking at the real-time images Figure 39, Figure 40 and Figure 41, which shows the

formation of a crack and eventual opening, which is shown in Figure 40. The formed

crack in Figure 40 is along a fiber bundle relatively perpendicular to loading direction. A

fiber bundle near the landmark B' shown in Figure 40 encounters the growing crack

causing a momentary delay in crack progression. Figure 41 shows the damage accrued in

front of the growing crack, which is at the junction of three fiber bundles. This particular

sample failed catastrophically along the fiber bundle, 3, perpendicular to the applied load.

8.2.3 Tensile and Creep

Damage Progression during Tensile and Creep

The progression of damage in the CSMC in Tension and Creep was evaluated

using real-time video analysis. The video collected during loading provided information

concerning the progression of damage in these composites. Before getting into specifics

for each loading type a quick explanation into the general or common character of

progression is presented. First, initiation will be discussed followed by progression.

Propagation is so rapid that the concept of termination is essentially the end of

propagation. The formulation of a mechanism was possible by putting together all of the

imaging information available from failed specimens as well as real-time image analysis.
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Initiation

The initiation of failure in the continuous swirl mat composite has been observed

in both the matrix and interface. Initiation is the most difficult characteristic to observe

due to the vast number of locations at which failure can begin. The failure of any

composite material having a fiber reinforcement is dependent in part on the direction that

load is being applied relative to the orientation of the reinforcement as well as the

integrity of the interface between the matrix and the fibers. The CSMC follows the same

failure criterion as uniaxially oriented composites, that is, the fiber segments oriented in

the direction of load are in their greatest load carrying position while those segments

perpendicular to load are in their weakest load bearing position.

The initiation pf failure occurs in one of four ways. A series of possible initiation

locations are mentioned because each has been observed. The crack is introduced by

voids, by fiber/matrix debonding, fiber/fiber debonding, surface pits, or incomplete

wetting of fiber bundles at the surface or specimen edge (edge effects).

Propaeation

The propagation of a formed crack in the CSMC is in competition with other

formed cracks. Because there are several locations where cracks initiate, there will result

a primary dominant crack. It is thought that the dominant crack is one that has found a

path of least resistance. The path of least resistance has few dense junctions of fiber

bundles and a dense population of voids at or near the bundle junctions. However, once

the dominant crack is formed it can channel its way around and through bundles and void

spaces. Propagation in the majority of cases remains at the fiber matrix interface unless
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the crack moves towards voids near the path of propagation. The void space tends to lure

the crack into the matrix and then back to the fiber/matrix interface, which could be along

a different bundle, see Figure 55 p.l21 and Figure 56 p.l22. These images were captured

using real-time video recording and by adjusting the load level to avoid catastrophic

failure. These two images are of the same area; however. Figure 55 shows the crack in a

closed position while Figure 56 shows the crack in an opened position. As indicated on

each image fiber bundles, matrix and voids can be identified. For the crack in an open

position the yellow line shows its path. As it is shown the path is along the fiber/matrix

interface and changes directions in the presence of voids only to return to the fiber/matrix

interface.

The glass mat/or simplicity sake is random. However, it should not be

overlooked that the propagation of the crack is along a preferred orientation direction

controlled by the local orientation of the swirled mat and is most likely the reason for the

anisotropic mechanical properties observed for 0 and 90 specimens. The dominant crack

once formed will propagate along a zigzag path changing direction at the bundle junction

or due to voids as mentioned earlier. This zigzag path is the path of least resistance for

the dominant crack and occurs along interfaces that are relatively perpendicular to the

applied load. The most interesting aspect of propagation is the evidence observed of

fiber breakage and pull-out after a significant amount of interfacial failure has occurred in

that area. The propagation of the crack perpendicular to loading is the most detrimental

due to the fiber being in its weakest load bearing position. Often times prior
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Figure 55. Crack Propagation through voids and along bundle.
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Figure 56. The opened crack through voids and along bundle.
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to failure during static loading a crackling sound is heard. This sound appears to come

jfrom a mixture of fiber breakage, fiber/matrix and fiber/matrix/fiber tearing within a

bundle. A fiber /matrix/fiber path is essentially  a crack propagating such that the bundle

is being split into two pieces. The finality of propagation is complete failure.

8.2.4 Fatigue

The crack initiation in fatigue is considered to be the same as in tensile and creep

due to the applied load acting in a uniaxial direction on the same defects and fiber

orientations. However, crack growth appears to be different. The difiference lying in the

fi'equency used to cany out the experiment. The tension-tension load level decreases the

number of cycles needed to reach the critical point (see Figure 26). As shown in Figure

26, there is a decrease in the number of cycles to failure with an increase in load. The

investigation of damage under fatigue was observed initially within the matrix. The early

stages of damage occuned mainly around voids and surface defects as shown in Figure

27 p.77. This does not preclude some fiber/matrix debonding. However, it does suggest

that debonding is either not as prominent as matrix cracking, or it is just difficult to detect

outside of a real time investigation in the first few thousand cycles. The increase in the

slope in Figure 26 is presumed to be caused by continuation of matrix cracking,

fiber/matrix debonding, fiber breakage and fiber pullout, which is supported by Figure 27

in that it showed fiber/matrix debonding and matrix cracking at 3000 cycles and below.

The only events not observed up to that point was fiber breakage and pullout. For there

to be an increase in strain, fiber breakage and pullout would have to occur, which

123



suggests that the critical point may be an exchange between matrix dominated properties

to fiber dominated properties.

For example, the evaluation of CSMC specimen P36-0-43 was performed under

fatigue loading with optical inspections taking place after 0,100,1000, 3000 cycles. The

specimen was loaded to 48% of its UTS (1247psi) for each tension-tension cycling

sequence and shown in Figure 26 curve "B'. The purpose for making this observation was

to provide further understanding to the damage events that occur in the percent strain vs.

cycles plot. At 5 cycles no evidence of microcracking was observed, see Figure 27.

However, at 100 cycles microcrack formation is observable in a distributed fashion in the

matrix. That is, there are several locations in the specimen’s gauge length where damage

occurred. Damage was found to exist at fiber/fiber and fiber/matrix interfaces and was

not severe. These interfaces were perpendicular to the loading direction. At 1000 cycles

crack formation in the matrix extended to surface pits and internal voids while the

interfaces were more noticeable. At 3000 cycles, which is slightly beyond the critical

point, there was an increase in the length of formed microcracks as well as the continued

formation of microcracks, cracking off of voids, and continued debonding. The

distribution of this observation extended across the entire specimen in varying degrees of

severity. The specimen failed at 5175 cycles.

The gradual increase in strain is due to the formation of cracks that formed mainly

in the matrix. The increase in the percent strain vs. cycles beyond the critical point is

probably due to the difference in allowable strain to failure of the matrix when compared

to the glass mat. Note that the glass fibers will fail in a brittle fashion, however, as they
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debond from the matrix the response will be an increase in strain. The rapid increase in

strain followed by failure leads to the conclusion that there is a transition from matrix

dominated properties to fiber/matrix interface dominated properties. Therefore, the fibers

parallel to the loading direction are the final load bearing component prior to complete

failure under fatigue loading.

8.3 C-Scans

The observation of C-scans for virgin specimens, before and after failure showed

an increase in its attenuation. The scattering of energy due to the introduction of damage

causes the increase in attenuation either in the form of matrix cracking, fiber/fiber

debonding, fiber/matrix debonding, or fiber breakage. The increase in attenuation is

associated with a decrease in the color range value. The attenuation as shown in Figure

18 suggests that damage in this material is distributed over the entire cross-section. The

limiting factor in the evaluation of attenuation is the size and shape of the flaw. If the

defect, in the specimen, is smaller than the wavelength then the imperfection will not be

detectable do to its size relative to the wavelength. Therefore, if the shape of the crack

relative to the ultrasonic pulse is smaller than the wavelength the crack, again, will go

undetected.

8.3.1 Ultrasound approach to Damage

Representative C-scan images presented in Figure 29and Figure 30 provides only

a qualitative comparison between samples. The potential of C-scan as an NDE technique

to study distributed damage hinges on quantification of the images. The quantification of
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C-scan images enables an investigation of distributed damage in a progressive manner.

The use of digitized data in conjunction with image analysis produces a color range value

that when related to damage shows a general decrease. A decrease in color range is due

to an increase in attenuation. While an increase in attenuation is caused by the

introduction of damage either in the form of matrix cracking, fiber/fiber debonding, or

fiber/matrix debonding. This method is only effective if the same areas scan can be

matched. Figure 29 shows tensile specimen P7-0-29’s digitized C-scan results for the

initial state, and incremental loads, in percentages of the ultimate tensile strength, of 20%

UTS, 40% UTS, 60% UTS, and 80% UTS, respectively. As loading increased, there was

a shift to darker grayscale. Shown in Figure 30 are the C-scan results for tensile

specimen P7-0-30. Again, the progressive shift to  a darker grayscale is observed.

Because the same area for each sequential loading can be obtained, an image analysis

was performed. This analysis measured the average color range in grayscale for matched

areas of incrementally loaded specimens. This value was then plotted against percent

loading. The results as shown in Figure 31 p. 83 exhibited a general trend towards a

decreasing color range value, which corresponded to an increase in damage.

8.3.2 Tensile Mechanical Response

The results obtained from tensile measurement supported the ultrasound data.

The mechanical response in tension is similar to the C-scan results when comparing the

onset of change in attenuation with changes in the modulus reduction. It is clear from

ultrasound that an increase in attenuation occurred between 20%-40% UTS. From Figure

24, which is a representative curve for tensile loading, a departure from linearity occurred
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at approximately 30% - 40% UTS. Therefore, the onset of damage occurred around 30%

of UTS. The relative degree of damage at 100% of the UTS as indicated by modulus

reduction is -20% and is supported by the AGV results where the relative degree of

damage was determined to be 29%.

8.4 Evaluation of Fracture Toughness

The ability to predict a materials response to loading conditions is an advantage

for the design engineer and scientist. The designer of rigid structures is generally

concerned with macroscopic properties such as strength and stiffiiess. These two aspects

have therefore been studied to great extent in composite research by Hull, Folkes, and

69,70 However, the fracture toughness, Kic, evaluated using Linear Elastic Fractureothers.

Mechanics, LEFM, is also important in engineering materials. In order to apply LEFM

to composite materials an essential requirement is that the material must accrue damage

under load without failing catastrophically yet not undergo yielding. The LEFM

approach will be used here due to the brittle nature of this matrix material, hence, the

material meets the LEFM requirements.

In most polymer composite cases, Kic is a difficult parameter to obtain and has no

simple correlation to bulk properties, strength and stiffiiess. The difficulty in evaluating

the fracture toughness, Kic, for composite materials is due to the localized events that

occur in front of the growing crack in the composite. These localized events alter the

crack tip stress field, hence, the fracture toughness prediction. Therefore, the evaluation

of Ki cannot be conducted using the traditional approach of a single crack perspective due

to the random void and fiber content of the CSMC.
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The methodology for predicting Kic for composites has not been approached, as

23determined to date, using combined K-solutions formulated by Tada, Paris, and Irwin.

The work conducted by Tada for the interpretation of Ki for a variety of possible crack

configurations is compiled in Tada’s handbook and presented in section "7.7

71 This compilation contains whatMathematical Approach to Fracture Toughness, Kic".

is known as K-solutions. The usefulness of K-solutions is that a variety of solutions exist

and can be combined mathematically to obtain a single expression that describes the

stress field of a growing crack in the presence of other cracks. Therefore, the use of K-

solutions that are associated with parallel and in-line crack configurations can be applied

to this CSMC. There are two consideration necessary in describing the fracture

parameter for this coinposite using K-solutions, defect size and applied stress.

The challenge associated with this approach is the observation and measurement of defect

size. From preliminary images, obtained from video microscopy, it is evident that the

cross-section is not only composed of fiber and matrix, but is also inhabited by voids.

These voids depending on their size and density in a given region can and do act as stress

nsers.

The following figures and equations describe the approach for evaluation of the

fracture parameter, Ki. The void/crack configurations used to develop a single fracture

expression are shown in Figure 57 and Figure 58. In Figure 57 the geometry associated

with the parallel crack configuration is shown. The mathematical evaluation of Ki for

this arrangement is shown in Equation 23, Equation 24 and Equation 25. While Figure58
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is the in-line formation of voids/cracks followed by Equation 26, which is the expression

for Ki for this arrangement.

In both cases Ki is dependent on crack length, ‘a’, applied stress, ‘a’, and average

separation between voids, ‘W’ for in-line and ‘h’ for parallel configurations. The

interpretation of crack length and distance between cracks is determined from images

obtained and calibrated from microscopy. The voids major and minor axis and distance

between adjacent voids were used for the crack length and average separation between

cracks, respectively.

The combining of these two expressions. Equation 23 and Equation 26, is a result

of recognizing that both expressions contain the solution for a thru crack, cj-Jm,

multiplied by a geometry correction factor, F(s) and for parallel and in-line

configurations, respectively. Therefore, by multiplying the thru-crack solution by both

correction factors result in the final expression. Equation 27, and is the expression that

will be used to evaluate, Ki for this CSMC. This equation is essentially an average effect

of the distributed voids in an array of parallel and inline cracks having an average void

size and distance between voids.

Equation 27.
(
mKj = WTAN

W

As shown in Equation 27, which yields a probable value for Kic can then be

rewritten using the stress obtained from Equation 21. Equation 21 is used because it is

believed to better describe the stress state of this system. The effective load due to the

presence of voids is dealt with mathematically by introducing De'^. The De^ accounts
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for the orientation of the voids, which acts on the stress. In this case, the random

orientation is assumed to corresponds to a 0=45°. Therefore, Equation 27 becomes

Equation 28
m

F{s)D'^KI WTANC ~
w

06^^= COS^(e)

The experimental results for the evaluation of Kic resulted in an average value of 17.1

MPaVm, where the predicted results, shown in Figure 47, at 25°, 30°, and 45° at 40% glass

fiber content and 12% void volume is 11.4 MPaVm, 17.0 MPaVm and 18.6 MPaVm,

where:

respectively. These predicted results suggest that there is some preferred orientation in

the glass mat corresponding to approximately 30° of the major axis relative to the applied

load rather than the assumed 45° angle. The most interesting note to make about the

prediction equation is that by using two equations designed to individually describe a

homogeneous system when combined mathematically has great probability in evaluating

a heterogeneous system.

8.5 Fracture Toughness Prediction

Shown in Figure 59 are predictions of Kic for various void orientations from 0°-

90° relative to the applied. Other sample parameters necessary for the calculation were

void spacing with a 0.001 m mean distance between in-line voids, 0.001 m as the average

distance between parallel cracks and a sample thickness of 0.003 m. The stresses used

for the fiber and matrix are 1700 MPa and 70.3 MPa respectively. The void volume, V

was 12% and Om* was 5.0 MPa. Equation 21 was used to evaluate the breaking stress.
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Figure 59. Fracture toughness as a function of fiber fraction, void orientation and a
constant void volume of 12%.
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Therefore, it is shown that the expected Kic value ranges from 0.950 to 26

MPaVm for an angle theta of 45° using Equation 22. Theta is the angle between the void

major axis and the applied load, and is assumed to be 45° due to the random orientation

of voids. For the system at approximately 40% glass fiber, which this CSMC is, it is

expected to yield a Kjc value of 11.4 MPaVm. However, looking at a range of possible

orientations of voids as shown in Figure 59 the Kic value could range from 0 to 22.8

MPaVm at a glass content of 40%. Shown in Table 5 are predicted values of Kic at 40%

for other possible angles of void orientation, which shows that as theta increases there is a

decrease in the predicted value of Kic.

The random orientation of the mat was assumed to produce a random orientation

of voids that could be*represented using an angle theta of 45°, however, what would be

the expected response of Kic at different void orientation, void content and fiber content.

Shown in Figure 46 is a three dimensional plot that indicates the expected change in Kic

with changes in void orientation, void content and fiber content. Kic is shown to increase

with a decrease in the angle between the applied load and the long axis of the voids.

There is also an increase in Kic with an increase in fiber content. The effect of increasing

the void content at constant fiber fraction results in a decrease in Kic, this is shown in

fiirther detail Figure 47 to Figure 50 and . Therefore, by slight changes in theta there is a

corresponding change in Kic, which leads to the idea that 45° may not be the best

representation for void orientation. By looking at a glass fiber content of 40%, void

content of 12% and a theta of 30° and 25° a Kic value of 17.0 MPaVm and 18.6 MPaVm

would be achieved, respectively. The experimentally determined value on average was
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Table 5. Variation of Kjc With Void Angle.

AngleKic
(MPaVm) (deg)

22.8 0

20.6 18

2718.3

16.0 33

13.7 39

4511.4

509.15

576.86

634.58

722.30

900
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17.1 MPa^im, which suggests that there may be some preferred orientation in void

content equivalent to approximately 30° relative to the applied load.

A final comparison is the predicted Kic value at zero (0) fiber content and zero (0)

void content to other homogeneous systems and is shown in Figure 60. At the above

stated condition, the predicted Kic value ranged fi'om 1.1 - 1.9 MPaVm. Polyester, Epoxy

and Polyethylene have Kic values of 0.6 MPaVm, 0.6 MPaVm and 1.0 - 6.0 MPaVm,

respectively. While 50% glass filled polyester had a Kic of42 - 60 MPaVm.^^ The

values obtained form literature for Kic of different homogenous systems when compared

to the CSMC's matrix and the comparison of the glassed filled polyester system suggests

that the developed equation for Kic has great potential as a empirical tool for predicting

Kic

136



40
Kic = 42.865vf+ 1.855

35

Polyester

Polyelfiyiene

Epoxy
Polyisocyanur^» 1.1-1.9

= 10-6.0
30

E Kic= 39.17vf + 1.^5-
CB 25

2 20

O 15

10 ♦-25 deg., Vv=0.0
»- 30 deg., Vv=0.0

45 deg., Vv=0.0
5

0 4
10.80.60.40.20

Fiber Volume (%)

Figure 60. Comparison of Polyisocyanurate Kic with Polyester, Epoxy and PE.
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IX. CONCLUSIONS

The useful employment of the research issues provided herein is one aspect of

dealing with damage and its progression in CSMC. This research showed:

• Damage can be identified using real-time video recording in conjunction with

light microscopy. The observable damage was in the form of matrix cracking.

fiber/matrix debonding, fiber breakage and fiber pullout.

•  The progression of damage can be evaluated using ultrasonic C-scans by

examining the initial state of the sample followed by repeat examination after

the specimen has undergone loading. The obtained C-scans can then be

quantified using the Average Grayscale Value method developed in this

research.

•  The use of the Rule of Mixture for the evaluation of breaking stress and the

combining of K-solutions for in-line and parallel crack configurations

provided a mathematical tool for the prediction of the Linear Elastic Fracture

Mechanics parameter, Kic, for this continuous swirl mat composite.
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X. FUTURE WORK

• Apply prediction to a series of fiber volume jfractions, and other material

systems.

• Determine if the frequency emitted when a damage event occurs can be

correlated with degree of damage using acoustic emissions.

• Determine what other material characteristics can be applied to the present

prediction to reduce the percent difference.

• Determine the correlation between fiber and void orientation on Kic.
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Appendix A

SAMPLE

calculation from experimental results

Variables obtained from microscopy and caliper or micrometer measurements:

P = 857.62 N

a = 0.013 m

B = 0.003 m

Bn = 0.003 m
W = 0.025 m

The following calculation takes care of the geometry affect, and is called the geometry
correction factor.

2+ —

I

a a a a
0.886 + 4.64 13.32 - +14.62 - -5.6 -

\w) \yv)
a

f - = = 10.331
3

a
1

Kq is equivalent to Kic. This equivalency can only be done when Pmax/Pq ̂ 1.10.

f  \
f - =\%.61MPa-y[m
\w)

P
^2 =
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SAMPLE

calculation from predictive results

Variables obtained from microscopy and caliper or micrometer measurements:

CTbf = 1700 MPa

Obm = 70.3 MPa
71 = 3.141592

a = 0.00009 m

h = 0.001 m

W = 0.001m

Vf = 0.4

Vv=0.12

0 = 45°

The following calculation is a geometry correction factor, which takes into consideration
the configuration of cracks.

a
s =

a+h

1-5

775

Next, calculate the prediction of the composite's breaking stress
from the

Rule of Mixtures"If

(O-n)-K,)^BC bm

The Prediction of KIC is then obtained using the following equation;

F(s)dJ =\\AMPa4^K
1 WTANC

WJ
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De^ corrects for stress distribution for randomly oriented voids. This term comes from
basic mechanics of materials for a distributed stress acting on a plane at some angle to the

applied load

=cos^{0)
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Appendix B

Sample Calculation
of Percent Void Volume
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(a) In mm'^3(b)mmm'^S(b)in (a) in
mmmm mm

Ellipse
volume

Minor

axis

Ellipse
volume

Major
axis

Major
axis

Minor

axis

0.078 0.0020.0800.072 0.0020.110

0.110 0.0030.1300.086 0.0030.112

0.042 0.0020.002 0.0720.0780.081

0.052 0.1470.147 0.0880.077 0.677

0.0040.1070.004 0.1130.107 0.088

0.0030.171 0.0850.079 0.0030.114

0.084 0.0020.002 0.1000.079 0.071

0.096 0.089 0.0020.074 0.0020.074

0.095 0.0000.000 0.1030.056 0.043

0.105 0.080 0.0010.0010.064 0.053

0.112 0.0040.1330.097 0.0040.110

0.068 0.0050.005 0.1150.115 0.101

0.0030.086 0.0840.090 0.0030.100

0.0030.102 0.0920.082 0.0030.093

0.036 0.0000.000 0.0390.012 0.072

0.050 0.0040.004 0.0540.118 0.090

0.079 0.0020.070 0.002 0.1710.098

0.086 0.064 0.0010.060 0.0010.084

0.0020.065 0.0480.075 0.0020.083

0.080 0.0040.004 0.0930.106 0.096

0.064 0.0020.002 0.0910.088 0.067

0.0010.081 0.0590.062 0.0010.069

0.074 0.0050.005 0.1110.114 0.103

0.071 0.0050.005 0.0860.118 0.103

0.0010.073 0.0550.054 0.0010.058

0.053 0.0020.002 0.0670.106 0.064

0.138 0.0040.004 0.1480.114 0.094

0.0030.063 0.0590.0030.096 0.090

0.0020.139 0.1080.085 0.081 0.002

0.043 0.0020.0490.076 0.072 0.002

6Number of Voids Present =

3.84No. of slices for thickness =

0.005 average void volume
volume of voids in a slice0.031

0.119 Samples void volume
Percent Void Volume11.9
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Appendix C

Graph data
obtained from Kic prediction
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Vf I Vv 453025

3.745.616.1400.1
3.635.445.950.1

3.515.275.770.2

3.45.15.580.3

3.294.935.40.4

3.184.765.210.5

3.064.65.030.6

2.954.434.840.7

2.844.264.660.8

2.734.094.470.9

6.359.5310.430.2 0

6.249.3610.240.1

6.139,1910.060.2

6.019.029.870.3

5.98.859.690.4

8.68 5.799.50.5

5.689.32 8.510.6

5.568.349.130.7

5.458.178.950.8

11.5817.3619.0100.4

11.4617.1918.820.1

11.3517.0218.640.2

11.2418.45 16.860.3

11.1218.27 16.690.4

11.0116.5218.080.5

16.35 10.917.90.6

16.825.227.5500.6

16.6925.0327.370.1

16.5724.8627.180.2

16.4624.69270.3

16.35

22.02

24.5226.810.4

36.16 33.0300.8

21.932.8735.980.1

32.7 21.835.80.2

24.6436.9540.400.9

36.78 24.5240.220.1
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Appendix D

Creep Data
Load Strain, Creep Strain

and

Total Strain
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Creep Strain Total StrainCreep Load Load Strain

M 1%)
16.0 0.28 1.701.42

1.6415.5 1.24 0.4

1.2014.5 1.20

0.6610.0 0.66

5.0 0.29 0.29

2.5 0.10 0.12 0.22
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